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ABSTRACT OF THE DISSERTATION

Uncovering Mechanisms of Varicella Zoster Virus Pathogenesis Using a Rhesus Macaque Model

by

Nicole Justine Arnold
Doctor of Philosophy, Graduate Program in Microbiology

University of California, Riverside, December 2016
Dr. Ilhem Messaoudi, Chairperson

Varicella Zoster Virus is neurotropic alpha herpesvirus that causes varicella (chickenpox) and
establishes latency in the sensory ganglia. Reactivation results in herpes zoster (HZ, shingles), a
painful and debilitating disease that affects 1 million people in the US each year. FDA approved
vaccines reduce the incidence of both varicella and HZ; however, they induce short-lived
immunity and are contraindicated for individuals who are immunosuppressed. The development
of more efficacious vaccines has been hampered by the fact the VZV is a strictly human pathogen
which has hindered the development of a robust translational animal model. Previous studies
from our laboratory have shown that intrabronchial inoculation of rhesus macaques with simian
varicella virus (SVV), the homolog of VZV, recapitulates the hallmarks of VZV infection in
humans. In this dissertation, we use this animal model to investigate the host-pathogen
interactions in the lung and sensory ganglia (sites of primary infection and latency) as well as the
role that T cells play in SVV tropism and reactivation. First, we show that SVV infection causes
severe lung damage characterized initially by significant immune infiltration, an up-regulation of
genes involved in antiviral immunity and a down-regulation of genes involved in lung

development. This robust host response correlates with a decrease in viral loads and is then
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followed by an increase in genes important for tissue repair. Next, we show that SVV DNA and
transcripts are detected in the ganglia 3 days post-infection (DPI), before the development of
varicella. Interestingly, CD4 and CD8 T cells were also shown to infiltrate the sensory ganglia 3
DPI; before the development of cell mediated immunity, which suggests a role for T cells in SVV
tropism into the ganglia. SVV acute infection of the ganglia induces robust gene expression
changes indicative of an innate antiviral immune response along with a down-regulation of genes
that play a role in the nervous system function. Interestingly, genes important for neuron
development remained down-regulated 100 days post infection suggesting that SVV latency leads
to a long-lived remodeling of the ganglia transcriptional profile. Next, given the crucial role that
T cell play in SVV dissemination, we characterized the transcriptional changes that SVV
infection induces within them. This analysis revealed that SVV alters expression of several genes
that may support viral replication and dissemination. Lastly, we report that the decline of both
CD4 and CD8 T cell immunity followed by stress can lead to SVV reactivation, which also
causes long-lasting gene expression changes in the ganglia transcriptome, indicative of neuronal
damage. These findings provide novel insights into the host pathogen interactions of VZV during

acute infection and guide efforts toward more efficacious vaccines and therapeutics.
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CHAPTER 1: Introduction and Review of Literature

1.1 VZV genome and replication cycle

Varicella Zoster Virus (VZV) is one of 8 human herpes viruses and belongs to the
alphaherpesvirus family together with HSV1 and HSV2. It has a linear double stranded DNA
genome that is 124,885 base pairs long and encodes 71 unique open reading frames (ORFs)(1).
The VZV genome has two isomeric forms consisting of one long and one short covalently linked
segments with unique sequences bounded by inverted terminal repeats (ORF69 and ORF70).
VZV shares approximately 40 conserved ORFs with other human herpesviruses that are essential
for: viral replication (ORF18 and ORF19), DNA packaging (ORFs 25, 26, 30, 34, 42/45, 43 and
54), tegument structure (ORF9-ORF12, 22, 38, 44, 46, 53, 57, 64, and 69), capsid assembly
(ORFs 20, 21, 23, 33, 40 and 41), and glycoproteins (gB(ORF31), gC(ORF14), gE(ORF68),
gH(ORF37), gl( ORF67), gK(ORF5), glL(ORF60) and gN (ORF9a)) (1-3). Like other
herpesviruses, the VZV virion contains an icosahedral-shaped nucleocapsid that encloses the viral

DNA genome and a lipid envelope containing glycoproteins that facilitate viral entry (1).

VZV entry into cells is not well understood due to the difficulty in obtaining cell-free virus but is
believed to occur through direct fusion with the plasma membrane or endocytosis (4). Previous
studies have shown the VZV glycoproteins may interact with the mannose 6 phosphate receptors
and/or heparin sulfate proteoglycan on the target cell surface (5). After viral entry, the virions are
uncoated and nucleocapsids attach to nuclear pores and inject their genomic DNA into the
nucleus where it circularizes. Successful lytic infection requires the use of the host’s cellular
machinery. Transcription of viral genes is accomplished using the host cell RNA polymerase (6).
Gene expression occurs in a temporal manner with transcription of immediate early, early and

then late genes (7). Immediate early and early genes encode for proteins involved in the



regulation of gene expression and viral replication while late genes encode for structural proteins
such as nucleocapsids and glycoproteins (8). Viral mRNAs are transported to the cytoplasm
where they are translated into proteins that are then transported back into the nucleus and used to
complete the viral replication cycle. Nucleocapsids are then assembled in the nuclei of infected
cells. Tegument proteins and glycoproteins are added in the cisternae of the trans-Golgi network
(9). The virus is then released into the cytosol where it fuses with the plasma membrane to bud
off. The replication cycle followed by the release of viral progeny takes 9-12 hours in human

fibroblasts (7).

1.2 Acute VZV infection

1.2.1 Clinical manifestation of varicella

VZV is a highly contagious virus that is spread through the inhalation of saliva droplets
containing viral particles or by direct contact with infectious fluid from vesicles (10, 11). It has an
incubation period of 10-21 days, but shorter incubation periods have been observed in
immunocompromised people (10, 12). It is believed that VZV initially replicates in the upper
respiratory tract and tonsillar lymph nodes before dissemination to the skin. Previous studies
proposed a dual viremia model where the virus first undergoes amplification in organs such as the
liver and spleen followed by a secondary viremia during which the virus is transported to the skin
(13). However, subsequent studies have shown that viral amplification in the spleen and liver is

not necessary for viral dissemination to the skin.

Varicella usually occurs during childhood (1- 9 years old) and outbreaks have been shown to
peak in late winter and early spring (14). Pain and burning sensation are usually the first

symptoms of varicella; then fluid, virus-filled blisters begin to develop within 24 hours. Rash is



usually accompanied with fever, headache, fatigue and itching. Diagnosis of varicella is usually
determined through visual inspection of the rash (15). Symptomatic relief usual consists of
acetaminophen to control fever and topical medication to relieve the itch. Within 1-2 weeks,

lesions begin to crust and sloth off (15).

1.2.2 Acute VZV complications and treatment

Primary infection of VZV in immune competent individuals usually resolves with no
complications. However, in individuals who are immunocompromised, varicella can be severe
and in some cases, fatal (16, 17). Adults aged 20 and above are 13 times more likely to be
hospitalized and 25 times more likely to die compared to adolescents (18). Bacterial infection of
skin lesions and pneumonia are the most common complications in both immune competent and
immunocomprised children (16). Neurological complications are very rare and occur in 1-3 per
10,000 cases during acute infection (19). The most serious varicella-associated neurological
complication is acute cerebellar ataxia, which can occur in 1 in 4000 — 1:100,000 varicella cases
in children (depending on the age of the population studied) (20-22). Primary infection of
varicella has also been associated with increased susceptibility to stoke in immune competent
children (23) due to inflammation caused by VZV infecting endothelial cells lining the cerebral

arteries (24).

Primary VZV infection in seronegative women during the first 8 to 20 weeks of gestation could
result in fetal varicella syndrome, characterized by cutaneous scars, ocular malformations, and
limb and central nervous system defects (25). This syndrome occurs in only 1-2% of births to
mothers who contract varicella during pregnancy (26). In addition, acute VZV infection during

the last two weeks of gestation can lead to congenital or neonatal varicella (25). Because of this



risk, women of childbearing age are screened for VZV-specific antibodies and vaccination is
recommended if titers are below detection. Individuals who are at increased risk of severe
varicella are often administered antivirals such as acyclovir or VZV-specific immunoglobulins

(VariZIG) as prophylaxis following suspected exposure (27).

1.3 Latency

Like Herpes simplex 1 (HSV-1) and HSV-2, VZV establishes latency in sensory ganglia, and co-
infection of the same neuron by multiple herpesviruses has been described (28, 29). The sensory
ganglia is a bundle of nerve cell bodies in the intervertebral foramen that transmit sensory signals
from the periphery to the central nervous system (30). The sensory ganglia are categorized based
upon their location along the neuraxis: dorsal root ganglia (DRG) cervical, DRG thoracic, DRG
lumbar sacral and trigeminal. VZV can also establish latency in enteric neurons (31), located in

the lining of the gastrointestinal system and control autonomic activity (32).

There are two (non-mutually exclusive) theories on how VZV reaches the ganglia: 1) VZV enters
into the nerve terminals from the vesicular rash hijacking the retrograde transport mechanism to
the ganglia (33, 34); 2) VZV accesses the distal neurons through the hematogenous route, carried
by infected T cells that gain access to the ganglia (35). Studies using fetal human skin xenografts
in the severe combined immunodeficiency (SCID) mouse model showed that VZV can
disseminate to the skin by infected tonsillar CD4+ T cells that express skin homing markers but
not by infected skin fibroblasts (36-38). Other studies suggest that DCs infected at the respiratory
mucosa transport VZV to the draining lymph nodes where they then infect T cells that can

acquire memory and homing markers and travel to the skin (37, 39). Indeed, a recent study using



time of flight mass cytometry showed that in vitro VZV infection remodels tonsillar T cell with
into activated skin-homing T cells (40, 41). Additional in vivo studies need to be done to clarify

whether either or both theories are accurate.

During latency, VZV DNA is found in both satellite and neuron cells in sensory ganglia (42) as a
circular episomal genome with limited viral gene transcription (43, 44). The most frequently
expressed viral genes detected during latency include ORF4, ORF21, ORF29, ORF62, ORF63,
and ORF66 (45-47). Interestingly, during latency, transcripts associated with these ORFs are
found in the cytoplasm of neurons, whereas during acute replication in fibroblasts, they are found
in the nucleus of the cell (48, 49). ORF4 and ORF63 were found to be required for the
establishment of latency in a rat model where VZV-infected melanoma cells were injected
directly into the spine (50, 51). Additional studies using rat neurons have shown that ORF63 may

also play a role in preventing apoptosis (52).

1.4 Immunity

1.4.1 Immune system overview

The immune system consists of a network of cells that defend the host against foreign pathogens.
It is comprised of two main arms: innate and adaptive immunity. The innate system is known as
the first line of defense against pathogens and generates short-lived responses. It consists of
neutrophils, which are able to kill infected cells by phagocytosis and by producing nitric oxide
(53); eosinophils, basophils and mast cells that are important for fighting parasitic infections and

mediating allergic responses (54); dendritic cells (DCs) and monocytes which are antigen-



presenting cells (APCs) that process foreign pathogens and present it to T cells leading to their
activation (55); and Natural Killer (NK) cells which destroy virally infected and “altered” cells

through the release of granzymes (56).

Unlike the innate immune system, the adaptive immune system develops life long immunological
memory after its first response to a specific pathogen. This allows for a fast and enhanced
response to subsequent exposures. The adaptive immune system consists of T cells and B cells. T
cells are generated in the thymus where they differentiate into naive CD4 or CD8 T cells (57).
The main function of CD4 T cells is to modulate immune responses and to help B cells make
antibodies (57). CD4 T cells can be further categorized as T helper (Th1), Th2, Th17, regulatory
T cells (Tregs) and follicular helper (Tfh) CD4 T cells. Th1 responses produce proinflammatory
cytokines such as IL-2, IFNy and TNFa, which are important for killing intracellular pathogens
such as viruses and intracellular bacteria (58). Th2 responses release cytokines 1L-4, IL-5, IL-9,
IL-10 and IL-13 which are important for killing parasites and helminth infections (58, 59). Th17
cells play an important role in killing extracellular pathogens. Tregs down-regulate the immune
response after the pathogen has been cleared (60). Lastly, Tth cells play a vital role in promoting
germinal cell B cell responses (61). CD8 T cells are cytotoxic T cells that kill infected cells by
producing granzymes and perforin (62) and secrete antiviral cytokines IFNy and TNFa (63). With
the help of cytokines produced by CD4 T cells, naive B cells mature into plasma cells that secrete
antibodies (57). Antibodies play an important role in fighting off pathogens by neutralizing
microbes and opsonizing infected cells so that they can be phagocytosed and killed by

macrophages and NK cells respectively (57).



