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ABSTRACT

Infection with herpes simplex virus 1 (HSV-1) can result in an acute inflammatory
condition of the brain called herpes simplex encephalitis (HSE). While relatively rare, HSE is the
most common form of sporadic viral encephalitis worldwide. On the other hand, coxsackievirus
B3 (CVB3) can establish productive infection in the heart, and is the most frequent cause of viral
myocarditis. The onset of both HSE and CVB3-induced myocarditis is influenced in part by host
genetics. While the genetic causes of viral myocarditis in humans are unclear, recent studies have
established that inborn single gene errors are responsible for disease onset in cases of childhood
HSE, where most discovered mutations compromise antiviral type I interferon signaling in the
brain. Mouse models of viral infection have been instrumental to define the many layers of genetic
regulation that govern host defence responses.

To identify novel genetic determinants of HSE that may extend beyond cell-intrinsic
interferon signaling, we screened N-ethyl-N-nitrosourea (ENU)-mutagenized mice for
susceptibility to HSE, and have discovered a homozygous C307X mutation in the
reticuloendotheliosis oncogene (Rel), encoding a premature truncation of the NF-«xB transcription
factor subunit c-Rel, as a cause of lethal encephalitis. Upon HSE symptom onset, moribund mutant
mice demonstrated elevated viral replication, neuroinflammation, and cell death in the hindbrain,
resulting from defects in cell-mediated immunity. We next applied dual RNA sequencing of both
host and viral transcripts, together with flow cytometry, to investigate early effects of the Re/<3"7*
mutation in the HSV-1-infected brain. At least one day prior to symptom onset, mutant brainstems
were characterized by elevated viral RNA transcription and by excess interferon-dependent and
inflammatory gene expression, predictive of later infiltration of pathological T lymphocytes and
myeloid cells that drove fulminant HSE. Thus, Re/“*’X-dependent regulation of gene expression
in the brain was detrimental in mouse HSE and involves distinct mechanisms from known cases
of human childhood HSE. Conversely, the Re/“*’”* mutation was protective against CVB3-induced
myocarditis, resulting in improved control of viral transcription, and a later reduction in infectious
CVB3 viral load in the heart. Compared to susceptible wild-type mice, the mutation also resulted
in dampened inflammatory and cell-mediated gene expression, suggesting that while T
lymphocytes and myeloid cells infiltrated the infected heart, these cells were attenuated in their

ability to cause pathological damage to the heart, and allowed the virus to be efficiently cleared.



Ultimately, these findings support a role for the c-Rel transcription factor as a key regulator
of inflammation during viral infection—protective during HSE, and detrimental to CVB3-induced
myocarditis. This work also provides a framework, through the combination of dual host-pathogen
transcriptomic profiling with flow cytometric analysis, to evaluate the effect of single gene defects
in the context of whole infected tissues, which often vary in their capacity to support viral infection
and tolerate inflammatory responses. The Re/“*’”* model also highlights the potential for further

investigations into the therapeutic modulation of inflammation through c-Rel or its regulators.



RESUME

L’infection au virus Herpes simplex de type 1 (HSV-1) peut conduire a 1’encéphalite
herpétique (herpes simplex encephalitis ou HSE), une maladie marquée par une inflammation
aigué du cerveau. Bien que plutot rare, le HSE représente la forme la plus courante parmi les
encéphalites sporadiques d’origine virale recensées a I’échelle mondiale. D’autre part, le virus
Coxsackie de type B3 (CVB3) peut causer une infection productive au niveau du cceur, et
représente 1’étiologie la plus importante de la myocardite virale. Chez 1’héte, divers facteurs
génétiques peuvent contribuer en partie a la survenue du HSE et de la myocardite induite par le
CVB3. Alors que les causes génétiques de la myocardite virale chez I’humain sont incertaines, des
¢tudes récentes ont démontré que des 1ésions monogéniques et congénitales provoquent le HSE de
I’enfant, avec la plupart de ces mutations causant un déficit dans la voie de signalisation de
I’interféron qui assure normalement une protection antivirale au cerveau. Les mod¢les-souris de
I’infection virale ont ét¢ déterminants pour comprendre les multiples niveaux de régulation
génétique qui dirigent les nombreux mécanismes de défense de I’hote.

Afin de découvrir de nouveaux facteurs génétiques qui peuvent controler la survenue du
HSE et qui pourraient s’étendre au-dela de la voie de I’interféron de I’immunité intrinséque, nous
avons employé une stratégie de mutagénése a la N-ethyl-N-nitrosourée (ENU) chez la souris.
Parmi les souris mutées qui se sont avérées susceptibles au HSE, nous avons identifi¢ une mutation
homozygote C307X dans le géne reticuloendotheliosis oncogene (Rel), qui encode une forme
tronquée du facteur de transcription c-Rel appartenant a la famille NF-xB, et qui entraine une
susceptibilité au HSE. D¢s ’apparition de symptdmes du HSE, les souris mutantes ont démontré
des taux ¢élevés de réplication virale, d’inflammation cérébrale et de mort cellulaire dans le cerveau
postérieur, provenant de déficits reliés a I’'immunité a médiation cellulaire. Le double séquengage
de I’ARN de I’hoéte et du virus, conjugué a la cytométrie en flux, nous ont permis d’examiner les
effets précoces de la mutation Re/*”* dans le contexte du cerveau infecté au HSV-1. Avec au
moins un jour d’avance sur I’apparition des symptomes du HSE, les troncs cérébraux mutants
¢taient marqués par une augmentation importante de la transcription d’ARN virale, et d’une
expression démesurée de geénes liés aux voies de I’interféron et de 1’inflammation, indicatives de
la future infiltration pathologique de lymphocytes T et de cellules myéloides qui ont conduit au
HSE fulminant. Ainsi, cette régulation anormale de 1’expression de genes au cerveau, liée a la

lC307X
b

mutation Re ¢était défavorable au HSE chez la souris, d’apreés des mécanismes distincts au



HSE de I’enfance. En revanche, la mutation Re/<3%7*

a eu un effet protecteur contre la myocardite
induite par le CVB3, notamment en assurant un meilleur controle de la transcription virale, et
ultérieurement en réduisant le titre infectieux du CVB3 dans le cceur. Comparée aux souris de type
sauvage susceptibles au CVB3, la mutation a été¢ responsable d’une diminution marquée de
I’expression de génes inflammatoires et de génes liés a I’immunité a médiation cellulaire, ce qui
suggere que malgré une infiltration de lymphocytes T et de cellules myéloides au cceur, la capacité
de ces derni¢res a induire des dommages pathologiques au cceur était atténuée, permettant un
controle efficace du virus.

En conclusion, nos résultats corroborent le réle important du facteur de transcription c-Rel
en tant que régulateur essentiel de la réponse inflammatoire a I’infection virale : c-Rel contribue
aux mécanismes de défense de I’hdte contre le HSE, et nuit a la survenue de la myocardite induite
par le CVB3. De plus, ces travaux font la preuve de 1’utilisation en tandem du double séquengage
de I’ARN de I’hoéte et du virus avec la cytométrie en flux afin de bien évaluer la contribution de
lésions monogéniques dans le cadre d’un tissu infecté; ce dernier pourrait varier en fonction de sa
capacité a supporter une infection virale ou de tolérer une réponse inflammatoire trop prononcée.

Enfin, le modéle Re/307X

nous rappelle que c-Rel et ses potentiels régulateurs en amont pourraient
faire 1’objet de cibles thérapeutiques afin de moduler I’inflammation, et donc mériteraient de plus

amples recherches.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

This doctoral thesis presents the following distinct and original contributions to knowledge:

First, Chapter 2 outlines the discovery of an N-ethyl-N-nitrosourea (ENU)-induced
nonsense mutation in the reticuloendotheliosis oncogene, or Rel gene, encoding the c-Rel
transcription factor. This mutation, Rel“3?’X, backcrossed at least four times to the C57BL/6J
background, results in the expression of a c-Rel protein that is truncated at amino acid position
307. This novel recessive Rel“*’’% allele is now listed as Re/“°”” on the Mouse Genome Informatics
(MGI) database (http://www.informatics.jax.org/allele/MGI:6287253) under the accession
number MGI:6287253, and is further characterized in Chapters 2, 3 and 4.

Second, the Rel gene is a novel genetic etiology for herpes simplex encephalitis (HSE) in
mice. This finding, presented in Chapters 2 and 3, involved the infection of homozygous Re/<"X
mice and of Rel”” knockout mice with herpes simplex virus 1 (HSV-1), resulting in increased
susceptibility to HSE compared to wild-type controls. In Re/** mice, regulatory defects in cell-
mediated immunity led to increased viral replication and pathological immune cell infiltration, as
are further described in Chapters 2 and 3.

Third, the Rel gene is a host genetic determinant of coxsackievirus B3 (CVB3)-induced

myocarditis in mice. Chapter 4 describes the infection of Re/*"7%

mice with CVB3, resulting in
their increased resistance to cardiac infection and inflammation compared to susceptible wild-type
controls. In the heart, the Re/“**’* mutation was associated with reduced CVB3 viral transcription
and dampened the pathological inflammatory response, as further described in Chapters 4.

Fourth, Chapter 3 presents an original transcriptome profiling experiment using dual virus-
host RNA sequencing of HSV-1 infected Re/“*”* and Rel™* brainstem tissue. To our knowledge,
this represents the first RNA sequencing dataset to include total viral and host gene transcripts in
the HSV-1-infected brain during mouse herpes simplex encephalitis. The quantification of viral
RNA transcripts to further subdivide mice into high and low responders to infection was an original
methodological step to reveal the impact of the mutation on HSE development.

Lastly, Chapter 4 presents an original transcriptome profiling experiment using dual virus-
host RNA sequencing of HSV-1 infected Re/*"’% and Rel™’* cardiac tissue. To our knowledge,

this represents the first RNA sequencing dataset to include total viral and host gene transcripts in

the CVB3-infected mouse heart.
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THESIS FORMAT

This doctoral thesis contains seven chapters. Chapter 1 consists of a general introduction,
Chapters 2, 3 and 4 comprise three manuscripts; the first of was previously published, and the
latter two are in preparation for submission towards publication. Chapter 5 consists of a general
discussion, and Chapter 6 presents future directions and a conclusion. Chapter 7 contains a master
reference list, collecting references for all in-text citation included in Chapters 1, 5 and 6. However,
for each manuscript (Chapters 2, 3 and 4), references to in-text citations are included separately
within their respective chapters. A bridging statement is included between Chapters 2, 3 and 4 to

bring further context to each chapter.
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CHAPTER ONE: GENERAL INTRODUCTION

Viruses are infectious pathogens and consist of a nucleic acid genome bundled in a protein
capsid, and sometimes a further lipid envelope. Viruses are obligate cellular parasites, meaning
that they depend on a host organism and its cellular machinery to replicate themselves and
ultimately infect new cells or hosts. Some virus species are endemic to humans, while others are
transmitted by vertebrate hosts (zoonotic viruses) or by arthropod vectors (arboviruses). Certainly,
many viruses have co-evolved with humans, where an estimated 5-8% of the human genome is of
viral origin, and conversely, viruses are pressured and shaped by the immune system to develop
their own evasion and virulence strategies (1, 2). Viruses are especially known as the cause of
various infectious diseases. However, their long-term success often lies in their capacity to adapt
to the host, and to replicate while limiting pathology and avoiding host lethality. While virus-
encoded factors play an important role in determining virulence, viral infections are complex
diseases, where severity is influenced by host genetic variation, and by environmental factors
including age or diet.

This thesis will focus on two very different viruses, herpes simplex virus 1 and
coxsackievirus type B3, each with opposite genome types, structures and tissue tropisms, but both
well-adapted and widespread in human populations, and notable for the complex inflammatory

diseases they can elicit in some individuals.

1.1 HERPES SIMPLEX VIRUS

1.1.1 Discovery and classification

Herpesviruses are enveloped viruses with large double-stranded DNA genomes. The
Herpesviridae family is ancient; with infections in humans, mammals and other vertebrates
attested for millions of years, these viruses have evolved alongside humans (3). While herpetic
sores and blisters had been described since antiquity, herpes simplex virus 1, or human
herpesvirus-1 (HSV-1; HHV-1), was first isolated in the laboratory by A. Lowenstein in 1919,
proven as an infectious agent derived from “fever sores,” and later detected in cellular inclusions

observed in a case of lethal encephalitis (4, 5). Other alpha herpesviruses include HSV-2 (HHV-
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2) and varicella zoster virus (VZV; HHV-3), that like HSV-1 are set apart by their ability to
establish latent infection in neurons. Beta herpesviruses (HHV-5, 6, 7) can instead enter latency
broadly in leukocytes, and include cytomegalovirus (CMV; HHV-5) first identified and isolated
and propagated in mouse salivary glands by Margaret G. Smith in 1956 (6). Only later was Epstein-
Barr virus (EBV; HHV-4) recognized as a founding member of the gamma herpesviruses
subfamily (7), which also includes Kaposi’s sarcoma-associated herpesvirus (KSHV; HHV-8).
HSV-1 has since been propagated in laboratory settings in a number of different strains,
which vary based on their origin and accumulated mutations. KOS strain first isolated from lip
lesions by Kendall O. Smith (8), McKrae strain from ocular lesions (9), and strain 17 in Glasgow,
Scotland (10). Strain 17 and McKrae strain viruses are noted for their high in vivo neurovirulence
compared to KOS strain (11-13). HSV-1 strain 17 was also the first to be fully sequenced by 1988
(14), with a double-stranded DNA genome consisting of 152,222 base pairs (bp) and at least 75
coding sequences spread across sense and anti-sense DNA strands (15, 16). These many viral gene
products, like other herpesviruses, allow HSV-1 to cycle between lytic and latent stages, determine

tissue tropism, and provide numerous strategies to evade recognition by the host immune response.

1.1.2  Structure, life cycle, tropism and immune evasion

HSV-1 virions consist of an icosahedral protein capsid surrounded by a viral tegument and
a lipid envelope. Its linear double-stranded DNA genome consists of a long and a short region,
each encoding unique coding genes, and each flanked by inverted repeats, such that each HSV-1
genome encodes two copies of LAT, RLI (ICP34.5), RL2 (ICP0), and RS (ICP4) genes (17). HSV-
1 entry is accomplished through the binding of envelope glycoproteins gB and gC to heparan
sulfate residues on the host cell membrane, and attachment of glycoprotein gD to host receptors
herpes virus entry mediator (HVEM) or nectin-1 (18). Further HSV-1 glycoproteins facilitate the
fusion of the envelope with the cell membrane or endosomal membranes, releasing tegument
proteins and capsids into the cytoplasm. Capsids are transported to the nuclear membranes where
HSV-1 DNA enters the nucleus as a circular episome, while tegument protein UL48 (VP16)
associates with host factors to promote transcription of immediate-early HSV-1 genes (19). From
here, ICPO and ICP4 orchestrate the transcription of early phase genes (including viral DNA
polymerase UL30) and late phase genes (encoding ICP34.5 and most glycoproteins (15)). During
this lytic cycle, factors including UL41 (Vhs) and UL49 (ICP22) work to limit host transcription
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and splicing, while the task of replicating the HSV-1 genome falls to a virus-encoded polymerase
complex with an estimated fidelity of 1.38 x 10”7 mutations per nucleotide, similar to eukaryotic
polymerases (20). Finally, the linear DNA genome is packaged into a new capsid in the nucleus,
followed by their cellular egress and envelopment.

As for which cells are preferentially infected, host entry receptors are only part of what
determines tissue tropism. HVEM and nectin-1 are both expressed in epithelial keratinocytes and
fibroblasts to support infection in the skin or mucosa, while nectin-1 is also expressed on the
surface of neurons (21). HSV-1 infection of neurons is well-documented, where the capsid is
shuttled by retrograde transport along the axon to reach the soma and nucleus, and the expression
of the LAT transcript, encoded in anti-sense to ICP0O and ICP4, works to inhibit the expression of
intermediate-early genes altogether and promote latency (22). To promote long-lasting infection,
the LAT transcript also functions to limit apoptosis in neurons, while the RL/-encoded factor
ICP34.5 inhibits autophagy and is essential in neurovirulent strains (23-25). Finally, HSV-1 also
encodes multiple strategies to evade the host immune response, ranging from inhibition of antiviral
type I IFN production through ICP34.5 and ICP0O, and by ICP47-dependent restriction of the
transport of host major histocompatibility complex (MHC) molecules to the cell surface,

effectively cloaking infected cells from recognition by CD8" T cells (26-28).

1.1.3 Epidemiology and transmission

All these strategies allow herpes to effectively replicate in humans without causing overt
sickness, and latency can ensure its survival for years, contributing to the success of HSV-1 as a
pathogen. HSV-1 infections are therefore ubiquitous in human populations, and it is estimated that
over 3 billion people have been infected with HSV-1, compared with over 400 million people with
the related HSV-2 (29, 30). While the number of worldwide HSV-1 and HSV-2 cases are
decreasing in the United States, HSV-1 remains predominant worldwide, with HSV-2 being
prominent on the African continent and disproportionately affecting women (31). HSV-1 is
commonly considered to cause orolabial lesions (“cold sores”) and HSV-2, genital lesions,
however both viruses can cause similar diseases, and are transmitted through contact with lesions,
body fluids or mucosal surfaces (32). HSV-1 and HSV-2 can also be transmitted to newborns post-
partum (33). While normally relatively benign, HSV-1 infection can also result in ocular keratitis,

and in rare cases, infection and inflammation of the central nervous system, or herpes simplex
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encephalitis. These complications are thought to occur mainly during primary infection, but can

also arise from reactivation events from a latent infection (32).

1.2 COXSACKIEVIRUSES

1.2.1 Discovery and classification

Coxsackieviruses belong to the Picornaviridae family of small RNA viruses, and more
specifically to the Enterovirus genus. Polioviruses were the first discovered Enterovirus species,
and as causal agents of poliomyelitis, are arguably the most well-known. Later isolated in the
1940s, coxsackieviruses were named upon the discovery of novel filterable agents responsible for
non-epidemic cases of childhood paralysis in Coxsackie, New York (34). They were first classified
into A and B subtypes based on lesions and paralysis induced by intracranial inoculation of
suckling mice (35). In humans, they are now recognized as the cause of various diseases, ranging
from relatively benign Hand-Foot-and-Mouth disease to more severe cases of myocarditis,
pancreatitis, or aseptic meningitis (36). In particular, CVB3 is the most common cause of viral
myocarditis. Of the many wild-type CVB3 strains (Nancy strain) maintained in the laboratory,
pathogenicity can often deviate between virus stocks due to the high mutation rate of CVB3,
estimated from poliovirus at an average 4.68 mutations per new genome (37, 38). For example,
plaque-purified viruses like CVB3 H3 (Woodruff) strain, originating from a single passage from
an infected mouse heart, generate more consistent myocarditis in genetically susceptible mice (37);
the availability of the original complete genomic sequence for the CVB3 H3 (Woodruff) strain,

published in 1996 (39), allows recent virus stocks to be tested for the emergence of new mutations.

1.2.2 Structure, life cycle, tropism and immune evasion

CVB3, like other coxsackieviruses, consist of a short (7,400 bp) non-segmented, single-
stranded positive-sense RNA genome. A long 742 bp 5’ untranslated region (UTR) is integral to
the translation of its single open reading frame; the 5 UTR is characterized by a large hairpin
structure and internal ribosome entry site (IRES) that, like other enteroviruses, ensures cap-
independent translation (40). The CVB3 genome is translated as a single polyprotein, later

processed by virus-encoded proteases (2A"™ and 3CP™) into 11 protein products (39). The CVB3
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genomes is polyadenylated at the end of its short 3> UTR. The CVB3 genome is packaged in a
small, non-enveloped protein capsid (consisting of viral proteins VP1-4).

As enteroviruses are normally transmitted by the fecal-oral route, CVB3 is quickly exposed
to gut epithelial cells, where CVB3 virions will first bind to the decay-accelerating factor (DAF,
or CD55) accessible at the apical cell surface (41). This first interaction is thought to trigger actin-
mediated reorganization of the apical surface to shuttle DAF-bound virions closer to tight
junctions, where they can engage the coxsackievirus and adenovirus receptor (CAR), normally
only accessible at the basolateral surface (42). Once CVB3 has interacted with both receptors,
virions can enter the cell by caveolin-mediated endocytosis. Viral replication occurs in the
cytoplasm via a negative-sense RNA template intermediate, upon formation of a replication
complex surrounding the RNA-dependent RNA polymerase (viral protein 3D). These replication
events occur in clusters within lipid-rich replication organelles, derived by the virus from the cell
membrane (41). Replicated genomes are finally re-packed into non-enveloped capsids and are
likely released upon cell lysis, whereby virions are commonly detected in fecal samples (41).

As CVB3 can enter circulation upon initial gut epithelial cell infection, cardiac tropism
depends at least in part on CAR expression in cardiomyocytes, the striated cells that comprise the
heart muscle (43, 44). Furthermore, CVB3 and its encoded proteases can also help evade the
immune system, although to a lesser extent than large DNA viruses. For example, RNA-sensors
RIG-I, MDAS5 and MAVS are cleaved by 2A™ and 3CP™ to reduce type I IFN signaling (45),
while non-structural viral protein 2C can interact with protein phosphatase 1 to limit IKKf3
phosphorylation and NF-kB activation (46). CVB3 has also been reported to reduce surface MHC-
I expression, where a concerted effort between viral proteins 3A, 2B and 2BC upregulates
endocytosis and limits Golgi trafficking (47). Thus, CVB3 is equipped with mechanisms to reduce
type I IFN signaling and to avoid recognition by antigen-specific CD8" T cells.

Enteroviruses are further advantaged by their high mutability, with an average error rate of
6.3 x 10 mutations per base per replication, compared to higher fidelity herpesviral polymerases
at 1.38 mutations per 107 bp, or eukaryotic polymerases at 1 mutation per 107 or 10 bp (20, 38,
48). Therefore, enteroviral RNA-dependent RNA polymerase can generate multiple CVB3 quasi-
species within an infected host, while recombination events between RNA genomes also contribute
to CVB3 diversity (49). These quasi-species can enhance the infection, where a diverse population

of viruses with improved fitness or virulence can significantly increase pathogenesis. However,
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their high mutation rate can also result in so-called error catastrophe, where too many detrimental

mutations accumulate to stifle CVB3 replication or invasion of new tissues (50).

1.2.3 Epidemiology and transmission

Coxsackieviruses are easily transmissible from person to person by the fecal-oral route and
are widespread in the global population. Seropositivity rates for CVB3 in the United States are
estimated at 4% of total confirmed Enterovirus cases between 2014-2016 as reported by the
National Enterovirus Monitoring System (51). Population-wide CVB3 seropositivity rates are
reported to be as low as 33% in Italy (52) and as high as 66% in the United Kingdom (53), and at
greater than 50% in persons of 15 years and over in Yantai, China (54). Furthermore, in areas
where selenium is poorly available in soil and crops, dietary selenium deficiency has long been
associated with increased rates of CVB3-induced myocarditis, referred to as Keshan disease (55).
Selenium-deficient and selenoenzyme GPxI”" deficient mice are both susceptible to a non-virulent
CVB3 strain, suggesting that as an antioxidant, selenium may protect against reactive oxygen

species-induced mutations that would otherwise drive pathogenic viral evolution (56, 57).

1.3 HOST DEFENCE

1.3.1 Cell-intrinsic responses to viruses

The non-specific innate immune response is initiated as a viral pathogen enters its target
cell. At first, these signaling pathways are intrinsic to the infected cells, also called cell-
autonomous responses, and centre on the production of type I interferon (IFN) to limit viral
replication. Secreted IFN later orchestrates the activation of surrounding immune cells until an
efficient cellular immune response is achieved.

Pattern recognition receptors (PRR) allow the host to detect viral infections by engaging
pathogen-associated molecular patterns (PAMPs) derived from an invading virus. Among PRR,
cell membrane-bound Toll-like receptors (TLRs) TLR1, TLR2 and TLR6 canonically recognize
lipopeptides and glycolipids, and TLR4, lipopolysaccharide (LPS) (58). Additionally, TLR3,
TLR7, TLR8 and TLRY are targeted to endosomal membranes by UNC93B1, where they can
detect viral nucleic acids including double-stranded RNA (TLR3), single-stranded RNA (TLR7
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and TLR&8), and CpG-rich unmethylated DNA (TLR9) (58). Endosomal TLRs are especially
important for the detection of enveloped viruses and play non-redundant roles in the control of
viral pathogens. Most TLRs associate with adaptor proteins such as MYD88 or TRIF on the
cytoplasmic side, initiate signaling cascades that result in the activation and translocation of
transcription factors including IRF3, IRF7, or NF-kB to the nucleus, where they may induce IFN
and proinflammatory cytokine gene expression (as illustrated in Figure 1).

Cytoplasmic sensors of DNA or RNA are also employed by mammalian cells to detect
nucleic acid by-products and intermediates of viral replication. Viral RNA containing 5’
trisphosphate or 5’ diphosphate features are recognized by RIG-I, and double-stranded RNA by
MDAS, which both signal through the MAVS adapter to activate IRF3 through TBK1 and IKKEe,
or through NF-kB, resulting in IFN expression (59-62). On the other hand, cytosolic viral DNA
can be processed by cyclic GAMP synthase (cGAS) to produce cyclic guanosine
monophosphate/adenosine monophosphate cGAMP molecules, which are in turn detected by
STING to induce IFN through the TBK1/IRF3 axis (63, 64). Double-stranded viral DNA can also
be recognized in the cytoplasm or nucleus by IFI16 in humans, whereas IFI200-family genes
(including Ifi204) are homologs in mice (65, 66). Ultimately, STING is involved in all above
responses as a direct sensor, or as a scaffold facilitating the phosphorylation and activation of IRF3
(67-69).

Type I IFN is released from infected cells as a result of most of the above sensing cascades.
These cytokines are expressed in 13 isoforms for IFN-a and one for IFN-f3, each with their own
tissue and cellular tropisms (70). Secreted type I IFN molecule can bind to the dimeric IFN I
receptor IFNAR, comprised of IFNARI and IFNAR2 subunits. This interaction triggers the
recruitment of Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) to the cytoplasmic end of
IFNAR, whereby these kinases phosphorylate STAT1 and STAT2 (71). These STAT1 and STAT2
transcription factors, in complex with IRF9, are referred to as IFN-stimulated gene factor 3
(ISGF3), which translocates to the nucleus to induce transcriptions of various IFN-stimulated
genes (72). Mx GTPase proteins can sequester viral proteins or viral RNA-protein complexes in
the cytoplasm or nucleus (73). Other IFN-stimulated genes (ISGs) act as modulators and even
negative regulators of IFN production, including the ubiquitin mimic ISG15, and deubiquitinase
USP18 (74). For example, both Uspl8” mice and human cases of ISG/5 deficiency result in

interferonopathies, characterized by excess and pathological IFN production. Finally, other ISGs
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FIGURE 1. Genetic contribution to cell-intrinsic responses against HSV-1 and CVB3

infections in mice.

(A) Signaling downstream of HSV-1 infection. (B) Signaling downstream of CVB3 infection. Red
factors red indicated that a gene defect causes susceptibility to infection compared to wild-type
mice; blue factors indicate resistance; grey factors indicate that knockout mice behave like wild-

types. Adapted from (75).
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including IFIT2 commonly induce apoptosis in infected cells, to better curb viral spread (76).

1.3.2 Cell-mediated responses to viruses

The production of type I IFN and expression of ISGs triggers a cascade of highly regulated
cellular interactions that drive immune cell activation, proliferation and antiviral function. Infected
cells and peripheral dendritic cells (DCs) or macrophages will produce type I IFN and
chemoattractant molecules (chemokines) that will attract and initiate signaling in monocytes,
natural killer (NK) cells and other leukocytes (77). NK cells will be quick to recognize and kill
virus-infected cells by secreting membrane-disrupting cytotoxic factors like perforin and
granzyme. As one of the most useful innate effectors against viral infection, NK cell activation is
tightly regulated by multiple activating and inhibitory receptors, guaranteeing that only infected
cells are recognized and targeted for cytotoxic killing (2). Activated NK cells also express elevated
levels of the proinflammatory cytokine IFN-y, which together with other cytokines help to activate
and regulate other immune cells. For example, cytokines like IFN-y, TNF-a and interleukin (IL)-
12 may polarize immune cells towards a type I profile that classically promotes cell-mediated
immunity, while a humoural response is favoured by type 2 cytokines like IL-4, IL-5 or IL-13 (78).
Finally, many ISGs are also chemokines, whose secretion will attract leukocytes that express
cognate chemokine receptors (for example, CCL2:CCR2, CCL5:CCRS5, CXCL9/10:CXCR3,
CX3CL1:CX3CR1).

Here, the innate response yields to adaptive immune cells. Briefly, T and B lymphocytes
are equipped via their T or B cell receptors (TCR, BCR) to recognize peptide antigens presented
on major histocompatibility complex class I or II (MHC-I, MHC-II) molecules expressed on the
surface of antigen presenting cells (APC) (79). These APCs include macrophages, DCs or B cells
that can process viral particles into short antigenic peptides fit for cross-presentation to B or T
cells. These peptide/MHC to TCR or BCR interactions are integral to the activation of effector T
and B cells. In the context of viral infection, the activated B cell response involves the generation
of antigen-specific immunoglobulin (Ig)-type antibodies that can bind and neutralize viruses
directly, or mark infected cells for targeted killing by NK cells (antigen-dependent cell-mediated
cytotoxicity) (2). On the other hand, antigen-specific CD8" T cells will recognize and kill infected
cells via perforin and granzyme-mediated cytotoxicity, while antigen-specific CD4" T cells can

support immune cell activation by producing factors including IFN-y (80). Helper CD4" T cells
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(Th) are also polarized in part by their expression of lineage-defining transcription factors and by
their cytokine milieu into various subtypes (78). In general, Thl cells are typical of the IFN-y-
dependent protective response to viral infections, while Th2 cells are important for defence against
extracellular pathogens, wound healing or allergic responses. IL-17 secreting RORyt" Th17 cells
also contribute to the inflammatory response (81), while Foxp3" regulatory T cells (Tregs)
typically suppress inflammation and T cell activation (82).

Altogether, while the general responses described above are typical of viral infections in
the periphery, a protective host defence response will vary depending on the tissue context, where
specialized tissues like the brain, heart, lungs or gut include unique resident and infiltrating cell

types, and differ in their sensitivity to infection and inflammation.

1.3.3 Antiviral response and inflammation in the brain

Despite its long-standing characterization as “immune-privileged,” the brain does in fact
host a wide range of sophisticated immune cell-mediated and pathogen sensing mechanisms to
defend against infection (Figure 2). The blood-brain barrier (BBB) physically separates the
peripheral circulatory system from the CNS parenchyma to allow selective entry of molecules and
cells into the brain; the BBB consists of endothelial cells joined by tight junctions and supported
by specialized astrocytes and pericytes on the side of the parenchyma (83). However, many small
RNA viruses, as well as herpesviruses, are known to circumvent the BBB and cause encephalitis
in humans. Viruses will employ various invasion routes alone or in combination, transiting through
cells that line the BBB, across tight junctions, within phagocytosing immune cells, or directly
through sensory neuron axons, to ultimately replicate in different parts of the brain including the
brainstem, choroid plexus (ventricles), meninges or cortex (83, 84). Thus, the glial cells that
populate the brain, including resident macrophage-like microglia, astrocytes, and
oligodendrocytes, as well as the neurons that they work to support, are all involved in pathogen
sensing and contribute to the activation of an inflammatory response. Ultimately, viral infection
of the brain involves the delicate regulation of inflammation to achieve an effective antiviral
response, at the risk of generating an excessively strong pathological inflammatory response that

may result in permanent tissue damage or lethal encephalitis.
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TLRs are expressed throughout the brain at homeostasis, particularly in microglia.
Activated microglia can further induce TLR2, TLR3 and TLR4 expression in astrocytes, while
neurons and oligodendrocytes have been shown to rely on TLR3 signaling and type I IFN
production to counter HSV-1 replication (85-87). TLR2 and TLR9 are also upregulated in the
neuron-rich trigeminal ganglia during HSV-1 infection in mice (88). As a result of effective
pathogen sensing, type I IFN production in glial cells is generally required to control coronavirus
and West Nile virus replication and even limit damage to the BBB (89, 90). HSV-1 infection of
microglia is self-limiting and triggers early caspase-3-dependent apoptosis, while infected
astrocytes undergo Fas receptor-mediated cell death to limit viral spread (91). On the other hand,
neurons are not generally capable of renewal, and therefore have been shown to promote
autophagy instead of apoptosis in response to type I IFN signaling during HSV-1 infection (92,
93).

In addition to type I IFN, glial cells and endothelial cells are keen producers of a variety of
proinflammatory cytokines (TNF-a, IL-18, IL-6, IFN-y), and chemokines (CCL2, CCLS5, CXCLJ9,
CXCL10, CX3CL1) during viral infection (75, 94). Beyond their usual functions in the activation
and polarization of immune signals, TNF-a, IL-6 and CCL2 contribute to a weakening of the tight
junctions of the BBB (95, 96). Increased matrix metalloprotease production has also been noted in
virus-infected endothelial cells, which reduces BBB integrity and facilitates the entry of peripheral
immune cells into the brain (97). Chemokine production will attract NK cells that will produce
elevated amounts of IFN-y and destroy infected cells, functions that are essential to HSV-1
clearance in the brain (98). Invading IFN-y-producing Th1 CD4" and cytotoxic CD8" T cells are
also required for HSV-1 clearance in the brain (80, 88, 99). However, excessive CXCR3" T cell
and monocyte infiltration, coupled with uncontrolled inflammatory cytokine production, can also

be pathological in various models of brain infection (100-104).

1.3.4 Antiviral response and inflammation in the heart

The heart is an altogether different organ in structure and function, but also in its response
to viral infection and inflammation (Figure 3). Human and mouse hearts consist primarily of
contractile cardiac muscle cells (cardiomyocytes), and together with specialized pacemaker cells,

fibroblasts and endothelial cells, comprise the myocardium or heart muscle (105). The mechanical
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contraction of the myocardium, from atria to ventricles, pumps blood through the body.
Cardiomyocytes are connected to one another via intercalated disks, which allow for coordinated
contractions and further contain gap junctions that allow for rapid intercellular signaling (106).
While CAR and DAF-expressing cardiomyocytes are preferentially infected by CVB3, human
induce pluripotent stem cell (iPSC)-derived cardiomyocytes have been shown to be poor producers
of type I IFN in response to CVB3 infection (107). Cardiomyocytes are capable, however, of
producing IFN-B via a MAVS-dependent mechanism under homeostatic conditions (108).
Otherwise, heart-surveying macrophages and DCs and resident cardiac fibroblasts express
multiple TLRs, known to be essential for type I IFN-dependent CVB3 viral clearance (109-111).
In addition, cytoplasmic RNA sensing and its downstream TBK1/STING/IRF3 signaling axis are
essential components of the protective antiviral response (112).

As cardiomyocytes play host to replicating virus, they must undergo necrotic cell death to
release virions into the surrounding tissue environment (113). Notably, the CVB3-encoded 2A
protease can cleave dystrophin, disrupting the cardiomyocyte cell membrane and its support of the
contractile sarcomere, killing the cell (114). The regulation of programmed necrotic cell death
during cardiac viral infection is an emerging area of study. These pathways include necroptosis
(dependent on various kinases) or pyroptosis (dependent on IL-13 and IL-18 activity) (113). Both
cascades result in a release of proinflammatory damage-associated molecular patterns, recognized
in the cytoplasm by NOD-like intracellular receptors to direct NLRP3-mediated inflammation
(115-117); lytic cell death may lead to calcification of the heart muscle (118). On the other hand,
non-lytic caspase-3-dependent apoptosis of cardiomyocytes occurs during early CVB3 infection
in mice, and peaking at day 5 postinfection (p.i.) (119). Cardiomyocytes cell death can also be
triggered by the infiltration of cytotoxic immune cells into the inflamed heart (120). Ultimately,
cardiomyocytes have limited regenerative capacity, and are normally replaced by cardiac
fibroblasts, particularly in ventricular tissue (121). Hypertrophic remodeling, matrix
metalloprotease expression and subsequent fibrosis are central to the wound healing response
(122). However, this build-up of fibrotic scar tissue dilates and stiffens the ventricle, meaning the
heart may become more prone to failure.

Regarding the cell-mediated immune response, macrophages and DCs patrol the
myocardium at steady-state, and respond to infection by producing type I IFN and

proinflammatory cytokines and chemokines, removing debris and dying cells, and processing viral
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antigen for cross-presentation to lymphocytes. Chemokines including CXCL10 attract NK cells to
the heart to fulfill their essential cytotoxic function and produce large amounts of IFN-y (123-125).
Neutrophils are attracted by IL-8 and recognize CVB3 via TLRS8, whereas invading macrophages
and monocytes are attracted by CCL2 or CCL3 production (126, 127). Overall, the pathologically
inflamed CVB3-infected heart exhibits a type 1 cytokine profile, [IFN-y and IL-12 over type 2 IL-
4, IL-5 and IL-13 cytokines, along with other inflammatory cytokines including TNF-a, IL-6, and
IL-10 (128-130). In such an environment, type 1-polarized macrophages are thought to be
pathological, and type 2, protective (131, 132). Specific to the heart milieu, IL-6-family cytokine
cardiotrophin-1 (CT-1, C#fI mouse gene) is expressed at high levels during early infection, and
signals through the STAT3 transcription factor to promote cardiac cell survival and reduce
inflammatory cytokine production by macrophages (133, 134). However, long-term activation of
STAT3 may also induce cardiac hypertrophy and remodeling that may impede heart function
(135).

Incoming CCR5", CXCR3" or CX3CRI1" T cells attracted by CCL5, CXCL10 or CX3CL1
are also polarized by the cytokine milieu (124, 136, 137). Antigen-specific responses
notwithstanding, the invasion of T cells in the infected myocardium is invariably pathological,
where T cell-deficient animals exhibit improved outcomes to CVB3 infection (138-140). However,
the roles and dynamics of various T cell subsets remain more controversial. During acute infection,
Thl CD4" T cells are considered pathological through their contribution to damaging
inflammation (128, 132, 141-143). In complete contrast however, mouse models of chronic
infection have provided evidence that Th1 responses are protective, as they actively suppress Th2
responses that are required to trigger ventricular remodeling, fibrosis, and heart failure (144).
Among other T cell subtypes, IL-17-producing Th17 cells are detrimental to viral control in the
heart (144-146), while the role of regulatory T cells (Treg) is less understood, where they may
promote or limit disease (147, 148). Finally, B cell deficient mice are sensitive to CVB3 infection,

suggesting that unlike T cells, B cells are protective (149).
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1.4 HERPES SIMPLEX ENCEPHALITIS

1.4.1 Incidence, presentation and treatment

Herpes simplex encephalitis (HSE) is a rare complication of herpes simplex virus infection
in humans. HSV-1 is the most common cause of sporadic viral encephalitis worldwide, and
accounts for an average of 2 to 4 HSE cases per 100,000 individuals per year (150). Otherwise,
some 10% of HSE cases are traced back to HSV-2 infection (151). HSE incidence is bimodally
distributed, with approximately one third of cases occur in children and young adults under 20
years of age, and the remaining two thirds in adults aged 60 years or over (32). In both cases,
inflammatory or necrotic focal lesions are typically detected in the frontal or temporal lobe, and
occasionally in the brainstem (152, 153). Clinical presentation also involves fever, focal seizures,
or altered level of consciousness (154). Additionally, HSV infections can occur in newborns,
predominantly by way of post-partum HSV-2 infection acquired from the mother during delivery,
but also through contact with an HSV-1-infected caregiver in 10% of cases. Neonatal HSV
encephalitis is typically generalized throughout the brain, with an incidence of 10 to 60 cases per
100,000 live births per year in the United States (33).

Once a largely fatal disease, daily administration of intravenous acyclovir for up to 14 days
has been the standard treatment for HSE for the past 30 years and has significantly reduced the
risk of mortality (154). Early detection and antiviral treatment is critical to improve outcomes,
however, many patients develop long term neurological sequelae. Furthermore, a third of reported
pediatric HSE patients presented with acute clinical relapses, sometimes related to a rebound in
viral replication. In the absence of detectable virus, these relapses are thought to be the result of
an inflammatory or immune reaction. In older adults, cases of post-HSE autoimmune encephalitis
have also been reported in 27% of patients in an HSE cohort (N=54), where neuroinflammation
was correlated with the generation of anti-N-methyl-D-aspartate receptor (NMDAR) antibodies
that may have been generated during the initial HSE course (155).

1.4.2 Human genetic determinants

Using next-generation sequencing, several genetic etiologies for childhood HSE have been
identified in the last 20 years, with most related to the TLR3/type I IFN signaling axis. A

homozygous loss-of-function mutation was first identified in the STAT! transcription factor
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causing mendelian susceptibility to mycobacterial disease and HSE, while a second mutation in
the IKK complex subunit NEMO led to susceptibility to HSE, mycobacterial disease, and various
bacterial infections (156, 157). Since these two initial cases, further single gene defects in
UNC93B1, TLR3, TRIF, TRAF3, TBKI and IRF3 have been found to uniquely cause HSE; all
belong to the TLR3 signaling cascade (158-163). Most of these mutations are autosomal dominant,
consistent with the sporadic nature of HSE onset (164). Curiously, in the absence of HSV infection,
these latter defects are otherwise silent, and led to no other infectious phenotypes. Thus, TLR3
appears to play a non-redundant role in the brain, that is essential to the protective IFN response
against HSV-1 in childhood HSE. These gene defects, however, only explain a minority of
ascertained HSE cases.

Other gene mutations have recently been associated with childhood HSE, including in the
small nucleolar RNA-encoding SNORA31 gene, with unclear function, but involved in protective
IFN-B production in neurons (165). Unlike the previous childhood cases with frontal or temporal
lobe HSE, further mutations in the RNA lariat debranching enzyme DBR/ results in HSE, as well
as influenza and norovirus encephalitis, in the brainstem (166). Finally, two unique autosomal
dominant mutations in the mannan-binding lectin serine protease MASP2 were identified in adult
forebrain HSE patients (age 60 and 24 years), resulting in a dampened complement system
activation (167). These recent findings reveal that immune pathways other than TLR3/type I IFN

play a role in HSE onset, in cases that deviate from previous forebrain/childhood studies.

1.4.3 Mouse genetic determinants

Mouse models of HSV infection have greatly contributed to our understanding of HSE
disease pathogenesis and of the genes that underlie the protective host response (75). However
recent studies have typically employed different routes of inoculation—subcutaneous, intranasal,
corneal, intravenous or intracranial for HSV-1, intravaginal for HSV-2. For example, the ocular
route is often used to study HSV-1 infection in the trigeminal ganglia (TG). Intravaginal or
subcutaneous routes are well-suited to peripheral studies of DCs or NK cells. Intranasal infection
perhaps best recapitulates HSE in the brainstem, with HSV-1 thought to accede to the hindbrain
via the trigeminal nerve (168). No model, however, recapitulates the frontal or temporal lesions
characteristic of many childhood HSE cases. A further consideration should be made for viral

dosage and genetic background. Thus, studies usually compare deleterious alleles with wild-type
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alleles on the same background, in mice receiving an identical dose. Commonly used backgrounds
include naturally resistant C57BL/6 or 129 strains or susceptible BALB/c mice (169).

Overall, mouse genetic studies have confirmed the importance of TLRs and of type I IFN
signaling in HSE resistance (Figure 2, Table 1). While T/r3”" mice are susceptible to HSV-2,
Tlr3” and Unc93bl mutants behave as wild-type following intranasal or intracranial HSV-1
infection (170-172). Furthermore, Tlr9”, Tlr2”"Tlr9”", Ticam1”- (TRIF), Myd88", Thkl”", Statl”",
Irf3” and Isgl5” mice are all susceptible to i.n. HSV-1 (74, 93, 94, 172-176). Also, cytoplasmic
DNA sensing pathways (cGAS, STING) play a role in HSE protection, while RNA sensors
(MAYVYS) appear to have no effect in HSE (67, 174, 177). Thus, mouse HSE models implicate
additional TLR and DNA sensors in the CNS response.

The importance of the inflammatory and immune response is especially underscored by
mouse HSE studies. Deletion of Ifng, Tnf, 116, 1110, Il1b, and Nos2 cytokine and effector genes all
result in HSE susceptibility, as do T cell-related genes Ptprc (CD45), B2m (MHC-I), Cd4 and Cds8,
suggesting that the regulation of Th1 responses is protective during HSV-1 infection in the brain
(80, 88,99, 175, 178-181). However, it is also clear from chemokine and chemokine receptor gene
studies while CX3CRI1 expression on microglia and T cell chemoattractant CXCL10 are
protective, CXCR3 and CCRS5 expression contribute to the pathological HSE response, indicating
that infiltration of activated T cells into the brain may be detrimental to the host and auxiliary to
damaging inflammation (101, 182-184). Overall, the genetic regulation of the immune response
appears to be a driver of HSE in mice, and may hint at an important contribution of inflammatory

mechanisms in unresolved or adult cases of human HSE.

1.5 COXSACKIEVIRAL MYOCARDITIS

1.5.1 Incidence, presentation and treatment

Myocarditis is a disease that involves inflammation of the heart muscle (the myocardium)
detrimental to heart function. Myocarditis accounts for up to 20% of sudden cardiovascular deaths
in young adults (185). However, the actual incidence of myocarditis is difficult to estimate given

the heterogeneity of the disease, its nonspecific symptoms, and the generally poor sensitivity
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TABLE 1. Comparison of survival phenotypes for selected antiviral and immune gene defects in
HSV-infected mice, CVB3-infected mice, and humans.

Gene defect Protein HSV-1 CvB3 Human Infectious References***
phenotype* phenotype* Gene phenotypes
Pathogen-associated molecular pattern sensing
Tir2" TLR2 As WT R TLR2 (173, 186)
TIr3” TLR3 As WT S TLR3 HSV-1 (110, 172)
OMIM 603029
Tir4” TLR4 As WT R TLR4 (123, 187, 188)
TIr9™” TLR9 S R TLR9 (173, 188)
TIr2”TiIr9” TLR2/9 S TLR2/9 (173)
Unc93b13¢ UNC93B1 As WT S UNC93B1 HSV-1 (171,172, 189)
or LetriLetr OMIM 608204
Ticam1” TRIF S S TICAM1 HSV-1, HSV-2 (171, 174, 190)
OMIM 607601
Myd88”" MYD88 S R MYD88 Pyogenic bacteria (172,175, 191)
OMIM 602170
Irak4” IRAK4 R IRAK4 Bacterial infections  (136)
OMIM 606883
Tbk17Tnfr1* TBK1 S** TBK1 HSV-1 (176)
OMIM 604834
Mb21d17 cGAS S CGAS 177)
Sting™” STING S STING1 (67, 177)
Ifin 17 MDA5 S IFIH1 (192)
Mavs” MAVS As WT S MAVS (172,174, 192)
IFN response and transcription factors
Ifnb™ IFN-B8 S IFNB1 (111)
Ifng™” IFN-y S S IFNG Mycobacterium (123, 175, 178)
OMIM 147570
Ifnar” IFNo/BR1 S S IFNAR2 Disseminated (171, 193)
vaccine measles, OMIM 602376
HBV
Ifngr’”- IFNyR S As WT IFNGR1 Mycobacterium and (193, 194)
Salmonella OMIM 107470
IFNGR2 Mycobacterium and  OMIM 147569
Salmonella
Stat1” STAT1 S STAT1 Mycobacterium (93, 94)
OMIM 614892
HSV-1, EBV, VZV OMIM 613796
Candidiasis OMIM 614162
Stat3” STAT3 S STAT3 Hyper-IgE (134)
(cardiac) recurrent infection OMIM 102582
syndrome
Irf3" IRF3 S IRF3 HSV-1 (172, 195)
OMIM 616532
Irf7 IRF7 S IRF7 Severe influenza (195)
disease OMIM 605047
Irf 37 Irf7+ IRF3/IRF7 S IRF3/IRF7 (195)
Isg157 ISG15 S S ISG15 Mycobacterium (74, 196)
OMIM 147571
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TABLE 1. Continued

Gene defect Protein HSV-1 CVB3 Human Infectious References***
phenotype* phenotype* Gene phenotypes

Cytokines, chemokines, enzymes and metalloproteases

Tnf" TNF-a S R TNF (128, 179, 180)
1b* IL-1B S IL1B (180)
e IL-6 S IL6 (181)
1o IL-10 S S IL10 (130, 178)
Prf1+ Perforin R PRF1 (197, 198)
Nos2” iNOS S S NOS2A (88, 199)
12rb1+ IL-12Rp1 R IL12RB1 Mycobacterium (143)
OMIM 601604
Ccl3” CCL3 R CCL3 (127)
Ccl5” CCL5 S CCL5 (136)
Cxcl107” CXCL10 S S CXCL10 (124, 183)
Cers5” CCR5 R S CCR5 Resistance to (136, 200)
HIV-1 (32-bp DEL) OMIM 601373
Cxcr3” CXCR3 R CXCR3 (101, 104)
Cx3cr1” CX3CR1 S CX3CR1 (137, 182)
Mmp2”" MMP2 S MMP2 (201)
Mmp9” MMP9 S MMP9 (122)
Cell-mediated responses
Rag1” RAG-1 S RAG1 HCMV (88)
Rag2” RAG-2 S RAG2 Respiratory (178)
infections OMIM 233650
Nkg2d”" NKG2D S KLRK1 (125)
Ptprct3X or 7 CD45 S R PTPRC (80, 140)
Cd4” CD4 S R CD4 (99, 138)
Cds” CD8 S CD8 Recurrent bacterial (88, 138)
infections OMIM 186910
Cd47-Cd8™" CD4/CD8 R CD4/CD8 (138)
p56lck” LCK (p56) R LCK (139)
Card9™” CARD9 R CARD9 Candidiasis (202)
OMIM 607212
B2m™” p2M S S B2M Sinopulmonary (99, 198)
infections OMIM 109700

* “R” indicates resistance compared to wild-type controls; “S” indicates susceptibility compared
to wild-type controls; “As WT” indicates that knockouts and wild-types behave similarly.
*%  Thkl” Tnfrr]”~ mice are compared here to Tnfi-I”~ control mice (176).

*#% OMIM accession numbers for human gene deficiencies are available at the Online Mendelian
Inheritance in Man (OMIM) database (http://www.omim.org/).

This table is adapted from (75).
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of invasive myocardial biopsies (144). Myocarditis has been suggested to be more common in
children compared to adults (107). Among cases of myocarditis, some 20% can be traced back to
viral origin, including enteroviruses, adenoviruses or human immunodeficiency virus 1 infections
(144). CVB3 infection is involved in 25-40% of childhood and adolescent cases of myocarditis,
making it the most common cause of viral myocarditis (144, 203). Cardiac infiltration of T
lymphocytes and of other inflammatory mediators is a hallmark of viral myocarditis, as well as the
detection of autoantibodies and autoreactive T cells (204). In response to inflammation and tissue
fibrosis, viral myocarditis can progress to dilated cardiomyopathy. Dilated cardiomyopathy has an
estimated incidence of 5 to 8 cases per 100,000 individuals annually in the United States; among
which viral genomes have been identified in some 10-34% of these cases (205). Treatment for
dilated cardiomyopathy consists of supportive care to reduce vascular resistance, or in the case of

severe symptoms, implantation of ventricular assist devices or heart transplant.

1.5.2 Human genetic determinants

Several genetic factors have been associated with dilated cardiomyopathy, including
polymorphisms in genes encoding cardiac actin, myosin, titin and cardiac muscle troponin (206).
However, scarcely any genetic studies have been performed for patients with acute myocarditis,
particularly of viral origin. In these cases of viral myocarditis, where disease severity is not a
function of the viral agent (most commonly CVB3, but also other enteroviruses, adenoviruses, and
parvoviruses), disease may be influenced by host genetics (107). A rare non-synonymous
substitution mutation in 7LR3 was associated in an adult patient with acute CVB3 myocarditis
(207). However, while the variant expressed in HEK293 cells resulted in lower type I IFN upon
CVB3 infection, TLR3 deficiency in cardiomyocytes does not render them more sensitive to CVB3
infection, nor do wild-type cardiomyocytes induce ISGs upon infection (107, 207). Otherwise, in
a whole-exome sequencing screen of 42 children with acute myocarditis, 7 patients carried rare
homozygous variants in genes associated with inherited cardiomyopathies, of which variants in
plakophilin-2 (PKP2), ryanodine receptor 2 (RYR2) and troponin I3 (7NNI3) corresponded with
herpesviral, enteroviral, and parvoviral etiologies, respectively (107). Further investigation into
these variants is required to determine their penetrance and contribution to the development of

acute viral myocarditis.
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1.5.3 Mouse genetic determinants

Inbred mouse models of CVB3-induced myocarditis have been especially useful to define
the genetic contribution to disease onset and severity (Figure 3 and Table 1). Studies over the past
30 years have focused on single gene knockout mice, spread primarily across naturally CVB3-
susceptible A/J or BALB/c strains, and more resistant C57BL/6 or 129 strains, but nearly always
comparing deficient mice to wild-type mice of the same genetic background. As a first important
finding, an intact type I IFN response is essential to CVB3 control. Mice deficient in 7/r3,
Unc93b1, Ticaml (TRIF), Ifihl (MDAS) and Mavs RNA sensing cascade genes, as well as IFN-3
and IFNo/BR1 receptor, are all susceptible to CVB3 myocarditis (110, 189, 190, 192). As a notable
exception, non-TLR3 related MYD88 and IRAK4 factors are detrimental to the host response in
the heart (136, 191). In addition to dampening type I IFN in the heart, MY D88 has been proposed
to exacerbate pathological T cell activation, while IRAK4 leads to reduced infiltration of protective
CCRS5+ myeloid cells in the heart (136, 191).

Second, secreted immune factors play a major role in disease pathogenesis. IFN-y and
iINOS deficient mice fail to control infection, likely pointing to a failure of NK cell and
macrophage-mediated antiviral control (123, 199). On the other hand, 77f”" mice are more resistant
compared to wild-type littermates, an important indication that NF-xB/TNF-o-mediated
inflammation is pathological in the heart (128). From chemokine and chemokine receptor
knockout mice, the recruitment of T, NK and myeloid effector cells is a requirement for viral
clearance (124, 136, 137). However, the cell-mediated response can be harmful to the infected
host. Mouse genetic models have shown that T cells are pathological, where Ptprc””, Cd4™,
Cd47-Cd§™, p56lck’, Card9”~ and perforin-deficient mice all overcome CVB3 myocarditis, and
exhibit dampened cardiac inflammation (138-140, 202). 1/12rb1”" mice are also resistant to CVB3
infection, suggesting that Th1l-supporting IL-12 and IL-23 cytokines may play a role in T cell-
mediated acute myocardial inflammation (143).

Third, mouse models have revealed an additional genetic contribution of factors involved
in the regulation of cell death and of cardiac remodeling. Matrix metalloprotease MMP2 and
MMP9 knockout mice are susceptible to CVB3 due to their limited ability to repair cardiac injury
(122, 201). Necroptosis and pyroptosis are also hallmarks of damaging CVB3-induced

inflammation, where expression of the damage-associated molecular pattern sensor NOD2 (Nod?2)
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or cathepsin B (Ctsb) are detrimental, while the function of the NLRP3 inflammasome is protective
(115-117). Finally, the loss of Abcc6, an ATP binding cassette transporter of ATP, results in
increased permeability of the mitochondrial outer membrane, tissue calcification and necrotic cell
death; this effect can be reversed by pharmacological inhibition of the mitochondrial permeability
transition pore using cyclosporin A (118).

As a final consideration, the cell-mediated response to cardiac viruses is affected by the
sex of the murine host. Male mice are particularly sensitive to myocarditis, in part by their
relatively higher expression of 7/r4, more pronounced Thl responses, and endocrine differences
related to testosterone (143, 186). A more frequent incidence of heart failure and dilated

cardiomyopathy in men has also been reported in clinical studies (208).

1.6 FORWARD GENETIC APPROACHES IN INBRED MOUSE MODELS

Inbred mouse strains, and their range of natural resistances to different pathogens, have
proven useful to the study and modeling of infectious disease. The various knockout allele mouse
models of HSV-1 and CVB3 infection discussed in the previous sections have especially
contributed to our understanding of how inflammatory and cell survival mechanisms are essential
to the development of HSE or viral myocarditis, and expand upon the relatively few human genetic
etiologies that have been identified in a minority of total disease cases. While these models
primarily use reverse genetic approaches—altering genes to assess resulting phenotypes—forward
genetic strategies that ask which genes might underlie a known phenotype have also been
instrumental in identifying new functions for genes in host defence. Thus, genetic crosses between
inbred mouse strains have helped to identify genes like Nrampl, Tir4 and Irf8 as essential to
control various bacterial and parasitic infections, phenotypes which have also been associated with
human NRAMP, TLR4 and IRF'§ variants (209).

Of these forward genetic approaches, N-ethyl-N-nitrosourea (ENU) chemical mutagenesis
has also revealed the contribution of novel genes, or of new functions of known genes, to host
defence. ENU is an alkylating agent and carcinogen, mediating the addition of ethyl groups to
various nucleobases can trigger faulty DNA repair and single nucleotide substitutions (210). AT
to GC transition mutations (45% of induced mutations) and AT to TA transversion mutations

(28.5%) are more likely to occur (211). Thus, for ENU-treated male mice, ENU introduces to the

46



germline an average of 1.5 point mutations per megabase of genomic DNA, or roughly 4,000
variants over the 2.7 gigabase mouse genome, and some 40 to 80 variants falling within protein
coding regions (212). From these ENU-treated male mice, these mutations can be bred to
homozygosity in multiple third generation pedigrees and screened for recessive phenotypes
following infection with a pathogen (80, 213, 214). Next-generation whole exome sequencing can
be employed in phenotype-deviant mice to identify causal mutations that might explain differential
susceptibility or resistance to infection compared with wild-type littermate mice (213, 214). This
thesis will focus on an ENU-induced mutation in the reticuloendotheliosis oncogene (Rel)
encoding the c-Rel transcription factor, whose known functions and targets will be introduced in

the following section.

1.7 THE c¢-REL TRANSCRIPTION FACTOR

1.7.1 c-Rel and the NF-«B signaling pathway

NF-kB (nuclear factor k-light-chain-enhancer of B cells) refers to a family of transcription
factors (RelA/p65, RelB, c-Rel, NFkB1/p50, and NFxB2/p52) that associate in homo- or
heterodimeric complexes to modulate transcription of various genes, including many
proinflammatory genes (215). These subunits are constitutively expressed in diverse cell types,
including hematopoietic cells, and are maintained inactive by bound IkBoa molecules in the
cytoplasm. Phosphorylation of IkBa by the I kappa B kinase (IKK) complex (consisting of a., 3,
and NEMO subunits), and the subsequent ubiquitination and proteomic degradation of IkBa,
releases NF-kB dimers and allows them to transit to the nucleus and modulate transcription. This
canonical NF-kB signaling cascade can occur downstream of TNF-a, IL-13 or TLR stimulation,
and while RelA/p50 heterodimers are usually involved, other pairs including RelA/c-Rel, c-
Rel/p50 or even c-Rel/c-Rel homodimers can occur (216). All NF-kB subunits contain a nuclear
localization signal, an inhibitory domain, and a crucial REL homology domain which allows for
binding of DNA and of other REL homology domain-containing factors; only RelA, RelB and c-
Rel contain transactivation domains to induce transcription (215, 217). While most subunit dimers

recognize an NF-kB consensus sequence 5" GGGRNWYCC 3’, c-Rel has been noted to recognize
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more varied sequences compared to RelA or RelB, and specifically a 5* NGGRNWTTCC 3’ ,
where R=AorG,W=AorT,Y=CorT, and N represents any nucleotide (216, 217). Thus, c-
Rel-containing dimers may target additional genes and carry out unique regulatory functions.
Recent studies are beginning to define how various upstream signals and stimuli
preferentially modulate the expression of c-Rel over other NF-kB subunits. In general, c-Rel
nuclear translocation and activity are induced in fibroblasts and macrophages upon in vitro
stimulation with multiple TLR agonists, and especially upon TLR1, TLR2, and TLR4 stimulation
in macrophages, and TLR1, TLR2, TLR7 and TLRS8 in fibroblasts (218). In the context of the
above single cell analysis however, c-Rel induction is slightly inferior to RelA and of lesser
duration. Upon TCR engagement, members of the NFAT transcription factor family induce c-Rel
transcription, which in turn increases c-Myc expression to regulate T cell proliferation (219). Other
factors including the cellular nucleic acid—binding protein (CNBP) are required to promote nuclear
translocation and DNA binding activity of c-Rel to the 7//2b promoter, where Cnpb” macrophages
fail to elicit c-Rel activity (220). Finally, during infection, the HIV-1 Tat viral product has been
shown to bind to NF-xB motifs in the Re/ promoter, and repressing c-Rel expression in infected T

cells (221).

1.7.2 c-Rel target genes

Many inflammatory genes, including proliferation, survival and development genes
required for the generation of cell-mediated immune responses, have been shown to be direct and
specific targets of c-Rel. Among T cell-modulating cytokine genes, chromatin immuno-
precipitation has confirmed that 1/12p40, 1/12p35, and 1123p 19 transcription is induced upon c-Rel
promoter binding, and is required for IL-12 and IL-23 expression by DCs and myeloid cells (222-
224). The transcription of the IL-21-encoding gene is also reliant on c-Rel, where Rel”" mice
develop fewer follicular helper T cells resulting in altered lymph node germinal centre structures
(225). Upon TCR activation in effector T cells, c-Rel is recruited to the //2 promoter and engages
in chromatin remodeling to //2 expression and promote IL-2-dependent T cell proliferation (226,
227). The expression of the granulocyte macrophage colony stimulating factor (GM-CSF)
cytokine is similarly regulated by c-Rel at the level of the Csf2 promoter during T cell activation

(228). Finally, c-Rel induction of Foxp3, Rorc, Rorg transcription factor expression is also required
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for the development of thymic Foxp3™ Tregs and of RORyt" Th17 cells, where Rel”” mice exhibit
reductions in these mature cell populations (81, 82, 229).

As for B cells, c-Rel plays a role in immunoglobulin class-switching to IgG1 and IgE
isotypes (226), and further enhances mature B cell proliferation and cell cycle progression in part
by inducing c-Myec transcription factor expression (230). B cell survival is further promoted by c-
Rel through its induction of anti-apoptotic BCL2-family genes, including Bcl2al (A1/Bfl-1) and
Bcl2l1 (Bel-xL) (231, 232). Interestingly, a prosurvival role for c-Rel, countering an anti-apoptotic
role of RelA, has been reported in neurons upon injury (233). In heart-resident cardiomyocytes, c-
Rel also appears to have a role in limiting cellular and ventricular hypertrophy (234).

Finally, both the upregulation and deletion of c-Rel in human T cells results in the
modulation of Cxcl10, Cd40, 114 and 1/13 expression, among genes that were not previously
mentioned above (235). Classically, c-Rel is considered an activator of transcription, however, it
remains to be determined to what extent or in which contexts c-Rel may act as a transcriptional

repressor.

1.7.3 c-Rel in inflammatory diseases

Finally, c-Rel has been implicated in several inflammatory diseases in humans. Genome
wide association studies have demonstrated that single nucleotide variants in the REL locus are
associated with rheumatoid arthritis, psoriatic arthritis, psoriasis, vitiligo, ulcerative colitis,
Crohn’s disease and multiple sclerosis (236-241). These chronic inflammatory disorders all
generally involve pathological cell-mediated inflammation or autoimmunity, target diverse tissues
including the skin, gut and CNS, and represent an elevated disease burden in Canada (242). In
mice, the Rel”" mouse has proven a useful tool to validate and dissect some of the mechanisms by
which c-Rel may regulate immunity and inflammation (226). For example, c-Rel-deficient mice
are more resistant to induction of experimental autoimmune encephalomyelitis (EAE) and to
experimental colitis induced by anti-CD40 antibody treatment, but susceptible to
azoxymethane/dextran sodium sulfate-induced colitis-associated colorectal cancer (81, 243, 244).
With the implication that similar mechanisms will govern inflammation and the host response to
infection, the role of c-Rel in response to HSV-1 and CVB3 viral infections will be explored in the

context of our own c-Rel mutant model in the following chapters.
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1.8 RATIONALE, HYPOTHESIS, AND OBJECTIVES

Rationale

HSV-1 and CVB3 are both widespread in human populations. In contrast, the incidence of
HSE and CVB3-induced myocarditis is relatively low, and only affect a minority of individuals
exposed to these viruses. Specifically, host genetics are known to play an important role in the
onset of these diseases. For HSE, whole exome sequencing has revealed that inborn genetic defects
in the TLR3/type I IFN axis explain a subset of childhood cases. However, these cases do not
capture the full spectrum of HSE disease, which can also develop in adults or manifest as post-
HSE autoimmune encephalitis. Mouse models have proved useful to recapitulate HSE phenotypes
and implicate genes related to diverse antiviral and inflammatory pathways in HSE pathogenesis.
Forward genetic approaches are particularly well-suited to the discovery of new loci and genes, or

ascribe new roles for known genes in mediating susceptibility or resistance to infection.

Hypothesis

Thus, in our implementation of a chemical ENU mutagenesis screen for HSV-1
susceptibility, we expected to identify new genetic determinants of HSE beyond type 1 interferon-
related genes. When our screen revealed a deleterious mutation in the NF-kB transcription factor
c-Rel, known for its expression in hematopoietic cells and for its association with human
inflammatory diseases, we hypothesized that the Re/“**’X mutation would disrupt immune cell-
mediated responses to viral infection. We tested our hypothesis in both neurotropic HSV-1 and
cardiotropic CVB3 infection models, with a focus on exploring the effect of c-Rel-dependent

regulation on tissue-specific immunity, along the three following objectives:

Objective 1. To establish the effect of the ENU-induced Re/“*’’* mutation on viral replication,
production of inflammatory markers, and cell survival in the CNS of HSV-1 infected animals.
We first tested the impact of the mutation on survival in an intranasal model of HSV-1
infection, compared to heterozygous and wild-type littermates, and to compound heterozygous
mice. Bone marrow chimeric mice, quantification of peripheral immune cells, and ex vivo infection

of primary cell cultures were used to evaluate the contribution of immune cells or of resident cells
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to the host response. Finally, we assessed HSV-1 viral replication, neuroinflammation and cell

death in the Re/“3”’X brainstem and cerebellum at both transcript and protein levels.

Objective 2. To identify specific hematopoietic or resident cell types that contribute to HSE
through c-Rel-dependent dysregulation of gene expression and of inflammatory pathways, prior
to clinical symptom onset.

We favoured a two-pronged approach, first by using dual RNA sequencing to capture host
and viral gene transcripts in non-infected or HSV-1 infected brainstem tissue. After determining

changes in the Rel©3"X

and viral transcriptomes, we complemented these findings with flow
cytometry in the brain to determine which tissue-infiltrating cells were present in the sequenced
tissue, and which populations had later infiltrated the brain at the height of HSE disease in response

to earlier changes in gene expression.

Objective 3. To investigate the role of the truncating Re/“**” mutation in cell-mediated immunity
in a model of CVB3-induced myocarditis.

[F307X and littermate mice to

We applied an intraperitoneal model of CVB3 infection in Re
evaluate the contribution of the mutation to viral control and to the inflammatory response in the
heart. Using a similar experimental approach to Objective 2, heart infiltrating immune cells were
compared to changes in host or viral gene expression in the infected heart to assess the effect of c-

Rel-dependent dysregulation on pathological inflammation and CVB3 replication.
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2.1 ABSTRACT

Herpes simplex encephalitis (HSE), caused by HSV type 1 (HSV-1) infection, is an acute
neuroinflammatory condition of the CNS and remains the most common type of sporadic viral
encephalitis worldwide. Studies in humans have shown that susceptibility to HSE depends in part
on the genetic make-up of the host, with deleterious mutations in the TLR3/type I IFN axis
underlying some cases of childhood HSE. Using an in vivo chemical mutagenesis screen for HSV-
1 susceptibility in mice, we identified a susceptible pedigree carrying a causal truncating mutation
in the Rel gene (Rel“*’Y), encoding for the NF-kB transcription factor subunit c-Rel. Like
Myd88 7~ and Irf3” mice, Rel“*” mice were susceptible to intranasal HSV-1 infection. Reciprocal
bone marrow transfers into lethally irradiated hosts suggested that defects in both hematopoietic
and CNS-resident cellular compartments contributed together to HSE susceptibility in Re/©37X
mice. Although the Re/“*”* mutation maintained cell-intrinsic antiviral control, it drove increased
apoptotic cell death in infected fibroblasts. Moreover, reduced numbers of CD4"CD25 Foxp3™ T
regulatory cells, and dysregulated NK cell and CD4" effector T cell responses in infected Rel<3X
animals, indicated that protective immunity was also compromised in these mice. In the CNS,
moribund Re/“*"’X mice failed to control HSV-1 viral replication in the brainstem and cerebellum,
triggering cell death and elevated expression of Ccl2, [I6, and Mmp§8 characteristic of HSE
neuroinflammation and pathology. In summary, our work implicates c-Rel in both CNS-resident
cell survival and lymphocyte responses to HSV-1 infection and as a novel cause of HSE disease

susceptibility in mice.

2.2 INTRODUCTION

Herpes simplex virus type 1 (HSV-1) is a neurotropic, dsDNA virus for which humans are
the only natural reservoir. Primary infection with HSV-1 usually occurs in epithelial cells and
keratinocytes, in which actively replicating viral particles can be shed in the saliva and transmitted
through close personal contact (1, 2). Like other viruses of the Herpesviridae family, HSV-1 can
switch away from this lytic replication cycle to establish life-long latency in the nuclei of sensory
neurons. Both primary infection and reactivation from latency can lead to the infection of the
corneal epithelium and ocular herpes simplex keratitis (3), or in rare cases, HSV-1 can travel along

the axons of the trigeminal ganglia (TG), bypassing the blood-brain barrier (BBB) to invade the
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CNS and cause herpes simplex encephalitis (HSE). The peak age of HSE onset is bimodally
distributed, occurring either in early childhood following primary HSV-1 infection or in adults
frequently upon reactivation of latent virus (4, 5). Human HSE is characterized by elevated lytic
replication of HSV-1 in the CNS and involves the recruitment of mononuclear cells to infected
neuronal and glial cells, leading to the formation of necrotic and inflammatory lesions in the
temporal or frontal lobes (6).

In children, host genetic factors play a role in determining HSE susceptibility and converge
around inborn defects of innate immune type I IFN signaling that together account for ~5% of
childhood cases (7). HSV-1 nucleic acids are recognized by pattern recognition receptors,
including endosomal TLR 3, 7, 8, and 9, that initiate production of type I IFN notably via the
transcription factors NF-xB and IRF3 (8). In CNS cells, the engagement of the type I IFN receptor
(IFNAR) by IFN-a or IFN-f, initiating downstream JAK/STAT signaling, will trigger increased
expression of various IFN-stimulated genes to limit HSV-1 replication and spread (9). Several
identified etiologies for HSE fall directly within the TLR3 pathway, including UNC93B1, TLR3,
TRIF, TRAF3, and TBK1 (10-14). Additionally, HSE patient mutations in the transcription factor
genes STATI and IRF3 (15, 16), as well as in the essential NF-xB modulator NEMO (17), further
reinforce the importance of IFN in mounting a protective response to HSV-1 neuroinvasion.
Although antiviral therapy is used to control CNS viral replication and treat HSE, it cannot mitigate
the risk of sequelae incurred through the breakdown of the BBB, infiltration of leukocytes, or
elevated caspase-dependent neuronal cell death at sites of infection and neuroinflammation (18,
19). Even in patients who have fully recovered from HSE, the extensive infiltration of activated
CD68" myeloid cells and of CD3" T cells, including many cytotoxic CD8" T cells, may persist
long after HSV-1 viral clearance from the CNS (20).