1.4.2 Immune response during acute VZV infection

Both the innate and adaptive immune responses play a critical role in controlling VZV replication
during acute infection. Early responses are mediated through NK cells and type 1 interferons.
Indeed, patients who are deficient in NK cells or lack activated NK cells are at increased risk of
severe or fatal varicella (64-67). NK cells can kill VZV-infected cells by secreting the antiviral
factor granulysin, which induces apoptosis in infected cells (68). Type 1 and type 2 interferons
(IFNs) have also been shown to inhibit VZV replication in human skin xenografts (38).
Moreover, IFNa treatment reduces the number of new varicella lesions in cancer pediatric

patients when administered within 72 hours after the appearance of the rash (69).

Complete resolution of acute VZV infection requires adaptive immune responses (70). Subjects
with T cell deficiencies such as those with lymphoma, undergoing chemotherapy, or infected with
Human Immunodeficiency Virus (HIV) experience severe varicella (71, 72). VZV-specific T
cells can be detected in the blood 3 to 7 days after the appearance of rash and their frequency
peaks 1-2 weeks later followed by a gradual decline (70, 73). T cell immunity to VZV is
primarily a Th1 response with IL-2, IL-12, TNFa and IFNy being the primary cytokines produced
(74). IFNy has been shown to induce clonal expansion of VZV specific T cells (75). Although a
comprehensive analysis of the specificity of the primary anti-VZV T cell response has yet to be
conducted, CD8 T cell responses to VZV immediate early genes ORF4, ORF62 and ORF63;
tegument protein ORF10; single stranded DNA binding protein ORF29; and glycoproteins

ORF67 (gl) and ORF68 (gE) have been described (1, 76-79).

Humoral immunity can be measured within 3 days after the appearance of the rash with the

production of IgM, IgG, and IgA antibodies (80). The specificity of the antibody responses was



determined using a protein microarray that contained all 69 distinct VZV proteins and sera from
subjects ranging from 2 to 70 years of age with no current symptoms of varicella or Herpes
Zoster (HZ). This analysis showed that antibodies are primarily directed against VZV
glycoproteins (ORFS5, ORF14, ORF31, ORF37 and ORF68), capsid proteins (ORF20, ORF23,
ORF40), tegument proteins (ORF53, ORF9, ORF11), proteins involved in viral replication and
virion assembly (ORF25, ORF26, ORF28), immediate early transactivators (ORF12, ORF62 and
ORF63), and membrane proteins ORF2 and ORF24 (81). The highest antibody responses were

directed against ORF2, ORF12 and ORF62 (81).

Although both T and B cell responses are generated during acute varicella, early production of
VZV-specific T cells, but not antibodies, correlates with reduced severity of clinical symptoms
(70). In line with this observation, patients with agammaglobulinemia have uncomplicated
varicella and are equally protected against a second episode of varicella as individuals with
normal B cell responses (82). Moreover, treatment with VariZIG is most effective when given
within 96 hours of exposure and recommended to be administered within 10 days of exposure

(83).

1.4.3 VZV immune evasion

Like other viruses, VZV has developed mechanisms to evade the immune response. One of the
ways that VZV is able to evade the innate response is by interfering with the interferon pathway.
IFNa expression, a critical antiviral cytokine, is down-regulated of in VZV infected epidermal

cells in skin xenografts of SCID-hu mice (84). This may be mediated by VZV IE63-mediated



inhibition of the key transcription factor STAT-1 activation (85). VZV ORF66 has also been
shown to inhibit the IFNa signaling pathway in VZV-infected T cells (86) and VZV ORF61 has

also been shown to degrade IRF3 in the IRF3-mediated IFN pathway (87).

The NFkB pathway, which is important for stimulating the expression of several genes involved
in the immune response, can also be modulated by VZV. VZV ORF61 inhibits the NFkB
pathway in DCs in vitro (88). In addition, VZV infections of epidermal cells, results in the
sequesteration of NFkB subunits p50 and p65 in the cytoplasm, which in turn leads to the
inhibition of IkBa degradation and prevents NFkB activation (89). VZV has also been shown to
modulate I-CAM expression, which facilitates leukocyte recruitment, in VZV infected
keratinocytes from HZ lesions (90). Furthermore, recent reports have suggested that VZV may
interfere with the complement cascade in human T cells and DRG by up-regulating CD59

expression, which prevents the formation of the membrane attack complex (91).

VZV can also interfere with the adaptive immune reponse by interfering with antigen
presentation. ORF66 has been shown to prevent MHC class I from reaching the cell surface by
sequestering it in the golgi (92, 93). In addition, VZV can also down-regulate IFNy-mediated
MHC class II upregulation by inhibiting the expression of Statla and Jak2 proteins in the Jak/Stat
pathway (94, 95) in human fibroblasts (HFs) and keratinocytes. Moreover, VZV can down-
regulate MHC class I, CD80, CD83, CD86 and Fas expression on DC in vitro, which may inhibit

their maturation and apoptosis (96, 97).



1.5 Varicella vaccine

Varivax® is a live attenuated vaccine that contains the Oka strain licensed for protection against
varicella. The Oka strain was developed by Takahashi et al in 1974 by attenuating a VZV isolate
from a child with primary varicella through 11 passages in human embryonic lung fibroblasts
followed by 12 passages in guinea pig embryo fibroblasts and finally several additional passages
in human diploid cells (98). The resultant attenuated Oka vaccine strain has 42 single-nucleotide
polymorphisms (SNPs) compared to wild type VZV with 15 substitutions in ORF 68 alone (99).
In the first clinical trial, hospitalized children with no history of varicella were vaccinated with
the Oka stain vaccine in an attempt to stop the spread of chickenpox in the hospital. This trial

proved to be successful (98).

Before the introduction of the varicella vaccine in the US in 1995 there were about 4 million
cases each year in the US with about 11,000 hospitalizations and 50 to 100 deaths (100, 101).
Medical costs for varicella were 5.2-6.1 million dollars per year (102). The introduction of the
varicella vaccine led to an 88% reduction in the number of chickenpox cases (103). Initially, one
vaccination was recommended, however the annual rate of breakthrough varicella significantly
increased with time since vaccination from 1.6 cases per 1000 people within 1 year to 58 per
1000 people after 9 years (104). The results from this survey along with reports of breakthrough
varicella in largely vaccinated school children populations led to the recommendation of a second
dose of the Varivax® vaccine (105). The first vaccination is recommended at 12-15 months
followed by a second dose at 4-6 years of age (103). The introduction of the second dose resulted
in 98.3% efficacy (106). The vaccine is also 71-100% effective if given within 72 hours of

exposure (107).
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The varicella vaccine induces VZV-specific humoral and cellular responses. VZV-specific T cell
responses are detected 2-3 weeks after immunization in children (108). An increase in the number
of T cells expressing the activation markers CD25 and HLA-DR was observed 6 weeks after
vaccination (109). VZV-specific antibodies are detected within 7-10 days after vaccination (110).
Plasma levels of IL-2 at 2-4 days post vaccination, and IL-10 and IFNy at 5 -7 days post
vaccination are also increased (109, 111). These same cytokines are also produced in the PBMCs
through natural infection of VZV (70). Antibodies are detected in 87.3% of children after one

dose and 99% after a second dose (112).

Adverse reactions to the vaccine are minimal and include local reactions such as pain and
inflammation at the site of infection (19 -24%) and rash (5 lesions in 3 -4 %). Although very
rare, the vaccine can result in mild varicella and can be transmitted to other people (113). The
vaccine is counter-indicated for people who are immunocompromised, pregnant or have serious
allergic reactions to gelatin or neomycin. Varivax® may be administered to HIV infected children
with a CD4+ cell count > 200 cells/uL (114). Although the current vaccine is effective in the
prevention of clinical disease (varicella), it is still able to establish latency in the sensory ganglia
(115). Furthermore, the vaccine strain was reported to reactivate in healthy children (116) and

children with hematological malignancies who received bone marrow transplants (117).

1.6 Reactivation

1.6.1 Clinical manifestations of Herpes Zoster

VZV reactivation results in herpes zoster (HZ), a painful and often debilitating disease that
affects 1 million individuals/year in the United States alone (118). During VZV reactivation, the

virus travels ante-retrograde from the sensory ganglia to the skin nerve terminals where it infects

11



and replicates in keratinocytes, and epithelial cells, causing polykaryocytes (35) (Fig. 1.1). The
first symptom of HZ is usually severe prodromal pain and burning which precedes the rash (119).
Unlike varicella, the HZ rash is restricted to the dermatome innervated by the ganglia from which

the virus reactivated (120).

The incidence of HZ dramatically increases after the age of 50 from an average of 3 cases per
1000 adults 40-50 years old, to 10 cases of HZ per 1000 adults aged 80 years or above (121). HZ
also occurs frequently in individuals with autoimmune diseases, cancer, and organ transplant
recipients who are receiving immunosuppressive drugs (66). Increased incidence of HZ has also
been linked to physical trauma, inflammatory bowel disease, and diabetes (122, 123).
Interestingly, African Americans are significantly less susceptible to HZ compared to Caucasians
(124). In addition, numerous studies in the U.S and Europe have demonstrated that the incidence

of HZ is significantly higher in women than men (125-129).

VZV can also reactivate without resulting in a rash. When accompanied by pain, this is referred
to zoster sine herpete (130), which is difficult to diagnose and can only be confirmed by
measuring VZV DNA in the cerebrospinal fluid (131). Asymptomatic reactivations can also
occur during episodes of mild stress or immune suppression. For instance, infectious VZV DNA
has been recovered from the saliva of astronauts during and after spaceflight in the absence of
disease (132). VZV has also been hypothesized to reactivate from the enteric neurons resulting in

enteric zoster, which causes gastrointestinal pain without a rash (32).
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1.6.2 Herpes zoster complications and treatment

As with primary infection, HZ generally resolves with no complications, however, 26% of
patients experience additional complications that are, on rare occasions, fatal (133). The most
common complication is post-herpetic neuralgia (PHN, 19% of HZ cases), defined as chronic
pain in the affected dermatomes lasting many months after resolution of the rash, presumably due
to damaged nerve endings (133). Another serious complication is HZ ophthalmicus (1-10% of HZ
cases) where reactivation from the first division of the trigeminal nerve leads to chronic ocular
inflammation that could ultimately lead to blindness (133, 134). Additional rare complications
include vasculopathy (which can occur with or without rash) where the virus infects the cerebral
arteries and causes ischemic infarctions in the brain or spinal cord, leading to stroke, aneurysm
and cerebral hemorrhaging (135). In immunocompromised individuals, VZV reactivation may
also result in myelopathy where the virus infects the spinal cord or spinal arteries (136). VZV

reactivation from the enteric neurons can lead to aganglionosis and ileus (137).

Treatment for most of these complications include antiviral therapy, however, the efficacy of
antiviral drugs initiated later than 72 hours after the appearance of the rash is uncertain (138).
Corticosteriods have also been shown to reduce morbidity, however, their efficacy is short lived
and does not reduce the risk of PHN (139). Other treatments for PHN include antidepressants and
antiepileptic drugs such as gabapentin (140, 141), opiate analgesic drugs, and topical anesthetic
drugs such as lidocaine and capsaicin (142). VZV vasculopathy and myelitis are treated with
intravenous acyclovir (135). Unfortunately, a large portion of patients do not respond to these

treatments or only have moderate relief of pain or adverse side effects to the drugs (143).
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1.6.3 Immune response during reactivation

As described above for varicella, it is believed that VZV-specific T cell immunity plays a more
critical role in the prevention of VZV reactivation than antibodies. VZV antibody responses have
been shown to be very stable with half-lives around 50 years, whereas VZV-specific T cells have
been shown to decline with age (144, 145). Furthermore, studies have shown that frequency of
VZV-specific CD4 T cells declines more dramatically with age compared to CD8 T cells (146).
Although, our understanding of the specificity of the anti VZV response is very limited, T cell
responses against the IE transactivators ORFs 62 and 63 are reduced in older individuals (77) and

patients with malignancies (147).