Similarly, HSE in mice is characterized by inflammatory cell infiltrate and by concurrent,
acute viral replication in the CNS. Susceptibility in mice can be driven by aberrant IFN signaling;
for example, Stat!”" mice fail to upregulate IFN-stimulated gene expression in the brainstem,
leading to elevated viral replication (21). Furthermore, mice lacking UNC93B1 or MyD88, adaptor
proteins employed by various endosomal TLR cascades, in addition to /737" mice, have been
reported as susceptible to certain routes of HSV-1 inoculation (22-24). Essential to the clearance
and control of viral replication are CD8" cytotoxic T cells, supported by IFN-y—secreting CD4" T
cells (25). Other immune cells such as NK cells and CX3CR 1" microglia have protective roles (26,
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27), whereas CXCR3" infiltrating monocytes and leukocytes have been shown to be detrimental
and auxiliary to this pathologic condition (28, 29). Considering this known involvement of various
immune and CNS-resident cell types in the protective response to HSV-1 infection in mice,
experimental HSE is a good model to explore novel genetic deficiencies or cellular mechanisms
related to the antiviral or inflammatory host response to infection.

N-Ethyl-N-nitrosourea (ENU), a potent mutagen that randomly induces point mutations in
the germline of a male mouse, is often used in mouse forward genetic screens for genes that affect
resistance or susceptibility to pathogens (30-32). We applied an ENU mutagenesis screen for HSV-
1 susceptibility and have previously uncovered the Ptprc gene (CD45) as a cause of HSE in mice
that implicates a protective T cell response in the peripheral control of viral replication (25). In
this study, we characterize a new pedigree from the same mutagenesis screen that identifies an
HSV-1-susceptible mouse carrying an ENU-induced mutation in the reticuloendotheliosis
oncogene (Rel) gene, resulting in elevated CNS viral replication, neuroinflammation, and cell
death. These data point to a role for Rel, in hematopoietic and resident cells, in the control of virus

replication in the CNS, and as a novel mediator of HSE resistance.

2.3 MATERIAL AND METHODS

E'thics statement

The experiments in this study were performed in compliance with the guidelines and
regulations of the Canadian Council on Animal Care. All experiments were approved under
protocol number 4792 by the McGill University Animal Care Committee. All animals were housed

and maintained under specific pathogen-free conditions at McGill University.

Virus strain and measurement of viral titer

HSV-1 strain 17 was amplified on Vero cells (ATCC CCL-81; American Type Culture
Collection), whereas the titers of stock virus, infected tissue homogenates, and infected primary

cells were measured by standard plaque assay on confluent Vero cell monolayers, as previously

described (33).

Infected tissues were homogenized at speed 6000 for 40 s with a MagNA Lyser Instrument
(Roche) in 1 ml DMEM; infected cells were resuspended in 1 ml DMEM. Confluent Vero cell
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monolayers in 12- or 24-well culture plates were inoculated in duplicate with 10- or 5-fold serially
diluted samples, respectively. After 1 h, cells were overlaid with DMEM, 2% FBS, 1%
penicillin/streptomycin (p/s), and 0.35% methylcellulose. After 3 d, wells were fixed with 10%
phosphate-buffered formalin, stained with 0.5% crystal violet in 70% ethanol, and counted for
viral plaques. PFU were calculated by averaging counts between two duplicate wells. The limit of
detection denotes the viral titer corresponding to a single detectable PFU at the lowest sample

dilution.

Mouse strains and infections

Inbred C57BL/6J (B6), C57BL/10J (B10), BALB/c, A/J, Myd88™, and TIr3”" mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). Rel” knockout mice were kindly
provided by Dr. S. Gerondakis (34), and Unc93B1*¢"" mice were a kind gift of Dr. S. T. Qureshi
(35). All mice were maintained as breeding colonies at McGill University. Seven-week-old or
older mice were each infected via i.p. injection with 1 x 10* PFU of HSV-1 strain 17 in 200 pl
PBS. Alternatively, mice aged 7 wk or older were first anesthetized (i.m. or i.p. ketamine and
xylazine injection) and each infected via intranasal (i.n.) inoculation at 5 x 10* PFU of HSV-1
strain 17 per 20 g of weight, or as otherwise indicated. For a 20 g mouse, the weight-adjusted viral
dose was delivered in 10 pl of sterile PBS in the left nostril and allowed to be inhaled. Mice were
monitored at least once daily postinfection (p.i.), at least three times daily between days 6 and 10
p.i., and at least twice daily until end point at day 14. Mice that demonstrated either HSE-like
symptoms (hunched posture, reduced mobility, neurologic symptoms) or weight loss above 15%
of initial weight were euthanized and considered susceptible to HSV-1. B6 and B10 animals were
used as resistant controls, whereas A/J or BALB/c animals were used as susceptible controls. At
clinical or experimental end point, mice were euthanized and spleen, olfactory bulbs (OB), TG,
brainstem and cerebellum (BSC), and/or cerebrum tissue were excised and collected in 1 ml
DMEM for viral titer measurement or flow cytometry or snap-frozen in liquid nitrogen pending

RNA or protein extraction.
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ENU mutagenesis and whole-exome sequencing

ENU mutagenesis was performed as previously described (25). Briefly, male B6 mice (GO0)
were mutagenized with ENU and out-crossed to B10 females to generate first-generation (G1)
mice, which were further outcrossed to B10 females to generate G2 offspring. Per pedigree, two
G2 females were backcrossed with their G1 father to generate G3 animals. G3 mice were screened
for susceptibility to i.p. HSV-1 infection. Whole-exome sequencing was performed on genomic
DNA isolated from 3 HSV-I-susceptible G3 animals. Using the Canadian Centre for
Computational Genomics pipeline and the BROAD Institute Genome Analysis Toolkit (GATK)
best practices, raw sequencing reads were trimmed using Trimmomatic (36) and aligned to a
reference genome (build GRCm38) using the Burrows—Wheeler transform aligner BWA-mem
(37). Mapped reads were further refined using the GATK and Picard program suites (38) to
improve mapping near insertions and deletions (indels: GATK IndelRealigner), remove duplicate
reads with the same paired start site (Picard mark duplicates), and improve quality scores (GATK
base recalibration). Variants were called using the GATK haplotype caller in gvcf mode to allow
efficient downstream merging of multiple samples into one variant file. Variant and functional

annotation was performed with SnpEff (39).

Bone marrow transfers

Eight-week-old mice were subjected to two rounds of full-body lethal radiation (900 Rad
total; two doses of 450 Rad) within 3 h intervals using an X-Ray RS-2000 biological irradiator.
The next day, mice were reconstituted by i.v. injection with 5 x 10° RBC-depleted bone marrow
cells from sex- and age-matched donors. Paired donors and recipients were either CD45.17,
CD45.2", or CD45.1"CD45.2" to track engraftment after transfer. Mice were maintained on
antibiotic water 1 wk prior through 3 wk post-irradiation. Reconstitution of the hematopoietic
compartment was assessed in blood and collected by cheek bleed at 6 wk post-irradiation by flow
cytometry for CD45.1 and CD45.2 expression (gating strategy detailed in Supplemental Fig. 3E).

At 8 wk post-irradiation, mice were infected i.n. with HSV-1 and monitored for survival.
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Flow cytometry and ex vivo cell stimulation

Leukocytes were isolated from whole spleen or thymus tissue following manual
dissociation of tissue in RPMI 1640 10% FBS 1% p/s and treatment with 2 ml of RBC Lysing
Buffer Hybri-Max (no. R7757; Sigma-Aldrich). Blood was collected via cheek bleed in tubes
containing 1.6 mg/ml EDTA, and samples were treated twice with 2 ml of RBC Lysing Buffer
Hybri-Max. A total of 5 x 10° splenocytes or thymocytes were stained extracellularly, fixed and
permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (no. 00-5523-00;
eBioscience) as per the manufacturer’s instructions, and finally stained intracellularly for Foxp3
expression. For ex vivo stimulations, 5 x 10° splenocytes or 5 x 10 blood leukocytes were
incubated for 5 h at 37°C in RPMI 10% FBS 1% p/s medium, completed with either 1) Cell
Stimulation Cocktail (dilution 1:500, no. 00-4975-93, containing PMA/ionomycin and protein
transport inhibitors; eBioscience) or 2) purified CD3e Ab (clone 145-2C11, dilution 1:250),
purified CD28 Ab (36.51, 1:500), brefeldin A (1:500, no. 00-4506-51; eBioscience), and monensin
(1:500, no. 00-4505-51; eBioscience). These stimulated cells were first stained extracellularly,
fixed and permeabilized using the BD Cytofix/Cytoperm Kit (BD Biosciences no. 554714) as per
the manufacturer’s instructions, and finally stained intracellularly for [FN-y expression.

For extracellular and intracellular staining, the following fluorochrome-conjugated Abs
(clone, working dilution) were used from eBioscience: CD3 eFluor780 (17A2, 1:200), CD4 FITC
(GK1.5, 1:200), CD8a eFluor450 (53-6.7, 1:200), CD11b eFluor450 (M1/70, 1:300), CD25
PerCP-cyanine5.5 (PC61.5, 1:500), CD44 allophycocyanin (IM7, 1:500), CD45.1 PE (A20,
1:300), CD45.2 PerCP-cyanine5.5 (104, 1:300), CD62L FITC (MEL-14, 1:200), CXCR3 PE-cy7
(CXCR3-173, 1:200), F4/80 PE (BM&, 1:250), Foxp3 allophycocyanin (FJK-16s, 1:100), KLRGI1
PE (2F1, 1:200), and NK1.1 PE-cy7 (PK136, 1:200); and from BioLegend: CD3 Brilliant Violet
605 (17A2, 1:200), CD4 Brilliant Violet 510 (GK1.5, 1:200), CD27 PE-cy7 (LG.3A10, 1:100), I-
A/I-E (MHC type II [MHCII]) AlexaFluor700 (M5/114.15.2, 1:500), and IFN-y Brilliant Violet
711 (XMG1.2, 1:50). Fixable Viability Dye eFluor506 and eFluor780 (no. 65-0866-14 and no. 65-
0865-14, respectively; eBioscience) were used to identify dead cells. A total of 1 x 10° events per
sample were acquired on a BD LSRFortessa or BD FACSCanto II cytometer and gated as

described in Supplemental Fig. 3 with FlowJo Version 10.1 software.
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Primary cell culture and infection

Both femurs and tibias were collected from mice aged 8 wk or older, and RBC-depleted
bone marrow cells were cultured in RPMI 10% FBS, 1% p/s, and 30% M-CSF medium for 5 d to
collect bone marrow—derived macrophages (BMDM). Mouse embryonic fibroblasts (MEF) were
prepared from embrionic day 14.5-17.5 embryos as previously described (40) and expanded in
DMEM 10% FBS and 1% p/s. In 48-well plates, BMDM were infected with HSV-1 for 1 h at a
multiplicity of infection (MOI) of 0.1 and MEF for 1 h with at MOI = 0.01 HSV-1 in free medium.
After 1 h, at T = 0 h, the inoculum was removed, cells were washed with PBS, and fresh complete
medium was added to each well. At each time point, adherent BMDM or MEF were detached and
cell suspensions were collected and subjected to three freeze/thaw cycles, in which total virus was
measured by plaque assay. Lactate dehydrogenase (LDH) activity was measured in cell
supernatants using the Cytotoxicity Detection Kit*"US kit (Roche). For RNA and protein extraction
at various time points, BMDM and MEF cells were seeded in six-well plates and infected with

HSV-1 strain 17 at MOI = 0.1 or MOI = 0.01, respectively.

Protein extraction and Western blots

Snap-frozen tissues were homogenized at speed 6000 for 40 s with a MagNA Lyser
Instrument in 1 ml T-PER Tissue Protein Extraction Reagent (no. 78510; Thermo Fisher
Scientific) containing protease inhibitor. BMDM or MEF cells were resuspended and lysed in 500
pl CelLytic M reagent (no. C2978; Sigma-Aldrich) containing protease inhibitor. Subcellular
fractionation was performed as previously described (41) on 1 x 10 RBC-depleted total
splenocytes, with all buffers containing protease inhibitor. All samples were probe-sonicated for
15 s at 60% amplitude. Protein was quantified using the Bio-Rad Protein Assay (no. 500-0006).
Twenty micrograms of protein per tissue or BMDM sample, or 10 pg of protein per MEF sample,
were separated on 8 or 10% polyacrylamide gels, with a 3% polyacrylamide stacking gel. Proteins
were wet transferred onto nitrocellulose membranes. For immunoblotting, membranes were
probed with the following primary Abs from Santa Cruz Biotechnology (SC) or Cell Signaling
Technology (CST) (product number, working dilution): mouse monoclonal anti-c-Rel (SC no.
373713, 1:500), rabbit polyclonal anti-Gapdh-HRP (SC no. 25778, 1:2000), rabbit monoclonal
anti-H2A (CST no. 12349, 1:1000), rabbit monoclonal anti—cleaved caspase-3 (Asp175) (CST no.
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9664, 1:1000), and rabbit monoclonal anti—-Actin (CST no. 4970, 1:10,000). For MEF and
BMDM samples, individual protein band intensities were quantified using ImageJ software and
normalized to B-actin expression. Protein quantities are represented as the mean = SD of three

individual mice.

RNA extraction and real-time quantitative PCR

Snap-frozen tissues were homogenized in 1 ml TRIzol reagent (no. 15596; Invitrogen) at
speed 6000 for 40 s with a MagNA Lyser Instrument. BMDM or MEF cells were lysed directly in
500 ul TRIzol reagent. Total RNA was isolated from tissue and cells using a standard protocol
outlined by the manufacturer. Using M-MLV reverse transcriptase (no. 28025013; Thermo Fisher
Scientific), 1 pg of total RNA was reverse transcribed into cDNA according to the protocol
outlined by the manufacturer. Real-time quantitative PCR was performed using the StepOnePlus
Real-Time PCR system by Applied Biosciences, using Power SYBR Green PCR master mix (no.
4367659; Thermo Fisher Scientific), and cycle threshold (cT) values were measured in duplicate
samples. The following primer pairs were used: Hprt (5’-CAGGCCAGACTTTGTTGGAT-3’, 5’-
TGGCGCTCATCTTAGGCTTT-3"), Rel (5-AGTGACTCACCCCACCTCAC-3’, 5’-AGGCC-
CTTCTAGGAATGGAA-3’), ICP4 (5’-CGACACGGATCCACGACCC-3’, 5’-GATCCCCCTC-
CCGCGCTTCGTCCG-3), Ccl2 (5°-AGGTGTCCCAAAGAAGCTGTA-3’, 5’>-TCTGGACCC-
ATTCCTTCTTG-3’), Bcl2ll (5°-ATGCAGGTATTGGTGAGTCG-3’, 5’-CCCGTAGAGATC-
CACAAAAG-3’), Sod? (5°-GCTGGCTTGGCTTCAATAAG-3’, 5>-TAGTAAGCGTGCTCC-
CACAC-3’), Mmp8 (5’-TTTGATGGACCCAATGGAAT-3’, 5’-GAGCAGCCACGAGAAA-
TAGG-3’),116 (5’-CATGTTCTCTGGGAAATCGTG-3’, 5’-TTCTGCAAGTGCATCATCG-3’),
Uspl8 (5°-CGTGCTTGAGAGGGTCATTTG-3’, 5’-GGTCGGGAGTCCACAACTTC-3’).
Target gene expression in each sample was first normalized to the expression of housekeeping
gene Hprt, then to the target gene expression of uninfected samples to calculate 24T relative

expression values, as specified in each figure legend.

Multiplex protein assays

Fresh or snap-frozen tissue samples were homogenized in 1 ml of PBS containing protease

inhibitor at speed 6000 for 40 s with a MagNA Lyser Instrument (Roche). Multiplexing Laser
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Bead assays were performed on undiluted tissue homogenates to detect a 32-plex panel of
cytokines and chemokines and a 5-plex panel of matrix metalloproteases (Eve Technologies,
Calgary, Canada). LOG2-transformed fold changes of the average protein concentrations in each
experimental group over the noninfected wild-type (WT) group were visualized after hierarchical

clustering, with average Euclidean distance performed in R using the “gplots” package.

Statistical analysis

Statistical significance for all experiments was assessed using the statistical package in
GraphPad Prism, version 6, with tests detailed in each figure legend. Survival curves were
compared using a log-rank (Mantel— Cox) test, and one or two-way ANOVA were performed with,
respectively, Tukey or Sidak multiple corrections testing between groups. A significant p value

cut-off of p < 0.05 was used for all tests (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.001).

2.4 RESULTS

Identification of a novel ENU-induced Rel mutation in HSV-1 susceptible mice

To discover novel genes and alleles that may underlie HSE risk, chemically mutagenized
mice were screened for susceptibility to HSV-1 infection. Briefly, male mice on an HSV-1-
resistant B6 background were treated with ENU to induce germline point mutations. In discrete
pedigrees, G1 male offspring were crossed with their G2 daughters to generate G3 mice that were
homozygous for a single ENU-induced mutation at a predicted frequency of 25% (Fig. 1A). Upon
1.p. infection with HSV-1, 26.3% (10 out of 38) of Coby pedigree G3 mice succumbed by day 14
p.i., compared with 7.7% of G3 animals issued from all other pedigrees or resistant B6 and B10
controls (Fig. 1B). Furthermore, no sex-specific differences were observed between all 21 female
and 17 male Coby mice upon infection. Thus, an ENU-induced mutation had likely increased
susceptibility to infection in the Coby pedigree.

Although suggestive linkage was detected at loci on chromosomes 8 and 11 (data not
shown), whole-exome sequencing was performed on genomic DNA isolated from three
susceptible G3 animals to identify the mutation underlying the susceptible phenotype. A minimum
10-fold depth was achieved over the entire exome. Within protein-coding genes, 16 homozygous

mutations were shared between at least two susceptible animals, of which a single mutation,
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Rel®"X was predicted to be damaging and was located in exon 8 of the Rel gene at position

23,644,438 of chromosome 11 (Supplemental Table 1). Two susceptible mice were homozygous
and one was heterozygous for this non-sense adenine to thymine transversion mutation, which
substituted cysteine for a stop codon at amino acid position 307 of the c-Rel protein (Fig. 1C).
Furthermore, additional Coby pedigree G3 mice were infected i.p. with HSV-1; Sanger sequencing
confirmed that the homozygous Re/“*’”Y mutation segregated with a partially penetrant susceptible
phenotype (Fig. 1D). Susceptibility did not correlate with other shared homozygous ENU-induced
mutations identified by exome sequencing. The potential impact of the mutation on the integrity
of the c-Rel protein, a subunit of the NF-xB family of transcription factors that acts downstream

lC?OZY

of previously discovered HSV-1 susceptibility loci, further supported Re as the most likely

candidate ENU-induced homozygous mutation that led to HSV-1 susceptibility.
A truncated c-Rel protein is expressed in both cytoplasmic and nuclear compartments of Rel<3*

cells

Rel i1s expressed in both hematopoietic and stromal cells and, as an NF-«B family
transcription factor, is implicated in both inflammatory and cell survival pathways (42). In the c-
Rel peptide, the mutation mapped to a region immediately C-terminal of the Re/ homology domain
(RHD), a sequence highly conserved among other NF-kB subunits in vertebrates that ensures DNA
binding and dimerization and encompasses a nuclear localization signal (Fig. 2A, 2B) (43).
However, given that the stop codon occurs before the Re/ inhibitory domain (RID) and both
transactivation domains (TAD1, TAD2), we predicted that a truncated protein encoded by this
allele might lose transactivation and inhibitory activity while retaining its ability to bind DNA and
to dimerize with other NF-xB subunits.

In tissues including spleen, liver, brain, heart, kidney, lung, and thymus, relative expression
of Rel mRNA was comparable between Rel®3”X, Rel3"7%* and Rel™* littermate mice, indicating
that the mutation did not promote the nonsense—mediated decay of Rel transcripts (Fig. 2C). Given
the elevated expression of Rel in spleen hematopoietic cells, c-Rel protein expression was
measured in the spleen. Although Rel/™* mice produced a full-length c-Rel protein (588 aa) of a

IC3OZY

predicted 66-kDa molecular mass, only a 35-kDa species was observed in the Re spleen, a

size consistent for a 307 aa truncated protein encoded by the mutant allele (Fig. 2D). Furthermore,

ICSOZX

truncated c-Rel was detected in Re nuclei upon subcellular fractionation, despite the absence
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of full-length nuclear c-Rel in Rel™* splenocytes at steady-state (Fig. 2E). Of note, both c-Rel

isoforms were detected in heterozygous Rel37Y*

mice. Together, these data suggest that either a
loss-of-function of the full-length c-Rel protein or residual function associated with the
constitutive nuclear expression of the truncated C307X c-Rel protein may directly contribute to
HSV-1 susceptibility in Re/“**’X mice.

ReZC3()7X

confers susceptibility to i.p. and i.n. HSV-1 infection

To confirm that homozygous Rel<*?*

mice were susceptible to HSV-1 infection, following
two backcrosses on the parental B6 background, Rel<37, RelS7%* "and Rel*™ littermates were
infected i.p. with 1 x 10* PFU HSV-1. The same virus strain used in the initial infectious screen,
strain 17, was chosen for its high neurotropism (44); doses were titrated as a function of the
sensitivity of resistant B6 and susceptible BALB/c control mice and chosen for the best partition
between controls (data not shown). Approximately 60% of Re/*’’* mice succumbed by day 8 p.i.,
compared with mostly resistant Re/“*”Y* and Rel™" littermates (Fig. 3A). Using an alternate
model of infection to better recapitulate CNS infection and pathogenesis, littermates were
challenged i.n. with HSV-1, and over 60% of Re/*”* mice were susceptible by day 10 p.i. (Fig.
3B). Although the mutation had similar penetrance with both inoculation routes, Re/“*"’% mice
succumbed to i.n. infection over a wider period, between days 6 and 9 p.i.

In applying this i.n. model of HSV-1 infection to mouse strains lacking genes encoding
factors upstream of NF-kB, TIr3” mice and Unc93bI1*""L" mice (35) were only slightly more
susceptible than resistant controls, whereas Myd88” mice succumbed at a similar level to Re/<37X
mice (Fig. 3C). Downstream of TLR3 and other MyD88-dependent TLRs, Irf3” mice were
partially susceptible, whereas mice lacking MAVS, which is involved in several nucleic acid
sensing pathways, including RIG-I, were completely resistant (Fig. 3D). As a result, this i.n.
inoculation model of HSV-1 strain 17 infection implicated MyD88, NF-kB, and IRF3 in the
protective host response to infection.

To further exclude the potential contribution of other ENU-induced mutations to the HSV-
1 susceptibility of Re/“*”* mice, we performed an allele complementation test with Rel”” knockout
mice (34) challenged by i.n. infection with 5 x 10* PFU/20 g. Rel”" mice were susceptible to i.n.

ReZC307X/—

infection, and the survival of compound heterozygous mice was comparable to both

Rel” and Rel®*”’X mice (Fig. 3E). Thus, the lack of complementation between the Re/“*”* and
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Rel”~ phenotypes, both partially penetrant, provided strong evidence to implicate the Re/ gene and
the Rel“*"”Y mutation in HSV-1 susceptibility. Furthermore, the lack of allelic complementation

suggested that Re/“*"”Y is a loss-of-function mutation.

Hematopoietic and tissue-resident cell compartments together mediate HSE susceptibility in

RelCX mice

Although the BBB normally excludes peripheral immune cells from the CNS, both
hematopoietic cells and CNS-resident glial or stromal cells are known to have roles in the control
of HSV-1 infection and ensuing inflammation. To determine if cell types of hematopoietic and/or
nonhematopoietic origin promote HSE susceptibility in Re/*’* mice, we performed reciprocal
bone marrow transfers into lethally irradiated recipient mice. Engraftment of donor cells was
assessed in the blood of recipient hosts at 6 wk post-irradiation (Fig. 4A, Supplemental Fig. 1A,
1B). Upon i.n. HSV-1 challenge at 8 wk postirradiation, chimeras involving the transfer of Re/<3"X
(CD45.2") cells into Rel™" (CD45.1" or CD45.1"CD45.2") hosts (p = 0.0074) or Rel™’* (CD45.1*

or CD45.17°CD45.2%) bone marrow into Rel“"7X (CD45.2") recipients (p = 0.0010) were resistant,

lC307X ZC307X

compared with the susceptible Re into Re control group (Fig. 4B). These data support a

IC307X

model where both hematopoietic and tissue-resident cells expressing the Re mutation

contribute together to susceptibility. Alternatively, either compartment might compensate for the

other defective Rel©307X

expressing compartment to resolve the infection and rescue the mouse. Of
note, all groups of male chimeric mice were generally more susceptible to infection, and lost more
weight, than female groups (Supplemental Fig. 1C, 1D). Collectively, these data indicate that

susceptibility to HSE in mice depends on both hematopoietic and CNS-resident cells.

Altered NK cell, CD4" T cell, and regulatory T cell responses to HSV-1 infection in Rel“"’X mice

Lymphoid and myeloid cells of hematopoietic origin contribute to protective immune
responses to HSV-1 infection. Upon their activation via cytokines, NK cells, along with CD4" and
CD8" T cells, are especially critical to viral clearance in resistant mice (25, 26).
CD4"CD25 Foxp3* regulatory T cells (Tregs) have also emerged as an important cell population
involved in the protective response to HSV-1 infection (45, 46). c-Rel itself is directly required for
Treg development and function (47) and in promoting IL-2 production to support effector T cell

proliferation (34).
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To determine the impact of the Re/“**’X mutation on the immune response, we quantified
peripheral hematopoietic cell populations in the spleen at steady-state (day 0), and following HSV-
1 infection at the acute stage (days 4 or 5 p.i.), or after resolution (day 14 p.i.). Although there
were equivalent numbers of NK, effector CD4", and CD8" T cells, and macrophages at steady-
state, splenic NK cells were markedly reduced in both numbers and percentages at day 4 p.i. near
the height of the infection in Re/**”Y mice (Fig. SA, Supplemental Fig. 2A). The mutation did not,
however, lead to defects in NK cell maturation (CD11b"CD27" expression), activation (KLRG1"
expression), or IFN-y production in response to PMA/ionomycin stimulation (Fig. 5B, 5C).

Furthermore, elevated CD4" T cells were detected both near the peak of the infection and at day

ZC307X lC307X

14 in the spleens of surviving Re mutants (Fig. 5D, Supplemental Fig. 2B), whereas Re
CDS8" cells were lower in percentage but unchanged in numbers (Fig. 5G, Supplemental Fig. 2C).
Although generally increasing in both genotype groups over the course of the infection, there were
no significant differences in the level of activation (CD44"CD62L" or CXCR3" expression) or IFN-
¥ production in response to anti-CD3/CD28 or to PMA/ionomycin stimulation in both CD4" T
cells (Fig. 5E, 5F, Supplemental Fig. 2E) and CD8" T cells (Fig. 5H, 51, Supplemental Fig. 2F).
Numbers and percentages of CD11b"F4/80"MHCII™ macrophages were also unaffected by the
mutation (Fig. 5J, Supplemental Fig. 2D).

Furthermore, in keeping with previous reports of Rel”” knockout mice, Re/“*”* mutant
mice had important reductions in splenic CD4"CD25"Foxp3™ Tregs at steady-state and during
infection compared with Rel/”" mice (Fig. 5K). Yet no differences were observed in the
development of double negative, CD4"CD8" double positive, or single positive CD4" or CD8" T
cells at steady-state in the thymus (Supplemental Fig. 2G, 2H). Finally, in the blood, the Re/<3?*
CD4" T cell compartment was augmented at steady-state but also at day 4 p.i., concordant with
changes in the spleen (Supplemental Fig. 2I). Blood CD8" T cells were comparable in Re/<*’”* and
Rel"* animals (Supplemental Fig. 2J). As with the spleen, stimulated total blood leukocytes had
equal levels of IFN-y production in Re/“*”’X and Rel™* CD4" or CD8" T cells (Supplemental Fig.
2K, 2L). Thus, Re/“**’X mice responded to HSV-1 infection in the periphery with increased CD4*
T cells and reduced NK cells that otherwise did not differ in their activation, maturity, or capacity
to produce IFN-y. These differences at the cell compartment level, along with a Rel“**’% -dependent

Treg deficit at steady-state and during infection, are indicative of an unbalanced immune response

that fails to adequately control viral replication in HSE-susceptible mice.
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Intact IFN response and elevated apoptosis ensure intrinsic control of HSV-1 in Rel©3"X

primary
cells

In stromal cells, cell-intrinsic control of viral replication depends on effective cytokine
signaling (notably type I IFN) and on the controlled apoptosis of infected cells, which together
limit viral spread (48). Studies have implicated c-Rel in /FFNb gene transcription at steady-state
conditions and in the prosurvival responses of neurons subject to cytokine stimulation (49, 50).

To evaluate the role of the Re/*?”X mutation in cell-intrinsic virus control, both viral titers
(Fig. 6A) and viral transcriptional regulator /CP4 gene expression (Fig. 6B) were measured in
primary MEF and BMDM cells infected ex vivo with subsaturating doses of HSV-1. Although
MEF were more permissive to productive infection, compared with BMDM that mostly controlled
and limited infection, viral titers in both Rel“>”’”X MEF and Re/“*””* BMDM were comparable to
WT cells. These outcomes in Rel“*?”X cells were further supported by the equivalent expression of
Ifnb in both groups of infected cells (Fig. 6C). Together, these data indicate that the mutation does
not negatively impact cell-intrinsic control of viral replication.

Although the intrinsic antiviral response was effective, a defect in cell survival may have
further reduced the pool of Rel/“3"7% cells available to the replicating virus. Relative LDH activity
was measured as a read-out of membrane integrity and was found to be higher in Re/“**’”* MEF at
36 and 48 h p.i. (Fig. 6D, left panel). In contrast, BMDM could limit membrane damage and LDH
release at time points later than 12 h (Fig. 6E, right panel). Additionally, in later stages of the
infection (48 h), Rel“*””Y MEF expressed significantly more cleaved caspase-3 compared with
Rel™* (p < 0.01) (Fig. 6E). Infected MEF were also generally quicker to undergo apoptosis and
showed cytotoxic effects as of 36 h p.i. and reduced levels of B-actin housekeeping protein at 48
h p.i. As expected, infected BMDM did not express cleaved caspase-3 (Fig. 6F), indicating that
the Re/*””Y mutation did not impact the general survival of BMDM during later replicating stages
of HSV-1 infection. Thus, these ex vivo experiments show that cell-intrinsic virus control is
maintained in mutant cells but may also implicate elevated caspase-3-dependent apoptosis in the

progression of the pathological condition of HSE in the susceptible Re/“*?”* model.
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HSV-1 replication in the CNS induces inflammatory, IFN, and prosurvival responses

Upon i.n. infection in mice, HSV-1 first replicates in the nasal epithelium and then spreads
either directly to the OB or through the TG to reach the BSC. To understand the kinetics of HSV-

1 replication in the susceptible Re/<>?*

model, we measured viral replication in these tissues at
days 1, 3, 5, and 7 after i.n. infection. No productive viral gene expression was detected in OB
tissue at these time points (data not shown). In the TG, viral ICP4 expression was first detected at
day 1 p.i., peaking at day 3 in both Re/“**’X and Rel™"* mice (Fig. 7A). In the BSC, ICP4 expression
increased through day 5 and remained elevated at day 7, when susceptible Re/“*”* had started to
show clinical symptoms of HSE (Fig. 7B). As in the TG, there were no statistically significant
differences in viral replication between mutant and WT mice. However, in the BSC at day 7, four
out of eight Re/*"”* mice exhibited higher /CP4 expression. This increase, observed in 50% of
Rel®"7X mice, may reflect the susceptibility phenotype (~40% survival) of infected mutant mice.
Taken together, these data suggest that viral replication may be higher in moribund Re/<*?”* BSC
than in mutants and WT mice that survive and ultimately clear the virus, in turn hinting at the
essential role of virus control in BSC tissues for HSE resistance.

Next, we measured the expression of key genes involved in inflammatory, IFN, and cell
death pathways to assess any defects that might compromise viral control mediated by various cell
types of the Re/“*”% CNS. The expression of Ccl2, a signature HSE chemokine gene and proxy
for CNS inflammation, increased over time in both groups and peaked by day 5 in the BSC, closely
tracking viral replication (Fig. 7C). Further, Re/“*"’X and Rel"* mice both mounted a robust type
I IFN response over the course of the infection, measured through the expression of Usp/8, which
is strongly induced in the CNS by type I IFN signaling (Fig. 7D). Despite comparable
inflammatory and IFN signaling profiles in both groups, a significant decrease in expression of
prosurvival genes Bcl2l1 (Bcl-xL) (p < 0.01) and superoxide dismutase Sod2 (p < 0.05) occurred
at day 3 p.i. in Re/<*””Y BSC (Fig. 7E, 7F). This outcome agreed with the elevated apoptosis

observed in ex vivo HSV-1-infected mutant MEF cells, and when taken together suggest that a

failure to upregulate prosurvival genes may be driven by the Re/“**’* mutation in the infected CNS.
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CNS viral replication drives acute type 1 Th cell-like inflammation and cell death in moribund

HSE-susceptible Rel“"X mice

As noted above, four of eight Re/©"7X

mice distinguished themselves by their poor control
of viral replication at day 7 in the BSC. Given the partial penetrance of the susceptible phenotype
in Rel*"”Y animals, we hypothesized that this group included mice that would succumb to
infection, whereas others that would ultimately clear the infection. This heterogeneity was
reinforced by the varying and sudden onset of disease; susceptible mice normally present with
HSE-like symptoms only hours prior to the clinical end point. To better determine if viral
replication, inflammation, or both drove susceptibility in Re/~**”* mice, we collected infected BSC
tissue in moribund Re/“*’’X and Rel*’* mice at their corresponding clinical end points (from days
6 to 10 p.i.), compared with BSC tissue collected from healthy Re/“*"’X and Rel™* mice that
survived the infection by day 14 (Fig. 8A). In terms of gene expression, moribund Re/“*’’% had
elevated viral replication (/CP4 expression), high levels of neuroinflammatory markers (Cc/2 and
116 expression), and increased expression of Mmp8, which was suggestive of damage to the
integrity of the BBB (Fig. 8B). Furthermore, viral transcript expression correlated with the
expression of Ccl2 (¥’ = 0.3750), 116 (¥’ = 0.4481), and MmpS8 (¥ = 0.5396), which tended to

137X mice (n = 9),

increase together in all infected samples (Fig. 8C). However, in moribund Re
there was no correlation between viral replication and HSE-signature genes; high Cc/2, 116, or
Mmp8 expression coincided with varying levels (between 1 and 3 LOG) of ICP4 expression in
these samples.

In infected BSC collected from age- and sex-matched littermate (Re/*”* and Rel™*) or
bone marrow chimeric mice (Rel*X > Rel“*"’X and Rel"" > Rel™"), both CCL2 and IL-6 protein
levels were augmented in moribund Re/“**’* mice, whereas MMPS, although highly expressed,
was at the same level as controls (Fig. 8D). Among 30 detectable proteins, CCL2 and IL-6 were
further grouped with other type 1 Th cell (Th1) inflammatory cytokines, including IFN-y and G-
CSF, and with T cell and myeloid cell chemoattractants CXCL9, RANTES, CXCL10, MIP-18,
and eotaxin, all highly expressed in moribund Re/“?”* BSC tissue (Fig. 8E). In addition, high
cleaved caspase-3 expression was detected in two moribund Re/**”* BSC collected at days 8 and
9 p.i. and further into the cerebrum at day 9 p.i. (Fig. 8F). These findings were further replicated
in chimeric animals, where only moribund Re/**”* BSC demonstrated both elevated cell death

and high HSV-1 viral titer between days 6 to 8 p.i. (Fig. 8G). Altogether, these data suggest that
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replicating virus in the CNS triggered elevated neuroinflammation and cell death in susceptible
Rel®"X mice.
To confirm that ineffective viral control only occurred in the moribund subset of mice

expressing the Rel“37X

mutation, we tested infected TG, BSC, and OB for productive virus load
by HSV-1 plaque assay. Between groups of infected animals (n = 15) matched for sex, age, and
clinical end point, only moribund Re/“**’X mice had elevated virus load in both TG and BSC when
compared with healthy Re/“*”* and Rel™"* littermates (Fig. 9). No viral replication was detected
in the OB tissue of these infected animals. Thus, aberrant c-Rel-dependent responses, in both
immune and resident CNS cell types, led to inadequate viral control in CNS tissue, which drove

lethal neuroinflammation and cell death characteristic of HSE.

2.5 DISCUSSION

Common as HSV-1 infections are in humans, HSE has a strong genetic component
characterized by rare defects in nonredundant innate immune pathways. We screened ENU-
mutagenized mice for susceptibility to HSV-1 infection, with the aim of identifying new host
genetic etiologies for HSE. In this article, we report a loss-of-function mutation (Re/“**’%) in the

19397X mice. This mutation led to ineffective viral

Rel gene that causes HSE-like disease in Re
control, profound neuroinflammation, and increased cell death in the CNS of susceptible mice,
phenotypes to which both immune and resident cells may have contributed.

In this study, mice were infected with neurotropic HSV-1 strain 17, and viral replication
was localized to the CNS in the i.n. infection model. Viral /CP4 expression detected in the TG and
the BSC supported transport along the axons of the TG, rather than through the OB, as the
mechanism of viral entry to the CNS (51, 52). HSV-1 virus titer was especially high in the TG and
BSC of moribund Rel“*””X mice. Because productive virus was seldom detected in the OB or in
the cerebrum, virus was unlikely to have crossed the cribriform plate to invade the CNS in our

13X mice were

model, as similarly reported for other HSV-1 strains (53). Thus, although Re
susceptible to both i.p. and i.n. infection routes, we chose to characterize the mutation in the
context of i.n. HSV-1 infection to more directly recapitulate CNS viral invasion.

In childhood disease, genetic defects in the TLR3/type I IFN innate response are implicated

in the progression of HSV-1 infection to HSE. Our in vivo infections of various knockout animals
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suggest that i.n. HSV-1 infection triggers both MyD88/NF-«xB and IRF3 signaling, with mice
lacking MydS88, Rel, or Irf3 succumbing to infection. T/r3”~ and Unc93b1"¢""*¢" mice were mostly
resistant, revealing a different aspect of HSE pathogenesis in which TLR3 signaling is less
important in the i.n. model of infection.

In the context of viral infection, a first consequence of defects in NF-kB signaling might
involve ineffective type I IFN signaling. In both glial and neuronal cells, previous studies have
shown that control of infection depends on the TLR3/type I IFN axis (9, 54-56). IFN-f and IFN-
A production is also deficient in fibroblasts derived from HSE-susceptible patients carrying loss-
of-function mutations in NF-kB pathway regulator NEMO (17). However, Re/*’”* mice had a
normal type I IFN response (Uspl8 expression) over the course of infection in the CNS.
Furthermore, the capacity of Re/*””Y MEF and BMDM to express Ifib and to control HSV-1 viral
replication, at least as well as Rel™" cells, indicated that cell-intrinsic antiviral control mechanisms
were effective in mutant animals. Thus, as a novel cause of HSE in mice, Re/ may have an essential
role in pathways independent of the TLR3/type I IFN axis.

Rather, defects in Rel-dependent pathways, in both CNS-resident cells and in immune cells

of hematopoietic origin, led to HSE susceptibility in Re/<X

mice. First, regarding non-
hematopoietic cells, the mutation drove increased apoptotic cell death in infected Rel“**”* MEF.
Apoptosis is a well-established mechanism of antiviral defense which, especially in a limited
culture environment, ensures that dying cells can no longer play host to replicating virus. Yet in
the context of CNS infection, active caspase-3-expressing apoptotic neurons and glia are also
features of an acute HSE pathological condition (48, 57). c-Rel itself, when overexpressed in
neurons, has also been shown to dampen cell death responses, notably by inducing the transcription
of antiapoptotic genes Bcl2l1 and Sod2 (58-60). In Rel“*"’* mice, we observed lower expression
of'both Bc/211 and Sod?2 in the BSC early during infection (day 3). By clinical end point, expression
in the BSC and cerebrum of cleaved caspase-3 was also detected in two of three moribund Re/<37X
mice, and in the BSC of moribund Re/“*%”% chimeric mice. Altogether, elevated cell death in
Rel“"X neuronal or glial cells may directly contribute to decreased survival.

Second, immune cells of hematopoietic origin also contributed to the susceptibility
phenotype of Re/“*"’* mice. On one hand, although the mutation did not affect IFN-y production

by NK cells, the observed reduction in mutant NK cells in the spleen during acute infection was

responsible, in part, for the insufficient viral clearance in susceptible mice, as reported in other

70



HSV infection models (26, 61). On the other hand, splenic and circulating CD4" T cells were

significantly augmented in infected Rel<3"7%

mice, which is further indicative of a dysregulated
response to infection. More interestingly, with its normal capacity for expression of activation
markers and of IFN-y, this increased CD4" T cell compartment may directly contribute to the
heightened Th1 inflammatory and pathological response in the CNS, and further compromise viral
replication control. As measured in the BSC of moribund Re/*””X mice, matrix metalloprotease
(Mmp8) and proinflammatory //6 and Cc/2 gene expression were both elevated like in other
models of murine viral encephalitis (62-65); cytokine (IFN-y) and chemokine (CCL2, CXCL9,
CXCL10) production was also increased in the Re/“*”* CNS. A Thl inflammatory environment
is also known to induce tight junction disruption at the BBB and may promote cellular infiltration
(66, 67). Further investigation will reveal if NK and CD4" T cells are disproportionately infiltrating

the CNS of susceptible mice in our model. Finally, Re/3"%

mice have low peripheral Treg
numbers, both at steady-state and during infection; c-Rel is directly required for the expression of
Treg-specific transcription factor Foxp3 (68). Although Tregs have been implicated in protective
responses against HSV-1 (45, 69), their role in CNS infection is not fully understood, and further
work is required to determine how they counter neuroinflammation and promote viral clearance in
the Re/*””* CNS.

Ultimately, the resistance of both bone marrow chimera groups (Re/“3"’X into Rel*’*, Rel™*
into Re/“*") indicated to us that hematopoietic and CNS-resident cells, together, contributed to

the failure of viral control in HSE-susceptible of Re/<*?*

mice. This finding contrasts with other
mouse studies of genetic susceptibility to HSV-1 infection in which major defects constrained to
one cellular compartment were enough to cause viral escape, for example in hematopoietic NK or
T cells (25, 26) or in CNS-resident cells expressing CX3CR1 (27). Yet despite their many defects,
Rel®3%7X hematopoietic cells were able to maintain sufficient antiviral control in WT irradiated
hosts and ensure mouse survival. The converse was also true, in which cell death-prone mutant
CNS-resident cells were still able to clear the infection with the contribution of WT immune cells.
One interpretation for these resistant outcomes would be that a Re/*”*-dependent defect in an
antiviral mechanism in one compartment is superseded or rescued by another antiviral pathway
belonging to the WT compartment. Another interpretation would be that Rel acts primarily in a
regulatory role, rather than in an effector role, and participates in essential cross-talk between

immune and CNS-resident cells to achieve an antiviral state. This interpretation fits the Re/<3?*
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model well, where a narrow interplay between glial and infiltrating immune cells to produce
elevated cytokines, an increase in caspase-3-dependent cell death in CNS cells, and a loss of
regulatory activity normally provided by Tregs could together tip the scale toward HSE
susceptibility. In other models of infection, whereas c-Rel had no direct incidence on the
generation of Ag-specific T effector cells, the regulatory role of c-Rel also emerged as the main
contributor to protective host responses (70-72).

In the context of human neuroinflammation, the underlying mechanisms are only partly
defined and vary depending on the clinical type of HSE. In acute childhood HSE, most often
caused by defects in type I IFN signaling, the active replication of HSV-1 induces neuronal cell
death and recruits peripheral leukocytes to inflammatory lesions. In contrast, the role of these
infiltrating immune cells is better understood in adult HSE, which may stem from reactivation or
primary infection (4). Specifically, the long-term activation of CD8" cytotoxic T cells and
activation of microglia in the CNS, often years after primary viral replication has been cleared,
might contribute both to pathological sequelae and to HSV-1 reactivation and relapse (18, 20). For
human survivors of HSE, the development of long-term adaptive T cell-mediated responses can
even limit the occurrence of mucocutaneous HSV-1 infections in the periphery (73). Nevertheless,
there is a second peak of HSE incidence at later time points (5), which cannot be explained by type
I IFN-dependent innate immunity. Importantly, HSV-1 infectious screens of ENU-mutagenized
mice have since revealed gene defects independent of type I IFN, first in CD45 (Ptprc gene) (25)
and now in c-Rel. Thus, i.n. HSV-1 infection in mice appears to better address the importance of
hematopoietic responses, implicated in cases of relapsing or primary HSE in older adults, rather
than provide a model of innate immune-dependent childhood disease.

In summary, this study highlights the role of Re/ in HSE susceptibility and reinforces the
importance of these pathways in neuroinflammation. REL has been identified in several genome-
wide association studies for human inflammatory diseases, including inflammatory bowel disease,
and psoriatic and rheumatoid arthritis (74-76), and in a larger meta-analysis for multiple sclerosis
(77). Further investigations to identify possible REL mutations or polymorphisms occurring in
HSE and other viral encephalitis patients, and particularly in the older adult population, would

help to establish a broader regulatory role for REL in host defense.
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FIGURE 1. HSV-1-susceptible mice carry an ENU-induced mutation in Rel.

(A) Breeding scheme detailing the generation of homozygous ENU mutations. G3 Coby pedigree
animals were generated by backcrossing two G2 females to their G1 father (Coby). (B) Survival
of Coby G3 offspring (from either G2a or G2b mothers) compared with all G3 pedigree animals,
resistant B6, and susceptible A/J controls following i.p. infection with 1 x 10* PFU HSV-1 per
mouse. (C) Whole-exome sequencing revealed that three susceptible mice carried an adenine to
thymine transversion mutation in exon 8 of Rel, at position 23,644,438 of chromosome 11, which
introduced a cysteine to stop codon mutation at amino acid position 307. (D) Coby G3 offspring
(from both G2 mothers, n = 45) were genotyped for the Re/“*’’* mutation by Sanger sequencing

and infected i.p. with 1 x 10* PFU HSV-1 per mouse. Statistical tests: (D) log-rank (Mantel-Cox)
tests. *p < 0.05, ***p < 0.001.
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FIGURE 2. Rel®"X mice express a truncated c-Rel protein.

(A) In the c-Rel peptide sequence, the Re/“3*”X mutation is positioned immediately downstream
of a highly conserved region among vertebrate species, corresponding to the RHD. (B) Within the
c-Rel protein, the Rel“3”’X mutation is located between the N-terminal RHD and nuclear
localization signal (NLS), and the C-terminal Re/ inhibitory domain (RID) and transactivation
domains (TAD1, TAD2). (C) Relative expression of Re/l mRNA was measured in Re/*”* and
littermate tissues and normalized to Hprt expression and to Rel™’* kidney tissue, with n = 3 mice
per group. (D) Whole-cell lysate from spleen tissue was probed for c-Rel by Western blot.
Expression of -actin served as a protein loading control. Protein sizes are indicated on the left in
kilodaltons and on the right in amino acid (aa) length. (E) Whole-cell, cytoplasmic, and nuclear
lysates from fractionated total splenocytes were probed for c-Rel by Western blot. Expression of
Gapdh and H2A served as both protein loading and fractionation controls. Data represent mean +
SD. Statistical tests: (C) one-way ANOVA with Tukey multiple comparison test for spleen

samples. n.s., nonsignificant.
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FIGURE 3. Rel®"”Y mice are susceptible to both i.p. and i.n. models of infection.

Rel®7X Rel07X* and Rel™* littermates were infected (A) i.p. with 1 x 10* PFU HSV-1 and (B)
i.n. with 1 x 10° PFU/ 20 g HSV-1 and monitored for 2 wk for survival and presentation of clinical
HSE-like symptoms. (C) Tlr3”, MydS88”, Unc93b1*""r" and B6 mice and (D) Mavs™, Irf3",
and B6 mice were infected i.n. between 1 x 10* PFU/20 g and 1 x 10° PFU/20 g HSV-1. (E)
Rel®7X Rel©37Y* | and Rel™" littermates, along with Rel”" knockout mice and compound
heterozygotes Rel/*"%~ and Rel™”, were infected i.n. with 5 x 10* PFU/20 g HSV-1 and monitored
for 2 wk. Statistical tests: log-rank (Mantel— Cox) tests. *p <0.05, **p <0.01, ***p <0.001, ****p

<0.0001. ns, nonsignificant.
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FIGURE 4. HSV-1 susceptibility depends on both hematopoietic and nonhematopoietic Rel“>"’*
cellular compartments.

(A) Reciprocal bone marrow transfers between sex- and age-matched Re/*"’X and Rel™" were
performed in lethally irradiated mice. Proportions of donor and host blood leukocytes were
measured by flow cytometry in chimeric animals at 6 wk post-irradiation using congenic CD45.1
and CD45.2 markers. (B) At 8 wk postirradiation, chimeric animals were infected i.n. with 5 x
10* PFU/20 g HSV-1. Both Rel“*”Y into Rel™" and Rel™" into Rel“3”’X groups were resistant to
infection compared with the susceptible Re/“*?”X into Rel“*’’* control group. Data represent mean

+ SD. Statistical tests: (B) log-rank (Mantel-Cox) test. **p < 0.01, ***p < 0.001.
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FIGURE 5. Rel"X.specific defects in splenic NK and T cell populations following HSV-1

infection.
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FIGURE 5. Rel®" _specific defects in splenic NK and T cell populations following HSV-1
infection.

Rel®"X and Rel™" mice were infected i.n. with 5 x 10* PFU/20 g HSV-1. Whole splenocytes were
isolated from noninfected (day [D] 0) and infected mice at D4 and D14 cells (n > 3 per group),
and cell populations were identified by flow cytometry. Whole splenocytes isolated from DO-,
D5-, and D14-infected mice were stimulated ex vivo, and IFN-y production was measured by flow
cytometry. (A) Splenic NK1.1" NK cells were measured in total cell number. (B) Mature
CD11b"CD27 and activated KLRG1" NK cells and (C) PMA/ionomycin-stimulated IFN-y" NK
cells are shown as a percentage of total NK cells. (D) Splenic CD4" and (G) CD8" T cells were
measured in total cell number. (E and H) Activated CD44"CD62L" and CXCR3" T cells and (F
and I) anti-CD3/CD28- stimulated IFN-y" T cells are shown as a percentage of total CD4" or CD8"
T cells. (J) Splenic CD11b"F4/80"MHCII" macrophages were measured in total cell number. (K)
Splenic CD3"CD4'CD25 Foxp3" Tregs were quantified in cell number and in percentage of
splenic CD4" T cells. Data represent mean + SD. Representative flow cytometry plots show
IFN-y" populations as percentages of parent NK, CD4", or CD8" T cells and show CD25 Foxp3™*
populations as a percentage of parent CD4" T cells. Statistical tests: two-way ANOVA with Sidak
multiple correction test. *p < 0.05, ***p < 0.001, ****p < (0.0001.
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FIGURE 6. Intrinsic viral control and elevated apoptosis in HSV-I1-infected Rel“*”* primary

cells.
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FIGURE 6. Intrinsic viral control and elevated apoptosis in HSV-I1—-infected Rel“*”* primary
cells.

MEF cells and BMDM cells were cultured from Re/“%% and Rel™" mice (n = 3 independent
embryos/mice per genotype), and infected ex vivo with HSV-1 at subsaturating doses (MOI =0.01
for MEF, MOI = 0.1 for BMDM). (A) Total viral titer (both secreted and cell-associated virus)
was quantified in PFU/ml of cell homogenate by plaque assay. Expression of (B) viral /CP4
mRNA and (C) Ifnb mRNA were measured and normalized to cell Hprt mRNA expression. /CP4
expression in MEF cells at 36 and 48 h p.i. was not determined (ND) because of low RNA yield

1" cells at 0 h was measured

and undetectable Hprt expression. (D) LDH activity relative to Re
in infected cell supernatants. (E) MEF and (F) BMDM whole-cell protein lysates were probed for
expression of cleaved caspase-3 by Western blot. Protein sizes are indicated in kilodaltons. A
protein lysate from Re/*”* MEF at 48 h p.i. was included in (F) as a positive control for cleaved
caspase-3 protein expression. Representative blots are shown for one mouse out of three tested per
genotype, with cleaved caspase-3 protein quantification for n = 3 experiments normalized to -

actin protein loading control. Data represent mean * SD. Statistical tests: two-way ANOVA with

Sidak multiple correction test. **p < 0.01, ***p <0.001. LD, limit of detection of viral PFU.
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FIGURE 7. HSV-1 infection kinetics in CNS tissue.

TG and BSC tissues were collected from Re/*’”* and Rel/™"* mice infected i.n. with 5 x 10* PFU/20
g HSV-1 at days 1, 3, 5, and 7 p.i. (n = 3-8 per group). Corresponding tissues from infected A/J
mice at day 5 p.i. were included as positive controls for the infection, and noninfected (NI) Re
mice were included as negative controls. /CP4 viral mRNA expression was measured in (A) TG
and (B) BSC relative to host Hprt mRNA expression. (C) Ccl2, (D) UsplS8, (E) Bcl2l1, and (F)
Sod2 mRNA expression was measured in BSC and normalized to Hprt expression and Rel/™* NI

controls. Data represent mean = SD. Statistical tests: two-way ANOVA with Sidak multiple

correction test. *p < 0.05, **p <0.01.
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FIGURE 8. Elevated neuroinflammation and cell death in the CNS of moribund HSV-1 infected

RelSX mice.
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FIGURE 8. Elevated neuroinflammation and cell death in the CNS of moribund HSV-1 infected
Rel®"X mice.

(A) Rel®"X and Rel”" mice were infected i.n. with 5 x 10* PFU/20 g HSV-1, with 8 of 15 Rel/<37X
mice reaching clinical end point between days 6 to 8 p.i. and 2 of 14 Rel™* mice reaching end
point at days 6 and 9 p.i. (B) ICP4, Ccl2, 116, and Mmp8 mRNA expression was measured in BSC
collected from moribund mice at clinical end point or from healthy mice at day 14. Infected A/J

mice at day 5 p.i. and noninfected (NI) Rel™*

mice were included as positive and negative controls
for the response to infection. (C) Regression analysis showing Cc/2, 116, and Mmp$8 expression
each relative to /CP4 viral mRNA expression. (D) Littermate Re/“3”’% and Rel™" mice
(Experiment 1), and bone marrow chimeric Re/*’’X. Re/*"’X and Rel™" . Rel" mice (Experiment
2), were infected i.n. with 5 x 10* PFU/20 g HSV-1. BSC tissue was collected from moribund
Rel®"X mice (end points on days 6, 7, 8, or 9 p.i.), healthy Re/“*”* and Rel** mice (end points
on days 7, 8, 9, or 14 p.i.), and from NI littermate controls (n = 3 per group, age and sex matched).
CCL2, IL-6, and MMPS protein expression was measured in BSC tissue homogenates. (E) The
expression of 30 detectable proteins in BSC tissue homogenates is represented as the fold change

of the average expression of each group over that of NI Rel™"

mice. Cytokines and chemokines
highlighted in the green cluster were most highly expressed in moribund Re/“**’X mice. (F) BSC
and cerebrum (CRB) tissue homogenates from littermates in Experiment 1 were probed for cleaved
caspase-3 protein expression. A protein lysate from Re/<*””X MEF at 48 h p.i. (MEF HSV-1) was
included as a positive control. (G) Cleaved caspase-3 expression, and viral titer in LOG10(PFU/g),
was quantified in BSC tissue homogenates from chimeric mice from Experiment 2. Protein sizes
are indicated in kilodaltons. Data represent mean + SD, and error bars in (C) represent mean with

95% confidence intervals. Statistical tests: (B and D) one-way ANOVA with Tukey multiple
correction test. *p < 0.05, **p <0.01, ****p <0.0001. LD, limit of detection of viral PFU.
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FIGURE 9. Moribund HSV-1 infected Rel“*"’X mice have elevated viral load in the CNS.

Viral load was quantified by plaque assay in TG, BSC, and OB collected from mice infected i.n.
with 5 x 10* PFU/20 g. Forty-five mice were infected and monitored for presentation of clinical
HSE-like symptoms. Moribund Re/“*°’* mice were paired at clinical end points with sex- and age-
matched healthy Re/*"’% and healthy Rel/™”* mice (n = 15 per group). The limit of detection denotes
the viral titer corresponding to a single detectable PFU at the lowest sample dilution. Data represent
mean * SD. Statistical tests: one-way ANOV A with Tukey multiple correction test. *p <0.05, **p
<0.01, ***p <0.001.
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2.8 SUPPLEMENTAL MATERIALS

SUPPLEMENTAL TABLE 1. Shared ENU-induced homozygous mutations in Coby pedigree mice.

Codon Amino acid
Chromosome Position Gene change change Mean coverage V ariant allele frequency (%) Impact Effect

#1 #2 #3

1 23644438  Rel tgT/tgA C307X 153 100.0 38.8 100.0 High Stop Gained

1 54723096  Gpx3 aAc/aTc N206l1 151 100.0 453 100.0 Moderate  Non-Synonymous Coding
17 34378129 H2-Ob Cgc/Tge R19C 110 100.0 100.0 100.0 Moderate  Non-Synonymous Coding
18 20752738  Dsg2 Ggg/Agg G614R 97 100.0 98.7 51.5 Moderate  Non-Synonymous Coding
18 22675566  AsxI3 Tec/Cec S704P 167 994 100.0 471 Moderate  Non-Synonymous Coding
18 37495032 Pcdhb6 Acc/Tcc T451S 804 99.9 100.0 50.1 Moderate  Non-Synonymous Coding
8 49075435 Wwe2 aTc/aAc 139N 88 100.0 436 100.0 Moderate  Non-Synonymous Coding
8 64512226  Ddx60 Tac/Aac Y1625N 106 100.0 100.0 100.0 Moderate  Non-Synonymous Coding
9 3001116 Gm10722  tTg/tCg L64S 29 69.2 60.7 81.5 Moderate  Non-Synonymous Coding
9 3037857 Gm10715  cCt/cAt P170H 13 90.0 100.0 100.0 Moderate  Non-Synonymous Coding
12 77026673 Syne2 ccAlccG P1065 95 100.0 456 100.0 Low Synonymous Coding

17 26230600 Nme4 ccClecT P133 89 42.7 97.3 100.0 Low Synonymous Coding

17 29663445 Tmem217  taT/taC Y85 179 100.0 100.0 100.0 Low Synonymous Coding

18 35744403  Matr3 ggT/ggC G671 41 100.0 100.0 54.9 Low Synonymous Coding

9 3037858 Gm10715  ccT/ccC P170 15 700 70.6 81.8 Low Synonymous Coding

9 3038271 Gm10715  gtT/gtC V210 16 100.0 857 90.9 Low Synonymous Coding

Whole-exome sequencing of genomic DNA isolated from 3 HSV-1 susceptible mice (labeled #1, #2 and #3
above) was performed. The 16 variants described above were identified at a minimum coverage of 10 in all
3 samples, and were homozygous in at least 2 out of 3 mice. A variant with an alternate allele frequency

above 70% was considered as homozygous for that sample.
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SUPPLEMENTAL FIGURE 1. Engraftment of donor cells and response to i.n. HSV-1 infection by

sex in bone marrow chimera mice.

87



SUPPLEMENTAL FIGURE 1. Engraftment of donor cells and response to i.n. HSV-1 infection by
sex in bone marrow chimera mice.

(A) Proportions of donor cells (CD45.2" into CD45.1" recipients) and of CD45.1" into CD45.2*
recipients across chimeric animal groups, in percentages of total blood leukocytes at 6 weeks post-
irradiation and transfer. (B) Proportions of donor cells (CD45.2" into CD45.1°CD45.2" recipients)
and of CD45.1°CD45.2" into CD45.2" recipients across chimeric animal groups, in percentages of
total blood leukocytes at 6 weeks post-irradiation and transfer. Survival and weight loss, expressed
in percentage of initial pre-infection weight, were plotted for (C) female and (D) male chimeric
mice issued from the i.n. HSV-1 infection of lethally- irradiated and reciprocal bone marrow

transfer described in Fig 4. Data represents mean + SD. Weight curves represent mean + SEM.
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SUPPLEMENTAL FIGURE 2. Splenic, thymic and blood immune cell dynamics in Rel”* mice.
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SUPPLEMENTAL FIGURE 2. Splenic, thymic and blood immune cell dynamics in Rel”* mice.
Whole splenocytes were isolated from non-infected (D0) mice, and from mice infected i.n. with
5x10*PFU/20g HSV-1 at D4 and D14 (n > 3 per group of Rel/*”Yor Rel™* mice). (A) NK1.1"NK
cells, (B) CD4* T cells, (C) CD8" T cells, and (D) CD11b"F4/80*'MHCII" macrophages are each
shown as a percentage of total viable cells in the spleen. Whole splenocytes isolated from D0, D5
and D14 infected mice were stimulated ex vivo with PMA/ionomycin, and IFNy production is
shown as (E) a percentage of total CD4" T cells, and (F) a percentage of total CD8" T cells. Whole
thymocytes were isolated from non-infected Re/“*’*and Rel** mice (n=3 per group). (G) Double
negative thymocyte stages 1 through 4 (DN1, DN2, DN3, DN4) are shown as percentages of total
CD4CD8 double negative thymocytes. (H) Double negative CD4CDS8-, double positive
CD4*CDS8", and single positive CD4" or CD8" thymocytes are shown as percentages of total
thymocytes. Re/“*”*and Rel*"* mice were infected i.n. with 5x10* PFU/20g HSV-1, and blood was
collected at DO, D4 and D14 post-infection (n=3 surviving Rel/“**at D14, and n=6 for all other
group). Blood leukocytes were stimulated ex vivo with anti-CD3/CD28 monoclonal antibodies. (I)
CD4*and (J) CD8" T cell populations were measured in percentages of total viable leukocytes in
the blood, and IFN-y production is shown as (K) a percentage of total CD4" T cells, and (L) a
percentage of total CD8* T cells. Data represents mean =SD. Representative flow cytometry plots
show IFN-y*populations as percentages of parent CD4" or CD8* T cells. Statistical tests: Two-way
ANOVA with Sidak’s multiple correction test. *p < 0.05, ***p <0.001, ****p <0.0001.

90



CD11b

CD11b+ F4/80+
CD3- MHCII+
myeloid cells macrophages

CXCR3

A NK1.1+  CD3+ CD4+ and CD4+
' . CD3- NK1.1- CD8+ CD25+ Foxp3+
Single cells ——» Viablecells —— Leukocytes —» NK cells T cells T cells Treg cells
96.0 4.89 53.0 A

T 5 <
S z p 3
2 2 @ z =

g [

82.2 94.3 22.6 4.37
FSC-A FSC-A FSC-A cD3
{ v
45.5
Gated on r‘ < Gated on
o™
NKcells: g B T cells:
(%]
KLRG1
B NK1.1+  CD3+ ‘l
i . CD3- NK1.1- CD4+ or
Single cells ——» Viable cels ——» Leukocytes —» NKcells T cells CD8+ T cells IFNy+

87.7

FSC-H

Viability dye

SSC-A

3.09

NK1.1

'l' cD4

FSC-A FSC-A FSC-A CD3 cD8
C Double-negative
CD44+ or CD25+
Viable cells —— Single cells —— Leukocytes —» CD4+ or CD8+ T cells immature T cells
98.3 95.9 [DN116.4 [ DN2 15.0

% e
; = <
25 g o 8 g
3 F i (7] (7] o (8} ¥
CRE w o o i =
@i 95.8 DN4 37.2| DN3 31.4
FSC-A FSC-A FSC-A CcD25
Lymphocytes ——» Single cells —— Viable cells — CD4+ or CD8+ T cells —p |FNy+
66.2 11.2 0.57
o
< B T
o 3 z | 3 » 2
3 e : ﬁ = o™ | &
S v
R 91.3 75.2 13.0
FSC-A FSC-A FSC-A cbs IFNy
E Single cells —» Viable cells — Leukocytes Ty
84.4 255 0.058 8.34
o
T 5 & < x P
3 gl 2 g :
w 3 %] a 2 -
8 °fu |4
1.50 90.1
FSC-A FSC-A FSC-A CD45.2

SUPPLEMENTAL FIGURE 3. Gating strategies for flow cytometry.
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SUPPLEMENTAL FIGURE 3. Gating strategies for flow cytometry.

(A) Gating of whole splenocytes to identify viable NK1.1°CD3-NK cells, CD4"and CD8*T cells,
CD4'CD25Foxp3* Tregs and CD11b'F4/80"MHCII" macrophages. Additional markers for NK
cells (bottom-left panels) indicate maturation (from least mature to most mature, CD11b-CD27,
CD11bCD27%, CD27°CD11b*, CD27-CD11b") and activation (KLRG1%), and additional markers
for T cells (bottom right panels) indicate activation (CD44"CD62L", and CXCR3"). (B) Gating of
PMA/ionomycin ex vivo stimulated splenocytes. IFN-y* cells gated on CD8* T cells are shown as
an example in the right-most panel. (C) Gating of whole thymocytes to identify double negative
CD4-CDS, double positive CD4°CD8", and single positive CD4* or CD8" thymocytes. Comparing
CD44 and CD25 expression, all four stages of double negative thymocytes (DN1, DN2, DN3,
DN4) are shown in the right-most panel. (D) Gating of anti-CD3/CD28 ex vivo stimulated whole
blood leukocytes to identify CD4"and CD8" T cells. IFN-y* cells gated on CD8" T cells are shown
as an example in the right-most panel. (E) Gating of whole blood leukocytes to identify CD45.17,
CD45.2*and CD45.1"CD45.2" donor and host lymphocytes in Re/** into Rel/*”* chimeras. Forward
scatter-height: FSC-H, Forward scatter-area: FSC-A, side scatter-area: SSC-A.
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BRIDGING STATEMENT TO CHAPTER THREE

In anticipating future experiments that would further define the mechanisms by which the
Rel®"7Y mutation had directly initiated a wide cascade of HSE-related phenotypes, we kept three
major previous findings in mind above all else. First, that IFN signaling or innate host responses

were not adversely affected in Rel©307X

mice, unlike TLR3/IFN axis mutations and deficiencies
described in several human HSE cases. Second, that the cellular response was an important driver
of HSE pathology and susceptibility, rooted in our bone marrow chimera experiment where HSE
only occurred if both brain-resident and infiltrating cells expressed the homozygous mutation.
Third, that HSE phenotypes and clinical symptoms were only detected in moribund Re/<*”* mice
between days 7 — 9 p.i., exhibiting abundant cytokine and chemokine production, caspase-3
expression, and elevated viral loads. Thus, we reasoned that early Rel“**X-driven defects in
resident cells (i.e. cell death) or in hematopoietic cells (i.e. altered T cell dynamics) resulted in
failure to control wviral replication, which in turn triggered the late and excessive
neuroinflammatory and apoptotic responses that characterize moribund animals.

To expand the scope of this first study, we shifted our focus exclusively on the brain, and
hypothesized that early defects or changes in the host response would be causal and lead to
dysregulation in mutant animals. We considered that day 7 — 9 p.i. timepoints, with overwhelming
HSE and consequent pathological inflammation, would be too late to observe early or causal
differences. Instead we chose day 5 p.i., at least one to two days prior to the Re/“*’”* mice
developing HSE. We opted for a combinatorial approach, where dual RNA sequencing would
reveal host and viral gene expression profiles sampled across all cells present in the tissue, and
flow cytometry to allow for the precise identification and quantification of infiltrating and resident
cells. Together, the cellular profile can inform the transcriptome, and vice-versa, to capture all
facets of the diverse c-Rel regulatory response, and perhaps prioritize cell types that can be further
probed for mechanisms that lead to HSE susceptibility. Finally, the inclusion of non-infected
animals, representing the brainstem at steady-state, has also proved invaluable to explore the
regulatory effect of c-Rel on homeostasis, and how these effects might later interact with HSV-1

infection to favour HSE development.
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3.1 ABSTRACT

Herpes simplex virus type 1 (HSV-1) is the predominant cause of herpes simplex
encephalitis (HSE), characterized by acute neuroinflammation and viral replication in the brain.
There is an important contribution of host genetics to HSE onset, where several studies have
identified monogenic defects in components of TLR3/type I IFN cascade in cases of childhood
HSE. Mouse models of experimental HSE have revealed a further contribution of immune cell-
mediated inflammation to HSE pathogenesis. We have previously described a homozygous
recessive truncating mutation in the c-Rel transcription factor (Rel“?’%). Following intranasal
HSV-1 infection, lethal HSE was observed in 50% of Re/“*””Y mice compared to resistant Re/™*
mice, due to defects in resident cell- and immune cell-mediated immunity. In this study, we have
applied dual host-virus RNA sequencing in non-infected and day 5-infected brainstem tissue,
coupled with flow cytometry in the brain at various timepoints, to explore the cells and pathways
that are involved in the Rel/“*”’”X HSE phenotype. At steady-state, the Re/“*’”Y brainstem was
enriched for apoptosis and cell turnover-related gene expression compared to Rel™”, suggesting
that c-Rel regulated tissue maintenance is disrupted prior to infection. By day 5 postinfection,
HSV-1 transcripts were detected at higher levels in the brainstems of 3/6 Re/**’X high-responding
mice compared to low-responders or Re/"”* mice. These high-responding Re/*’’* brainstems were
associated with augmented and excessive host IFN-stimulated and inflammatory gene expression
(including Mx1, Uspl18, Ccl2, Cxcll0, Il1rn), predictive of later HSE development. By day 7 p.i.,
Rel®"7X mice exhibited increased pathological infiltration of Ly6C* monocytes and of CD4" and
CD8" T cells, and contributing to viral escape. These findings establish c-Rel as regulator of cell-
mediated responses that, in the brainstem, is essential to achieving a protective response against

mouse HSE.

3.2 INTRODUCTION

Herpes simplex encephalitis (HSE) is primarily caused by infection of the central nervous
system (CNS) with herpes simplex virus 1 (HSV-1). With an estimated incidence of 2 to 4 per
100,000 individuals per year, HSE is the most common form of sporadic viral encephalitis (1).
Approximately one third of HSE cases occur in children, while the average age of onset for adult

HSE is 60 years of age (2). HSE typically involves focal inflammatory lesions in the frontal or
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temporal lobes, or rarely, inflammation of the brainstem (3, 4). Genetic factors are known to
contribute to HSE onset and severity in children, namely, single gene defects in the Toll-like
receptor 3 (TLR3) cascade including 7LR3, UNC93B1, TRIF, TRAF3, TBKI and IRF3 (5-10).
These mutations result in defective type I interferon (IFN) production, where for example TLR3
deficient patient-derived neurons and oligodendrocytes exhibit compromised cell-intrinsic control
of HSV-1 infection (11). However, these TLR3/type I IFN-related variants only explain a minority
of childhood HSE cases. To date, the contribution of two gene etiologies (DBRI, SNORA3I)
independent of the TLR3 axis have been identified in childhood cases, and a further defect linked
to an adult HSE patient has been reported in the MASP2 gene involved in the innate immune
complement system (12-14).