During reactivation, VZV-specific T cell responses increase, peaking 3 to 6 weeks after the onset
of the zoster rash and returning to pre-HZ levels by 3 years (118). Antibody titers also increase 6
fold 3 weeks after HZ and return to baseline levels by 6 weeks (118). VZV reactivation also
results in a local immune response in the ganglia (Fig. 1.1). A study that examined ganglia
collected from people who suffered from zoster 1 to 4.5 months before they died from other
causes, reported presence of T cells (75% of which were non-cytolytic CD8 T cells), B cells,
macrophages and Natural Killer (NK) cells, but no DCs in the ganglia (148). The recruitment of T
and NK cells to the ganglia could potentially be due to VZV-induced expression of chemokine
CXCL10 from neurons, which binds to CXCR3 on memory T cells and NK cells to induce their
migration (149). Up-regulation of MHC-I and MHC-II molecules during reactivation has also
been observed, suggesting a second mechanism for T cell retention and activation in the sensory
ganglia (148). Skin biopsies collected during reactivation also show presence of CD4, CDS§, NK
cells and macrophages along with increased expression of IFNy, TNF-a and IL-6 compared to

non-lesioned skin biopsies from controls (90) (Fig. 1.1).
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Figure 1.1 Varicella Zoster Virus (VZV) immune response during reactivation. When
immune responses weaken, VZV reactivates by travelling anterograde towards nerve endings,
replicates in keratinocytes and epithelial cells causing the formation of polykaryocytes, leading
ultimately to a dermatomal rash. The local immune response in the ganglia is characterized by the
infiltration of CDS§, CD4, natural killer (NK) cells,macrophages and B cells. The immune
response in the skin is characterized by CD4, CD8, NK cells and macrophages along with
increased expression of interferon (IFN)-g, tumour necrosis factor (TNF)-a and interleukin (IL)-6.
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1.7 Herpes Zoster Vaccines

1.7.1 Live attenuated Zostavax®

The Food and Drug Administration approved Zostavax® for the prevention in zoster in people 60
years of age and older in May 2006 (150). This vaccine contains 19,400 PFU/dose compared to
the varicella vaccine Varivax®, which contains ~1,350 PFU/dose of live attenuated virus (121).
Zostavax® was approved after the completion of the Shingles Prevention Study (SPS), a double
blind, placebo controlled study that involved 38,546 people (151). Results from the SPS showed
that Zostavax® reduced the incidence of disease by 51% and lowered the incidence of PHN and
associated pain by 66.5% in subjects > 60 years of age (151). Efficacy of this vaccine decreases
with increasing age with only 18% efficacy in individuals over the age of 80 (151). The FDA
lowered the age requirement to 50 years in 2011 due to the increased efficacy in adults 50-59
(70%) (152, 153). Long-term efficacy of this vaccine was shown to drop to 21.1% for HZ and
35.4% for the PHN over the course of 7 to 10 years (154). A booster dose of Zostavax® 10 years
after the first dose has been shown to enhance protection against HZ in people over the age of 70

(145). Therefore, like Varivax®, boosters may be recommended for Zostavax®.

Zostavax® vaccination induces a significant increase in VZV cell mediated responses compared
to placebo recipients 6 weeks after vaccination, however, as described for efficacy, vaccine-
induced increase in T cell responses negatively correlates with age of the recipient (155).
Moreover, vaccine-induced cell mediated immunity declined dramatically one year post
vaccination, and at the end of a 3 year follow up, T cell immunity had returned to almost pre-
vaccination levels (151). A recent study showed that Zostavax® vaccination increases CD4 T cell
responses to ORFs 40, 67, 9, 59, 12, 62, one month after vaccination. However, after 6 months,

only CD4 T cells responses to ORFs 40, 59, 63 and 67 remained higher than pre-vaccination
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levels (156). Interestingly, T cell responses to the VZV oka vaccine strain cross-recognize HSV-1
and HSV-2 antigens, which may indicate that the Zostavax® vaccine may provide some degree
of protection against HSV as well (157). Zostavax® vaccination increases a humoral immune
response to VZV, albeit to a lesser extent compared to levels achieved after HZ (118).
Zostavax® can boost the antibody titers of individuals who previously had HZ, and the

magnitude of this boost is negatively correlated with time since HZ episode (158).

Adverse reactions to Zostavax® mainly include pain and inflammation at the site of infection
(159). Concomitant vaccine administration of zoster and influenza vaccine or pneumococcal
vaccines does not adversely affect their immunogenicities (160, 161). Although Zostavax®
vaccine has been proven to be safe for HIV-infected people with 15% CD4 T cells or a CD4 T
cell count of 200 cells/pl, it is contraindicated for people who are: 1) taking steroids (40/per day
for more than 7 days or 20mg/day for more than 14 days), 2) receiving biologics such as anti-
TNFa (in the past 12 months) or 3) currently undergoing or underwent radiation or chemotherapy
in the past 6 months (114, 162, 163). The Center for Disease Control (CDC) also recommends
that newly vaccinated people avoid contact with individuals at high-risk for varicella
complications such immune-compromised patients. Infectious viral DNA has been found in saliva

from Zostavax® vaccinated individuals for up to 4 weeks post vaccination (164).

1.7.2 Inactivated Adjuvant Subunit Vaccine

Another potential strategy to develop a more efficacious vaccine is to generate a subunit vaccine
that expresses immunogenic VZV proteins. Subunit vaccines can provoke a strong immune
response while being safe for individuals for whom live attenuated vaccines are contraindicated.

Two doses of a subunit vaccine (HZ/su) developed by GlaxoSmithKline using adjuvanted
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recombinant glycoprotein E (ORF68) has shown great immunogenicity and efficacy in older
individuals regardless of their age. A phase III HZ/su study that was recently completed with a
total of 15,411 participants that received two doses of vaccine or placebo showed overall 97.2%
efficacy rate among all three age groups tested (50-59, 60-69 and >70) in a 3.2-year follow up
study (165). However, 81.5% of HZ/su recipients in the phase III study experienced pain at the
site of injection and 66% of recipients had mild to moderate systemic reactions (grade 3 severity
in 11.4% of the subjects) such as myalgia (most common), fatigue and headache (165).
Glycoprotein E was selected for this subunit vaccine because it is the most abundant viral
glycoprotein and also elicits robust CD4 T cell and antibody responses (166, 167). The adjuvant
being used is ASO1, which is a liposome-based adjuvant system containing 3-O-desacyl-4’-
monophosphoryl and saponin QS-21, which activates the Toll-like receptor 4 (TLR4) pathway
and stimulates both antibody and Thl responses (168). Two doses of HZ/su elicited a stronger
anti-VZV gE, anti-VZV lysate antibody, and anti-VZV lysate CD4 T cell responses than two
doses of Zostavax® in adults 50-70 year old over a 12-month follow up period (169). However,
CD4 specific T cells and antibody levels to HZ/su dropped by almost half after 42 months (169).
Three doses of the HZ/su vaccine was shown to be safe and immunogenic in hematopoietic cell

transplants patients for up to 1 year and HIV patients for up to 18 months (170, 171).

1.7.3 Heat inactivated vaccines

Randomized, double blind, placebo controlled phase III studies are currently being conducted to
test the safety and efficacy of a heat inactivated Varivax® (V212) vaccine targeted for bone
marrow and hematopoietic- cell transplant recipients (172, 173). Study is expected to be
completed end February 2017. Pros and cons for the Zostervax®, HZ/su and V212 vaccines are

described in Table 1.1.
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Vaccine

Pros

Cons

Live, attenuated
vaccine
Zostavax®

Boosts both cellular
and humoral immune
responses

Contraindicated for people
with weakened immune
systems

Potential for shedding and
therefore transmission to
people  with  weakened
immune system

Vaccine needs to stay
frozen in order to remain
potent

Immunity and efficacy
wane with increasing age
and with time since
vaccination

Subunit Vaccine

HZ/su

Only contains one
viral protein, making
it safe for immune
deficient people and
pregnant women

Requires 2 doses

High incidence of adverse
events due to the potency of
the adjuvant

Heat inactivated

V212

Safe for immune
deficient people and
pregnant women
Does not require
refrigeration

Stimulates a weaker
immune response than live
vaccines

Requires 4 doses, making
compliance an issue

Table 1.1 Pros and cons for Zostavax®, herpes zoster/subunit vaccine (HZ/su) and V212

vaccines
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1.8 Animal models for VZV

1.8.1 Rodent Models

Guinea pigs have been used as an animal model of VZV infection, however, successful infection
requires a guinea pig adapted strain that was passaged several times in fetal guinea pig cells (174-
177). Subcutaneous and intranasal inoculation results in seroconversion, however, the
development of rash is variable. Two studies which used the same intramuscular inoculation
method in inbred weanling guinea pigs reported different results, with one reporting rash from
80% of infected animals 3 to 7 days post infection while the other study reported no clinical
disease (175, 176). In addition, viremia is rarely detected and there is no evidence that VZV is
infectious in guinea pigs (174, 177). However, studies using guinea pigs have provided evidence
that VZV can be transmitted by aerosolized droplets (178) and that VZIG can be prophylactic for
VZV (176). Furthermore, this animal model has shown that infected T cells can disseminate VZV
to enteric neurons (179) suggesting that VZV may be linked to bowel related diseases such as

gastric ulcers (180) and ulcerative colitis (181).

Rats have also been used as a model of VZV infection. However, subcutaneous, ocular and
intraperitoneal inoculation result in seroconversion without clinical disease (182-185).
Subcutaneous footpad inoculation of rats showed that VZV DNA can be detected the dorsal root
ganglia (DRQ) as early as 1-month post infection (182, 185). In addition, ORF 62 and ORF 63
transcripts which were previously reported in latently infected human ganglia (186-188) were
found in the ganglia of rats 18 months after bilateral footpad inoculation (189). Rats have also
been used to study pain associated with VZV such as PHN. In this model, Wistar rats inoculated
subcutaneously in footpads experience hyperalgesia and allodynia in the infected footpad that

decrease significantly 5 dpi and are resolved by 60 dpi (190, 191). Although rodent animal
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models have provided insight into VZV pathogenesis, they don’t severe as a robust translational

animal model due to the fact that VZV inoculation doesn’t result in disease or viremia.

1.8.2 SCID-humanized mouse model

Severe-combined immunodeficient humanized (SCID-hu) mice have been extensively used to
investigate mechanisms of VZV pathogenesis (192). In this model a conjoint thymus liver
(thy/liv) transplant or human fetal dorsal root ganglia (DRG) (193) is implanted under the kidney
capsule. Human skin is also sometimes implanted as a dermal graft (194). Studies using the
SCID-hu model have shown that T cells support viral replication (194) and that intravenous
injection of VZV infected T tonsillar T cells but not VZV infected fibroblasts, results in the
characteristic varicella rash in implanted human skin, showing that T cells play a vital role in
VZV dissemination to the skin (84). Additional studies using this model have demonstrated that
IFNa plays a critical role in inhibiting VZV replication in the skin explants. Direct inoculation of
human fetal dorsal root ganglia (DRG) xenografts in this model showed that VZV replicates in
the ganglia for 8 weeks, before establishing latency (193) and that both neurons and satellite cells
are capable of being infected with VZV (84, 195). Although the use of SCID-hu mouse model has
provided novel insight into key characteristics of VZV pathogenesis, this model presents
significant shortcomings, notably the absence of an adaptive immune branch as well as the fact

that the inoculation methods used do not mimic the natural route of infection.

1.8.3 Nonhuman Primate models (NHP)
As described for rodents, inoculation of NHPs with VZV does not result in disease.
Subcutaneous VZV inoculation results in viremia in chimpanzees, however, the rash was limited

to the site of infection (196). Oral-nasal-conjunctival inoculation of marmosets and intratracheal
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inoculation of patas monkeys with VZV results in seroconversion in the absence of clinical
disease or viremia (197, 198). Intratracheal or intrabronchial inoculation of cynologous and
rhesus macaques with VZV also results in the development of both humoral and cellular

immunity in the absence of rash and viremia (199, 200).

1.9 Simian Varicella Virus

Simian Varicella Virus (SVV) was first isolated in 1975 from an outbreak in vervet monkeys at
the Tulane National Primate Center that was characterized by disseminated skin rash, fever, and
60% mortality rate (201). In contrast, reports of epizootics in macaques showed a much milder
case of a varicella-like disease. Specifically, SVV outbreaks in pig-tailed, Japanese, cynomolgus,
formosan rock and rhesus macaques in a Washington primate center resulted in only a 10%
mortality (202, 203). SVV shares significant structural and genetic similarities with VZV. SVV
and VZV genomes have comparable sizes (SVV: 124,138 bps versus VZV: 124,884bps) and
G+C% content (SVV: 40.4% versus VZV: 46%). The two genomes share 70 to 75% DNA
homology and 27% (ORF1) to 75% (ORF 31) similarity at the amino acid level (204, 205). The
only major difference is found in the left terminus where the SVV genome contains an invertible
665bp that is absent in VZV (206). The similarities are so significant that vaccinating monkeys

with VZV antigens resulted in protection from SVV (198).

1.9.1 Intrabronchial infection of SVV in rhesus macaques

Given the significant homology between SVV and VZV, our laboratory sought to develop an
alternative NHP model Rhesus macaques were chosen for this model since SVV infection of
other NHPs resulted in either severe and often fatal disease (207, 208) or persistent viremia (208,

209). To circumvent these challenges, other groups have utilized a model of natural infection of
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cynonologous macques where naive monkeys are exposed to intratrachelly infected monkeys.
This model results in the development of rash and latency (210) however, antibody titers are
lower than that seen in VZV seropositive patients viremia and seroconversion are not consistently
observed and exact day of infection is not easily determined, which is a major confounder for
longitudinal analysis of host responses (206, 210). In contrast, intrabronchial infection of rhesus
macaques with SVV reproduces the cardinal features of VZV infection in humans including
viremia, development of cellular and humoral immunity, and the establishment of latency in the

sensory ganglia with limited transcriptional activity (49, 211-220).

1.9.2 Immune response to SVV in rhesus macaques

Following intrabronchial SVV infection, neutrophils infiltrate the lungs 7 DPI and their numbers
peak 10 DPI, before returning to baseline 21 DPI. Plasmacytoid DCs, which play a role in
producing the important antiviral factor IFNa peak at 7 DPI, while frequencies of myeloid
dendritic cells (mDCs), which play a crucial role in T cell activation peak at 14 DPI in the BAL
(221). Infiltration of immune cells in the BAL is accompanied by robust increases in chemokines
(MCP-1 (CCL2), MIG (CXCL9), I-TAC (CXCLI11), MIP-1a (CCL3), MIP-1B (CCL4), eotaxin,
RANTES) that are chemotactic for monocytes, dendritic cells, NK cells, eosinophils and T cells

at 7 DPI. Moreover, monocyte cytokines (IL-15, IL-1, IL-6 and IL-12) also peak 7 DPI (221).

T cell proliferation peaks in the BAL and PBMC 10 DPI and SVV-specific T cell responses are
first detected 7 DPI and their levels peak at 21 DPI. Similarly Thl cytokine levels (IFNy, TNFa
and IL-2) also peak in the BAL at 7 DPI (217, 221). CD8 T cells are the dominant lymphocyte

population in the BAL during acute infection and their relative frequency remains significantly
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increased for up to 126 DPI (221), but both CD8 and CD4 T cells display cytolytic activity in the
BAL and PBMC (221). B cell proliferation peaks at 10 DPI in the BAL and 14 DPI in the PBMC

and correlates with peak SV V-specific antibody IgG antibody titers (217, 221).

Using this model we showed that CD4 T cells play a critical role in controlling acute infection
(219) as well as the establishment of latency (220). We also characterized the specificity of the T
cell response to SVV during acute infection and latency using IFNy ELISPOT (222). Our data
show a robust and broad T cell response during acute infection with CD8 T cell responses
directed mostly against immediate early and early viral proteins, while CD4 T cell responses were
directed primarily against SVV late genes. During latent infection, T cells responses were
significantly reduced in magnitude and breadth compared to those observed during acute
infection (222). Interestingly, T cell responses against ORF4, ORF11, ORF19, ORF31, and ORF
37 were maintained into latency albeit at lower levels whereas T cells responses to ORF10,
ORF20, ORF29, ORF31, ORF62, ORF63 and ORF68 showed a significant decrease of about
83% between primary and latent infection (222). These observations provide a potential
explanation for the success of the subunit vaccine HZ/su, which contains adjuvanted ORF68

protein and can potentially aid in the development of a multivalent subunit vaccine.

Studies using this model have also shed light on VZV trafficking to the ganglia. African green
macaques (AGMs) infected with SVV expressing enhanced green fluorescent protein show that
SVV primarily infects memory T cells that can infiltrate the ganglia (223). This study also
showed the infiltration of DCs and macrophages into the ganglia during acute SVV infection of
AGMs (224). Moreover, as described for VZV in humans, CD4 and CD8 T cells infiltrate the

ganglia during SV'V reactivation, which correlates with CXCL10 expression (225). However,
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given the severity of SVV infection in AGMs and the differences between AGMs and human
immune systems, these studies need to be validated in the rhesus macaque model, which more

faithfully recapitulates human disease.

1.9.3 SVV immune evasion

Like VZV, SVV has also developed strategies to escape the immune system. SVV ORF61 has
also been shown to interfere with the NFkB signaling pathway by preventing the phosphorylation
of IkBa and blocking -TrCP, which is part of the E3 ubiquitin ligase complex that mediates
IkBa degradation (226). In vitro studies have also shown that SVV can interfere with type I
interferon signaling by down-regulating the expression of IRF9 and inhibiting Stat2
phosphorylation (227). Furthermore, in vivo studies in rhesus macaques have show that SVV

ORF61 can inhibits IFNa production and expression of interferon stimulated gene (228).

1. 10 Thesis Overview and Aims

Rhesus macaques infected with SVV serve as a powerful tool to investigate the host pathogen
during VZV infection. Since VZV is respiratory pathogen and the main complications of acute
VZV infection is pneumonia. | used this robust animal model to first characterize the host
response during SVV acute infection in the lung parenchyma. Furthermore, it is unclear how
VZV reaches the ganglia during acute infection; therefore, the second aim of my dissertation was
to define the host response and kinetics of VZV latency in the ganglia. Since VZV primarily
infects T cells that are believed to play a role in trafficking VZV to the skin and ganglia, I also
investigated how SVV alters the SVV transcriptome. Finally, although VZV reactivation is
believed to occur due to the loss of CD4 specific T cells; this hypothesis has not been formally

tested. Therefore, my last aim of my dissertation was to investigate the role that T cell
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senescence plays in preventing HZ. Data from these studies provide novel insight in the VZV-
host pathogen interactions and have the potential to guide efforts to improve vaccines and

therapeutics.
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ABSTRACT

Varicella Zoster Virus (VZV) is the causative agent of varicella and herpes zoster. Although it is
well established that VZV is transmitted via the respiratory route, the host-pathogen interactions
during acute VZV infection in the lungs remain poorly understood due to limited access to
clinical samples. To address these gaps in our knowledge, we leveraged a nonhuman primate
model of VZV infection we developed where rhesus macaques are intrabronchially challenged
with the closely related Simian Varicella Virus (SVV). Acute infection is characterized by
immune infiltration of the lung airways, a significant up-regulation of genes involved in antiviral-
immunity, and a down-regulation of genes involved in lung development. This is followed by a
decrease in viral loads and increased expression of genes associated with cell cycle and tissue
repair. These data provide the first characterization of the host response required to control
varicella virus replication in the lung and provide insight into mechanisms by which VZV

infection can cause lung injury in an immune competent host.
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INTRODUCTION

Varicella zoster virus (VZV) is a neurotropic alpha herpes virus and the causative agent of
varicella and herpes zoster. VZV is primarily acquired through the inhalation of infectious virus
particles or via direct contact with skin lesions (229). Although varicella is a benign self-limiting
disease, adults (especially smokers and pregnant women) and immunocompromised persons
frequently develop serious complications, notably varicella pneumonia (VP) (230, 231), which

can result in acute respiratory distress syndrome (ARDS) in severe cases (232).

Mechanisms of VZV pathogenesis and the host response to VZV infection in the lungs is poorly
understood because of limited access to human lung biopsies during acute infection and the strict
host species specificity of VZV. Simian Varicella Virus (SVV) shares 70-75% DNA homology
with VZV (204) and intra-bronchial infection of rhesus macaques (RM) recapitulates the clinical
features of primary VZV (217). Recent studies from our group have reported the presence of a
vigorous anti-SVV response characterized by effector memory CD8 T cell infiltration, a robust
CD4 T cell response, and production of antiviral cytokines/chemokines and growth factors in the
bronchoalveolar lavage (BAL) (221). However, we still do not have a clear understanding of the
host response to varicella virus within the lung tissue. Here, we leveraged this animal model to
characterize SVV-induced immune response as well as changes in lung histopathology and gene
expression during primary varicella infection. Our results show that SVV infection results in lung
injury as evidenced by focal hemorrhaging, collapse of airways, and reduced expression of genes
with a role in lung development and/or function. SVV infection also induces a robust immune
response as evidenced by immune cell infiltration, production of pro-inflammatory cytokines and

chemokines, and increased expression of genes involved in host defense. The development of this
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immune response correlates with decreased SVV viral loads. Moreover, as viral loads decrease, a
shift towards increased expression of genes with a role in tissue regeneration and increased levels
of growth factors is observed. Collectively, these data increase our understanding of mechanisms

of host defense and the development of respiratory complications during VZV infection.
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MATERIALS AND METHODS

Animals and sample collection

Fourteen colony-bred Rhesus macaques (Macaca mulatta, RM) 3-5 years of age and of Indian
origin were used in these analyses. Animals were housed and handled in accordance with the
Oregon National Primate Research Center (ONPRC) Institutional Animal Care and Use
Committee (IACUC protocol #0779). The ONPRC Institutional Animal Care Use Committee
approved all experimental protocols. The ONPRC has been continuously accredited by the
American Association for Accreditation of Laboratory Animal Care since 1974 (PHS/OLAW
Animal Welfare Assurance # A3304-01). Eleven RM were inoculated with 4x10° PFU SVV as
previously described (217) and euthanized 3 (n=3), 7 (n=3), 10 (n=2), and 14 (n=3) days post-
infection (DPI); and 3 were controls. Animals were either housed single or paired in caging that
allowed for social interactions in a temperature and humidity controlled environment. Food and
water were available ad libitum and enrichment was provided daily. All procedures were done
under Ketamine anesthesia to minimize animal suffering. Necropsy was carried out in accordance
with the recommendation of the American Veterinary Association guidelines for euthanasia.
Blood, bronchial alveolar lavage (BAL) and lung tissues were collected at necropsy. Tissues

were then flash frozen or stored in trizol at -80°.

Luminex analysis

Lung tissue was homogenized using 1.0mm Silicon Carbide Beads (BioSpec Products Inc,
Bartlesville, OK). Lung homogenate and BAL supernatants were analyzed using the Non-Human
Primate ProcartaPLex Cytokine/Chemokine/Growth Factor 37-Panel (eBioscience, Inc, San
Diego, CA) which measure the expression levels of: monocyte chemoattractant protein 1 (MCP-

1, CCL2), IL-1B, IL-2, IL-10, IL-12p70, IL-4, IL-5, IL-6, IL-7, IL-8, IL-12, IL-13, IL-15, IL-
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17A, IL-18, IL-23, interferon gamma-induced protein 10 (IP-10; CXCL10), macrophage
inflammatory protein 1 alpha (MIP-1a; CCL3) and beta (MIP-1B;CCL4), IL-1 receptor agonist
(IL-1RA), TNF-a, Stem Cell Factor (SCF), Eotaxin (CCL11), Fibroblast Growth Factor 2 (FGF-
2), B lymphocyte chemoattractant (BLC;CXCL13), Brain-derived neurotrophic factor (BDNF),
granulocyte-colony stimulating factor (G-CSF), Granulocyte macrophage colony-stimulating
factor (GM-CSF), IFNa, IFNy, interferon-inducible T cell Alpha chemoattractant (I-TAC;
CXCL11), nerve growth factor beta (NGFp), platelet-derived growth factor-BB (PDGF-BB),
soluble CD40 ligand (sCD40L), stromal cell-derived factor 1(SDF-1a;CXCL12a), vascular

endothelial growth factor A (VEGF-A) and D (VEGF-D).

Isolation of immune cells

Lung tissue was digested using 150U/ml collagenase, 60U/ml DNAse, 60U/ml hyaluronidase and
0.2U/ml elastase for 1 hour at 37°C with shaking. The digested tissue was then homogenized
using a cell strainer to generate a single cell suspension. Cells were isolated using a 30% percoll
gradient, then stained with antibodies directed against: CD4 (Tonbo Biosciences, San Diego,
CA), CD8p (Beckman Coulter, Brea, CA), CD28 (Tonbo Biosciences), CD95 (BioLegend, San
Diego, CA), CCR7 (BD Pharmingen, San Diego, CA) CD20 (Southern Biotech, Birmingham,
AL), IgD (Southern Biotech), and CD27 (Biolegend) as previously described (221). A second
sample was stained using antibodies against: CD3 (BD Pharmingen), CD20 (Biolegend), CD14
(BioLegend), HLA-DR (Biolegend), CD11c (Biolegend), and CD123 (Biolegend) as previously
described (221). Samples were analyzed using the LSRII instrument (Becton, Dickinson and

Company, San Jose, CA) and Flowjo software (TreeStar, Ashland, OR).
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DNA/RNA Extraction

DNA was extracted from lung tissue using the Qiagen genomic DNA extraction kit (Qiagen,
Valencia, CA) and from BAL and blood using the ArchivePure DNA cell/tissue kit (5 PRIME,
Gaithersberg, MD). Viral DNA loads were determined exactly as previously described (217) by
real-time PCR using primers and probes specific for ORF21 and ran on the ABI StepOne
(Applied Biosystems, Foster City, CA). RNA was extracted from lung tissue homogenized in
trizol using a bead beater and zirconia/silica beads followed by extraction using the Ambion

Purelink RNA Mini Kit (Life Technologies, Carlsbad, CA).