Single gene knockout studies in mouse models of HSV-1 infection have confirmed that
type I IFN and IFN-stimulated gene (ISG) expression downstream of pathogen sensing is
protective in the brain, but have also defined the role of the inflammatory cell-mediated response
during HSE (15). Resident CX3CR1" microglia, involved in tissue maintenance, proinflammatory
cytokine secretion, and expression of chemokines, are protective during mouse HSE (16-18). The
cytotoxic and IFN-y secreting functions of invading NK cells, CD4", and CD8" T cells are also
essential to controlling HSV-1 viral replication in the CNS (19, 20). However, chemokine receptor
deficient Cxcr3”" and Ccr5”" mice are resistant to HSE, suggesting that lymphocyte and myeloid
infiltration may contribute to pathological neuroinflammation (21-23). Recently, invading Ly6C"
monocytes and Ly6G"* neutrophils have also been shown to exacerbate lethal HSE in mice (24,
25). Thus, the genetic regulation of inflammation, like type I IFN, is an important determinant of
HSE in mice.

In a previous study, we identified a novel mutation in the reticuloendotheliosis oncogene
Rel, encoding the NF-xB family transcription factor subunit c-Rel, that caused HSE susceptibility

ZC307X

(26). Homozygous Re mice express a truncated c-Rel product deprived of its transactivation

domains, which upon intranasal (i.n.) HSV-1 infection results in a 50% decrease in survival

l+/+ lC307X

between days 6 to 9 postinfection (p.1.) compared to wild-type Re/™" mice. Interestingly, Re
mice were not deficient in their cell-intrinsic type I IFN response to infection. Rather, HSE
susceptibility in mutant animals was cell-mediated, and required the expression of the Re/*?*

variant in both hematopoietic and non-hematopoietic cells. Thus, defects in c-Rel-dependent
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regulation of infiltrating immune cells and of brain-resident cells, together, lead to increased viral
load, neuroinflammation, and caspase-3-dependent cell death in moribund Re/“*’”* mice.

In the present study, to determine the pathways and cell types that drive HSE susceptibility
in the Rel/*"7X CNS, we performed dual virus and host gene expression profiling in the brainstem
of HSV-1 infected Re/“*’X and Rel™" mice. Elevated viral gene transcription was detected as early
as day 5 p.i. in 3/6 Rel/*”Y brainstems, together with elevated interferon-related inflammatory
gene expression that contributed to pathological T cell and Ly6C* monocytes recruitment by day

7. Thus, c-Rel-dependent regulation is protective during HSV-1 infection of the brainstem.

3.3 MATERIALS AND METHODS

Ethics statement

All animals used in this study were housed and maintained at McGill University. All
experiments were performed under the guidelines and recommendations of the Canadian Council
on Animal Care (CCAC) and in accordance with protocol number #2001-4792 approved by the

McGill University Animal Care Committee.

Mice and virus infection

Rel®"X mice (MGI:6287253 or Rel“®™ allele on the Mouse Genome Informatics (MGI)
database, http://www.informatics.jax.org/) were discovered in an N-ethyl-N-nitrosourea

19397X mice were backcrossed at least 4

mutagenesis screen as previously described (26). Inbred Re
times to the C57BL/6 background (The Jackson Laboratory), and are maintained in a breeding
colony including littermate homozygous mutant Re/“**”X and homozygous wild-type Rel/™* mice
at McGill University. For HSV-1 infections, as previously described in (26), seven to nine-week
old mice were first anaesthetized via intraperitoneal (i.p.) ketamine and xylazine injection, and
infected with 5 x 10* PFU of HSV-1 strain 17 per 20 g body weight via intranasal (i.n.) inoculation.
The inoculum was delivered in 10 pl of sterile PBS per 20 g body weight in the left nostril with a
micropipette and allowed to be completely inhaled. Infected animals were weighed daily,

monitored at least daily, and up to three times a day during the peak of infection (days 6 — 10 p.1.).

Mice were euthanized upon demonstration of HSE-like symptoms (hunched posture, reduced
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mobility, neurologic symptoms) or of 15% loss of initial pre-infection body weight, or upon

reaching experimental endpoints at day 5 or 7 p.i.

CNS tissue collection and RNA preparation

At clinical or experimental endpoint, mice were euthanized and quickly perfused
transcardially through the left ventricle with 10 ml cold PBS. As specified in each figure legend,
either the brainstem, both TG (as described in (27)), or the whole brain (including the olfactory
bulbs, cerebrum, cerebellum and brainstem) were excised and collected in either 5 ml Hibernate-
A medium (ThermoFisher Scientific) at 4°C for downstream flow cytometry, or snap-frozen in
liquid nitrogen and conserved at -80°C for downstream RNA extraction. Snap-frozen brainstem or
TG samples were transferred to 1 ml TRIzol reagent (Invitrogen) and homogenized at speed 6000
for 30 seconds with a MagNA Lyser Instrument (Roche). Total RNA was extracted as per the
manufacturer’s standard protocol. RNA samples were further cleaned up using the RNeasy Mini
Kit (Qiagen #74104) and following DNase I treatment, as per the manufacturer’s standard
protocol. Purified RNA was reverse transcribed into cDNA and real-time quantitative PCR was
performed as previously described (26), using the following primer pairs: /CP4 (RS1) (forward 5’
CGACACGGATCCACGACCC 3’, reverse 5> GATCCCCCTCCCGCGCTTCGTCCG 3’) and
Hprt (forward 5° CAGGCCAG-ACTTTGTTGGAT 3°, reverse 5> TGGCGCTCATCTTAGGC
TTT 3°).

Dual RNA sequencing and differential gene expression analysis

RNA sequencing was performed as previously described (28). Briefly, total RNA was
purified from whole brainstem samples and assayed for RNA integrity using a Bioanalyzer RNA
Pico kit (Agilent). cDNA libraries were generated after rRNA depletion with the KAPA Stranded
RNA-Seq kit (Roche). Paired-end 50 bp read sequencing was performed using an Illumina HiSeq
2500 sequencer. Low-quality bases (Phred < 33) and adaptor sequences were removed with the
Trimmomatic v.0.36 tool (29) using the following arguments: ILLUMINACLIP:TruSeq3-
PE.fa:2:30:10 HEADCROP:4  LEADING:5 TRAILING:3  SLIDINGWINDOW:4:20
MINLEN:36. All trimmed reads were first aligned to the mouse GRCm38 (mm10) reference
genome using TopHat2 v2.1.1 with Bowtie2 v2.3.1 algorithms (30, 31), and were quantified per

gene by counting the number of strand-specific reads aligning to gene exon features using the
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featureCounts tool (Subread package v1.5.2 (32)). In parallel, using HISAT2 v2.1.0 (33), all
trimmed reads were also aligned to an indexed HSV-1 strain 17 reference genome (34) (GenBank:
JN555585.1). Viral reads were quantified per viral gene by counting the number of strand-specific
reads aligning to gene and/or exon features using featureCounts. Here, in addition to default
arguments, the “M” and “primary” arguments were used to only count multiple-mapping reads
once at their primary alignment site, and avoid to counting twice over genes that are naturally
duplicated in the HSV-1 genome (RS7, RL1, RL2, LAT).

Raw read counts libraries for host gene were first filtered to remove residual rRNA reads,
and to only keep genes expressed above 3 counts per million host reads (CPM) in at least 3
samples, for a total of 16,279 expressed host genes. For viral reads, all expressed viral genes were
retained and were similarly normalized per million host reads. Filtered host count libraries were
normalized with the TMM method and differential host gene expression was assessed pairwise
between sample groups using the edgeR Bioconductor package (35). Genes whose expression was
>+ 1.5 fold change between groups, and that met a threshold of ¢ < 0.05 (Benjamini-Hochberg
(BH)-adjusted p-value), were considered statistically significant. Gene expression heatmaps of
CPM values per sample, normalized to the average CPM values across a control group specified
in each figure, were generated using the “gplots” package in R and clustered gene-wise using a

Fuclidean distance measure.

Gene ontology term and gene set enrichment analyses

Gene ontology (GO) term enrichment analysis for biological processes (BP4) was
performed on differentially expressed genes identified by RNA sequencing between Re/™" and
Rel®%X groups at select time points of infection using the DAVID v.6.8 online database (36).
Enriched GO terms that met a nominal p-value cut-off of 0.05 were considered significant. To
identify cellular or immune pathways that were present in either Re/”" and Re/“*”* mice gene
expression profiles (including all 16,279 expressed genes), gene set enrichment analysis was
performed using GSEA (37) to detect enrichment of gene sets publicly listed in the MSigDB v6.2
collection, specifically among N = 3406 Curated Gene Sets (C2, including chemical and genetic
perturbations, canonical pathways (BIOCARTA, KEGG, PID or REACTOME ) or N = 4872

Immunological Signatures (C7). Gene sets that met a Benjamini-Hochberg (BH)-adjusted p-value

cut-off of at least ¢ < 0.05 were considered significantly enriched in each condition. Furthermore,

107



enriched gene sets were clustered according to shared leading edge genes (using Manhattan
distance) to group similar or redundant signatures together, and better resolve general themes
specific to Rel“*”% or Rel”* mice. For these leading edge analyses, only those genes that were
ranked prior or at the position of the gene with the maximum enrichment score in any given gene
set (the leading edge), and that were represented in at least 5% of all enriched gene sets, were

included for hierarchical clustering.

Flow cytometry on CNS tissue

Adapted from (38) with modifications, freshly excised HSV-1 infected whole brain,
brainstem or TG tissue were collected in 5 ml Hibernate A medium at 4°C and were processed into
single cell suspensions and stained for flow cytometry. Briefly, tissues were minced and digested
in 1 ml 1X HBSS containing 510 U/ml collagenase II (Worthington Biochemical Corp.) and 28
U/ml DNasel (Roche) for 15 minutes at 37°C. 9 ml 1X HBSS 2 mmol EDTA were added to
digested samples, and the remaining tissue was gently homogenized through a 100 um mesh in a
cell dissociation sieve (Sigma #CD1) to generate a single cell suspension. Cells were pelleted,

resuspended in a 37% Percoll™

solution, and centrifuged at 500 x g for 20 minutes with no break.
The top-floating myelin/debris layer and the supernatant was removed by aspiration, and the cell
pellet (containing hematopoietic immune cells, neurons, oligodendrocytes, microglia, and any
remaining red blood cells or debris) was washed twice and resuspended in 1X PBS 2% FBS 2
mmol to accommodate two antibody staining panels. Cells were treated with anti-CD16/CD32 to
block non-specific binding to Fc receptors (eBioscience #16-0161), and were stained with
extracellular antibodies overnight at 4°C. The following fluorochrome-conjugated antibodies
(clone, working dilution) were used from eBioscience (Invitrogen): B220 APC (RA3-6B2, 1:100),
CD11b eFluor450 (M1/70, 1:50), CD44 FITC or PE (IM7, 1:100), CD45 PerCP-cy5.5 (30-F11,
1:200), CD62L FITC or PE (MEL-14, 1:100), CXCR3 PE-cy7 (CXCR3-173, 1:100), NK1.1 PE-
cy7 (PK136, 1:100); from BioLegend: CD3 Brilliant Violet 605 (17A2, 1:100), CD4 Brilliant
Violet 510 (GKI1.5, 1:100), CD8a eFluor450 or Brilliant Violet 785 (53-6.7, 1:100), I-A/I-E
(MHC-II) AlexaFluor700 (M5/114.15.2, 1:300), Ly6G Brilliant Violet 711 (1A8, 1:500), Ly6C
Brilliant Violet 785 (HK1.4, 1:2000); and from Miltenyi Biotec: O4 APC (04, 1:50). Cells were
later stained with Fixable Viability Dye (eFluor780-conjugated or eFluor506-conjugated,

eBioscience #65-0865 or #65-0866) to mark dead cells. Next, cells were fixed and permeabilized
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with the Foxp3/Transcription Factor Staining Buffer Kit (eBioscience #00-5523-00) as per the
manufacturer’s instructions, and stained with the following intracellular antibodies (clone,
working dilution, supplier): c-Rel PE (IRELAHS, 1:100, eBioscience) and NeuN AlexaFluor488
(EPR12763, 1:25, Abcam). 5000 counting beads (Spherotech #ACBP-50-10) were added to each
sample prior to acquisition on a BD LSRFortessa cytometer. Total cell counts for each cell
population were normalized to the total number of beads per sample and to the total number of
singlet viable cells acquired in both staining panels. Cell populations were gated as described in

Supplementary Figure 3.4 using FlowJo v. 10.1 software.

Statistics

Statistical tests were performed using the statistical package of GraphPad Prism v. 6
software, as detailed in each figure legend. Two-way ANOVA were performed with Tukey’s
multiple correction test between pairwise groups, where adjusted p values < 0.05 were considered

significant (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

3.4 RESULTS

Rel®"Y mice exhibit differential viral and host responses as early as day 5 in HSV-I-infected

brainstems

We have previously demonstrated that Re/<77%

mutant mice are susceptible to HSE, where
typically 50% of Rel/“*"’X mice exhibit high elevated viral titer and reach clinical endpoint between
days 6 to 9 post-HSV-1 infection, compared to resistant Re/™" littermates (26). Here, dual RNA
sequencing was performed in female Rel”" and Rel“3”X littermate mice to measure differences in
viral and host gene expression across the diverse resident and hematopoietic cells that populate the
HSV-1-infected brainstem. Specifically, this analysis was focused on the brainstem, a well-
characterized site of viral access to the CNS and of acute neuroinflammatory responses in mouse
models of HSE (26, 39). We sought to detect early Re/“*’*-dependent effects on host gene
expression before the onset of fulminant HSE response, which had the potential to mask any causal
effects of the mutation. Therefore, day 5 p.i. was selected as an optimal timepoint, at least one day
prior to the rapid onset of HSE clinical symptom and of pathological cell death in susceptible

RelC"X mice.
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At day 5 p.i., sequences derived from HSV-1-encoded viral mRNA were strongly detected
in 3 of 6 Rel/“*"’X brainstems, and to a lesser degree in 3 of 5 Rel™" brainstems, each annotated as
high-responders to infection (denoted HSV'!! in Fig. 1A). In the remaining low-responding mice
(3 of 6 Rel®*"% and 2 of 5 Rel™", denoted HSV® in Fig. 1B) 16 or fewer paired read fragments
were detected across the entire HSV-1 genome, and fewer than 3 in non-infected mice. Viral gene
expression at 75 major open reading frames was also more elevated in high-responding Re/<3?7%
mice, and comparable across known immediate-early, early or late phases of expression (40) (Fig.

1B). Furthermore, all three high-responding Rel/“*"X

mice were clearly segregated together
following a principal component analysis across expressed HSV-1 genes (Supplemental Fig. 1A,
B). Overall, in high-responding groups at day 5 p.i., the total number of coding region-aligned
viral reads was more elevated in Re/“*”’X mice compared to Re/”* mice (Fig. 1C). Thus, Rel<*?7*-
driven differences in HSV-1 viral RNA transcription were successfully detected and quantified by
day 5 p.i. in the brainstem, earlier than a viral plaque assay would otherwise reveal at HSE-
symptom onset (26).

To better determine if this early and greater detection of HSV-1-derived sequences could
predict disease outcome and help refine downstream analyses, the expression of host-derived genes
was also subjected to a principal component analysis (Supplemental Fig.1D, E). To best define
clusters of similarly-responding mice, the first host principal component was plotted against the
first viral principal component (Fig. 1D), or against the relative expression of the RS/ (ICP4) viral
gene measured by RT-qPCR (Fig. 1E), confirming the presence of three distinct response groups
(non-infected mice, low-responders at day 5 p.i., and high-responders at day 5 p.i.) in our dataset.
Therefore, those animals with the most replicating virus also demonstrated the most polarized host
responses in the brainstem, suggesting that high-responders, and especially those harbouring the

Rel®"7Y mutation, may go on to develop more severe HSE disease.

Altered cell survival and homeostatic responses in non-infected Rel“>”* brainstems

To establish how the Re/“**’X mutation might disrupt gene expression in the brainstem at
steady-state, non-infected Rel”" and Rel“”’X mice were directly compared to identify 45
differentially-expressed genes (DEG) (Fig. 2A, Supplemental Fig. 2A). Of note, Rel is expressed
in the brainstem, and is marginally downregulated in Re/*’ mice at steady state (g = 0.0564,

fold-change = -1.44), and significantly downregulated later during infection (¢ <0.05, fold-change
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< -1.5), compared to wild-type mice (Fig. 2B). Other genes that were downregulated in Re/<3"%
mice include Prune2, a tumour-suppressor gene with pro-apoptotic function (41). On the other
hand, Gabra2, involved in neural development and signaling (42), and eukaryotic initiation factor
Eifl were examples of upregulated genes in Re/“*"’X brainstems (Fig. 2C). For a wider look at
dysregulated pathways and functions, gen set enrichment analysis (GSEA) was performed across
all brainstem-expressed genes, and enriched gene sets were grouped according to common leading-
edge genes to better define overall up- or down-regulated signatures in Re/“**’X mice (Fig. 2D-F).

First, 66 curated gene sets were enriched at a threshold of ¢ < 0.05 in Rel“*"’X mice (Fig.
2D-F, upper panels). In particular, those gene sets (Clusters 1 and 2) related to hypoxia, to the AP-
1 transcription factor pathway, and to TRAIL- or UV-dependent apoptotic responses indicate that
cell survival may be adversely impacted in Re/“””X brainstems. Furthermore, other signatures
related to cell growth and proliferation (Clusters 3 and 4) were over-represented in mutant samples,
namely the phosphoinositide 3-kinase (PI3K) pathway, modulation of circadian rhythm (Clock,
Npasl) and the G1 phase of cell division (Rb1, Ccnd2, Cdk6, Bclo6).

I""* brainstems (Fig. 2D-F, lower panels), a

Second, among 80 enriched gene sets in Re
distinct group of genes, including Rel and other NF-kB-family genes, underscored later stages of
the cell cycle and the proteasome pathway (Clusters 5 and 6). Wild-type-enriched signatures also
evoked mitochondrial function and cellular respiration, in addition to active transcription of
ribosomal protein genes and heightened protein translation (Clusters 7 and 8). Altogether, these
steady-state differences between Rel™* and Rel“*”* mice support a role for c-Rel in regulating
cellular proliferation, maintenance, and survival pathways in the brainstem.

Finally, we evaluated if any DEG were consistently disrupted in Re/“**”X mice at different
stages of infection. Briefly, two parallel analyses were performed: first, high-responding HSV-1
infected Rel“3””X and Rel™’* mice were compared directly, and second, all high-responding HSV-
1 infected mice were compared to non-infected mice irrespective of genotype group. Only those
genes that varied exclusively as function of genotype group (analysis 1), and not driven by HSV-
1 infection (analysis 2), were retained (Supplemental Fig. 2B). Only 13 Re/*"*-dependent genes
were found to be up or downregulated in Re/“**”X brainstems (Supplemental Fig. 2C), including
galectin-family member Lgals3 involved in innate and cellular immunity, CNS-tropic Pgbdl, and
Serum/Glucocorticoid Regulated Kinase 1 (Sgk/) involved in cell survival (43). Five long non-

JC307X_

coding RNAs were also identified as Re specific DEG that varied independently of the virus.
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While these factors may further contribute to altered homeostasis in non-infected brainstems, most
DEG that define the Re/“3?’X transcriptional landscape are triggered at least in part by infection in

this HSE model.

High-responding Rel®"X mice generate stronger IFN-stimulated and cell-mediated inflammatory

responses to HSV-1 infection in the brainstem

The impact of infection on gene expression at day 5 p.i. was first evaluated by
independently comparing high-responding Rel”* and Rel/“*"’% groups separately to non-infected
Rel"™" controls. Here, 159 genes for Rel/™" and 249 genes for Rel“*"”X were upregulated by each
group in response to infection (Fig. 3A, B). However, while many of these upregulated genes
overlapped across both conditions—Ilike ISGs Usp/8 and MxI, and secreted factors including
Cxcll0 and Ccl2 chemokine genes and IL-1 receptor agonist ///rn—their expression was
significantly higher in Re/“**”* mice (Fig. 3 C). In addition to classical ISGs, many other genes
involved in IFN-I or IFN-II signaling were also generally upregulated in Re/*”* mice, while IFN
receptors were steadily expressed at all timepoints in the brainstem (Supplemental Fig. 3A, B). To
confirm that the defence response as a whole was heightened in mutant animals, fold-wise gene
expression was compared between respective low- and high-responding groups (Fig. 3D, E). First,
for either genotype group, genes expressed in high- and low-responders were plotted against each
other, and standard residuals to the identity line (y = x line) were calculated. By considering only
genes whose expression skewed at greater than 1 standard deviation towards high-responders (with
standard residuals > 1), Re/“**’X brainstems were found to be more enriched for functional GO
terms related to innate immune, cytokine (IFN-1 and IFN-II) and virus responses (Fig. 3F). Thus,
Rel®"Y mice respond to HSV-1 infection by expressing host defence and IFN-related genes at a
much higher magnitude as early as day 5 p.i.

In an alternate DEG analysis, 51 DEG were identified by directly comparing high-
responding groups (Fig. 4A) and were similarly enriched in Re/*’ brainstems for IFN signaling,
lymphoid and myeloid cell chemotaxis, and programmed cell death (Fig. 4B). Expanding beyond
these 51 DEG using GSEA, Rel“"*-enriched gene sets were related to type 1 helper CD4" T cells,
Tregs, IgG-stimulated B cells, and Fc receptor-stimulated monocytes, in addition to various TLR-
stimulations in DCs (Fig. 4C, D). The high-responding Rel*’’* gene expression landscape further

overlapped with inflammatory gene sets derived from IFN-I-stimulated microglia, peripheral
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blood mononuclear cells and CD8" T cells. Together, these signatures not only underscore a
stronger Rel“"’X-dependent IFN response, but also reveal an increased contribution of T cells,
myeloid cells and other inflammatory cell-mediated pathways to the Rel“*’”* response to HSV-1

infection.

HSE onset is associated with elevated pathological infiltration of myeloid and T cells in the
Rel“""Y CNS

To confirm which resident or infiltrating cell types were populating the CNS during HSV-
1 infection, and therefore which cells were concurrent with altered gene expression, neuronal, glial
and hematopoietic cells were quantified at various timepoints leading up to HSE symptom onset
in Rel®"X mice. As HSV-1 typically accedes to the hindbrain via the trigeminal ganglia (TG) in
i.n. models of infection, we first examine the TG at day 4 p.i. (Supplemental Fig. SA-E) and the
brainstem at day 5 p.i, (Supplemental Fig. SF-J) and found no major differences in the number of
myeloid, CD4" or CD8" T cells between Rel™* and Rel“””* groups. To better capture the global
encephalitis response, whole brain tissue was processed at day 5 and later at day 7, near peak onset
of symptoms in susceptible mutant mice. Here, at discrete timepoints, brain-resident neurons,
oligodendrocytes and microglia, as well as infiltrating NK cells and neutrophils, remained
unchanged in number across infection (Supplemental Fig. 5K-M). However, infiltrating
CD45"CD11b*Ly6G Ly6C* monocytes and CD4" T cells were slightly augmented in Rel<3"7%
compared to Rel™*

(Supplemental Fig. 5L, M).

mice as early as D5 p.i., whereas B cells were generally decreased

By day 7 p.i., three major infiltrating populations were augmented in the Re/*"’X brain.
First, increased CD45"'CD11b" activated myeloid cells (Figure S5A, B) had accumulated in that
numbers correlated with ICP4 viral gene expression in TG collected from those same Re/“*"%
mice at day 7 p.i. (Figure 5C). Among these myeloid cells, the Ly6C" monocyte subset was more
elevated in Re/“*"’* mice, and were also positive for CXCR3 expression, the cognate homing
receptor for Rel“*"*-upregulate chemokine CXCL10 (Fig. 5D). Second and third respectively,
CD4" and CDS8" T cells were also more numerous in Re/“**’* mice (Fig. 5E, F, I), and again in step
with levels of HSV-1 replication (Fig. 5G, J). These T cells all expressed CXCR3 as the infection
progressed, and exhibited an activated CD44"CD62L" profile by day 7 p.i. (Fig. 5H, K). Overall,

these associations between activated myeloid and T cell subsets with HSV-1 replication support a
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pathological role for these infiltrating cells in the development of HSE. Thus, these data suggest a

model where high-responding Re/“*?"X

mice, having exhibited increased viral mRNA transcription
and IFN-stimulated/inflammatory gene expression at day 5 p.i., may go on to attract a greater
number of pathogenic monocytes and T cells brain, leading to viral escape and lethal HSE onset.
Finally, it was also observed in wild-type mice at day 5 p.i. that c-Rel protein expression
was upregulated from steady-state levels predominantly in these activated myeloid cell, monocyte
and T cell subsets, as well as in B cells (Supplemental Fig. 6F, D, H-K). c-Rel was also expressed
in resident microglia and neurons, and further upregulated by infection in neurons (Supplemental
Fig. 6A, B), where c-Rel dependent regulation of cell survival has previously been demonstrated
(44). While expression of the truncated C307X c-Rel protein could not be reliably measured here,
the response of the wild-type protein to HSV-1 infection in the brain, and specifically in the context

ZC307X

of key dysregulated immune cell populations in Re mice, may further point to a key role for

c-Rel in the regulation of protective host responses to HSE.

3.5 DISCUSSION

To our knowledge, this study is the first to employ gene expression profiling dual RNA
sequencing in an in vivo mouse model of HSE. Specifically, we have combined transcriptome
profiling of HSV-1 infected brainstems together with flow cytometry of infiltrating and brain-

[S397X mutation and contribution to HSE

resident cells to better understand the effect of the Re
susceptibility. These strategies allowed for the detection of increased host responses and viral
replication as early as day 5 p.i., at least one full day before typical HSE symptom onset and of
excess production of cytokines, chemokines, and of caspase-3-dependent apoptosis in the
brainstem and cerebellum previously reported in (26). In the present study, high-responding
Rel®Y mice were also distinguished by elevated infiltration of myeloid and T cell subsets to the
brain, involving these cells directly in the pathological inflammatory response and failure to
control viral replication during HSE.

Prior to infection, c-Rel is involved in maintenance and homeostasis in the brainstem in
adult mice. Considering the diverse neuronal and glial cells that populate the brainstem, and prior
to any infection-triggered inflammation or cellular infiltration, it was interesting to find that the

Rel®"7X mutation had a measurable effect on gene expression related to basal cell division and
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proliferation. The enrichment of these functional signatures was not only led by genes directly
involved in cell cycle initiation, but more indirectly to the circadian clock, cyclic adenosine
monophosphate/cAMP response element-binding (CREB) pathways, and PI3K/TRK pathways. In
the brain, these processes are involved in neuronal and glial maintenance, survival and
development (45-47), while Crebbp and Creb| are also prominent negative regulators of microglia
and astrocyte inflammation via NF-xB (48, 49). Yet, Re/“*”% mice offered no evidence of
differential basal inflammation compared to Re/*" animals, which instead prioritized respiration,
mitochondrial function, translation, and NF-kB signaling. Microglia and neurons were not
detected in higher numbers in Re/*”Y brains, and while NF-kB is essential for basal homeostatic
proliferation of naive T cells (50), T cells numbers were also equivalent in the brainstem, TG and
brain at steady-state. Thus, in the absence of hematopoietic infiltration or proliferation prior to
infection, the Rel/“*’”* transcriptional profile has more likely captured a disruption of cell
maintenance and turnover in the brainstem at steady-state.

In this regard, the Rel“**-specific enrichment of hypoxic and apoptotic responses is
especially telling. Prune2, a pro-apoptotic tumour suppressor gene (51), stands out as one of the
most extreme DEG in our dataset. c-Rel has been implicated in pro-survival responses in neurons
(44, 52), and as we have previously shown, Re/“*"’X fibroblasts are more susceptible to caspase-3-
dependent cell death following ex vivo HSV-1 infection (26). Supporting a wider role for c-Rel in
neuronal survival, Rel” mice have been found to exhibit Parkinson’s disease-like symptoms and
neurodegeneration at 18 months of age (53). In the case of the Re/“”’X brainstem, characterized
by increased expression of genes involved in hypoxia, apoptosis and cell turnover by early
adulthood at 8 weeks of age, it is tempting to speculate how subtle defects in c-Rel-dependent
regulation of cell survival and homeostasis may be further exacerbated by age, injury or infection.
Being that one of the final outcomes of HSE in susceptible Re/“**”* mice is elevated in vivo
detection of cleaved caspase-3 in the infected brain, these early basal differences in the Re/<"7%
transcriptome warrant further investigation, and may reflect an important contribution of the cell-
resident compartment to HSV-1 susceptibility in our model.

In HSV-1 infected brainstems at day 5, the global capture of viral mRNA sequences was
pivotal to the identification of early high- and low-responding mice to infection, ensuring that
HSE-susceptible Re/“**’ mice could be analyzed together, and apart from the other (~40%)

Rel®”Y mice that are expected to survive past the 14 day mark, and where the mutation is typically
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nonpenetrant (26). As a result, high-responding Re/“**”* mice were found to have significantly
more replicating virus compared to any other response or genotype group as early as day 5 p.i.,
and were also associated with striking IFN-stimulated and neuroinflammatory responses that
would be likely to progress to lethal HSE by later timepoints. In particular, this heightened ISG
response distinguished HSV-1-susceptible Rel“**’* mice from other HSE models, where type I
IFN receptor Ifnar’” and Statl”~ knockout mice succumb early to HSV-1-induced
neuroinflammation in the absence of IFN-stimulated responses (39, 54), and TLR3- and NF-kB
(NEMO)-related inborn defects in IFN are also well established as causes of HSE in humans (11,
55, 56). Rather, the Re/*”’X IFN transcriptional response is evocative of excess type I IFN
reactions in Aicardi-Gouticres inflammatory syndrome, often caused by mutations of variable
penetrance in IFN pathway genes (57). Pathological levels of type I IFN are also detected in human
cases of ISG15 deficiency (58), of inflammatory diseases like systemic lupus erythematosus (SLE)
and rheumatoid arthritis (RA), and during infectious tuberculosis (TB) and murine cerebral malaria
(59-61). IFN itself can also be toxic to neurons and exacerbate neurodegeneration following tissue
injury (62, 63). With the wide effect of the Re/“*”* mutation on upregulation of ISG gene
expression, these excess and unchecked IFN responses may contribute to brain immunopathology
and failure to contain viral replication.

A further subset of inflammatory genes that are highly induced beyond wild-type levels
were interleukin-1 receptor antagonist-encoding ///rn, and chemokine-encoding genes Cc/2 and
Cxcl10. Polymorphisms in human /L/RN have been associated with in vivo control of Epstein-
Barr viral load, and with inflammatory bowel and skin disorders that have also been associated
with the REL locus (64-66). On the other hand, Cxc/10 is notable for being induced and regulated
by c-Rel in T cells (67). While Cxc/10 has been shown to be protective on its own against ocular
HSV-1 infection (17), the expression of its cognate receptor Cxcr3 is detrimental to the host
following i.n. infection (21, 23). Here, infiltrating CXCR3" T cells are pathological in the brain
and auxiliary to viral replication during HSE, as are CCR2" and CXCR3" blood monocytes
attracted by CCL2 and CXCL10 production (24). In Rel“*"’X mice, these inflammatory factors are
expressed at day 5 p.i., likely by resident microglia (16, 68), prior to the observed recruitment of
peripheral immune cells to the brain at day 7 p.i. Here, the late and excessive infiltration of
activated myeloid cells (CD45™ and in majority Ly6C"), and of CD4" and CD8" T cells (in
majority CXCR3" and CD44"), was associated with augmented viral replication in paired TG, and
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concurrent with previously characterized production of T helper type 1 (Thl) cytokines in the
brainstem and cerebellum (26), suggesting that these cells also play a pathological role in Re/<3"7X-
triggered HSE.

Interestingly, these later increases in leukocyte trafficking to the Re/*’’% brain were
preceded at day 5 p.i. by enrichment of IFN-stimulated and activated T cell and myeloid cell gene
signatures. Moreover, inflammatory gene profiles similar to CD4" T cells and peripheral blood
mononuclear cells (PBMCs) respectively isolated from SLE and multiple sclerosis patients were
overrepresented in Re/*"’X mice, as opposed to cytotoxic or antigen-dependent antiviral programs.
Overall, our RNA sequencing dataset did not support a role for Rel“**’*-dependent defects in the
classical cellular antiviral response, echoing normal antiviral T cell responses observed in Rel”
mice during influenza infection (69). With peripheral CD4" T cell numbers being augmented in
the blood and spleen at day 4 post-infection but producing normal levels of IFN-y at day 5 (26),
the Rel®”’X mutation instead appears to affect the regulation of T cells in their capacity to mediate
inflammation, in their recruitment to the brain, and their misplaced role as pathological effectors
in the infected Rel/“**’”Y CNS. Furthermore, intracellular staining indicated that wild-type c-Rel
protein is highly expressed and notably upregulated by HSV-1 infection in Ly6C" infiltrating
myeloid cells and T cells in the brain, in contrast to resident microglia that express c-Rel well, but
do not upregulate it during following infection. Thus, infiltrating T and myeloid cells and resident
myeloid cells would be worth examining at the single cell level, collected from the in vivo HSV-
l-infected CNS, to determine if Re/“**’X-driven dysregulation in homeostatic, IFN-related or
inflammatory responses is occurring in distinct or multiple cell populations. Further investigation
by immunohistochemistry would clarify how astrocytes, that do not survive tissue digestion and
mincing, behave and contribute to our model. Brain-infiltrating regulatory T cells (Tregs) and other
T cell subsets, that were too few to reliably quantify in our flow cytometry experiments, may be
more easily detectable using magnetic pre-enrichment of T cells.

Thus, the Rel“*°”¥ HSV-1 infection model captured an altogether different aspect of HSE
disease compared to cases of inherited type I IFN/TLR axis deficiencies. Re/*”* mice were
instead defined by excess IFN-stimulated and neuroinflammatory responses, in turn attracting
pathological T and myeloid cells to the brainstem whose resident cells, showing early signs of
dysregulated cell cycle and survival, ultimately failed to tolerate inflammation and to control viral

replication. In the wider context of c-Rel-dependent regulation of host responses, the association
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between the Re/“*””X mutation and susceptibility to HSE, an acute viral infection, was notable,
compared to Rel”” animals that are generally resistant to acute influenza infection, to experimental
autoimmune encephalomyelitis (EAE) and to anti-CD40-induced colitis (69-71), and only
susceptible to long-term parasitic (Toxoplasma, Leishmania) or bacterial (Citrobacter rodentium)
infections and colitis-associated cancer (72-75). Beyond the known contribution of the human REL
locus to a wide range of human inflammatory diseases, REL has also recently been implicated in
broad susceptibility to chronic human herpesvirus-5, Salmonella and Cryptosporidium infections
in a c-Rel-deficient patient (76). The involvement of c-Rel in these diseases, in its capacity as a
regulator of inflammation, supports our findings that the truncated C307X c-Rel protein disrupts
the regulation of cell-mediated host defence to HSV-1 infection. The Rel“**”* model also
highlights the detrimental effect of cellular infiltration and pathological inflammation in HSE and
in virus control, where c-Rel or upstream regulators of the c-Rel pathway may potentially be

targeted to reduce inflammation and long-term sequelae in the HSV-1 infected brain.
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FIGURE 1. Global transcriptional changes in HSV-I-infected brainstems define high and low

response groups among Rel”" and Rel“*""* mice.
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FIGURE 1. Global transcriptional changes in HSV-I-infected brainstems define high and low
response groups among Rel”" and Rel®Y mice.