Histological and Immunohistochemistry Analysis

Hematoxylin and Eosin (H&E) staining of Sum lung tissue sections were deparaffinized with
Histo-Clear II (National Diagnostics, Atlanta, Georgia) and rehydrated. Tissue was then stained
with Hematoxylin for 2 minutes followed by Eosin for 40 seconds and then hydrated back to
Histoclear and covered with coverslips using Omnimount (National Diagnostics, Atlanta,
Georgia). For immunohistochemistry analysis, antigen retrieval was done using a pressure cooker
in citrate buffer for 20 minutes. Sections were then blocked in 1% bovine serum albumin (BSA)
and 5% normal goat or horse serum for lhr followed by avidin and then biotin for 15 minutes.
Tissues were then stained with primary antibodies CD3 (1:200 dilution, Dako M0452, CD20
(1:300 dilution, Dako M0755), CD68 (1:75, Dako, Ki67 1:150 dilution, Dako MIB-1), granzyme
B (1:200 dilution, Millipore, Temecula, CA) and VZV glycoprotein B (1:200 dilution, antibodies-

online.com clone SG2-2E6). Color development was done with InmPACT DAB (Vector labs,
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Burlingame, CA) and counter stained with Hematoxylin QS (Vector Laboratories, Burlingame,
CA). Slides were then covered with coverslips using Omnimount (National Diagnostics, Atlanta,
Georgia). Images were taken on the Leica DM5500 B (Leica Biosystems, Buffalo Grove, IL)

microscope.

mRNA Library Preparation

One microgram of RNA was used to generate RNA libraries using the using the New England
Biolab (NEB) Next Ultra Direction RNA Prep kit for [llumina (Ipswich, MA) and AMPure XP
beads (Beckman Coutler, Brea, CA). Each library was made with a unique index primer to allow
for multiplexing and then sequenced on the Illumina HiSeq2500 (Illumina, San Diego, CA)

platform at single-ends 100bps as previously described (233).

RNA-Sequencing analysis

Sequence analysis was performed as previously described (233). Due to the limited number of
animals used in the this study, use used a stringent cutoff of with differentially expressed genes
(DEGs) being defined as those with a fold change >3 and a false discovery rate (FDR) <0.05
compared to naive animals. Enrichment analysis was performed using MetaCore software
(GeneGo, Philadelphia, PA). Gene clusters were predicted by STEM using k-means clustering of
median normalized reads and maps were generated using ggplot package in R. GEO accession

number SRP072466.
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Gene Validation

Gene validation was done using RNA from the same samples used for RNA-Seq. RNA was
reverse-transcribed using 100mM dNTPs (Applied Biosystems) and multiscribe reverse
transcriptase (Applied Biosystems) to produce cDNA. Expression was determined using Taqman
gene expression assays (Thermo Fisher, Waltham, MA) of BST2, IFITM1, IGJ, MX1 and a
housekeeping gene (RPL32). Taqman gene expression assays with 50ng of cDNA and a
housekeeping gene (RPL32) was carried out in duplicates on the ABI StepOne instrument
(Applied Biosystems,). Expression of mRNA was normalized to expression levels of RPL32

using ACt values as previously described (233).

Statistical Analysis
Statistical analysis was conducted using GraphPad Prism software (GraphPad, Software, Inc., La
Jolla, CA). Significant values were determined using one-way ANOVA with an alpha value of

0.05 or less.
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RESULTS

SVYV infection results in significant lung inflammation

Eleven rhesus macaques were intrabronchially inoculated with 4x10° PFU of SVV into their right
bronchus and euthanized 3 (n=3), 7 (n=3), 10 (n=2) and 14 (n=3) days post infection (DPI). Viral
loads peaked in the BAL and infected right lung 3 DPI and in the uninfected left lung and blood 7
DPI, followed by cessation of viral replication 14 DPI (Fig. 2.1A). In line with viral replication
kinetics, the lungs showed severe focal hemorrhaging and firm nodules 7 DPI, which resolved 14
DPI (Fig. 2.1B). Similarly, H&E staining revealed damage to the alveolar walls and perivascular
infiltration of lymphocytes and macrophages that peaked 7-10 DPI, indicative of viral pneumonia,
which also resolved 14 DPI (Fig. 2.1C). To determine the association between viral replication
and viral antigen, lung tissue slides were stained with anti-VZVgB (which shares 71% amino acid
identity with SVVgB). As described for viral DNA loads, VZVgB staining peaked 7 DPI (Fig.

2.1D).

The concentration of chemokines, cytokines and growth factors in BAL supernatants and lung
homogenates were measured using Luminex technology. Levels of the B cell chemoattractant
BLC, eosinophil attractant eotaxin, granulocyte chemoattractants IL-8 and MIP1la, as well as T
cell chemokines I-TAC and MIG increased 3-10 DPI (Fig. 2.2A). Levels of IL-6, which plays a
critical role in viral clearance, also increased 3-10 DPI (Fig. 2.2B). In addition, levels of the
potent antiviral cytokine IFNa were increased 3 and 7 DPI (Fig. 2.2B), while levels of IFNy, IL-
18 (induces IFNy production by T cells), IL-1p, and its antagonist IL-1RA were increased only 7

DPI (Fig. 2.2B). Moreover, levels of growth factors VEGF-D and PDGF-BB were increased 3-14
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Figure 2.1 SVV infection results in inflammation. (A) SVV viral loads in lung biopsies,
bronchial alveolar lavage (BAL) and blood (WB) were measured by quantitative PCR using
primers and probes specific for SVV ORF21 (BAL: n=14 (0 days post infection, DPI), n=11 (3
DPI), n=8 (7 DPI), n=5 (10 DPI), n=3 (14 DPI); Lung: n=3 (0 DPI), n= 3 (3 DPI), n=3 (7 DPI),
n=2 (10 DPI), n=3 (14 DPI); WB: n=14 (0 DPI), n= 11 (3 DPI), n=8 (7 DPI), n=5 (10 DPI), n=3
(14 DPI)) (#, p<0.05 for left lung; $, p<0.05 for BAL; &, p<0.05 for WB; *, p<0.05 for right lung
relative to day 0). (B) SVV infection results in focal hemorrhage during peak viral replication that
largely resolved 14 DPI. (C) H&E staining shows immune infiltrates and lung consolidation

during peak viral replication. (D) VZVgB staining showing high levels of viral antigen 7 DPI that
were decreased 14 DPL

37



Chemokines

A. BLC Eotaxin IL-8 I-TAC MIG MIP-1a
- (CXCL13) (CcL11) (CXCL8) (CXCL11) (CXCL9) (CCL3)
A *

20004

*
1500
1000 . x x . x
1l .
so] ZHM: m: Mz  :H&a  :all
50 %
404
301 :
20
104

pg/mL

0371014 0 3 71014 0 3 71014 0 3 71014 0 3 71014 0 3 7 1014

DPI
Cytokines
B.
— IFN o IFNy IL-18 IL-1pB IL—1FA IL-6
20000
15000
10000
s .51 il * * -A i riv
=
é 259
20
15
10
54
0_
0 371014 0 3 71014 0 3 71014 0 3 71014 0 3 71014 0 3 7 1014
DPI
Growth Factors
C. VEGF-D PDGF-BB VEGF-A
4000~ x X
30004
2000 *
2" 2 x Y anll s
D 404
304 *
20
101
0-
0 3 7 10 14 0 3 7 10 14 0 3 7 10 14
DPI

Figure 2.2 SVV infection induces secretion of cytokines, chemokines and growth factors.
Levels of (A) chemokine, (B) cytokines and (C) growth factors in the BAL were measured using
Luminex technology. BAL: n=14 (0 days post infection, DPI), n= 11 (3 DPI), n=8 (7 DPI), n=5
(10 DPI), n=3 (14 DPI) Mean pg/ml +£ SEM (*, p<0.05 compared to day 0).
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DPI and those of the pro-angiogenic factor VEGF-A were increased 10 dpi (Fig. 2.2C). In
contrast, the lung homogenates showed no significant change in protein levels of chemokines,

cytokines or growth factors.

SVYV infection leads to the recruitment of T cells and phagocytes

Given the increased concentration of T cell, B cell and granulocyte chemokines in the BAL, we
characterized immune cells that infiltrated the lungs during acute varicella (Fig. 2.3). As we
previously reported (221), CD20 cells were rare whereas CD4 and CD8 T cells were abundant
pre-infection in BAL. After SVV infection, the frequency of CD8 T cells in the BAL increased 10
and 14 DPI (Fig. 2.3A). In contrast, frequencies of both B and T cells were low in naive lungs,
but increased as early as 3 DPI, with CD8 T cells showing the largest increase 10 and 14 DPI
(Fig. 2.3B). T cell activation was indicated by the increased prevalence of highly differentiated
CD8 EM T cells and CD4 CM T cells 7 to 14 DPI and CD4 EM 7-10 DPI (Figs. 2.3C,D). We
also observed an increased frequency of plasmacytoid dendritic cells (pDCs), myeloid dendritic

cells (mDCs), and macrophages (MACs) 3 - 7 DPI in both BAL and lung (Figs. 2.3E,F).

To further characterize the immune infiltrates, immunohistochemistry (IHC) was used to
determine changes in distribution and frequency of CD3, CD20, CD68, Ki67 and granzyme B
(GRZMB) positive cells (Fig. 2.4). Intensity of CD3, CD20 and CD68 staining increased 3 DPI
and peaked 7 DPI (Fig. 2.4B). Peak staining of GRZMB and Ki67 was also observed at 7 DPI
and correlated with increased frequency of memory T cells detected by flow cytometry (Fig.
2.4B). By 14 DPI, CD20 and granzyme B staining was substantially reduced, while CD3, CD68,

and Ki67 expression remained higher than baseline (Fig. 2.4C).
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Figure 2.3 SVV infection induces immune infiltration. (A-B) The frequencies (means = SEM)
of CD4, CD8 and CD20 positive cells in (A) BAL and (B) the lungs (*, p< 0.05 compared to day
0). (C-D) The percentage of naive, central memory (CM) and effector memory (EM) CD4 and
CD8 T cells in the (C) BAL (&, p<0.05 for CM; *, p< 0.05 for EM compared to day 0) and (D)
lungs (& = p< 0.05 for CM; *= p< 0.05 for EM; # = p< 0.05 for naive compared to day 0). (E-F)
The percentage of plasmacytoid DCs (pDCs), myeloid DCs (mDCs), and macrophages (MACs)
in (E) BAL and (F) lungs (& = p< 0.05 for MACs; * = p< 0.05 for pDCs; # = p< 0.05 for mDCs).
BAL: n=14 (0 days post infection, DPI), n= 11 (3 DPI), n=8 (7 DPI), n=5 (10 DPI), n=3 (14
DPI); Lung: n=3 (0 DPI), n= 3 (3 DPI), n=3 (7 DPI), n=2 (10 DPI), n=3 (14 DPI). Tissues used
were from the infected right lobe.
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(Previous page) Figure 2.4 Immune cells proliferate and exhibit cytotoxicity in SVV infected
lungs. CD3, CD20, CD68, granzyme B and Ki67 staining in lung sections from (A) naive, (B) 7
DPI and (C) 14 DPI at 20X and 40X magnification.
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SVYV infection induces robust changes in gene expression

RNA-Seq was used to characterize the host gene expression changes in the lungs during acute
varicella. The number of differentially expressed genes (DEGs) correlated tightly with viral loads,
with the highest number of DEGs detected 7 DPI (Fig. 2.5A). Changes in gene expression were
validated for a subset of genes using qRT-PCR (Fig. 2.6). The 54 DEGs that were differentially
expressed 3, 7 and 10 DPI (Fig. 2.5B) segregated into 3 clusters. Cluster 1 contained 30 DEGs
whose expression gradually increased until it peaked 10 DPI (Fig. 2.5C). Several of these genes
are involved in cell cycle such as cyclin kinase subunit 2 (CKS2), Ribonucleoside-diphosphate
reductase subunit M2 (RRM?2), and topoisomerase II alpha (TOP24). Cluster 2 contained 7 DEGs
whose expression was substantially increased as early as 3 DPI and remained high until 10 DPI
before decreasing back to baseline 14 DPI (Fig. 2.5D). Several of these DEGs play a role in
antiviral defense such as granzyme A (GZMA), GZMB, 2’-5’-Oligoadenylate Synthetase-Like
(0ASL), and CXCLY. Cluster 3 contained 15 genes that remained down-regulated throughout
acute infection (Fig. 2.5E). These genes are involved in several cellular processes such as
migration (fascin actin-bundling protein 1, FSCNI), division (Glypican 1, GPCI), and tight
junction organization (nectin-1, PVRLI, an alpha herpesvirus entry mediator (234)). To gain a
better understanding of the biological implications of the gene expression changes we detected,
functional enrichment of DEGs that have human homologs was carried out using Metacore

software.
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DEGs 3 DPI play a role in innate immunity and lung development

Most of the 106 DEGs that were up-regulated 3 DPI mapped to Gene Ontology (GO) terms
associated with antiviral immunity (Fig. 2.7A). Several genes that enriched to the GO process
“immune system process” are part of a network regulated by Signal Transducers and Activators
of Transcription 1 (STATI; FC 4) (Fig. 2.7B). Most of these DEGs have antiviral function such as
interferon-stimulated genes (ISGs) ISGI5 (FC 8), MXA (FC 7), and GBPI (FC 7) as well as
dsRNA sensors DDX60 (FC 5) and RIG-I (FC 4) (235) (Fig. 2.7B). Other STAT! regulated DEGs
in our dataset are involved in apoptosis, such as granzyme A (GZMA; FC 83), granzyme K
(GZMK; FC 35), and Fas ligand (FASL; FC 12) (236). Other DEGs play a role in chemotaxis,
e.g. MIG (CXCLY, FC 32), IP10 (CXCL10, FC 17), and ITAC (CXCLI11, FC 14) (237). Additional
highly up-regulated genes include the immune-modulatory prolactin induced protein (PIP; FC

51) and lymphocyte differentiation antigen immunoglobulin J (/GJ, FC 38).

The 54 down-regulated genes primarily mapped to GO terms associated with lung development
(Fig. 2.7C) such as iroqouis homeobox 3 (/RX3; FC7) (238), nuclear factor I/C (NFIC; FC 8)
(239) and WNT frizzled class receptor 5 (FZD5; FC8) (240). The 23 down-regulated DEGs that
mapped to biosynthetic pathways play a role in DNA binding and transcriptional regulation,
notably zinc finger protein 865 (ZNF865; FC 9) and 316 (ZNF316; FC 9), and parathymosin

(PTMS; FC8) (Fig. 2.7D) (241, 242).

Given the immune changes in immune infiltrates into the lung 3 DPI, we wanted to gain a better
understanding of which immune cells are expressing these DEGs. To that end, we used the
Immunological Genome Project (ImmGen), a database maintained by a collaborative group of

immunologists and computational biologists that aim to determine the patterns of gene expression
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(Previous page) Figure 2.7 DEGs detected 3 DPI play a role in innate immunity and lung
development. (A) Bar graph shows the number of genes mapping to each of the 10 most
statistically significant GO terms to which the 106 up-regulated genes enriched. Line represents
the —log(p-value) associated with each GO term. (B) Network of DEGs mapping to the GO
process “immune system” that directly interact. (C) Bar graph shows the number of genes
mapping to each of the 10 most statistically significant GO processes to which the 54 down-
regulated genes enriched. Line represents the —log(p-value) associated with each GO term. (D)
Heat map of the 30 down-regulated DEGs that enriched to the GO terms described in (D) grouped
by the GO term to which they mapped: ED= Embryo development, PSP= pattern specification
process, BP= biosynthetic process and LD= Lung development.
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of specific immune cells in the mouse (243, 244). This analysis showed that a group of genes that
play a role in the cell cycle progression (e.g. Top2a, BUB1, CEP55, SPC25 and CENPF) were
highly expressed by B cells, dendritic cells and T cells (Fig. 2.8, cluster 1). We also identified 2
additional clusters of genes that were mainly expressed by MACs (e.g. ADAMDECI, IgJ,
SIGLECI, CXCL9 and CXCL10) (Fig. 2.8, cluster 2a,b). Two small clusters are expressed by NK
cells (e.g. GZMB, GZMA and SAMD3) (Fig. 2.8 cluster 3a,b), and an additional cluster of
antiviral genes was seen in the neutrophils (e.g. DDX60, OAS2, and RASD2) (Fig. 2.8, cluster 4).
These data correlate with our flow cytometry analysis (Fig. 2.3), which report significant

increases in T cells, B cells, MACs and DC numbers at 3 DPI in the lung.

In line with our functional analysis, few of the DEGs down-regulated at 3 DPI mapped to
immune cell populations. These include FSCN! (pathogen recognition molecule (245)) and ARC
(apoptosis (246)) highly expressed in dendritic cells, and SEPNI (oxidation-reduction

homeostasis (247)), highly expressed in neutrophils (data not shown).

DEGs detected 7 DPI primarily map to host defense

The 380 up-regulated DEGs detected 7 DPI primarily mapped to GO terms related to host
defense (Fig. 2.9A). Over 100 DEGs involved in anti-viral immunity had a fold change >10
including: CCL8 (FC 129), CXCL10 (FC 129), CCL20 (FC 77), CCL2 (FC 63), ISG15 (FC 59),
2'-5'-oligoadenylate synthetase-like (OASL, FC 44), RIGG (FC 32), GBPI (FC 30), and /L8
(CXCLS, FC 28) (Fig. 2.9B). Additional immune related DEGs that didn't map to the 10 most
significant GO processes include FAM26F (FC 92), involved in IFNy production by NK cells

(248), Pentraxin 3 (PTX3, FC 71) involved in complement activation (249), and tissue inhibitors
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(Previous Page) Figure 2.8 ImmGen heatmap showing the expression profile of the up-
regulated genes found at day 3-post infection across different immune cell populations. Each
row represents a gene and corresponding microarray ID and columns represent an immune cell
type and study. Colors represent expression levels where red indicates the likelihood that the gene
of interest is highly expressed by a specific cell type and blue represents low expression. Cluster
1 shows genes involved in the cell cycle (e.g. Top2a, BUBI, CEP55) mapping to B cells,
dendritic cells and T cells. Cluster 2a,b shows genes that are highly expressed in macrophages
(ADAMDECI, IgJ, IF144, CXCL9 and CXCL10). Cluster 3 shows antiviral genes DDX60, OAS?2
and RSAD?2 highly expressed in neutrophils. Cluster 4a,b shows genes GZMB and GZMA highly
expressed in NK cells.
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(Previous page) Figure 2.9 DEGs detected 7 DPI are involved in host defense. (A) Bar graph
shows the number of genes mapping to each of the 10 most statistically significant GO terms to
which the 380 up-regulated genes enriched. Line represents the —log(p-value) associated with
each GO term (B) Heat map of the genes that mapped to the GO process “response to virus”
grouped by function (PRR=pathogen recognition receptor; TF= transcription factor; ISG=
immune stimulated gene). (C) Bar graph shows the number of genes mapping to each of the 10
most statistically significant disease pathways to which 400 down-regulated genes enriched. Line
represents the —log(p-value) associated with each GO term. (D) Heat map of the DEGs with a FC
>8 that enriched to “respiratory tract diseases” and “lung diseases”.
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of metalloproteinases 1 (TIMPI, FC 26). Other highly up-regulated DEGs play a role in
respiratory diseases such as Hyaluronan synthase 2 (HAS2; FC 71) associated with asthma and

tissue fibrosis (250), and metallothionein 2A (MT24, FC 24) involved in lung cancer (251).

Of the 400 down-regulated DEGs 7 DPI, 300 enriched to GO terms “respiratory tract diseases”
and “lung diseases” (Fig. 2.9C). The most down-regulated gene was keratin 5 (KRT5, FC 35), an
intermediate filament protein involved in lung regeneration (252) (Fig. 2.9D). Down-regulated
DEGs with a role in lung function include: insulin receptor substrate 2 (/RS2, FC 9), an anti-
inflammatory agent in the lung (253); and SEC14-like 3 (SECI4L3, FC 33), a lipid packing

sensor expressed by alveolar cells and involved in the prevention of lung collapse (254).

ImmGen analysis of the up-regulated immune genes revealed clusters that are highly expressed
by DCs (e.g. MX1, IFIHI, and IL-15RA); MACs (e.g CCRI, CD86 and IL-15); NK cells (GZMA
and GZMB); neutrophils (e.g OAS2, RSAD?2 and TNFSFI13B) and T and B cells (e.g. RRM2,
KPNAI and EZH?2) (Fig. 2.10, clusters 1-5). We also observed a cluster of inflammatory genes
(e.g. CCLI, CXCLI1, CXCLY, CXCLI0 and IFITM]) that were highly expressed by stromal cells
(Fig. 2.10, cluster 6a,b). In line with our functional enrichment, only 1 down-regulated gene

(SEPNI) was expressed by immune cells (data not shown).

DEGS at 10 DPI are involved in tissue regeneration

At 10 DPI, most of the 300 up-regulated DEGs enriched to GO terms associated with cell cycle
(Fig. 2.11A). Several of these DEGs are part of a network regulated by transcription factors Myb-
related protein B (b-Myb, FC 9, S- phase (255)) and forkhead box M1 (FOXMI, FC 11, S- and

M-phase (256)) (Figure 2.11B) and modified by serine/threonine kinase, cyclin-dependent kinase
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(Previous page) Figure 2.10 ImmGen heatmap showing the expression profile of the up-
regulated immune related genes found at day 7 post-infection across different immune cell
populations. Each row represents a gene and a corresponding microarray ID and columns
represents an immune cell type and study. Colors represent expression levels where red indicates
the likelihood that the gene of interest is highly expressed by a specific cell type and blue
represents low expression. Gene cluster la,b show antiviral genes (MX/ and IFIHI), immune
homeostatic genes (CD274 and PDCDILG?2) and genes involved with apoptosis (TNFAIP3 and
BIRC3) highly expressed by dendritic cells. Cluster 2 highlights a cluster of genes highly
expressed in the macrophages that are involved in the proinflammatory response such as CD§6,
IL1b and CCRI. Cluster 3 shows antiviral genes (OA4S2 and RSAD?2) and proinflammatory genes
(TNFSF13B and ILIRAP) primarily expressed in neutrophils. Cluster 4 shows highly expressed
shared by B and T cells (RRM2, KPNAI and EZH?2). Gene cluster 5 shows GZMA and GZMB
being highly expressed by NK cells. Gene cluster 6 shows genes highly expressed in stromal
cells, many of which are also involved in proinflammation (e.g CXCL9, CXCL10 and IFITM1)
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(Previous page) Figure 2.11 DEGs detected 10 DPI are involved in cell cycle and organ
development. (A) Bar graph shows the number of genes mapping to each of the 10 most
statistically significant GO terms to which the 300 up-regulated genes enriched. Line represents
the —log(p-value) associated with each GO term. (B) Network image of the 50 most up-regulated
genes in the GO term “cell cycle”. (C) Bar graph shows the number of genes mapping to each of
the 10 most statistically significant GO terms to which the 223 down-regulated genes enriched.
Line represents the -log(p-value) associated with each GO term. (D) Network image of the 20
genes that mapped to the GO term “system development” and have direct interactions.
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(CDK1, FC 10, mitosis, G2-M phase transition, apoptosis and genome stability (257)). CDKI
also interacts with the centrosomal protein 55kDa (CEPS55, FC 26), involved in cytokinesis (258);
budding uninhibited by benzimidazoles 1 homolog (BUBI, FC 26), essential for spindle assembly
and chromosome alignment (259); and ribonucleotide reductase M2 (RRM?2, FC 22). As noted
earlier, several immune related genes identified 7 DPI remained up-regulated 10 DPI (Fig. 2.9D)
including: cytolytic molecules GZMA (FC 104), GZMK (FC 17), and GZMB (FC 38);
cytokines/chemokines e.g. interleukin 2 receptor (IL2RA, FC 13), CCR2 (FC 12), and IL8 (FC 9);
and activation markers such as major histocompatibility complex, class Il (HLADQBI, FC 10)

and IGJ (FC 12).

The 223 DEGs down-regulated 10 DPI were enriched in GO terms important for organ
development (Fig. 2.11C). The most highly down-regulated genes within these GO processes
include KRTS5 (FC 66, lung regeneration (252)), collagen II (COL2, FC 30, lung structure (260)),
and Netrin-1 (NTN-1, FC 6, leukocyte transport into alveolar space (261)) (Fig. 2.11D). Other
highly down-regulated genes include secretoglobin family 1A member 1 (SCGBIAI, FC 15,
immunomodulation (262)), and troponin T type 1 (TNNT1, FC 11 muscle contraction (263)).