Dual RNA sequencing was performed on brainstems collected from HSV-1-infected Rel™" (n =
5) and Rel“*””Y (n = 6) female mice at day 5 p.i., along with corresponding and non-infected
controls (NI; n = 4 per genotype). (A) Coverage of viral transcript reads mapping to the sense or
anti-sense strands of the HSV-1 strain 17 genome. 3 of 5 Rel™’* and 3 of 6 Rel3””X HSV-1-infected
samples that demonstrated the highest coverage are denoted (+/+ HSV') and (C307X HSV').
(B) Hierarchical clustering of HSV-1-infected samples into high- and low-responding groups
[HSVH! or HSV'O] based on the detection of 75 viral open reading frames. These 75 viral
transcripts are grouped by their known expression kinetics, namely the immediate-early, early, and
late gene phases, and the latency-associated transcript (LAT). (C) Total paired sequence fragments
aligning to the HSV-1 genome per group, expressed as counts normalized per million host reads.
(D, E) Separate principal component analyses (PCA) for all 19 samples were performed across all
75 viral transcripts, and across 16,303 host genes expressed at > 3 CPM in at least 3 samples. In
(D) viral PC1 is shown against host PC1, and in (E) RS! (ICP4) relative expression is shown
against host PC1. (C) Data represent mean = SD. Statistical tests: (C) Two-way ANOVA with

Tukey’s multiple correction test. **** p < (0.0001
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FIGURE 2. Differentially expressed gene networks in non-infected Rel“*’’* brainstems.
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FIGURE 2. Differentially expressed gene networks in non-infected Rel®>"’* brainstems.

(A) Volcano plot of gene expression differences at steady-state in C307X NI compared directly to
+/+ NI (n = 4 mice per group). Coloured points indicate differentially expressed genes (36 DEG
upregulated, 9 DEG downregulated) with >1.5-fold change in expression and that met a threshold
of ¢ < 0.05 (BH-adjusted). (B, C) Expression of select Re/“*’”*-downregulated (B) and Re/“37X-
upregulated (C) genes identified in A across all sample groups. (D) Hierarchical clustering of
leading genes that drive the enrichment (¢ < 0.05) of curated gene sets in C307X NI mice (red,
N=66) and in +/+ NI mice (blue, N=80) using GSEA. (E) Normalized expression of leading genes
common to at least 10% of the enriched gene sets in each cluster defined in D, with select genes
highlighted for each cluster. (F) Representative enriched gene sets representative of C307X NI
(red) and of +/+ NI (blue) enrichment clusters defined in D. (B, C) Data represent mean + SD; FC
and g-values (BH-adjusted) were assessed between NI groups using edgeR. (D and F) g-values
(BH-adjusted) and normalized enrichment scores were assessed using GSEA, as further described

in Materials and Methods.
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FIGURE 3. Elevated expression of defence response genes in high-responding Rel“3"X
brainstems at day 5 post HSV-1 infection.

Volcano plots of gene expression changes in (A) +/+ HSVH! brainstems and (B) C307X HSVH!
brainstems compared to the +/+ NI group. Coloured points indicate differentially expressed genes
at a threshold of ¢ < 0.05 (B-H-adjusted) and of greater than 1.5-fold change in expression. (C)
Expression of select differentially expressed genes (DEG) identified in A and B across all sample
groups. (D, E) DEG for both +/+ HSVH and C307X HSV™! high-responders are plotted against
their corresponding fold-change in each respective low-responding groups (upper panels).
Upregulated genes for which standard residuals > 1 standard deviation from the mean are indicated
in blue for +/+ groups, and in red for C307X groups (lower panels). (F) Representative gene
ontology (GO) terms enriched (p < 0.05) in both +/+ and C307X gene groups whose standard
residuals >1 as defined in E and F. (B, C) Data represent mean + SD. (F) Nominal p-values for

enriched GO terms were assessed using DAVID, as further described in Materials and Methods.
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FIGURE 4. Dysregulated IFN and inflammatory pathways in high-responding HSV-1-infected
Rel®"X brainstems.

(A) Heatmap of normalized gene expression of 51 DEG [> 1.5-fold change in expression, and g <
0.05 (BH-adjusted)] in C307X HSV! compared directly to +/+ HSVH (n=3 mice per group) in the
brainstem at day 5 post HSV-1 infection. (B) Gene ontology (GO) terms enriched (p <0.05) across
the 51 C307X HSV!! DEG defined in A. (C) Hierarchical clustering of leading genes that drive
the enrichment of curated gene sets in C307X HSVM mice compared to +/+ HSV! mice using
GSEA (atleast ¢ <0.001, top N=200 gene sets). (D) Normalized enrichment scores for select gene
sets enriched in C307X HSV" mice (¢ < 0.001), representative of the 11 clusters defined in C. (B)
Nominal p-values for enriched GO terms were assessed as using DAVID, and (C and D) g-values
(BH-adjusted) and normalized enrichment scores were assessed using GSEA, as further described

in Materials and Methods.
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FIGURE 5. Myeloid and T cell infiltrations in the brain of high-responding Rel“*"’* mice.

Whole brain tissue was collected from HSV-1-infected Rel/™* and Rel“*"’X mice at day 5 (D5) and
day 7 (D7) p.i., along with corresponding and non-infected controls (NI) (n > 11 per group). (A)
Flow cytometry plots of representative myeloid (CD45™ CD11b") and lymphoid (CD45™
CD11b) cell populations at NI, D5 and D7 timepoints, and indicating percentages of singlet and
viable brain-isolated cells. (B) CD45" CD11b" activated myeloid cells were enumerated, with
(C) D7 cell counts plotted against viral /CP4 relative expression in corresponding trigeminal
ganglia (TG). (D) Ly6C'Ly6G™ (monocyte-like) activated myeloid cells were also quantified, as
well as CXCR3 'Ly6C Ly6Greells. (E) Flow cytometry plots of representative CD4" and CD8" T
cell populations at NI, D5 and D7 timepoints, and indicating percentages of singlet and viable
CD45"'CD11b"CD3"NK1.1" T cells. (F) CD4" T cells were enumerated, and (G) D7 cell counts
plotted against viral ICP4 relative expression in corresponding TG. (H) CD44"CD62L" and
CXCR3"CD4" T cells were also quantified. (I) CD8" T cells were enumerated, and (J) D7 cell
counts plotted against viral ICP4 relative expression in corresponding TG. (K) CD44"CD62L" and
CXCR3"CDS8" T cells were also quantified. Full gating strategies are detailed in Supplementary
Fig. S3.4C. Experiments include male and female mice, and data represent mean + SD. Statistical
tests: (B, D, F, H, I, K) Two-way ANOVA with Tukey’s multiple correction test. (C, G, J) For
linear regressions, 95% confidence intervals (dotted lines), 2, and p-values are included to evaluate

goodness-of-fit. ** p <0.01, *** p < 0.001, **** p < 0.0001
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SUPPLEMENTAL FIGURE 1. Dimension reduction analyses of viral and host gene expression.

Dual RNA sequencing was performed on brainstems collected from 19 HSV-1-infected mice, here

labeled and divided into 6 groups as defined in Figure 1, first by genotype, and further by either

non-infected (NI) mice, or low-responders at day 5 p.i. with HSV-1 (HSV'©), or high-responders
at day 5 p.i. with HSV-1 (HSVH). (A) Principal component analysis (PCA) performed for all 19

samples across all 75 viral transcripts, with PC1 plotted against PC2. (B) Percentage of total

variation explained by the first viral 10 PC in A. (C) PCA performed for all 19 samples across all

16,303 host genes expressed at >3 CPM in at least 3 samples, with PC1 plotted against PC2 (left

panel), and with PC1 plotted against PC3 (right panel). (D) Percentage of total variation explained

by the first 10 host PC in C.
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SUPPLEMENTAL FIGURE 2. Non-infected and Rel®"% genotype-dependent gene expression
profiles.

(A) Heatmap of normalized gene expression of 45 DEG [>1.5-fold change in expression, and g <
0.05 (BH-adjusted)] in C307X NI compared directly to +/+ NI (n = 4 mice per group). (B) 231
total virus-driven DEG [>1.5-fold change in expression, and ¢ < 0.05 (BH-adjusted)] were
identified by comparing all high-responding HSV!! mice (n = 6) against all NI mice (n = 8),
irrespective of genotype. Of the 51 DEG identified between C307X HSV"! and +/+ HSV™! mice
in Figure 3.4A, 13 DEG varied only due to the contribution of the Re/“**’X genotype. (C) Heatmap

of normalized expression of these 13 Rel/“***-specific DEG across all sample groups.
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SUPPLEMENTAL FIGURE 4. Gating strategies for flow cytometry in the brain.
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SUPPLEMENTAL FIGURE 4. Gating strategies for flow cytometry in the brain.

Whole brain, brainstem and trigeminal ganglia (TG) tissues were processed and single cell
suspensions isolated and stained for flow cytometry. (A) Counting beads (5000 per sample) added
to each sample immediately prior to acquisition. (B) Total singlet, viable, and debris-excluded
cells quantified per sample in the whole brain. (C) Representative gating strategy for cells acquired
in day 7 HSV-infected whole brain samples. Cells are first gated on singlet and viable populations,
and debris gated out, followed by the separation of key brain-resident and infiltrating populations
using CD11b and CD45 markers. From CD45 CD11b™ resident cells, neurons (NeuN") and
oligodendrocytes (04") are identified, while resident microglia are CD45™TCD11b". Activated
myeloid cells (CD45"'CD11b") may include both inflammatory infiltrating myeloid cells or
activated microglia, and are further separated into Ly6G" (neutrophil-like) or Ly6GLy6C*
(monocyte-like). NK1.1"CD3" NK cells, which may temporarily express CD11b" in their
penultimate stage of development, are gated from all CD45"! cells. Lymphocytes (CD45!
CD11b") are gated into B220"CD3" B cells and CD3"NK1.1" T cells, and these T cells further by
CD4" and CD8" expression. Further endophenotypes included CXCR3", CD44" or CD62"
expressing subsets. Finally, c-Rel expression was quantified in wild-type Rel/™" mice, with Re/<3/"X
mice serving as a biological negative control to set the c-Rel positive gate, owing to the C-terminal-
specific anti-c-Rel antibody not recognizing the truncated C307X c-Rel protein. (D) Total debris-
gated, viable, and singlet cells quantified per sample in the brainstem. (E) Representative gating
strategy for cells acquired in day 5 HSV-infected brainstems, following a similar strategy as
described in C. (F) Total singlet, viable and debris-gated cells quantified per sample in the TG.
(G) Representative gating strategy for cells acquired in day 4 HSV-infected TG, following a
similar strategy as described in C. In the absence of microglia and with fewer total cells, all CD45™!

cells were used to better gate NK cells and T cells.
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SUPPLEMENTAL FIGURE 5. Flow cytometry analysis of CNS-resident and infiltrating cells.
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SUPPLEMENTAL FIGURE 5. Flow cytometry analysis of CNS-resident and infiltrating cells.
(A) TG were collected from HSV-1-infected Rel”" and Rel/“*"’X mice at day 4 (D4) along with
corresponding and non-infected controls (NI) (n > 3 per group). Flow cytometry plots of
representative myeloid (CD45°CD11b") and lymphoid (CD45"CD11b") cell populations indicate
percentages of singlet and viable TG-isolated cells, and CD45°CD11b" activated myeloid cells are
quantified in (B). (C) In the TG, flow cytometry plots of representative CD4" and CD8" T cell
populations indicate percentages of CD45°CD11b"CD3"NK1.1" T cells, and (D) CD4" and (E)
CDS8" T cells are quantified. (F) Brainstems were collected from HSV-1-infected Re/”* and
Rel®"Y mice at day 5 (D5) along with corresponding and non-infected controls (NI) (n > 6 per
group). Flow cytometry plots of representative myeloid (CD45"CD11b") and lymphoid
(CD45"CD11b") cell populations indicate percentages of singlet and viable brainstem-isolated
cells, and CD45" CD11b" activated myeloid cells are quantified in (G). (H) In the brainstem, flow
cytometry plots of representative CD4" and CD8" T cell populations indicate percentages of
CD45"CD11bCD3'NK1.1" T cells, and (I) CD4" and (J) CD8" T cells are quantified. In whole
brain samples corresponding with Figure 3.5, all myeloid, lymphoid and brain-resident cell
populations are enumerated in Re/”" and Rel“*”’X mice by timepoint, namely (K) NI, (L) day 5
post-HSV-1 infection, and (M) day 7 post-HSV-1 infection. Full gating strategies are detailed in
Supplementary Fig. S3.4C. Experiments include male and female mice, and data represent mean
+ SD. Statistical tests: (B, D, E, G, 1, J) Two-way ANOVA with Tukey’s multiple correction test.
(K-M) Student’s T test comparing both genotype groups per cell type. *p <0.05, **p <0.01, ***p
<0.001, ****p <0.0001
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SUPPLEMENTAL FIGURE 6. c-Rel expression in resident and infiltrating cells of the brain.
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SUPPLEMENTAL FIGURE 6. c-Rel expression in resident and infiltrating cells of the brain.
Expression of c-Rel as a (A) percent of total cells and (B) median fluorescence intensity (MFI) for
major resident and infiltrating cell populations in the wild-type Rel™" whole brain at steady-state
(NI in white; n = 3 mice) or at day 5 post HSV-1 infection (D5 in colour; n = 11 mice).
Representative histograms depicting c-Rel expression as fluorescence intensity or quantified by
MFI for NI and D5-infected Rel™" and Rel/“*"’X groups in (C) neurons, (D) oligodendrocytes, (E)
microglia, (F) Activated myeloid cells, (G) Ly6G" neutrophil-like and (H) Ly6C 'Ly6G™ monocyte-
like activated myeloid cells, (I) CD4" T cells, (J) CD8" T cells, (K) B cells, and finally (L) NK
cells. Full gating strategies are detailed in Supplementary Fig. S3.4C. Experiments include male
and female mice, and data represent mean = SD. Statistical tests: (A-C) Student’s T test comparing
both timepoint groups per cell type. (E-L) Two-way ANOVA with Tukey’s multiple correction
test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
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BRIDGING STATEMENT TO CHAPTER FOUR

The previous two chapters provide an in-depth characterization of a novel chemically-

induced Rel307X

mutation and its associated phenotypes as they relate to HSE disease.
Interestingly, HSE susceptibility relied on Re/“**’*-dependent defects in both brain resident and
infiltrating hematopoietic cell compartments, and on dysregulated and augmented type I IFN-
related responses in the brain. As a novel HSE etiology in mice, Re! is distinct from the type I IFN
deficiencies that account for a majority of childhood HSE cases for which a genetic cause has been
reported, and instead emphasizes the contribution of cell-mediated pathological inflammation and
cell death to HSE. Specifically, our studies have helped to define CD4" T cells and infiltrating
activated myeloid cells as linchpins of these adverse responses, and likely to be most affected by
defective regulation by the truncated C307X c-Rel transcription factor.

The susceptible Re/*”* HSE model also stood out among other disease models that we
routinely employ in our laboratory, where preliminary investigations showed that Re/“*”’X mice
were resistant to influenza infection and to experimental autoimmune encephalomyelitis (EAE), a
model of multiple sclerosis-like disease. Considering that immune responses to viruses must often
balance antiviral immunity against excess damage to the host, we questioned if Re/“**”*-dependent
defects or mechanisms that were detrimental in HSE, would be otherwise beneficial in another
infection. We selected coxsackievirus B3 (CVB3), an RNA enterovirus known to induce viral
myocarditis in the hearts of genetically susceptible mice, as the focus of the following chapter.
From the literature, studies have suggested that NF-kB responses may be detrimental to CVB3
myocarditis in mice, with upstream adaptor Myd88” mice being resistant to infection compared to
susceptible wild-type mice. As our group and others have shown, Myd88” mice are susceptible to
HSE. Thus, we hypothesized that Re/“**”* mice would be resistant to CVB3 infection. The
following chapter will examine the effect of the mutation in an opposite model; CVB3 is an RNA
virus, cardiotropic, and resident cardiomyocytes may have a different tolerance to inflammation.
Yet, both the heart and the brain are essential organs, with high energy requirements, and likely to
attract a similar profile of infiltrating c-Rel-expressing immune cells in response to viral infection.
The CVB3 model would also provide a further opportunity to refine our two-pronged RNA

sequencing/flow cytometry approach to understand regulatory disruptions in the Rel/*’’%

transcriptional landscape.
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4.1 ABSTRACT

Coxsackievirus B3 (CVB3) is the predominant cause of viral myocarditis in humans.
Experimental mouse models of CVB3 infection have underscored the important contribution of
host genetics to viral myocarditis onset and severity. Cell-intrinsic type I interferon production is
an essential component of the protective host response to CVB3. On the other hand, cell-mediated
inflammation and T cell infiltration can be pathological in the CVB3-infected heart. We have
previously reported that mice carrying a homozygous Rel/“*?”X mutation, resulting in a premature
truncation of the NF-xB family transcription factor c-Rel, succumb to lethal herpes simplex
encephalitis due to excessive viral replication and neuroinflammation. In the present study, we
sought to evaluate the role of c-Rel-dependent regulation in the inflamed heart. Following
intraperitoneal infection with 30 PFU/g CVB3, Rel/“*”’* mice were more resistant to lethal
myocarditis (p = 0.0026) compared to wild-type Rel™’" littermates, of which half developed lethal
myocarditis by day 8 postinfection. Using dual RNA sequencing in the heart, we found that
Rel®3"X hearts exhibited lower CVB3 viral transcript expression by day 4 and reduced viral titers
by day 8 compared to Rel”" hearts. The host gene expression landscape in Rel“”’X hearts was
characterized by dampened basal inflammation and interferon (IFN)-dependent signaling at
steady-state. At the day 4 peak of viral infection, Re/**’”Y mice produced an IFN-dependent
response that was equivalent to Re/"* mice. Importantly, upon lymphocyte infiltration of the heart
at day 8 postinfection, the Re/*’”* mutation resulted in the downregulation of several genes
involved in cell-mediated inflammation and activation (including Igkc, H2-Aa, Cd2, Sla, Gzma),
and upregulation of genes involved in normal heart function and metabolism (Herpudl, Ucp3,
Pdk4) compared to Rel”" mice. In sum, this dual transcriptome profiling of CVB3-infected
Rel®"7Y mice establishes c-Rel as a key regulator of pathological cell-mediated cardiac

inflammation during CVB3 infection.

4.2 INTRODUCTION

Viral myocarditis, and its possible complication of dilated cardiomyopathy (DCM),
account for 4 to 20% of sudden heart failure in young adults (1). The most common etiology of
viral myocarditis is infection with strains of coxsackievirus B3 (CVB3) that explain an estimated

25 to 40% of childhood and young adult cases, followed by adenovirus, cytomegalovirus, or
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parvovirus infections (1, 2). CVB3 is a single-stranded RNA enterovirus of the Picornaviridae
family transmitted by the fecal-oral route, and can infect cardiomyocytes via host coxsackievirus
and adenovirus receptor CAR and decay-accelerating factor DAF (3). Acute viral replication in
the heart triggers lymphocyte infiltration and tissue necrosis, and eventually tissue remodeling
upon viral clearance (4). In some cases, fibrosis and hypertrophic remodeling will lead to
ventricular dilation, and subsequent heart failure (2). Thus, CVB3 myocarditis is a heterogeneous
disease, and severity is not always correlated with the virulence of the causal CVB3 strain,
suggesting that host genetics may play a role in disease onset and pathogenesis.

In cardiac resident cells and infiltrating hematopoietic cells, cell-intrinsic pathogen sensing
through Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs) activate transcription factors
IRF3, IRF7 and NF-kB, which in turn induce expression of antiviral type I interferon (IFN) and of
proinflammatory cytokines. The protective role of the TLR/type I IFN axis been confirmed in
mouse models of CVB3 myocarditis. Mice deficient in 71r3, Unc93bl1, Ticaml (TRIF) and Ifnb,
as well as cytoplasmic RLR sensor [fihl (MDAS) and adaptor Mavs, exhibit elevated viral
replication and cardiac inflammation (5-8). On the other hand, myeloid differentiation primary
response 88 (MYDS88) and interleukin-1 receptor associated kinase 4 (IRAK4), respectively an
adapter and a kinase involved in TLR2, TLR4, TLR7, TLR8 and TLR9 signaling upstream of NF-
kB, contribute to lethal myocarditis and CVB3 viral escape in mice (9, 10). In particular, CVB3-
resistant Myd88”- mice produce augmented IRF3-dependent IFN-B, and exhibit reduced leukocyte
infiltration and lowered expression of p56lck, a tyrosine kinase essential for T cell signaling and
activation (9). Regarding the antigen-specific T cell-mediated response to CVB3 infection, the
resistance of p56lck”, Cd4”-Cd8"", and Tcrb”” mice all indicate that cardiac T cell infiltration is
detrimental to the host (11, 12). Additionally, from resistant /rak4”~ mice that featured increased
recruitment of protective CCR5" myeloid cells to the heart, it is clear that the regulation of
infiltrating immune can affect the outcome of cardiac infection (10).

An effective cell-mediated antiviral response must balance the need for protective
inflammation against the risk of causing pathological damage to the host, as is the case for
neurotropic herpes simplex virus 1 infection in the brain. Childhood cases of herpes simplex
encephalitis (HSE), resulting from infection with HSV-1, have been linked to inborn genetic
mutations in several genes of the TLR3/type I IFN axis, including 7LR3, UNC93B1, and TRIF
(13-16). In mice, our group has previously identified an N-ethyl-N-nitrosourea (ENU)-induced
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nonsense mutation in the reticuloendotheliosis oncogene Rel, encoding the NF-kB family c-Rel
transcription factor (17). Homozygous Re/*”Y mice express a truncated c-Rel product, and are
susceptible to lethal HSE, exhibiting elevated viral titers, excessive neuroinflammation, and cell
death in the brain. Notably, Re/*"’X mice are not deficient in type I IFN signaling or in cytotoxic
antigen-specific T cell function. They are instead compromised in their ability to regulate cell-
mediated responses, and are characterized by augmented CD4" effector T cells and depleted
CD4°CD25 Foxp3" regulatory T cells (Tregs) in the periphery during HSV-1 infection. Thus, c-
Rel is protective during HSE.

Given that MYDS88 and IRAK4 contribute to the pathological cell-mediated response
during CVB3 myocarditis (9, 10), and that these factors lie upstream of NF-kB and c-Rel, here we
employed host-virus RNA sequencing and flow cytometry to determine how CVB3-infected
Rel®X mice regulate cellular responses and control virus in the inflamed heart. Where half of
wild-type Rel™* mice succumbed to lethal CVB3 myocarditis by day 8 postinfection (p.i.), Rel/<**X
were resistant, reducing CVB3 viral transcription at day 4 and viral titer by day 8. Gene expression
profiling further revealed that the Re/“*’”* hearts dampened basal IFN and inflammation in the
heart at homeostasis, mounted effective IFN-dependent responses at day 4, and significantly
reduced inflammatory and pathological gene expression at day 8 at the height of cardiac T cell
infiltration. Overall, these data indicate that c-Rel-dependent regulation plays a pathological role

in CVB3 myocarditis.

4.3 MATERIALS AND METHODS

E'thics statement

All experiments in this study were performed following the guidelines and
recommendations of the Canadian Council on Animal Care (CCAC) and in compliance with

protocol number #2001-4792 approved by the McGill University Animal Care Committee.

Mice and virus

Rel®"X mice were first generated in-house in an N-ethyl-N-nitrosourea (ENU)

mutagenesis screen as previously described in (17), and at the Mouse Genome Informatics (MGI)

database (MGI:6287253 or Rel® allele, http://www.informatics.jax.org/). Inbred Re/“3”X mice
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were backcrossed at least 4 times to the C57BL/6 background (The Jackson Laboratory), and were
maintained in a breeding colony at McGill University. Rel”- knockout mice were a kind gift from
Dr. S. Gerondakis (18). CVB3 H3 strain was amplified as previously described (19). For CVB3
infections, eight-week old mice were infected with 30 PFU of CVB3 per g body weight via
intraperitoneal (i.p.) injection, delivered in 200 ml sterile PBS. Infected animals were weighed and
monitored daily, and further monitored up to three times a day during the peak of infection (days
5 - 8 p.i.). Mice were euthanized upon observation of 20% loss of initial pre-infection body weight
and of lethargy, reduced mobility, piloerection or dehydration, or, in absence of clinical signs, at
experimental endpoint at day 2, 4 or 8 p.i. Following euthanasia at clinical or experimental
endpoint, mice were transcardially perfused with 10 ml cold PBS thorough the left ventricle.
Excised hearts were weighed, and for each mouse, a heart index was calculated relative to the
average tibia length (of both tibias) as described in (20), where heart index = (heart weight [mg] /
average tibia length® [mm?]), and further normalized to the average Re/”" heart index for each
sample group. Excised hearts were either collected in 5 ml PBS at 4°C for downstream flow

cytometry, or snap-frozen in liquid nitrogen for downstream viral plaque assay or RNA extraction.

CVB3 viral plaque assay

Snap-frozen infected heart tissue samples were homogenized in 1 ml DMEM using a
MagNA Lyser Instrument (Roche) at speed 6000 for 40 s. Confluent HeLa cell (ATCC CCL-2)
monolayers in 12-well plates were inoculated in duplicate with 10-fold serially diluted homogenate
samples, in supplement-free DMEM. After a 1 h incubation at 37°C with 5% COa, cells were
covered with DMEM containing 2% FBS, 1% penicillin/streptomycin, and 0.5 % agarose.
Following a 3-day incubation at 37°C with 5% CO», cells were fixed with 10% phosphate-buffered
saline, and stained with 0.5% crystal violet in 70% ethanol to visualize viral plaque formation.
PFU were calculated by averaging counts between two duplicate wells. The limit of detection
indicated in each figure represent the viral titer corresponding to a single detectable PFU at the

lowest sample dilution.

Flow cytometry of heart-infiltrating immune cells

Adapted from (21) with modifications, freshly excised hearts were minced and digested in

I ml 1X HBSS containing 675 U/ml collagenase I (Sigma), 187.5 U/ml collagenase XI (Sigma),
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and 9 U/ml hyaluronidase (Sigma) for 40 min at 37°C. Digested tissue was further triturated with
a micropipette, resuspended in a 40% Percoll™ solution laid over an 80% Percoll™ layer, and
centrifuged at 500 x g for 15 min with no break. Single cells were collected at the gradient
interphase, washed twice and resuspended in 1X PBS 2% FBS 2 mmol EDTA pending surface
staining. Cells were first blocked with anti-CD16/CD32 (eBioscience #16-0161) for 10 min at 4°C,
and were stained extracellularly for 20 min at 4°C with the following fluorochrome-conjugated
antibodies (clone, working dilution) from eBioscience (Invitrogen): B220 APC (RA3-6B2, 1:300),
CDI11b eFluor450 (M1/70, 1:300), CD11c APC-eFluor780 (N418, 1:200), CD25 PerCP-cy5.5
(PC61.5, 1:500), CD44 PE or APC (IM7, 1:200), CD45 PerCP-cy5.5 (30-F11, 1:200), CD62L
FITC (MEL-14, 1:200), CD69 FITC (H1.2F3, 1:200), CXCR3 PE-cy7 (CXCR3-173, 1:200),
F4/80 PE (V3NTY24, 1:250), NK1.1 PE-cy7 or eFluor450 (PK136, 1:200); and from BioLegend:
CD3 Brilliant Violet 605 (17A2, 1:200), CD4 Brilliant Violet 510 (GK1.5, 1:200), CD8a
eFluor450 or Brilliant Violet 785 (53-6.7, 1:200), CD45 Brilliant Violet 785 (30-F11, 1:200),
Ly6G Brilliant Violet 711 (1A8, 1:500), Ly6C Brilliant Violet 785 (HK1.4, 1:2000) and I-A/I-E
(MHC-II) AlexaFluor700 (M5/114.15.2, 1:1000). Cells were next stained with Fixable Viability
Dye (eFluor780-conjugated or eFluor506-conjugated, eBioscience #65-0865 or #65-0866) to label
dead cells. Finally, cells were fixed and permeabilized according to the manufacturer’s protocol
using the Foxp3/Transcription Factor Staining Buffer Kit (eBioscience #00-5523-00), and
counterstained intracellularly for 20 min at 4°C with the following antibodies (clone, working
dilution) from eBioscience (Invitrogen): Foxp3 APC (FJK-16s, 1:100) and RORyt PE-eFluor610
(B2D, 1:100). Prior to acquisition, 5000 counting beads (Spherotech #ACBP-50-10) were added
per sample. Cells were acquired on a BD LSRFortessa cytometer, and populations were gated
using FlowJo v. 10.1 software, as described in Supplementary Figure S4.2. Total cell counts for
each population were normalized to the total number of beads per sample and to the total number

of singlet and viable CD45" cells acquired in both staining panels.

RNA extraction and dual RNA sequencing

Total RNA was purified from excised heart tissue (corresponding to tissue surrounding the
left ventricle), and RNA sequencing was performed as previously described (22). Briefly, snap-
frozen samples were transferred to 1 ml TRIzol reagent (Invitrogen) and homogenized at speed

6000 for 40 seconds with a MagNA Lyser Instrument (Roche). Total RNA was extracted as per
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the manufacturer’s standard protocol. RNA samples were further cleaned up using the RNeasy
Mini Kit (Qiagen #74104) and following a DNasel treatment, as per the manufacturer’s standard
protocol. RNA integrity and purity was evaluated using a Bioanalyzer RNA Pico kit (Agilent), and
rRNA-depleted RNA samples were converted to cDNA libraries using the KAPA Stranded RNA-
Seq kit (Roche). Libraries were sequenced with an Illumina NovaSeq 6000 instrument to generate
50 bp paired-end reads. Low-quality reads (Phred score < 33) and leftover adaptor sequences were
removed with the Trimmomatic v.0.36 tool (23) using the following arguments:
ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 HEADCROP:4 LEADING:S TRAILING:3
SLIDINGWINDOW:4:20 MINLEN:36. All trimmed reads were first mapped using the HISAT2
v2.1.0 alignment tool (24) to an indexed mouse genome (GRCm38/mml0) using default
arguments. Mouse (host) gene expression was quantified by counting the number of strand-specific
reads aligning to exon features using the featureCounts tool (Subread package v1.5.2) (25). In
parallel, remaining unmapped trimmed reads were instead aligned to an indexed CVB3 Woodruff
variant ((26), GenBank: U57056.1) reference genome using HISAT2 with default arguments. Each
CVB3-aligned read pair was considered to be the product of an independent viral transcript, and
total CVB3 transcripts were counted over the 7,400 bp viral genome using featureCounts with the

default arguments.

Variant calling in the CVB3 viral population

In the scope of the following analysis, each pair of CVB3-aligned reads was considered to
belong to a distinct viral particle. First, sequencing depth was measured at all nucleotide positions
using samtools function “depth” function in the samtools v1.4.1 package (27). Available in the
beftools v1.9 package (28), the “mpileup” and “call” functions were used to identify the occurrence
of A, C, T, G or N bases at each genomic position at a maximum depth of 10,000 reads, and to call
variants at every position compared to the Woodruff CVB3 H3 reference genome, using the default
calling method and assuming a ploidy level of 1. For each position with a minimum depth of 10
and where a variant occurred at a frequency > 1% of the viral sequence population, a mutation rate
was calculated (variants per kb), in addition to Shannon’s entropy as a second measure of
nucleotide variation as described (29). To determine the variability across specific regions of the
CVB3 genome, the average entropy value was calculated across all variant positions in the entire

genome, or within the P1, P2 or P3 proto-peptide regions of the CVB3 genome.
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Differential host gene expression analysis

From raw host gene read counts, residual rRNA reads were discarded, and only host gene
that were expressed above 5 counts per million host reads (CPM) in at least 2 samples were
retained for downstream analysis, for a total of 13,610 expressed host genes. Using the edgeR
Bioconductor package, filtered count libraries were normalized with the TMM method (30), and
differentially expressed host genes were considered statistically significant if they demonstrated
>+ 1.5 fold change between pairwise groups, with ¢ < 0.05 (Benjamini-Hochberg (BH)-adjusted
p-value). Heatmaps were generated with CPM expression values per sample, normalized to the
average CPM values of a specified control group, using the “gplots” package in R and clustered

gene-wise using a Manhattan distance measure.

Functional enrichment analyses

Differentially expressed gene lists identified by RNA sequencing were queried using the
DAVID v.6.8 online database (31) for enriched gene ontology (GO) terms. Enriched GO terms in
the biological processes (BP4) category that met a nominal p-value cut-off of 0.05 were considered
significant. Additionally, gene set enrichment analysis was performed using GSEA (32) to detect
enrichment of previously published gene sets among all 13,610 expressed genes in our RNA
sequencing dataset between experimental groups. Our dataset was queried against gene sets listed
in the MSigDB v6.2 collection, available under the Curated Gene Sets (C2, N = 3406 sets,
including chemical and genetic perturbations, canonical pathways BIOCARTA, KEGG, PID and
REACTOME) or Immunological Signatures (C7, N = 4872 sets) category. Gene sets that met a
BH-adjusted p-value cut-off of at least ¢ < 0.05 were considered significantly enriched in each

condition. Finally, similar or redundant gene sets were grouped together to identify main immune

ZC307X Z+/+

or cellular pathways that were dysregulated in Re or Re mice using a leading edge
analysis. Briefly, genes that led the enrichment for each gene set (genes whose rank fell before or
at the rank of the gene with the highest enrichment score), and that were represented in at least 5%
of all enriched gene sets, were retained to hierarchically cluster gene sets using Manhattan distance

as a measure.
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Statistical tests

Specified in each Figure legend, statistical tests were performed using GraphPad Prism v.
6 software. Survival curves were evaluated with a log-rank (Mantel-Cox) test. Unpaired parametric
Student’s T tests were performed in experiments involving only two experimental groups.
Otherwise, Two-way ANOVA were performed with Tukey’s multiple correction test between
pairwise groups. A threshold of p < 0.05 was considered significant (*p < 0.05, **p < 0.01, ***p
<0.001, ****p <0.0001).

4.4 RESULTS

Rel®"X mice are more resistant to CVB3-induced myocarditis and better control viral replication

by day 8 post-infection

IC307X

Originally identified in an ENU mutagenesis screen, mutant Re mice have previously

been shown to express a truncated c-Rel protein (17). Following i.p. infection with 30 PFU/g

CVB3, male mice that were homozygous for the Re/<3"7X

allele exhibited increased survival by
day 8 p.i. compared to wild-type Rel™’" littermates (Fig. 1A), at which both groups had lost an
equal amount of body weight (Fig. 1B). As a gross measure of cellular infiltration, heart weights
and normalized heart indices were also comparable by day 8 (Fig. 1C, D). While viral titers were

lC3 07X

equivalent between groups at day 2 and at the day 4 peak of viremia, Re males saw reduced

viral replication by day 8 (Fig. 1E), providing further evidence of their CVB3 infection-resistant

I+ mice survived the infection,

phenotype. On the other hand, where approximately 50% of Re
CVB3 viral loads remained high by day 8 p.i. Of note, female mice of either genotype did not
succumb to CVB3 infection a 30 PFU/g CVB3 dose (Supplemental Fig. 1A), and while they lost
weight and harboured productive viral replication in the heart, no differential phenotypes were
recorded between genotype groups (Supplemental Fig. 1B-E). Thus, male mice were used in all
subsequent analyses.

Interestingly, full Rel”~ knockout mice, as well as compound heterozygotes (Rel'”,
Rel®37X-or Rel®377X%), were susceptible to CVB3 infection at a similar proportion to Rel/™* mice,
and none of these group successfully controlled viral replication better than another (Supplemental
Fig. 1F-J). Thus, two copies of the Re/*"’X allele are required to confer resistance to CVB3

infection.
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T cell infiltration and activation occur by day 8 post-CVB3 infection in the heart

To explore how the protective effect of the Re/*’”* mutation might involve the cell-
mediated response to CVB3 infection, hematopoietic cell populations were quantified at days 2, 4
and 8 p.i. in the heart as absolute counts (Fig. 2) or in proportion to the total number of infiltrating
CD45" cells (Supplemental Fig. 3). Most lymphocytes, including NK cells, B cells, CD4" and
CDS8" T cells, invaded the infected heart at D8 p.i., compared to day 4 (Fig. 2A, C, E, G, K).
Macrophages, classical dendritic cells (DC) and monocytes were also detected among day 8
infiltrating myeloid cells, with monocytes numbers increasing as early as day 4 p.i. (Fig. 20). Cell
counts for all populations were similar between Rel"”* and Re/“*’”* mice at day 8. Only CD4* T
cells, and their parent CD3" T cell population, constituted slightly larger proportions of total
CD45" cells in Rel“*"’X mice by day 8 p.i. (Supplemental Fig. 3). No further differences were
observed in the CD4" to CD8" T cell ratio across infection (Fig. 2F, Supplemental Fig. 3N).
Finally, while specialized CD4" T cell subsets, including CD4"RORyt" Thl7 cells and
CD4 Foxp3" regulatory T cells (Treg), were detected in the heart at steady-state and at D8 p.i.,
their numbers (Fig. 2J, N) or proportions (Fig. 31, J) were not otherwise affected by the mutation.
Together, these data suggest that in general, CVB3 infection does not trigger large-scale defects
in cellular responses that could explain differential viral titer control by day 8 p.i.