ImmGen analysis revealed a large cluster of genes highly expressed in B cells and T cells that
play a role in the cell cycle (e.g. CCNB1, BUBI, and CDK]). This enrichment correlates with the
significant increase in T cells at 10 DPI in lung tissue (Fig. 2.12, cluster 1, Fig. 2.2A and Fig.
2.3A,B). We also observed a cluster of genes that are highly expressed in MACs (CCR1, CD86,
CD163, IgJ, CCL2, and CXCL9); NK and T cells (GZMA, GZMB, CCR2, and CCL5); and T
cells (CD96, CD3D and CD?2) (Fig. 2.12, clusters 2-4). As described for 3 and 7 DPI, none of the

down-regulated DEGs were highly expressed by immune cells (data not shown).
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(Previous page) Figure 2.12 ImmGen heatmap showing the expression profile of the up-
regulated genes at day 10 post-infection across different immune cell populations. Each row
represents a gene and a corresponding microarray ID and column represents an immune cell type
and study. Colors represent expression levels where red indicates the likelihood that the gene of
interest is highlt expressed by a specific cell type and blue represents low expression. Gene
cluster 1 shows scavenger receptor CD163 and proinflammatory genes such as /L-18, CCRI and
CXCLY highly expressed in macrophages. Cluster 2 shows a large number of genes involved with
the cell cycle (e.g. CCNM1, KIF11, TOP2a, SPAG5 and CENPF). Cluster 3 shows genes that
were highly expressed in NK cells (GZMA, GZMB, CCR2 and CCL)Y).
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Gene expression returns to pre-infection levels by 14 DPI

Only 5 DEGs with human homologs were detected 14 DPI. The two up-regulated genes
were phospholipase A2 (PLA2G2A, FC 37), which is involved in phospholipid metabolism and is
overexpressed in lung cancer cells (264), and solute carrier family 38 member 4 (SLC3844,
FC16), important for amino acid transport (265). The three down-regulated genes played a role in
cellular motility: dynein axonemal, heavy chain 2 (DNAH2, FC 21), involved in respiratory
cilium motility and microtubule movement (266); protein phosphatase 1 regulatory subunit 1B
isoform 1 (PPPIRIB, FC 5), which modulates microtubule stability via inhibition of protein-
phosphatase 1 (267); and desmin (DES, FC 5), a major intermediate filament found in muscle and

endothelial cells (268).
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DISCUSSION

Although VZV is primarily transmitted via inhalation and replicates in the lungs (229), our
understanding of the impact of VZV infection on lung function and the host response to VZV in
the respiratory tract remains incomplete. In this study, we leveraged a robust model of VZV
infection wherein rhesus macaques are intrabronchially infected with the homologue SVV to
carry out the first in depth analysis of the host-pathogen interactions during acute varicella
infection in the lungs using a combination of immunohistochemistry, flow cytometry, multiplex
ELISA, and RNA sequencing. Our analyses show for the first time that SVV spreads rapidly
through the lungs replicating both within the lung parenchyma as well as BAL immune cells. We
also report the down-regulation of genes important for lung function, indicative of lung injury
during the acute phase of infection. Immune responses and changes in gene expression tightly
correlate with viral loads with the up-regulation of pro-inflammatory cytokines, ISGs,
chemokines and granzyme genes at peak viral loads. In contrast, genes associated with cell cycle

and lung repair were up-regulated after cessation of viral replication.

Immunohistochemistry staining and flow cytometry show that SVV infection results in
significant infiltration of lymphocytes and MACs in the lungs as early as 3 DPI and before the
appearance of varicella rash, typically detected 10-14 DPI. This is in agreement with previous
reports of patients who developed varicella pneumonia before the development of the vesicular
rash (231, 232). As previously reported for BAL (221), we saw a higher accumulation of highly
differentiated CD8 T cells compared to CD4 T and CD20 B cells within lung biopsies. CD8 T
cells were also the most abundant lymphocyte subset in the lungs of mice intra-nasally infected
with respiratory syncytial virus (RSV) (269) and rhesus macaques infected with HIN1 influenza

(270). Furthermore, CD8 T cells were shown to be essential for recovery in mice infected with
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Vaccinia virus (271). In addition to lymphocytes, frequency of MACs within the lung biopsy also
increased 3 and 7 DPI, returning to pre-infection levels 10 DPI. Bioinformatic analysis of DEGs
detected 3-10 DPI using ImmGen also indicate that transcriptional changes are mediated by T
cells, B cells, DCs, MACs, neutrophils and NK cells 3 and 7 DPI, with a bigger contribution of
DCs, MACs, and neutrophils 7 DPI. In contrast, gene expression changes 10 DPI seem to be

primarily originating from lymphocytes.

Concomitant with the influx of T cells, B cells, MACs and DCs into the BAL and lung tissue, we
detected a significant increase in T cell attractants [-TAC and MIG, B cell chemokine BLC and
granyulocyte attractant IL-8 and eotaxin in the BAL 3 and 7 DPI. Levels of pro-inflammatory
cytokines IL-18, IL-1B, IL-6 and IFNy also significantly increased in the BAL. These factors
have been reported during other lung infections suggesting a common defense response to
respiratory pathogens. For instance, IL-18 has been shown to activate NK cells and stimulate
IFNy production during influenza infection in the lungs (272). Increases in IL-6 and IFNy have
also been observed in nasopharyngeal lavage samples taken from influenza patients, BAL
samples taken from flu infected rhesus macaques, and BAL samples from rhesus macaques
infected with pulmonary nontuberculous mycobacteria (273-275). The sources of these factors
could be alveolar macrophages and lung epithelial cells as previously reported during influenza
infection and lung injury (276, 277). Indeed, ImmGen analysis also shows IL-18 and IL-1f to be
highly expressed by MAC:s. Interestingly, no chemokines or cytokines were increased in the lung
homogenate, suggesting that immune mediators are quickly secreted into the alveolar space and

do not remain within the lung parenchyma. In support of this hypothesis, mRNA transcripts of
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CXCL9 (MIG), CXCLI10, CXCLI11 (ITAC), IL-1p, and IL-8 within lung homogenates were
significantly increased. Protein levels of all these chemokines were increased in the BAL at the

same time point.

The pDC infiltration 3 DPI correlated with a robust induction of IFNa in the BAL supernatant 3-7
DPI. Another source of IFNa could be epithelial cells, which, like pDCs, express the double
stranded DNA sensor TLR9 (278), and could secrete type 1 interferons in a RIG-I dependent
manner as described for RSV infection (279). Alternatively, IFNa could also be secreted by
alveolar macrophages, which were the primary producers of IFNa in mice infected with
Newcastle disease virus (280). Concomitant with the increased IFNa levels in the BAL, we
detected a significant up-regulation of the transcription factor STA7/, induced by type 1 and 2
interferons 3 DPI (237). STAT-1 in turn regulates the expression of interferon-stimulated genes
(ISGs), which play a critical role in inhibiting viral replication. Indeed, ISGs were among the
most highly up-regulated genes in our data set (average FC = 18). The increased expression of
ISGs persists until 10 DPI and correlates with decreased viral loads 10 and 14 DPI. Our
observations are similar to those described for influenza and RSV where increased expression of
ISGI5, RIGI, IRFI, CXCLI10, CXCLI11, IFITI and STATI have been shown to play a role in
disease resolution (281-283). Similarly, reduced ISG expression has been associated with severe

cases of HSN1 infection in cynomologous macaques (284).

STATI also regulates the expression of granzymes (GRZM) A, B and K (285), which were
amongst the most highly up-regulated DEGs in our dataset. NK cells and CD8 T cells produce
these cytolytic molecules during viral infections to kill infected cells (286). Increased expression

of GRMZ genes correlated with increased frequency of EM CD8 T cells and was confirmed by
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IHC staining. Bioinformatic analysis using ImmGen also confirmed that GZMA and GZMB was
highest in NK and T cells 3-10 DPI. We previously reported increased GRMZB levels within
BAL-resident CD4 and CDS8 T cells during SVV infection (221). Elevated GRZMA and GRZMB
expression have also been reported during RSV and influenza A infection (287, 288). Moreover,
increased expression of GRZMK during acute lung inflammation can in turn induce IL-6, IL-8
and CCL2 production (289). Both mRNA and protein levels of IL-6 and IL-8 were increased
during acute varicella 3 DPI. Together with previous reports, data reported in this study suggest
that the lung generates a similar response to respiratory viral pathogens lead by ISGs, granzymes,

similar chemokines and cytokines followed by an infiltration of B and T cells.

Acute varicella is accompanied by lung injury as evidenced by the severe focal hemorrhaging and
damaged alveolar walls as well as the down-regulation of genes involved in lung development
and function. This damage is likely caused by both the anti-viral immune response as well as viral
replication as previously described for influenza (290). Indeed, the damage was most severe at the
peak of viral loads and immune response (7 DPI). For instance, expression of /RX3 (3 DPI),
important for lung development and airspace maintenance (238) and SEC/4-like 3 (7 DPI), which
plays a critical role in preventing lung collapse (254), were significantly down-regulated by SVV
infection. Similarly, down-regulation of TNNT/ (10 DPI) has been proposed as a cause of acute
respiratory distress (291). Moreover, genes that play a role in controlling lung inflammation were
down-regulated such as SCGB341 (10 DPI), which regulates airway inflammation and tissue
repair (292). Interestingly, type 1 and 2 interferons, which were increased 3 and 7 DPI, have been
shown to decrease SCGB3A41 expression (293). Similarly, /RS2, which interacts with IL-4 and

acts as an anti-inflammatory agent in the lungs (253), was also down-regulated (7 DPI).
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Several tumor suppressor genes were down-regulated, while genes that were involved in the cell
cycle were up-regulated, which could have contributed to the increased T cell numbers seen 7-10
DPI. Indeed, analysis using ImmGen indicates that these genes are most highly expressed by T
cells. Significant increase in expression of cell cycle genes was also observed in mice recovering
from MRSA-induced pneumonia (294). The up-regulated cell cycle genes could also indicate the
beginning of the repair process in the lungs since young immune competent rhesus macaques
resolve primary varicella infection without complication. In line with that hypothesis, we
detected an increase in growth factors VEGF and PDGF-BB, and angiogenic factor VEGF-A 10
and 14 DPI, which have been shown to play a critical role in alveolarization in the lungs and
repairing damaged alveolar walls (295, 296). Interestingly, several genes involved with lung
function remained down-regulated 10 DPI and 14 DPI, suggesting that repair continues after
cessation of viral replication. For instance, KRTS, essential for lung tissue repair (252), remained
one of the most significantly down-regulated genes at 10 DPI, and DNAH2, involved with cilium

motility in the lungs (266) also remained down-regulated at 14 DPI.

In summary, data from this study provides the first kinetic analysis of host-pathogen interactions
within the lungs during acute varicella infection. A robust immune response led by interferon-
stimulated genes, granzymes, cytokines and chemokines is critical for the resolution of infection.
These data also show that although SVV infection in young macaques is self-limiting, significant
lung injury occurs during the acute phase as a result of the immune response and viral replication,
a phenomenon that has not previously been described. Our results provide potential insights to
both what happens in a self —resolving infection, and by extension, what may be happening when
infection results in severe complications. Specifically, our RNA sequencing data show reduced

expression of genes important for lung function during peak viral replication. In immune deficient
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individuals who lack the vigorous immune response, uncontrolled viral replication could lead to
sustained reduction in the expression of these critical genes, which in turn results in severe lung
damage and viral pneumonia. Furthermore, immune genes that are significantly up-regulated
likely play a critical role in resolving infection; therefore, lack of increased expression of these
genes may explain why the immunocompromised develop severe disease. On the other hand,
adults may generate too vigorous of an immune response that results in severe inflammation and
viral pneumonia. These data help design interventions to mitigate complications associated with

VZV pneumonia and other infectious respiratory diseases.
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ABSTRACT

Primary infection with varicella zoster virus (VZV), a neurotropic alpha herpesvirus, results in
varicella. VZV establishes latency in the sensory ganglia and can reactivate later in life to cause
herpes zoster. The relationship between VZV and its host during acute infection in the sensory
ganglia is not well understood due to limited access to clinical specimens. Intrabronchial
inoculation of rhesus macaques with simian varicella virus (SVV), recapitulates the hallmarks of
VZV infection in humans. We leveraged this animal model to characterize the host-pathogen
interactions in the ganglia during both acute and latent infection by measuring both viral and host
transcriptomes on days 3, 7, 10, 14 and 100-post infection (DPI). SVV DNA and transcripts were
detected in sensory ganglia 3 DPI, before the appearance of rash. CD4 and CDS8 T cells were also
detected in the sensory ganglia 3 DPI. Moreover, lung-resident T-cells isolated from the same
animals 3 DPI also harbored SVV DNA and transcripts, suggesting that T-cells may be
responsible for trafficking SVV to the ganglia. RNA-Seq analysis showed that cessation of viral
transcription 7 DPI coincides with a robust antiviral innate immune response in the ganglia.
Interestingly, a significant number of genes that play a critical role in nervous system
development and function remained down-regulated into latency. These studies provide novel
insights into host-pathogen interactions in the sensory ganglia during acute varicella, and
demonstrate that SVV infection results in profound and sustained changes in neuronal gene

expression.
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INTRODUCTION

Varicella zoster virus (VZV) is a neurotropic alpha herpesvirus and the causative agent of
varicella (chickenpox) (9). VZV establishes latency in the sensory ganglia and can reactivate later
in life to cause herpes zoster (shingles), a painful disease that affects almost one million
individuals in the United States alone (297). VZV is transmitted through the inhalation of virus-
laden saliva droplets or by direct contact with the infectious fluid from vesicles (9). It is believed
that VZV replicates in the upper respiratory tract including the tonsillar lymph nodes, where it
infects memory CD4 T cells that disseminate the virus to cutaneous sites where infection of

keratinocytes results in varicella exanthem (9).