Lymphocyte populations were further examined to determine if the Re/*’”* mutation had
any influence on their activation. Activated CD69" NK cells gradually increased in number as the
infection progressed (Fig. 2B), and upregulated CD69 as early as day 2 p.i. (Supplemental Fig.
3B). CD69"CD3+ T cells were only detected in high numbers at day 8 p.i. (Fig. 2D, Supplemental
Fig. 3D). By day 8, most CD4" and CD8" T cells expressed the chemokine receptor CXCR3 (Fig.
2H, L), Supplemental Fig. 3G, L), and had mostly shifted towards an activated CD44"CD62L
profile (Fig. 21, M, Supplemental Fig. 3H, M). Overall, Re/“*”* lymphocytes expressed similar

levels of these activation markers at all timepoints compared to susceptible Re/™*

mice. Together,
these data suggest that in general, CVB3 infection does not trigger large-scale defects in cellular

responses that could explain differential viral titer control by day 8 p.i. in Re/**’X mice.
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Expression of CVB3 viral mRNA is limited by day 4 post-infection in Rel”>”X mice

Using a dual RNA sequencing approach, we measured the expression of virus- and host-
derived mRNA in heart tissue collected from non-infected mice, and from day 4 and day 8 CVB3-
infected mice. As early as day 4 p.i., Rel"”" hearts harboured at least two-fold higher levels of
CVB3-derived sequences compared to resistant Re/“**’X mice (Fig. 3A, 3B). By day 8, levels of
actively transcribed CVB3 mRNA products were similar and had decreased in both groups, in
strong contrast to the marked difference in productive, mature virus particles previously noted at
day 8 (Fig. 1E). Furthermore, in comparing discrete viral populations replicating in each mouse,
all groups exhibited a similar number of viral single nucleotide variants detected at a frequency of
greater than 1% of the entire virus sequence pool across all samples (Supplemental Table 1).
Synonymous and non-synonymous mutations were spread equally across the CVB3 genome
(Supplemental Fig. 4A-D). Mutations that were common to all mice, with an elevated 70 to 100%
penetrance in each host-isolated virus population, likely reflected variants that were already
present in the original CVB3 stock. Emerging variants (below 30% penetrance) were usually
unique to one sample and not to an entire group, suggesting that these mutations had emerged
independently of c-Rel-dependent host pressure. Finally, no differences in mutation rate,
quantified in variants per kb (Supplementary Fig. 4E) or by Shannon’s entropy (Supplementary
Fig. 4F), were observed between groups over the entire genome, or across sections corresponding
to the three major processed polyproteins of CVB3. Together, these data support a model where
the Rel“*”’Y mutation is associated with decreased viral transcription at day 4, and later translating
to a lower level of infectious virus at day 8, without affecting the diversity or fitness of the viral
populations in either host group.

Finally, a principal component analysis on our dataset to determine if host gene expression
was affected by active viral mRNA replication, absolute viral titers, or genotype. Non-infected,
day 4-infected and day 8-infected mice formed distinct clusters that were spaced apart from each
other, confirming that all three timepoints had captured a different aspect of the host response (Fig.
3C). However, where both genotype groups behaved very similarly at steady-state and at day 4

p.i., Rel”" mice only diverged from Rel/<3¥

mice at day 8 p.i. In other words, any variation in
viral mRNA transcription at day 4 appeared to have had little effect on the host transcriptome,

which was more closely associated with viral titers detected in corresponding samples at day 8
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(Fig. 1D). Thus, in this CVB3 infection model, differential host gene expression in the heart may

be driven in part by genotype and by infectious viral load.

The Rel“*"X mutation dampens basal inflammatory gene expression in non-infected hearts

Early steady-state alterations in c-Rel-driven regulation of gene expression can inform
survival outcome at later timepoints of infection. 10 differentially expressed genes (DEG) were
identified between non-infected Rel/™”" and Rel“*’”* mice (Fig. 4A). In addition to Rel, well-
expressed in the heart but downregulated in mutant mice at all timepoints, the immunoglobulin-
family Igha gene was another prominently Re/“**”*-downregulated gene at steady-state and later
at D8 p.i. (Fig. 4B). Otherwise, Re/*"’”* mice had higher expression of the long non-coding RNA
H19, a negative regulator of cell division notably induced in ischemic heart tissue (33), of the
regulator of lipid metabolism and apoptosis G0s2, and of molecular chaperone Hspa2. These genes
were foremost among leading-edge genes that drove the enrichment of ribosomal, translational,
and hypoxia pathways in Re/“*’”¥ mice (Fig. 4C-E, upper panels). On the other hand, the Re/™"
steady-state was enriched for signatures related to cell division (driven by genes including Mcm3,
Cenbl, Cdkl, Cdca3, and Cenpe), collagen-family genes, and surprisingly, IFN and myeloid cell
responses (driven in part by Statl, Oasll1, Ifit3, Rsad2, Ccr2, Fcerlg, Fcr2b, Cdl4, and various
complement genes) (Fig. 4C-E, lower panels). These gene sets suggest that cell division, basal
IFN signaling and some innate immune responses are dampened in the Re/“?’X heart even prior to
stimulation or infection. Thus, alternative regulation by the truncated C307X c-Rel protein in
homeostatic conditions may leave the heart poised to develop a protective immune response to
CVB3 infection that will be less damaging to the Rel“*”* host.

Rel®"Y mice mount a normal IFN-stimulated defence response by the peak of CVB3 infection at
day 4

lC307X

To further expand on the early effects of the Re mutation on a protective outcome to

CVB3 infection, gene expression profiles were compared at the day 4 peak of viral replication,

I** mice. An additional 10

immediately prior to the onset of lethal disease and pathology in Re
DEG were discovered at day 4 p.i. (Fig. 5A), including Re/“*”*-downregulated cardiac o-actin

and contactin-2 (Actcl, Cntn2) implicated in dilated cardiomyopathy and arrythmia (34, 35), and
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the eukaryotic elongation factor 2 kinase-encoding FEef2k gene, whose induction can modulate
CVB3 replication (36). Genes that were upregulated in Re/“*”’X mice included chemokine-
encoding Cxcl/l2, protocadherin-family member Pcdhl2, and the Heyl transcription factor
involved in heart and vascular development (37-39) (Fig. 5B). However, while these select DEG
are involved in different aspects of heart function and development, they do not capture the full
impact of CVB3 infection at day 4 on the host transcriptome. Rather, both Re/™”* and Re/“*”* mice
mounted a strong and equivalent innate response to infection, where the expression of 3353 genes
is either induced or repressed at a similar level in both groups compared to non-infected controls
(Fig. 5C). These comparable responses involve leukocyte migration, inflammation, cell death, and
cardiovascular development (Fig. 5D), with type I and type II IFN responses being largely equal
in both Rel”* and Rel/“*"’X mice (Fig. SE). Considering the above 10 DEG together with other

lC307X

infection-responding genes, only a handful of enriched gene sets were identified in Re mice,

related to cell division, NK cell activation, and Bc/6-dependent transcriptional regulation (Fig. 5F).

Contrarily, Rel™*

mice were defined by signatures that included ventricular heart failure (Fig. 5G).
In sum, both genotype groups at day 4 p.i. had similar gene expression profiles and appeared to
respond efficiently to infection, despite emerging signs of altered heart function. In particular, the
non-infected Rel™* or Rel“*’”* milieu, respectively characterized by augmented or reduced
inflammation at steady-state, may exert differential pressure on the heart by day 4 p.i., and later

influence leukocytes as they prepare to expand, invade and respond to CVB3 infection by day 8.

Dysregulated inflammatory, metabolic and adaptive immune pathways underlie the protective

Rel®Y host response in CVB3-infected hearts at day 8

Accompanying CVB3 escape or control in the heart, the greatest disruption of gene
expression occurred at day 8 p.i. In Re/“*’”X mice, 1769 repressed (blue) and 880 induced (red)
DEG were separated into 12 gene clusters, and were further grouped together by their kinetic
expression in Rel/”* and Rel“*’”* mice across all timepoints (Fig. 6A, B). Among Rel<*?"*-
downregulated genes, the lymphocyte-specific markers Lsp/ and Cd2, immunoglobulin chain- and
H2-family genes, and pro-apoptotic Bakl all belonged to clusters 1 to 3 (Fig. 6C, D), where
lymphocyte activation and motility, and antigen presentation via MHC-II had gradually increased
over infection in Rel"" hearts, but to a lesser extent in Re/“*”* hearts (Supplemental Fig. SA-B).

Expression of C-C-motif- and C-X-C-motif-family chemokines was similarly augmented in wild-
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type animals (Supplemental Fig. 6A, B). Rel”" mice also upregulated mitotic cell division genes
that comprised clusters 4 to 6 (Fig. 6E, Supplemental Fig. 5C), while cluster 12 genes confirmed
that innate cytokine (IFN-y) responses and antigen presentation via MHC-I dominated the wild-
type host response (Fig. 6H, Supplemental Fig. 5F). Also, the expression of IFN receptor genes

was higher in Rel™*

mice by day 8 p.i., as well as Casp3, Bok, Bcl2alb regulating cell survival
(Supplemental Fig. 6E, F). Contrary to these wild-type-enriched inflammatory pathways, genes
that were upregulated in mutant animals were grouped in Clusters 7-11 and belonged to pathways
related to metabolism, cellular respiration and lipid oxidation (Ucp3, Pdk4, Eginl) (Fig. 6F, G,
Supplemental Fig. 5D, E). Together with elevated expression of markers (Cxcli2, Ctfl, Kitl and
Vegfb) involved in heart development, remodeling and wound healing (Supplemental Fig. 6B-D),

these data indicate that normal heart tissue function is resuming in resistant Re/<*"*

mice by day
8 p.i.

Additionally, a global look at genes that were uniquely dysregulated in either Re/"”* or
Rel®"X hearts revealed that their transcriptional profiles completely diverged between
inflammatory immune cell activation or metabolic processes in the heart at day 8 p.i., directly
reflecting susceptible or resistant outcomes (Fig. 61-K). These opposite and wide-ranging
responses were further captured by GSEA, where susceptible Re/”* mice were enriched for
activated and proliferating cellular immune responses, and resistant Re/*”* mice for
mitochondrial, metabolic and ventricular functions (Supplemental Fig. 7A, B). Therefore, altered
c-Rel-dependent regulation restricts myocarditis in CVB3-infected Re/*?”* mice.

Finally, to better define genes that were directly or indirectly regulated by c-Rel by day 8
p.i., DEG that varied as a function of the virus were excluded from our dataset, leaving 406 DEG

uniquely driven by the Rel©"7X

genotype, of which a majority were variable at day 8, but not yet
induced at day 4 (Fig. 7A, B). Here, Rel“*"”*-upregulated genes belonged to hormone, metabolic
and heart development pathways, and included Herpud1, involved in maintenance of basal cardiac
homeostasis (40), and translation initiation factor Eif! (Fig. 7C, D). Disrupted expression of the

Tgfbr3 receptor-encoding and Tgfb3 ligand-encoding genes in Re/<"X

mice also suggest that c-
Rel may play a more direct role in regulating heart function (41). In contrast, cytoskeleton,
organelle, and cellular processes were hampered in mutant animals, along with Re/©?’X-depleted
immune-related genes like Ctla4 and Traf3. Altogether, these data further reinforce a model where

the Rel“3””X mutation, encoding a truncated c-Rel transcription factor, differentially regulates gene
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expression and shifts the cellular immune response to one that limits cardiac pathological

inflammation and promotes CVB3 resistance.

4.5 DISCUSSION

By revealing the full extent to which the host and virus transcriptomes diverged in Rel™*
and Rel“*"Y heart tissue, dual RNA sequencing has provided a framework to understand how c-
Rel regulation impacts heart function at steady-state and upon CVB3 infection. In particular, early
differences in homeostatic, inflammatory, and viral gene expression may grow to influence
immune cell responses, as immune cells infiltrate the heart by day 8 p.i. and allow Rel“”’X mice
to better control virus-induced pathology, rather than exacerbate it.

A key finding of this study was that Re/“**’% mice were more resistant to CVB3 infection
compared to wild-type mice. This phenotype was only observed in male mice; in the context of
C57BL/6 background mice, males are more susceptible to CVB3-induced myocarditis compared
to females, in part due to dimorphic heightened TLR4 expression over TLR2, augmented T cell
responses, and endocrine differences (42, 43). Where c-Rel has also been associated in cardiac
hypertrophy in mice (44), heart weight and indices were similar between genotype groups upon
infection. Also notable was the relative susceptibility of Rel”" mice to CVB3 infection compared

to resistant Rel<307X

mice, suggesting that mechanisms uniquely altered by the truncated C307X c-
Rel protein may underlie CVB3 resistance.

Empirically, increased survival of Re/“*’”* mice was associated with an important
reduction in infectious CVB3 viral load by day 8 p.i., as measured by plaque assay. Interestingly,
at peak CVB3 titers at day 4, transcription of CVB3-derived mRNA was significantly dampened
in Rel“*"% mice, suggesting that the host milieu had an early limiting effect on viral replication,
that would later translate to a decrease in mature virus particles by day 8. These effects were not
associated with variable expression of CVB3 entry receptors (coxsackievirus and adenovirus
receptor Cxadr or decay-accelerating factor Cd55) between the Rel™" and Rel/“*”’* heart muscle.
Nor were differences in viral replication driven by virus-specific factors. Where other studies have
reported multiple clonal populations of enterovirus sequences emerging in an infected host and

affecting viral pathogenesis (45), CVB3 sequences in Re/”" and Rel“*"’* hearts accrued a similar

number of variants at day 4 or day 8 p.i., and overall had deviated very little from the original
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infectious stock. Thus, Re/“*?”*-dependent viral control was likely the result of an effective early
innate host response, in a tissue environment that proved unfavourable to the CVB3 replication.
Among the major disruptions of the Rel/“**’X heart at steady-state were decreased
inflammatory and basal IFN-stimulated responses. Relative to non-infected Re/“*”* mice, Rel™*
hearts were enriched in STATI-dependent IFN signaling at homeostasis, itself predictive of
pathology in models of heart failure (46, 47). With many ISGs also doubling as inflammatory
mediators, and together with heightened expression genes encoding of Fc-family receptors, cell
cycle proteins, myeloid CCR2 and CD 14 markers, and especially IgA heavy chain, wild-type heart

tissue was more prone to basal cardiac inflammation compared to Re/<3?7*

mice. Together, steady-
state inflammation and IFN signaling could impact patrolling myeloid and naive T cells as they
transit the heart, and prime them towards a later pathological response to viral infection (48).
Furthermore, NF-kB activation and chronic inflammation are known to be detrimental to heart
function and to protective anti-CVB3 responses (49, 50), and could therefore explain how the
C307X truncated product acted as a dampener on these responses to promote resistance to an
eventual CVB3 challenge. However, while type I IFN can be damaging to the heart at homeostasis,
it is absolutely essential for control of CVB3 infection (8); T/r3”, Ifih1”- and Mavs™ mice are also
critically susceptible to CVB3 myocarditis (5, 51). Yet in this respect, both Rel/™" and Rel“3"X
IFN responses are strong and equal by day 4 p.i., suggesting that the innate anti-CVB3 response
was effective at the height of viral replication, but that an earlier dampening of basal inflammation
by the Rel/“*””Y mutation may have a protracted and protective effect against myocarditis.

With the innate host response being largely normal at day 4 p.i., only a handful of genes
were differentially expressed in the Re/“**’X heart. These DEG did, however, demonstrate that the
condition of the heart tissue was in accord with infection outcome. For one, the CVB3-susceptible
Rel"’ transcriptional landscape at day 4 is characteristic of early heart failure. Specifically, Cntn2
expression is typical in Purkinje fiber cardiomyocytes and can be a marker of arrythmia (35),
human ACTCI mutations have been identified in inherited dilated cardiomyopathies (34), and
Eef2k can be induced during the host response to reduce EEF2 activity and attenuate translation of
the CVB3 polyprotein (36). Otherwise, the response to CVB3 replication in the Rel“3?”X heart is
distinguished by genes involved in heart or vascular development, notably by Cxc/12 (39). While
CXCLI12 may also play a role in recruiting lymphocytes (52), expression of its cognate receptors

(Cxcr4 and Ackr3/CXCR7) were equivalent in Rel " and Rel“*”Y hearts, and T or B lymphocytes
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had not yet infiltrated by day 4 p.i. in either genotype group. Rather, genes related to cytokine-
stimulated NK cells were enriched in Rel“*"’% hearts, suggesting that an effective innate antiviral
response occurred in Re/“*"’X tissue. Further investigation into earlier gene expression profiles of
Rel™* and Rel“*""* mice at day 2 p.i. may reveal additional disruptions with far-reaching influence
on the pathological or protective host response by day 8.

However, by day 8 post-CVB3 infection, the host response in Rel/™* and Rel“*”’X mice was
deeply polarized. Rel™* mice were highly enriched for T cell and myeloid-dependent genes, for
antigen-specific responses, and for cell death mediators, diverging completely from resistant
Rel®"7Y mice that instead benefited from improved metabolic and heart specific processes.

However, heart-infiltrating cell populations were similar across both groups, with no significant

differences in CD4" or CD8" T cell numbers or ratio; only CD4" T cells comprised a slightly higher

ICSOZX l+/+

proportion of total infiltrating cells in resistant Re mice compared to Re/”"" mice. Rather, the
downregulation of genes related to the leukocyte response is a driver of CVB3 myocarditis
resistance in Re/“*"’% hearts. Crucially, similar to other c-Rel models of viral infection (17, 53),
these Rel/“*"*-dependent defects did not compromise the antigen-specific cytotoxic cell response,
as mutant animals successfully cleared the infection. Much like CVB3 resistant Cd4”CdS™,
Myd88” or NF-kB inhibitor-treated mice and their associated reductions in cytokine- and
chemokine-mediated inflammation (9, 11, 49), Re/“>””X mice were able to limit inflammation and
pathological T cell responses to CVB3. Other CD4" T cell subsets, including Foxp3™ Tregs and
RORyt" Th17 cells, have been reported to play a role in murine myocarditis models, with RORyt"
Th17 cells generally exacerbating pathology, and the impact of Foxp3™ Tregs proving more
controversial (54). While Rel“*’X have fewer peripheral Tregs (17), and both Tregs and Th17 cells
require c-Rel for their development (55), no significant differences were found between groups in
the relatively few heart-infiltrating Tregs and Th17 cells quantified in Re/"’* and Rel/“**’X mice at
day 8. Bone marrow chimeras would be especially useful to determine the relative contribution of
hematopoietic or resident cells to CVB3 resistance in our model, and prompt more focused
examination of key immune cell subsets or of c-Rel-expressing cardiomyocytes (44) and their role
in pathological inflammation or cell death.

JC307X

Overall, this first dual transcriptome profiling of CVB3 myocarditis in Re mice

establishes c-Rel as a necessary regulator of the pathological cellular immune response during

ICBOZX

CVB3-induced myocarditis. Further dysregulation by Re mutation of basal interferon and
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inflammatory responses, and its early dampening effect on CVB3 viral replication defect in
regulation, also stand out as key findings. Interestingly, the CVB3 resistance phenotype of Rel<3"7%
mice does not align with their susceptibility to HSV-1 encephalitis; the Re/**’X mutation drives
higher chemokine and IFN-related gene expression the brain, with pathological immune cell
recruitment resulting in viral escape and lethal encephalitis. Therefore, depending on the tissue
context, the RNA or DNA nature of a virus, or on the tissue-specific impacts of the host genetic

background, the same Rel/<3*

mutation can affect different cell-mediated pathways in its capacity
as a regulator of inflammation. With human REL also involved as a risk factor associated with
several inflammatory diseases (56-58), the c-Rel cascade and its effectors may prove to be

effective targets to help modulate inflammation.

4.6 ACKNOWLEDGMENTS

We are grateful to Patricia D’Arcy for expert technical support. We also thank the Cell
Vision Core Facility at McGill University and the Plateau de biologie moléculaire of the Institut
de recherches cliniques de Montréal (IRCM) for their assistance. M.M. was supported by the
Fonds de recherche du Québec — Santé. S.M.V. was supported by the Canada Research Chair
Program. This project was conducted with the support of Canadian Institutes for Health Research

Grants CTP-87520 and MOP-238757. The authors declare no financial conflicts of interest.

164



4.7 FIGURES AND LEGENDS

>
w

1
00 N 110
80 >
s 2 1001
s . p=00026
5 !
7] 4 5
‘q&; Ij—n 90
o | =
&._) 40 £
2 w0
201 4 Rel** (n=286) § 4 Rel** (n=26)
& RelC307X (n=39) A -+ Re/%307X (n=39)
0 2 4 6 8 e~ 2 3 4 5 & 7 &
Days p.i. Days p. i.
- 5- 6
250 15 u Rel** .
—~ 5 C307X —
| 5 A = ® Rel
5 200 ®e £ & AA
£ 2 ° 2 4
= < O 1.0 e e L O
< 1507 |4 3o A ° 2E 3 oP
] £ 3 s
= 100l ¢ 52 o Sg 2 %ﬁ o
© o o ® 2
I3} I = 0.5 O
T 2 9 1 ]
5071 A Rel**+ (n=4) e A Rel** (n=4) ) o ______ P
P RGIC3O?X (n=15) ° Re!c&‘ﬂ?x (n=15) LOD
o— ol— -1

FIGURE 1. Survival outcome and control of viral replication in CVB3-infected Rel“*"X mice.

(A) Survival and (B) weight loss of male littermate Re/™" and Rel“*’’* mice following i.p.
infection with 30 PFU/g CVB3. (C) Heart weight and (D) heart index normalized to the average
tibia length® per mouse were measured at D8 post-CVB3 infection in male littermate Re/™" and
Rel®"Y mice. (E) CVB3 viral titer was measured by viral plaque assay at days 2, 4 and 8 p.i. in
male littermate Rel/™”* and Rel“*””* mice; LOD indicates the limit of detection. (B) Data represent
mean + SEM, and (C, D, E) mean + SD. Statistical tests: (A) log-rank (Mantel-Cox) test, (C, D)

Student’s T-test and (E) Two-way ANOVA. **p <0.01, ***p < 0.001.
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FIGURE 2. Infiltrating immune cell dynamics in Rel“*"”" hearts following CVB3 infection.
Hematopoietic cells were isolated from whole hearts collected from CVB3-infected Re/™" and
Rel®"X male littermate mice at days 2, 4 and 8 p.i., or non-infected (NI) controls (n > 3 per group),
and enumerated by flow cytometry according to the gating strategy described in Supplementary
Figure 4.2. General lymphocyte populations include (A) NK cells (NK1.17CD3"), (B) CD69"
activated NK cells, (C) CD3" T cells (CD3"NK1.1°), (D) CD69" activated CD3" T cells and (E) B
lymphocytes (B220°CD3"). (F) Representative plots show CD4" and CD8" T cell populations,
with proportions indicated as percentage of total CD3" T cells, and further quantified in (G) CD4*
T cells, (H) CXCR3" or (I) CD44"CD62L" activated CD4" T cells, in (K) CD8" T cells, (L)
CXCR3" or (M) CD44"CD62L" activated CD8" T cells, and finally in (J) CD4" RORyt" T cells
and (N) CD4Foxp3™ Tregs. (O) General myeloid and dendritic cell population counts, including
neutrophils  (CD11b'Ly6G'Ly6C’), monocytes (CD11b'Ly6C'Ly6G’), macrophages
(CD11b"F4/80"MHC-II"), and dendritic cells (CD11¢"MHC-II"). Data represent mean + SD.
Statistical tests: Two-way ANOVA.
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FIGURE 3. Dual RNA sequencing of viral and host mRNA in CVB3-infected heart tissue.
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FIGURE 3. Dual RNA sequencing of viral and host mRNA in CVB3-infected heart tissue.

Dual RNA sequencing was performed on hearts (left ventricle) collected from CVB3-infected
Rel"" and Rel“*"’X male littermate mice at day 4 and day 8 p.i., along with corresponding and non-
infected controls (NI) (n=3 mice per group). (A) Coverage of paired reads aligning to the CVB3
strain H3 (Woodruff) genome, averaged over three mice in both +/+ and C307X genotype groups
at days 4 and 8 p.i. CVB3 final protein products, active sites (green), and cleavage sites by viral
proteases (red arrows) are indicated below. (B) Total CVB3 mRNA copies detected in each group,
expressed as CVB3-aligning counts normalized per million host reads. (C) Principal component
analysis was performed for all 18 samples across 13,620 genes expressed above a > 5 CPM cut-
off in at least 2 samples. (D) CVB3 viral titers are depicted for corresponding infected samples;
LOD indicates the limit of detection. (B, D) Data represent mean £+ SD. Statistical tests: (B, D)
Two-way ANOVA. **p <0.01, ****p <(0.0001, ns=non-significant.
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FIGURE 4. Host gene expression profile in Rel>”X hearts at steady-state.

(A) Volcano plot of 10 differentially expressed genes (DEG) in C307X NI mice (directly compared
to +/+ NI mice) that met a fold-change threshold of + 1.5 and a BH-adjusted g-value < 0.05. DEG
that are upregulated or downregulated in C307X NI mice relative to +/+ NI mice are coloured in
red or blue, respectively. (B) Expression of select DEG in non-infected mice, including +/+ NI-
upregulated Rel and Igha, and C307X Nl-upregulated H19, G0s2 and Hspa2. (C) GSEA analysis
was performed to identify enriched (¢ < 0.05) curated gene sets in C307X NI mice (red) or in +/+
NI mice (blue), with gene sets in each group clustered by common leading genes that drive their
enrichment. (D) Normalized expression of leading genes that are present in at least 10% of the
enriched gene sets in each cluster defined in C, with select genes highlighted for each cluster. (E)
Select enriched gene sets that are representative of C307X NI (red) and of +/+ NI (blue)
enrichment clusters defined in C. (B) Data represent mean + SD. Statistical tests: (B) FC and ¢-
values (BH-adjusted) were assessed between NI groups using edgeR. (C and E) g-values (BH-
adjusted) and normalized enrichment scores were assessed using GSEA, as further described in

Materials and Methods.
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FIGURE 5. Equivalent IFN-stimulated responses in Rel™ and Rel®”% hearts at day 4 post-CVB3

infection.
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FIGURE 5. Equivalent IFN-stimulated responses in Rel ™" and Rel>"’* hearts at day 4 post-CVB3
infection.

(A) Volcano plot of 10 DEG in C307X D4 mice that met a fold-change threshold of + 1.5 and a ¢-
value <0.05 (BH-adjusted) compared to +/4+ D4 mice. DEG that are upregulated or downregulated
in C307X D4 mice relative to +/+ D4 mice are coloured in red or blue, respectively. (B)
Expression of select DEG at D4 p.i., including +/+ D4-upregulated Actcl, Eefk2 and Cntn2, and
C307X D4-upregulated Cxcll12, Pcdhi2 and Heyl. (C) DEG for C307X D4 or +/+ D4 mice, each
compared to +/+ NI controls, are plotted by fold-change. DEG that are common in both C307X
D4 and +/+ D4 groups are depicted in black, while DEG that are unique to C307X D4 or to +/+
D4 are coloured red or blue, respectively. (D) Enriched gene ontology (GO) terms for 3353 DEG
common to both C307X D4 and +/+ D4 mice. (E) Heatmap of normalized expression of select
IFN-related genes defined in the REACTOME pathways “Interferon alpha/beta signaling”,
“Interferon gamma signaling”, and “Antiviral mechanism by IFN-stimulated genes” for all sample
groups. (F, G) GSEA analysis was performed to identify enriched (¢ < 0.05) curated gene sets in
C307X D4 mice (F) or in +/+ D4 mice (G), with enrichment curves shown for select immune or
curated gene sets. (B) Data represent mean + SD. Statistical tests: (B) FC and g-values (BH-
adjusted) were assessed between D4 groups using edgeR. (D) Nominal p-values for enriched GO
terms were assessed using DAVID. (F, G) g-values (BH-adjusted) and normalized enrichment

scores were assessed using GSEA, as further described in Materials and Methods.
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post-CVB3 infection.
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FIGURE 6. Altered expression of hematopoietic and heart-associated genes in Rel“*""* hearts at
day 8 post-CVB3 infection.

(A) Volcano plot of 2649 DEG in C307X D8 mice that met a fold-change threshold of + 1.5 and a
g-value <0.05 (BH-adjusted) compared to +/+ D8 mice. DEG that are upregulated or
downregulated in C307X D8 mice relative to +/4+ D8 mice are coloured in red or blue, respectively.
(B) Hierarchical clustering of DEG at D8 p.i. into 12 clusters, and further grouped by colour based
on their similar expression profiles across all time points. (C-H) Average gene expression (solid
lines) across n = 3 mice per group and across all genes grouped in (C) clusters 1 and 3, (D) cluster
2, (E) clusters 4, 5 and 6, (F) clusters 7, 8, and 9, (G) clusters 10 and 11, and (H) cluster 12; shaded
areas represent the standard deviation for each group and time point. Representative DEG and their
expression are also shown in CPM. (I) DEG for C307X D8 or +/+ D8 mice, each compared to
+/+ NI controls, are plotted by fold-change. DEG that are common in both C307X D8 and +/+
D8 groups are depicted in black, while DEG that are unique to C307X D8 or to +/+ D8 are coloured
red or blue, respectively. (J) Enriched GO terms for 1107 DEG unique to +/+ D4 mice (blue), or
(K) for 215 DEG unique to C307X D8 mice (red). (C-H) Data represent mean = SD. Statistical
tests: (C-H) FC and g-values (BH-adjusted) were assessed between D8 groups using edgeR. (J-K)
Nominal p-values for enriched GO terms were assessed using DAVID, as further described in

Materials and Methods.
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FIGURE 7. c-Rel-dependent changes in gene expression at day 8 post-CVB3 infection.

(A) 5721 total virus-driven DEG [>1.5-fold change in expression, and ¢ < 0.05 (BH-adjusted)]
were identified by comparing all mice at D4 or D8 p.i. (n = 12) against all NI mice (n = 6),
irrespective of genotype. Of the 2649 DEG identified between C307X D8 and +/+ D8 mice in
Figure 3.4A, 406 DEG varied only due to the contribution of the Re/“*?”* genotype. (B) Heatmap

ZC307X

of normalized expression of these 406 Re specific DEG across all sample groups. (C)

Enriched GO terms for 406 genotype-dependent DEG, with the upper panel (red) drawn from
Rel®"Y_upregulated genes, and the lower panel (blue) drawn from Re/“*’”*-downregulated genes.
(D) Expression of select DEG in CPM, including C307X D8-upregulated genes Herpudl, Tgfbr3
and Eif], and +/+ D8-upregulated genes Ctla4, Tgfb3, and Traf3. (D) Data represent mean + SD.
Statistical tests: (C) Nominal p-values for enriched GO terms were assessed using DAVID, as

further described in Materials and Methods.
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SUPPLEMENTAL FIGURE 1. CVB3 infection in female Rel3”X mice, in Rel”” males, and in

compound heterozygous males.
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SUPPLEMENTAL FIGURE 1. CVB3 infection in female RelSUX mice, in Rel” males, and in
compound heterozygous males.

(A) Survival (B) weight loss, C) heart weight and (D) heart index normalized to the average tibia
length?® per mouse, for female littermate Re/™" and Rel“*”X mice following i.p. infection with 30
PFU/g CVB3. (E) CVB3 viral titer was measured by viral plaque assay at days 2, 4 and 8 p.i. in
female littermate Rel™* and Rel“*"’* mice. (F) Survival, (G) weight loss, (H) heart weight, (I) heart
index, and (J) CVB3 viral titer for male Rel”", Rel™", Rel“>"”Y- and Rel®"”Y* mice following i.p.
infection with 30 PFU/g CVB3. (B, G) Data represent mean + SEM, and (C-E, H-J) mean £ SD.

LOD represents the limit of detection for each plaque assay, while blue or red dotted lines represent

Z+/+ lC307X

the average viral titer for male Rel™" or Re mice presented in Figure 4.1E, respectively.
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SUPPLEMENTAL FIGURE 2. Gating strategies for flow cytometry in the heart.

Single cell suspensions isolated from whole heart tissue were stained for flow cytometry as
described in Materials and Methods. (A) Counting beads (5000 per sample) added to each sample
immediately prior to acquisition. (B) Total singlet, viable, and debris-gated cells quantified per
sample in the whole heart. (C) Representative gating strategy for cells acquired in day 8 CVB3-
infected whole heart samples. Cells are first gated on singlet and viable populations, and debris
gated out, followed by the separation of key infiltrating CD45" immune cell populations. CD45"
cells are gated into NK1.1°CD3" NK cells, CD3"NK1.1" T cells and B220"*CD3" B cells, and CD3"
T cells are further separated by CD4", CD8" , CD4"RORyt" or CD4 Foxp3" expression. Further
endophenotypes included CXCR3, CD44/CD62 or CD69-expressing subsets. Finally, CD45" cells
are further gated into myeloid and dendritic cell populations, including CD11b"F4/80 " MHC-IT"
macrophages, CD11b"Ly6GLy6C" neutrophils, CD11b"Ly6GLy6C* monocytes, and CD11¢*
MHC-II" dendritic cells.
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SUPPLEMENTAL FIGURE 3. Proportions of infiltrating immune cell populations in Rel*°”* hearts
following CVB3 infection.
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SUPPLEMENTAL FIGURE 3. Proportions of infiltrating immune cell populations in Rel“3"*
hearts following CVB3 infection.

Hematopoietic cells were isolated from whole hearts collected from CVB3-infected Rel*" and
Rel®"X male littermate mice at days 2, 4 and 8 p.i., or non-infected (NI) controls (n > 3 per group).
Lymphocyte populations are expressed as a percentage of total CD45" cells, and include (A) NK
cells (NK1.1°CD3"), (B) CD69" activated NK cells, (C) CD3" T cells (CD3'NK1.1"), (D) CD69"
activated CD3™" T cells, (E) B lymphocytes (B220°CD3"), (F) CD4" T cells, and (K) CD8" T cells.
(G, L) CXCR3", (H, M) CD44"CD62L", (I) RORyt" or (J) Foxp3" subsets are shown as a
percentage of CD4" or CD8" T cells. (N) CD4" to CD8" T cell ratio is shown for groups across

infection. (O) General myeloid and dendritic cell populations are shown as a percentage of total

CD45" cells. Data represent mean + SD. Statistical tests: Two-way ANOVA. *p < 0.05
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SUPPLEMENTAL FIGURE 4. Single nucleotide variants identified in infected host-isolated CVB3

viral genomes.
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SUPPLEMENTAL FIGURE 4. Single nucleotide variants identified in infected host-isolated CVB3
viral genomes.

Following dual RNA sequencing of infected left ventricle tissue of Rel"”* and Rel/“*”’X male
littermate mice at day 4 and day 8 p.i., viral mRNA reads were aligned to the CVB3 genome. In
the following analysis, each CVB3-aligning read counted toward an independent viral particle,
adding up to a population of CVB3 genomes found in each host sample. For (A) +/+ D4, (B)
C307X D4, (C) +/+ D8, and (D) C307X D8 (n = 3 mice per group), the average frequency (above)
and the Shannon’s entropy value (middle) for each variant appearing at < 1% frequency in the
virus population are shown in relation to the CVB3 genome. The average coverage of paired reads
is also indicated (below), along with pro-polyprotein regions P1, P2 and P3, final protein products,
active sites (green), and cleavage sites by viral proteases (red arrows). (E) Number of variants at
< 1% frequency in the virus population per kilobase, and (F) Average Shannon’s entropy across
all variants <1 % frequency, for the entire CVB3 genome, and for P1, P2 and P3 pro-polyprotein
regions. (E, F) Data represent mean = SD. Statistical tests: (E, F) Two-way ANOVA.
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SUPPLEMENTAL FIGURE 5. Functional processes associated with clusters of DEG in Rel“"’X
hearts at day 8 post-CVB3 infection.

2649 DEG between C307X D8 and +/+ D8 mice were identified and clustered according to their
expression levels across infection, as shown in Figure 4.6B. Enriched GO terms for the DEG in
each cluster are shown for (A) clusters 1 and 3, (B) cluster 2, (C) clusters 4, 5 and 6, (D) clusters
7,8,and 9, (E) clusters 10 and 11, and (F) cluster 12. Statistical tests: (A-F) Nominal p-values for

enriched GO terms were assessed using DAVID, as further described in Materials and Methods.
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SUPPLEMENTAL FIGURE 6. Expression of cytokine, chemokine, their receptors, and cell survival

genes during CVB3 infection in Rel”" and Rel*"’X hearts.
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SUPPLEMENTAL FIGURE 6. Expression of cytokine, chemokine, their receptors, and cell
survival genes during CVB3 infection in Rel™" and Rel®"’X hearts.

(A) Gene expression of select CC-family chemokines that signal through CCRS and CCR2, and
(B) CXC-family chemokines and their receptors across infection. (C) Gene expression of
cardiotrophin (Ctf1) and its receptors (//6st, Lifr), and of (D) ligand-receptor pairs including Lzb,
Kitl and Vegfb. (E) Expression of IFN receptor genes, CAR and DAF entry receptor genes, and
of (F) cell survival-associated genes, including Casp3, Bnip3, Bok, Bcl2alb. Data represent mean
+ SD. (A-F) FC and g-values (BH-adjusted) were assessed between D8 groups using edgeR, as
further described in Materials and Methods.
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SUPPLEMENTAL FIGURE 7. Enriched immune and pathway signatures in CVB3-infected Rel™*
and Rel®"X hearts at day 8 p.i.

(A) GSEA analysis was performed to identify enriched curated gene sets in C307X D8 mice (red,
g <0.05) or in +/+ D4 mice (blue, g < 0.001), with gene sets in each group clustered by common
leading genes that drive their enrichment. Select (B) enriched curated gene sets that are
representative of C307X D8 (red) and of +/+ D8 (blue) clusters defined in A. (B) Data represent
mean + SD. Statistical tests: g-values (BH-adjusted) and normalized enrichment scores were

assessed using GSEA, as further described in Materials and Methods.
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SUPPLEMENTAL TABLE 1. Single nucleotide variants in host-isolated CVB3 viral transcripts.

Variant Variant CvB3 Mutation type Frequency Coverage* Host**
(nucleotide) (amino acid) feature (%)

Common variants identified in > 1 mouse across multiple groups

c.889T>C p.Asp49 1A (VP4)  Synonymous 87.4 49.6 All groups
c.893A>G p.Ser51Gly 1A (VP4) Missense 86.9 48.7 All groups
c.2071G>A  p.Ser443 1C (VP3) Synonymous 89.4 194.7 All groups
c.2086C>T p.Leud48 1C (VP3) Synonymous 94.4 192.3 All groups
c.2309A>G  p.Thr523Ala 1C (VP3) Missense 1.0 994.8 All groups
c.3832G>A  p.Lys1030 2B Synonymous 98.5 1168.8 All groups
c.4585A>C  p.Lys1281Asn 2C Missense 97.9 524.2 All groups
c.4948T>C p-Ser1402 2C Synonymous 88.2 26.4 All groups
c.4951A>C  p.Leu1403 2C Synonymous 89.5 26.4 All groups
c.5090C>G  p.Arg1450Ala 3A Missense 73.5 19.7 All groups
c.5091G>C  p.Arg1450Ala 3A Missense 85.0 18.1 All groups
c.6521G>A  p.Val1927lle 3D Missense 93.6 1080.8 All groups
C.7271A>T p.lle2177Leu 3D Missense 86.2 84.8 All groups
C.7273T>A p.lle2177Leu 3D Missense 81.4 84.8 All groups
Unique variants

c.702G>C N/A 5 UTR N/A 31.0 1331 +/+ D4 #3
c.1627C>T  p.lle295 1B (VP2)  Synonymous 1.1 4405 +/+ D4 #3
c.1909T>C p.Asn389 1B (VP2) Synonymous 55 5041 +/+ D4 #3
€.2053C>T p.Asn437 1C (VP3)  Synonymous 10.0 3192 +/+ D4 #2
c.3549A>G  p.GIn936Arg 2A Missense 5.3 2634 +/+ D4 #3
c.3709T>C p.Arg989 2A Synonymous 7.4 3626 +/+ D4 #2
c.4185A>C  p.Asn1148Ser 2C Missense 33.2 3970 +/+ D4 #3
c.4215G>A  p.Ser1158Asn 2C Missense 1.2 4275 +/+ D4 #2
c.5355A>T p.Lys1538lle 3B Missense 14 2282 +/+ D4 #2
c.6964T>C p.Tyr2074 3D Synonymous 21.2 2837 +/+ D4 #1
c.7132T>C p.Asp2130 3D Synonymous 1.8 2055 +/+ D4 #2
c.475T>C N/A 5 UTR N/A 6.9 452 C307X D4 #1
c.784G>C p.Glu14Asp 1A (VP4) Missense 2.4 1316 C307X D4 #1
c.874G>T p.GIn44His 1A (VP4) Missense 1.6 622 C307X D4 #2
c.943T>C p.Ala67 1A (VP4)  Synonymous 6.1 1078 C307X D4 #2
c.1195G>A  p.Leu151 1B (VP2)  Synonymous 10.9 1075 C307X D4 #1
c.1267T>C  p.Tyr175 1B (VP2)  Synonymous 20 1104 C307X D4 #1
c.2116C>T p.Ala458 1C (VP3) Synonymous 5.7 1091 C307X D4 #3
C.2442A>G  p.Asn567Ser 1C (VP3) Missense 1.7 1445 C307X D4 #1
c.2731A>G  p.Thr663 1D (VP1)  Synonymous 1.0 1586 C307X D4 #3
c.3947G>A  p.Ala1069Thr 2B Missense 1.8 1368 C307X D4 #2
c.4453T>C p.Val1237 2C Synonymous 4.3 912 C307X D4 #1
c.5653C>T p.Val1637 3C Synonymous 3.8 1210 C307X D4 #1
c.6274C>T p.Val1844 3D Synonymous 1.2 822 C307X D4 #1
c.6460C>T p-Asp1906 3D Synonymous 4.7 1018 C307X D4 #2
c.6745C>T p.Asp2001 3D Synonymous 23.1 752 C307X D4 #2
c.3502C>T p.-Asn920 2A Synonymous 4.8 493 +/+ D8 #2
c.5222T>C p.Leu1494Ser 3A Missense 17.3 81 +/+ D8 #3
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SUPPLEMENTAL TABLE 1 (continued)

Variant Variant CvB3 Mutation type Frequency Coverage* Host*
(nucleotide) (amino acid) feature (%)

c.997C>T p.lle85 1B (VP2)  Synonymous 1.1 1002 C307X D8 #1
c.3147C>T  p.Thr802lle 1D (VP1) Missense 9.4 139 C307X D8 #3
c.3857A>G  p.lle1039Val 2B Missense 2.1 1130 C307X D8 #1
¢.3860T>C p-Leu1040 2B Synonymous 1.4 1128 C307X D8 #1
c4114G>A  p.Lys1124 2C Synonymous 29 1055 C307X D8 #1
c.4676T>C p.Leu1312 2C Synonymous 25 907 C307X D8 #1
c.4822A>C  p.lle1360 2C Synonymous 1.7 1054 C307X D8 #1
c.5350A>G  p.GIn1536 3B Synonymous 4.1 723 C307X D8 #1
c.5415T>C p.Val1558Ala  3C Missense 4.1 943 C307X D8 #1
c.5530G>A  p.Val1596 3C Synonymous 1.3 800 C307X D8 #1
c.6901T>C  p.Asp2053 3D Synonymous 131 1018 C307X D8 #1
c.6996A>G  p.Glu2085Gly 3D Missense 4.2 24 C307X D8 #2

* For common variants, this reflects the average sequencing coverage over all host samples. For
unique variants, this value reflects the coverage in the specified host sample.

** Host samples (n= 3 mice per groups) are individually denoted #1, #2, or #3.
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CHAPTER FIVE: GENERAL DISCUSSION

Together, the three previous chapters of this thesis comprise an in-depth characterization
of various phenotypes associated with a novel ENU-induced mutation in the mouse Re/ gene. This
Rel®"7Y mutation resulted in the expression of a truncated c-Rel product that was expected to
impact a multitude of pathways that signal through NF-xB. Since Rel is expressed constitutively
across many different cell types, and notably in hematopoietic cells, we hypothesized that the c-
Rel transcription factor had an determining role in the regulation of the inflammatory response to
viral infection. Thus, we focused our experimental design on neurotropic HSV-1 and cardiotropic
CVB3 viruses, using flow cytometry and dual host-virus RNA sequencing to reveal how tissue
resident and hematopoietic cells may affect the balance between beneficial and harmful
inflammation.

In the model of mouse HSE presented in chapters 2 and 3 (Figure 5.1), the Re/<"7%
mutation resulted in higher cell death in fibroblasts and in the steady-state brainstem, together with
a congenital reduction in peripheral Foxp3"™ Tregs and increased peripheral CD4" T cells. Upon
HSV-1 infection, early and elevated viral replication and inflammation were detected in high-
responding Re/“*”’X mice, attracting pathological infiltration of CD4" T cells and Ly6C*
monocytes, triggering even higher viral loads and inflammatory Thl cytokine production, and
culminating in susceptibility to severe HSE.

In the model of CVB3-induced myocarditis presented in chapter 4 (Figure 5.2), the Rel<3?7%
mutation dampened basal IFN, inflammatory, and proliferative gene signatures in the homeostatic
heart. Upon CVB3 infection, Re/**’”* mice controlled viral mRNA transcription by day 4 p.i., and
viral loads by day 8 p.i.,, and developed an attenuated T cell and myeloid cell inflammatory
response that limited damage to the heart muscle and promoted resistance to lethal myocarditis.

Where NF-kB-dependent regulation and upstream signaling are known to vary depending

[S397X mutation

on the cell type, tissue, or trigger, these studies have narrowed the effect of the Re
to a few key cell types (CD4" T cells and their subsets, inflammatory monocytes, microglia), within
which to explore the biochemical impact of the mutation and its effect on disparate pathways. Our
findings in the HSV-1-infected CNS and the CVB3-infected heart will be further discussed in
parallel, and in the context of (1) intracellular viral infection and IFN responses, of (2) the cell-
mediated leukocyte response, of (3) pathological damage to the infected tissue, and of (4) the

molecular basis for alternative c-Rel transcriptional regulation.
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mice. (B) Changes in the transcriptional, protein and viral landscape in Re/“*?”X hindbrains by

RNA sequencing. All increases or decreases are relative to Re
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5.1 Viral replication and host type I IFN responses

Second only to survival proportions, divergent control of viral replication was the most

137X mice, that

striking effect of the mutation in both infection models. For HSV-1-infected Re
consistently yielded higher CNS viral loads compared to wild-types, our infection of mouse
fibroblasts confirmed that intrinsic anti-HSV-1 control was not compromised in mutant animals—
type I IFN-dependent responses were actually higher in infected brainstem. On the other hand,
CVB3-infected Re/“*””* mice had normal ISG responses to infection, capable of reducing viral
titers, and ensuring long-term survival. Overall, these findings suggest that the Re/“*"’* mutation
does not abrogate type I IFN signaling.

Other inborn genetic defects can result in differential outcomes to DNA or RNA viral
infections. Where Ticaml (TRIF), Ifnar and Ifng are essential to the clearance of both HSV-1 and
CVB3 (110, 123, 171, 174, 188, 194), Rel“3"’X mice are most similar to MydS88” mice in their
susceptibility to HSE but resistance to viral myocarditis (172, 175, 191). Even as we have
confirmed that 7Ir3"", Unc93b1”" and Mavs”" mice were resistant to i.n. HSV-1 infection (172),
but susceptible to CVB3 (110, 189, 192), c-Rel did not fit this pattern, and likely plays a redundant
function in these primarily RNA-sensing cascades. While cGAS and STING, as cytoplasmic DNA
sensors, have not been tested in the context of CVB3, they are required for protective responses
against HSV-1 that may also involve c-Rel (177). Furthermore, with human MYD88 mutations
linked to pyogenic bacterial infections and not viral infections (245), and a newly-reported REL-
deficient patient with wider ranging susceptibility to bacterial, viral and fungal infections (246),

197X mice may fall beyond cell-intrinsic

these models further confirm that a regulatory defect in Re
antiviral IFN signaling.

Rel®"7% did modulate IFN in other ways, first by dampening IFN-stimulated and
inflammatory responses relative to wild-type mice in the adult heart at homeostasis. Both type |
IFN and chronic inflammation are pathological in the non-infected heart (247-249), but may also
have an effect in priming trafficking immune cells to respond more actively upon infection (77,
250). Notably, infected cardiomyocytes are not major producers of type I IFN, and benefit little
from IFN responses during infection, suggesting that other cells modulate IFN via c-Rel in the
heart (107). On the other hand, stronger type I IFN responses were detected in the HSV-1 infected
Rel®7X brainstem. In the CNS, previous studies have shown that TLR3-dependent type 1 IFN

production by infected neurons, oligodendrocytes and astrocytes (87, 170), as well as
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cGAS/STING-dependent type I IFN expression in microglia (177), are protective against HSE.
Here, the Re/“*””Y model deviates from TLR3/IFN deficiencies that underlie many childhood HSE
cases, and instead recalls features of Aicardi-Goutiéres interferonopathies (251), and of IFN
toxicity to neuronal cells (252). Of note, IFN-B production has been shown to be negatively
regulated by the YingYangl (YY) transcription factor in a c-Rel-dependent manner, suggesting
that in such cell-intrinsic contexts, a c-Rel deficiency could result in augmented type I IFN
expression (253). Quantification of IFN production in the brain, and eventually in disparate
primary cells in response to viral peptides or TLR agonists, may help to clarify potential

ZC307X

mechanisms altered by the Re mutation.

5.2 Cell-mediated immune responses

A definite advantage of in vivo mouse models of infection is that the system remains intact,
and allows numerous interactions between cells, virus and secreted factors to be captured at once.
Flow cytometry can further add to our understanding of these dynamics. For example, monocytes
and CD69" NK cells were present in the heart at day 4 post-CVB3 infection, and many chemokines
expressed, before cardiac infiltration of T cells by day 8; only Cxcl12 was specifically upregulated
at day 4 and day 8 in Rel“*”’X heart, hinting at a possible beneficial role for c-Rel/CXCL12
regulation in viral myocarditis (254). In the brain, Cxcll0 (previously reported as a c-Rel target

397X mice at day 5 before symptom onset, and attracted CXCR3"

(235)) was upregulated in Re
CD4" T cells to the Thl-inflammed brain from day 7 onwards. On the myeloid side, Cc/2
expression was also elevated in the early stages of infection, likely contributing with Cxc/10 to the
infiltration of activated CD45"'CD11b"Ly6C" activated myeloid cells in the Re/“**’* brain—while
a subset of these cells were CXCR3", their expression of CCR2 remains to be tested. Thus, the
upregulation of certain chemokines beyond normal thresholds by C307X c-Rel merits further
investigation, especially in our models where subsequent changes to the cellular landscape can
determine infection outcome.

Cytotoxic T cell responses and IFN-y are essential to manage viral replication during HSE
(80, 88, 99, 194). Yet upon infection, HSE-susceptible Re/“*?”* had significantly more circulating
CD4" T cells in the spleen and blood, and excess infiltration of CD4" and CD8" T cells in the brain.
With Rel”X T cells expressing normal levels of CD44 and of IFN-y, even elevated IFN-y in the

brainstem and cerebellum during HSE, and having detected no defects in the cytotoxic gene
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module by RNA sequencing, we concluded that Re/“*’’”* mice did not succumb to HSE due to a
defect in antigen-specific cytotoxic T cell responses. Neither were cellular cytotoxic responses

19397X mice that controlled and resolved infection in the heart

compromised in CVB3-infected Re
better than wild-types.

Instead, Rel“*"”*-dependent regulation of CD4" T cell made an important contribution to
HSE pathology, extending even into the Re/“*’’* periphery, in both blood and spleen, where CD4"
T cell levels were augmented in at day 4 p.i. and remained elevated even in recovered Rel/<3”X
mice at day 14. While IL-2 was one of the first recognized c-Rel targets (226), defects in c-Rel-
mediated IL-2 production had no effect on the proliferative capacity of T cells in other in vivo
infection models (102, 255). In Rel“**’* mice, no defects in IL-2 production were detected in the
brainstem and cerebellum during HSE, and T cell numbers were consistently elevated, suggesting
that defective IL-2-depedent T cell proliferation did not account for viral escape. Rather, as in
other models of CNS infection (81, 102, 103), excess Th1 CD4" cells, in their role as mediators of
neuroinflammation, were pathological in the HSV-1-infected Re/“**’X brain.

However, it was also clear from our studies that CVB3 cardiac infection captured a
different facet of c-Rel regulation in T cells. Contrary to the brain, T cell infiltration in the heart is
detrimental to the host and may help sustain lethal type I inflammation during acute infection (138,
139, 141, 142). Yet, heart-infiltrating Rel“*””* T cell genes related to migration, activation and
cytokine production were reduced by day 8, once viral titers had been adequately suppressed. As
proposed in Chapter 4, earlier Rel“*’”*-dependent effects on heart homeostasis may allow the heart
to better tolerate T cell-mediated inflammation. RNA sequencing did not reveal an imbalanced
Th1 to Th2 response in Re/“*”* mice at the level of gene expression, thus further experiments to
measure cytokine production in the heart at different stages of infection would be useful to assess

I'*, or viral clearance

the contribution of CD4" T cell-mediated inflammation to pathology in Re
in Rel“*"Y mice.

Given the essential role of c-Rel in Treg and Th17 cell development, these T cell subsets
may also play a role in either or both of these infection models. While few CD4 Foxp3" Tregs
were detected in the brain overall, similar numbers were detected in the heart between Rel™" and
Rel®"X mice. CD4"CD25 Foxp3" were consistently lower in Re/“%”X the periphery. Past the
intuitive notion that fewer Tregs would result in higher inflammation in Re/“*’”* mice, our

understanding of Treg contributions to HSE is limited (256, 257), and still controversial during
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CVB3 myocarditis (148). As for the effect of the mutation on Th17 cells, that were poorly
represented in the infected brain and heart, nor represented in the Rel/™" or Rel“3””X transcriptional
profiles of these tissues, our preliminary unpublished work has shown that Re/*’’* mice are
resistant to EAE induction (not shown), and thus may harbour a defect in pathological Th17 cells
similar to Rel”” mice (81). Future experiments will examine contributions by these subsets, but
focus primarily on conventional T cells, particularly Thl CD4" cells, whose dysregulation in

Rel®”X mice was common to both HSV-1 and CVB3 models.

5.3 Cell survival, metabolism and pathology

Global RNA sequencing is also useful for revealing the overall condition of an infected
tissue. During infection, cell death markers correlated with pathology in HSV-1-susceptible
Rel®"X mice at day 5 (A3, Sgkl, PlekhfI, Ifit2) or in CVB3-susceptible Rel”" mice (Caspl,
Casp3, Casp8, Bok, Bcl2alb) by day 8. However, the RelS%X mutation often resulted in earlier
perturbations of cell survival pathways. Regarding HSV-1, Re/**’% fibroblasts demonstrated
elevated cleaved caspase-3 expression and cell death upon infection. Increased cell death was also
detected in vivo at many different stages of HSV-1 infection: in non-infected brainstems (elevated
Prune?2 expression, and signatures related to TRAIL- or UV-dependent apoptosis and hypoxia), at
day 3 (decreased expression of anti-apoptotic Sod2 and Bcl2ll by RT-qPCR), at day 5 by RNA
sequencing, and culminating at day 7 with high cleaved caspase-3 expression in the susceptible
Rel®"Y brain. While cell death is often considered beneficial to reduce and abort viral replication,
high Rel®?X viral titers suggested that cell survival defects exacerbated pathology, as noted in
other HSE models (258, 259). Cell death in Re/“*”* mice may specifically occur in infected
neurons, given that c-Rel and c-Rel-dependent Sod2 and Bc/211 expression has been shown to play
a pro-survival role in neurons (232, 260, 261), and that c-Rel-deficiency leads to long-term
neurodegeneration in mice (262, 263). Microglia also undergo apoptosis after their activation in
the inflamed CNS (264), and cAMP, PI3K and NF-«B inhibition also trigger astrocyte apoptosis
(265, 266); these pathways were similarly dysregulated in the Re/“**’X brainstem at steady-state.
Ultimately, the question of which CNS-resident cell types are preferentially infected by HSV-1 in
Rel®"% mice is yet to be determined; immunohistochemical staining of cleaved caspase-3 and

HSV-1 glycoproteins to identify key cells, followed by ex vivo infection of primary neurons,
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microglia or astrocytes (267) may help clarify the role of C307X c-Rel in cell survival or promotion
of HSE disease.

In the homeostatic heart, cell survival gene signatures were not dysregulated in Re/3?*
mice. Still, the transcriptional profile of the heart was characteristic of hypoxia, like the Re/<3?"X
brainstem. However, ribosomal protein, mitochondrial, and oxidative respiration gene expression
diverged completely between Rel/*’”Y brains and hearts—reduced in the HSV-1-susceptible
brainstem or induced in the CVB3-resistant heart—and acted as indicators of healthy tissue and as
predictors of an eventual protective response. Following through with CVB3 infection, mutant
animals promoted vascular and heart development over heart failure at day 4, and metabolism over
hyperinflammation at day 8. With such polarized effects on the condition of the infected heart, the
Rel®"7X mutation may have a direct effect on resident cardiomyocytes. c-Rel has previously been
implicated in cardiomyocyte function, where Rel”" cardiomyocytes were smaller compared to
wild-type cells (234); while infected Re/“*’X mice did not demonstrate cardiac hypertrophy, the
cellular function and survival of these preferentially infected cells, and their contributions to CVB3

lC307X

resistance in Re mice, remain to be tested. Overall, RNA sequencing of these key energy-

[€397X mutation on heart and brain

intensive tissues has revealed numerous effects of the Re
function, whose impacts on the pathological host response to infection translated to increased

caspase-3-dependent cell death in the brain, and remain to be ascertained in the heart.

5.4 Molecular impact of the Rel“*””X mutation on c-Rel transcriptional activity

[€397X mutation was first identified in a pedigree of HSV-1-susceptible

The homozygous Re
mice issued from a founder ENU-treated male mouse (Coby). By introducing a premature stop
codon in a gene previously implicated in hematopoietic cell responses, and given the susceptibility
of Rel”" mice to HSV-1 infection, the ENU-induced Re/“3"’X mutation was singled-out as the causal
mutation that explained HSE susceptibility in our initial phenotypic screen. However, following
the wider characterization of Re/*"’X phenotypes presented in this thesis, the nature of the mutation

remains unclear, or at least, it does not comfortably fit any one definite category. For one, Rel<3"7%

ZC307X/+ l+/+

and Rel”” mice were both susceptible to HSE, while heterozygous Re and wild-type Re

mice were resistant, supporting a recessive loss-of-function mode of inheritance. However,
Rel®X mice were uniquely resistant to CVB3 myocarditis compared to both wild-type Rel*’* and

even Rel”” mice. While a loss-of-function defect in pathological immune cells could also underlie
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the protective host response to CVB3, it is also possible that the truncated c-Rel product possesses
additional functionality (gain-of-function). Finally, as a transcription factor that can induce or
repress many target genes, the loss of its transactivation domains and inhibitory domain may
potentially cost the truncated C307X product some of its native activity (a hypermorphic effect)
(268). Ultimately, as the behaviour of the mutation may vary across different phenotypes or read-
outs, the only consistent findings were that the mutant allele does not behave in a dose-dependent
manner or as a dominant negative allele, but that two copies of the Re/*"’X allele are required to
mediate HSE susceptibility or CVB3 resistance. The Re/“*"’X mutation therefore behaves as a fully
recessive variant in these contexts.

Functionally, RNA sequencing confirmed that Re/“3?”X transcripts were downregulated at
all timepoints in the brain and heart, and therefore may be subject to some nonsense-mediated

decay. Homozygous Rel©3"7X

mice have also been confirmed to exclusively express a truncated
~35 kDa c-Rel product in splenocytes, and that this product was capable of nuclear translocation.
As for its effect on NF-xB activity and DNA binding, preliminary work has shown that TLR
agonist-stimulated Re/*”* BMDM yielded an altered pattern of nuclear proteins bound to NF-xB
consensus sequences using band-shift assays (not shown). Chromatin immunoprecipitation-qPCR
of key c-Rel targets would be a sensible first step to determining if the truncated factor, in
homodimer or heterodimer configuration with another NF-kB subunit, can bind to promoter
consensus sequences. Effectively, we have validated that expression of 1//2p40 and 1123p19,
encoding subunits of mature IL-12p70 and IL-23 cytokines, is severely reduced in TLR agonist-
treated Re/*” BMDM and BMDC, as in Rel”" cells (not shown). These clear cell-intrinsic effects,
however, did not translate to the HSV-1 infected Re/“**’X brainstem, which yielded normal levels
of IL-12p70. Interestingly, like Re/*"’X mice, II12rbI”" mice are resistant to CVB3 infection,
prompting further investigation into how c-Rel-dependent defects in IL-12 and IL-23 production
may play a role in explaining the Rel“**’% phenotype in the heart (143).

Ultimately, the in vivo effect of the mutation, and its penetrance, is made more complex by
the fact that c-Rel is a transcription factor. First, given how c-Rel-dependent gene induction or
repression will reasonably occur in many hematopoietic and non-hematopoietic cell types where
c-Rel is constitutively expressed, there is a random element to these diverse pathway and cellular
interaction, as they navigate a specific tissue context among resident cells that are preferentially

infected or vary in their viral phase of infection (269). During HSV-1 infection alone, recent single
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cell RNA sequencing of ex vivo infected fibroblasts has revealed significant variability in the
number of viral sequences captured per cell (270, 271) that, if extrapolated an in vivo system,
would create variation in pathogenicity and in host responses. Second, protein structure and
biochemical function can provide a molecular basis to explain a mutation’s penetrance. For

example, a Janus-associated kinase 3 Jak3"3'%

mutation was shown to have a negative dominant
effect on Plasmodium berghei infection outcome, where homozygotes were fully resistant, and
Jak3"3 %+ heterozygotes ~50% resistant to experimental cerebral malaria; in cells where both
wild-type and mutant Jak3 kinases are recruited as heterodimers to membrane-associated signaling
receptors, Bongfen and colleagues proposed that mutant kinases may impede cross-
phosphorylation events on neighbouring wild-type kinases and dampen proper signaling (272).

Therefore regarding the homozygous Re/3"7*

mutation, which only drove an aberrant HSE
response roughly 50% of the time, it is important to note that NF-kB subunit dynamics are
complex, tightly regulated, and context-specific (218, 273). The formation and configuration of
active NF-kB dimers, as the most proximal event to nuclear entry and DNA binding, is likely to
influence the target gene expression. In theory, where C307X c-Rel homodimers cannot directly
modulate transcription, heterodimeric association of C307X c-Rel with p65 or p50 subunits would
be possible. Further investigation of the cells and contexts within which these heterodimers form,
and how they might compete to effect transcription or complex stability, might clarify our

understanding of the Re/©3*

mutation’s penetrance. As a notable parallel, the transcription factor
IRF3 can also homodimerize, or heterodimerize with IRF7 to modulate inflammatory gene
transcription; the partial susceptibility of Irf3”" mice to HSE, but complete susceptibility of Irf3”
Irf7”- double knockouts, supports the concept that heterodimer dynamics can influence HSE
development in mice (172, 195).

As further examples of how NF-kB subunit interactions can be modified during infection
or by cleavage events, polioviruses (of the same enterovirus family as CVB3) can cleave RelA/p65
via their encoded 3C viral protease, while host-mediated cleavage of RelA by host caspase-3 can
reduce HIV-1 replication (274, 275). Furthermore, virulence factors gp63 (various Leishmania
species) and NleC (enteropathogenic/hemorrhagic Escherichia coli) both cleave RelA to a
respective 35 or 38 kDa product to alter NF-kB-mediated proinflammatory responses (276, 277).

Given the similar size of this RelA product compared to our truncated C307X c-Rel product,

Leishmania gp63 is of particularly interest, since the cleaved N-terminal p35®%!4 could recruit NF-
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kB subunit p50, and together induce the expression of chemokines CCL2, CCL3, CCL4 and
CXCL2 (276). Thus, it is conceivable that despite a lack of transactivation domains, the truncated
C307X c-Rel product could theoretically bind both DNA and other NF-xB subunits to activate
gene expression, a gained mechanism that could perhaps underlie augmentations of Cc/2, Cxcll10
and CxclI2 in the infected brain and heart. While exact mechanisms of action have not yet been
elucidated, we expect from the data presented in this thesis that such regulatory checkpoints may

ZC3()7X

be lost in infected Re cells, and modify the protective response in non-immune tissues that

are sensitive to pathological cellular infiltration and hyperinflammation.
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CHAPTER SIX: CONCLUSION AND FUTURE DIRECTIONS

In this work, we have identified and characterized the Rel gene as a novel genetic etiology
of mouse HSE, and as a key regulator of the protection host response to CVB3 infection in mice.
The first objective of this research project was met in the finding that defects in both hematopoietic
and brain-resident cells, together, contributed to viral escape, hyperinflammation and cell death in
HSE-susceptible Rel/“*”* mice. Our second objective further developed this model, and
established that pathological CD4" and CD8" T cells together with infiltrating Ly6C"™ monocytes
were singularly augmented in the Re/“*’’* brain at symptom onset, in response to early detection
of elevated chemokine, IFN-related and viral gene expression by resident cells at least one day
prior to typical onset of lethal HSE. Finally, our implementation of a second model of CVB3
infection fulfilled our third objective, revealing that Re/“**’ mice were in fact more resistant to
CVB3 myocarditis, and confirming that c-Rel is a key regulator of cell-mediated inflammatory
responses to viral infection. Overall, these divergent models demonstrate that the same Re/<3X
mutation can affect different pathways, and drive pathogenic or protective responses that vary in
the brain or heart, by DNA or RNA virus, and in dysregulation of resident cell homeostasis.

Future directions for the Rel“*”X project will involve histological examination of infected
brain tissue, followed by co-staining for cleaved caspase-3 and for HSV-1 surface glycoproteins
to determine if both focalize together in lesioned areas, to map the distribution of infected in the
hindbrain and beyond, and to define which resident cells exactly are hosting the most replicating
virus. It will be interesting to identify the earliest timepoint at which inflammation or tissue damage
is first detected, perhaps at day 5 p.i., along with how quickly breaches in the blood-brain barrier

lC307X

and leukocyte infiltration occur, to predict which Re mice will go on to develop lethal HSE.

Based on these experiments, primary neuronal or glial cell cultures could be infected ex vivo to

confirm how Rel©377X

fibroblasts.

affects cell survival to expand upon our original findings in primary

With regards to pathology in the CVB3-infected heart, we are planning to examine
histological Rel"" and Rel“>’”* heart sections using hematoxylin and eosin staining, but also upon
in vivo injection of Evan’s blue dye to determine if, as in other genetic models of CVB3
myocarditis, heart calcification occurs or is affected by the Re/“*”X mutation (118). In addition to
examining hearts at steady-state for signs of hypertrophy, we also hope to perform dual RNA

sequencing at day 2 to capture any variation in innate or inflammatory gene expression as the early
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host response is still developing, prior to its saturation at the day 4 peak of infection. A day 2
timepoint may also bring additional context to the observed day 4 reduction in CVB3 viral
transcripts in resistant Re/“’”* hearts—how early can a dampening effect of CVB3 transcription
be detected in vivo? Finally, to fully complement the sequencing and flow cytometric experiments
already performed in this model, we aim to evaluate the immune cell composition of the periphery,
first in the spleen where little CVB3 replication occurs, and in a second organ that hosts elevated
CVBS3 replication, such as the liver or pancreas. Bone marrow transfers may also prove effective
to evaluate the relative contributions of hematopoietic cells and of resident cardiomyocytes to
CVB3 resistance in Re/“**’% mice, as we have previously applied to the HSV-1 model.

With the emergence of CD4" T cells, monocytes and inflammatory microglia as cells that
rely on c-Rel during infection, we would favour the use of conditional c-Rel knockout mice to
further narrow down cell types in which c-Rel regulation is absolutely required for HSE protection.
These key cell types, sorted from in vivo infected animals, may form the basis of future single cell
RNA sequencing or chromatin immunoprecipitation sequencing experiments to better resolved c-
Rel targets and promoter activity in induced or repressed genes. Such experiments may also bring
further context to several uncharacterized long non-coding RNA transcripts detected in our brain
or heart Rel“*"’X datasets, in how they are regulated, but particularly if they derive from the tissue
context, or from infiltrating immune cells. In response to infection or to TLR stimulation, a BioID
proteomic screen could help to define interacting protein partners to the C307X truncated c-Rel
product, and provide an ensemble view of which molecular functions may be lost, retained or
gained in Rel“3"7X cells (278).

Altogether, the success of our experimental approach involved the use of host and viral
gene expression profiling at the site of infection, informed by an understanding of how immune
cell dynamics evolved from the periphery to the infected tissue. Dual RNA sequencing in whole
tissues also allowed for sufficient viral sequences to be perceived in pre-symptomatic mice,
together with the developing host inflammatory response, to predict if a mouse would go on to
succumb to or clear the infection. In the HSE model especially, where peripheral CD4" T cells,
viral transcription, and genes like Cxcl/0 and Ccl2 were augmented early at day 5 p.i. in high-
responding Rel“*’’* mice, the implication that early detection of certain factors or signatures could

predict disease onset is worth testing at the protein level in various tissues including serum.
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These Rel“*”Y models also have implications for human disease. In contrast to childhood
HSE cases involving TLR3/IFN axis defects, the Re/“*”* model highlights the contributions of
infiltrating immune cells and of cell death to HSE pathology, as others have proposed (100, 101,
178), and evoking cases of adult HSE (155). Where acyclovir is the principal recourse to treat HSE
and reduce fulminant viral replication, it does not prevent necrosis or inflammatory pathology that
may result in life-long sequelae, suggesting that treatment to reduce inflammation should also be
considered. Furthermore, in our finding that the same mutation had detrimental or protective
outcomes in the brain or heart, these studies demonstrate that c-Rel-dependent regulation of
inflammation can affect different cell-mediated pathways, and may be tolerated differently
depending on the tissue context. The contribution of c-Rel to various other mouse models of
infectious or inflammatory disease also appears to be polarized, where c-Rel is either protective
(102, 279, 280) or detrimental (81, 243, 244). In light of human genome-wide association studies
that have implicated the REL locus in inflammatory diseases (236, 237, 239), it is clear that the c-
Rel transcription factor is a far-ranging regulator of inflammation, and plays a non-redundant and
essential role in many pathways that can result in penetrant in vivo phenotype. Thus, the Re/<3X
mouse offers an interesting opportunity to further explore the c-Rel regulatory axis or its upstream
modulators, and to determine whether their successful targeting could dampen pathological

inflammation and lead to novel treatment strategies for infectious or inflammatory diseases.
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