Two models have been put forth to explain how VZV reaches the ganglia. One model proposes
that cell-free virus in varicella lesions infects the nerve terminals and travels to the ganglia via
retrograde transport as described for the closely related herpes simplex virus (33). A second
model proposes that VZV is transported to the ganglia via the hematogenous route within infected
T cells (214, 298). The contribution of retrograde axonal transport versus hematogenous spread to
VZV dissemination to the ganglia in vivo is poorly understood. Furthermore, whether VZV
establishes latency immediately or replicates first in sensory ganglia remains unclear.
Experiments using human fetal dorsal root ganglia xenografts directly inoculated with VZV-
infected fibroblasts in hu-SCID mice, have shown VZV transcription in the ganglia until 14 DPI
(193). However, it is unknown whether viral gene expression is sustained for a similar duration in

an immune competent host.
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Similarly, the host response that develops in the ganglia during primary VZV infection remains
poorly understood. Previous studies report the presence of T cells (primarily non-cytolytic CD8+
T cells), B cells, macrophages, and natural killer cells within ganglia isolated from individuals
who suffered from herpes zoster shortly before they died from other causes (148, 149, 299).
These studies also showed increased expression of chemokine CXCL10 that binds to CXCR3 to
induce migration of memory T cells and natural killer cells (149) as well as increased expression
of MHC-I and MHC-II molecules (148). These observations suggest that both innate and adaptive
immunity play a critical role in the resolution of VZV reactivation. However, it is uncertain if

similar responses occur in the ganglia during acute infection.

Our incomplete understanding of host-pathogen interactions in the ganglia during acute VZV
infection is due to the difficulty in obtaining clinical samples and the strict human host specificity
of VZV. Intrabronchial infection of rhesus macaques with the closely related Simian Varicella
Virus (SVV) recapitulates hallmarks of primary VZV infection, including the appearance of
varicella, the development of cellular and humoral immunity, and establishment of latency in
sensory ganglia (217). Moreover, as described for VZV, SVV can reactivate during episodes of
immune suppression and stress (216, 218, 300) and this reactivation is accompanied by the up-
regulation of CXCL10 and T cell infiltration (225). Recent studies using African green monkeys
(AGMs) inoculated with SVV-GFEP have shown that SVV infects T cells that infiltrate the
ganglia during acute infection 9 DPI (223). However, SVV infection of AGMs, in contrast to
human VZV infection, results in significant mortality (301) and SVV-GFEP is attenuated
compared to WT (223). Moreover, ganglia samples were only analyzed at time points after the
appearance of varicella rash (>9 DPI), therefore the role of T cells versus the axonal route in SVV

dissemination to the ganglia remain unclear.
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In this study, we leveraged SVV infection of rhesus macaque to interrogate the kinetics by which
SVV reaches the ganglia and establishes latency as well as the host response to SVV using
ganglia collected from naive animals 3, 7, 10, 14 and 100 days post-infection (DPI). At every
time point, we measured viral loads and characterized both viral and host gene expression. We
show that SVV DNA and RNA transcripts are detected in the ganglia as early as 3 DPI at the
same time as memory T cells. Peripheral T cells from the same animals 3 DPI harbor viral DNA
suggesting a role for these cells in SVV transport to the ganglia. In addition, cessation of viral
gene expression in the ganglia coincides with the induction of a robust antiviral innate immune
response. Robust changes in expression of genes associated with nervous system development
were observed throughout the study, suggesting that SVV infection has a sustained effect on

neuronal gene expression long after viral replication ceases.
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MATERIALS AND METHODS

Ethics Statement

The study was carried out in strict accordance with the recommendations described in the Guide
for the Care and Use of Laboratory Animals of the National Institute of Health, the Office of
Animal Welfare and the United States Department of Agriculture. All animal work was approved
by the Oregon National Primate Research Center Institutional Animal Care and Use Committee
(IACUC protocol # 0779). The ONPRC has been continuously accredited by the American
Association for Accreditation of Laboratory Animal Care since 1974 (PHS/OLAW Animal
Welfare Assurance # A3304-01). Animals were either housed single or paired in caging that
allowed for social interactions in a temperature and humidity controlled environment. Food and
water were available ad libitum and enrichment was provided daily. All procedures were carried
out under Ketamine anesthesia in the presence of veterinary staff and all efforts were made to
minimize animal suffering. Animals were euthanized in accordance with the recommendations of

the American Veterinary Medical Association guidelines for euthanasia.

Cells and virus

SVV was propagated in primary rhesus fibroblasts (1° RF) (a generous by Dr. Scott Wong,
Oregon National Primate Center) at 37°C in 175 cm’ flasks with DMEM supplemented with 10%
FBS. SVV-infected 1° RF were frozen in FetalPlex with 10% DMSO, stored in LN,, and assayed

by plaque assay.

Animals and sample collection

Fifteen colony-bred Rhesus macaques (Macaca mulatta, RM) 3-5 years of age and of Indian

origin were used in these studies. Twelve were inoculated intrabronchially with 4x10° PFU wild-
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type SVV as previously described (217) and subsequently euthanized on 3 (n=3), 7 (n=2), 10
(n=2), 14 (n=3), and 100 (n=2) DPI. An additional 3 animals served as non-infected controls.
Animals were housed and handled in accordance with the Oregon National Primate Research
Center Institutional Animal Care and Use Committee. These animals were previously used to
characterize specificity of the anti-SVV T cell response (222). Blood, bronchial alveolar lavage
(BAL), and sensory ganglia were collected from all animals. Blood and BAL were used to
measure viral loads, isolate CD20, CD4 and CD8 T cell population for additional viral loads and
viral transcription analyses. Trigeminal and dorsal root ganglia (DRG) (cervical, thoracic and
lumbar-sacral) were collected from each animal and were divided to carry out multiple assays
described in greater detail below: DNA extraction for viral loads, RNA extraction for viral
transcription, digestion and isolation of mononuclear cells, and paraffin embedding for IHC
analysis. DRG ganglia from naive animals were used for RNA-Seq analysis. Skin biopsies were

collected from the trunk of the animals at 3 DPI.

Isolation of immune cells from ganglia

Ganglia were digested in 150U/ml collagenase for 1 hour at 37°C with shaking then
homogenized using a cell strainer to generate single-cell suspensions. Cells were pelleted at
2000rpm for 5 minutes, and then resuspended in 30% percoll gradient and spun for 15 minutes at
2000rpm to isolate mononuclear cells. Cells were then stained with antibodies directed against
surface markers: CD4 (Tonbo Biosciences, San Diego, CA), CD8B (Beckman Coulter, Brea,
CA), CD28 (Tonbo Biosciences), CD95 (BioLegend, San Diego, CA) and CCR7 (BD
Pharmingen, San Diego, CA) to delineate naive and memory T cell subsets as well as CD20
(Southern Biotech, Birmingham, AL), IgD (Southern Biotech, Birmingham, AL), and CD27

(Biolegend) to delineate B cell subsets as previously described (221). Samples were analyzed
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using the LSRII instrument (Becton, Dickinson and Company, San Jose, CA) and Flowjo
software (TreeStar, Ashland, OR). Due to the low amount of lymphocytes in the ganglia, half
DRG-C, DRG-T and DRG-LS from the same animal were pooled in order to get a sufficient
number of events to quantify the frequency of lymphocytes. The same number of DRGs was used

for every animal.

Purification of CD4/CD8 T cells

CD4 and CD8 T cells were isolated from BAL and PBMC samples using Magnetic Cell Sorting
(MACs). BAL and PBMC cells were first incubated with CD4 microbeads (Miltenyi Biotec, San
Diego) for 20 mins at 4°C. Cells were then washed in buffer and the cell suspension was applied
to the magnetic column to capture CD4 T cells. CD4 negative fraction was then stained with
CDS8-PE (Beckman Coulter) and incubated with the cells for 20 mins in the dark at 4°C. Cells
were then washed and anti-PE beads (Miltenyi Biotec) were added and incubated for 15 mins in
the dark at 4°C. Cells were then washed and the cell suspension was applied to a magnetic
column to isolate CD8 T cells. Finally, the CD4 and CD8 negative population was incubated with
CD20 microbeads (Miltenyi Biotec) to isolate B cells. Purity of the fractions was determined

using flow cytometry. All samples used had a purity of >90%.

DNA/RNA extraction and quantitative PCR

Ganglia and skin tissue was digested in Proteinase K Solution (20mg/ml) overnight and DNA was
extracted using the Qiagen genomic DNA extraction kit (Qiagen, Valencia, CA). Viral DNA
loads were determined exactly as previously described (217) by real-time PCR using primers and

probes specific for ORF21 and the ABI StepOne instruments (Applied Biosystems, Foster City,
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CA). 1 ug of DNA was used for ganglia tissue viral loads. For RNA extraction, ganglia tissue in
trizol was homogenized using a bead beater and zirconia/silica beads followed by extraction

using the Purelink RNA Mini Kit (Ambion, Carlsbad, CA)

Measuring anti SVV T and B cell responses

The ELISpot data was derived from a previous study characterizing the specificity of the T cell
response to SVV during acute and latent infection (222). The total spot forming cells (SFC) in
PBMCs or BAL was determined by adding up the individual responses to each of the 70 ORFs.

SVV-specific IgG titer was determined as previously described (217).

Viral gene expression analysis

10 ng of total RNA from each sample and 10 External RNA Controls Consortium (ERCC,
internal positive control used for normalization) were randomly primed for reverse transcription
and subsequently amplified with 71 custom viral gene-specific and 10 ERCC-targeted primers for
19 cycles of PCR. Barcoded DNA adapters were ligated to amplicons to allow multiplexing
libraries for sequencing. Libraries were amplified onto Ion Sphere Particles (ISPs) using the One
Touch 2 (Life Technologies, Carlsbad, CA) and sequenced on the Ion Torrent Proton (Life
Technologies, Carlsbad, CA) per manufacturer's protocol for v3 templating and sequencing
chemistries. Sequencing reads that were less than 60 base pairs long were removed from further
analysis, and remaining reads were stringently aligned to the viral genome and ERCC sequences

using TMAP, an lon Torrent Proton specific sequence aligner.
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Host Transcriptome Analysis

RNA was extracted from ganglia using the Ambion Purelink RNA Mini Kit extraction kit (Life
Technologies, Carsbad, CA). RNA library preparation was done using the New England Biolab
(NEB) Next Ultra Direction RNA Prep kit for Illumina (Ipswich, MA). DNA libraries were then
multiplexed and sequenced on the Illumina HiSeq2500 (Illumina, San Diego, CA) platform at
single-ends 100bps. All data analysis steps were performed with the RNA-Seq workflow module
of the systemPiperR package available on Bioconductor (302). NGS quality reports were
generated with the seeFastq function defined by the same package. RNA-Seq reads were mapped
with the splice junction aware short read alignment suite Bowtie2/Tophat2 (303, 304) against the
Macaca mulatta genome sequence downloaded from Ensembl (305). The default parameters of
Tophat2 optimized for mammalian genomes were used for the alignments. Raw expression values
in form of gene-level read counts were generated with the summarizeOverlaps function(306).
Only reads overlapping the exonic regions of genes were counted, while reads mapping to
ambiguous regions of exons from overlapping genes were discarded. Given the non-stranded
nature of our RNA-Seq libraries, the read counting was performed in a non-strand-specific

manner.

Analysis of differentially expressed genes (DEGs) was performed with the GLM method from the
edgeR package (307, 308). Differentially expressed genes (DEGs) were defined as those with a
fold change of >3 and a false discovery rate (FDR) of <0.01. Enrichment analysis of functional
annotations was performed to identify significant gene ontology (GO) processes using

MetaCore™ software (GeneGo, Philadelphia, PA).
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Gene Validation

RNA was reverse transcribed using random hexamers and SuperScript ® IV RT in the
SuperScript ® IV First-Strand Synthesis System (Invitrogen, Lithuania) to generate cDNA.
Tagman gene expression assays (Thermo Fisher, Waltham, MA) of candidate genes and
housekeeping gene (RPL32) were used with 50ng of cDNA and carried out in duplicate on the
ABI StepOne instrument (Applied Biosystems). mRNA expression levels were calculated relative

to our housekeeping gene (RPL32) using 2°ACt calculations.

Immunohistochemistry Staining

4um ganglia sections were deparaffinized and rehydrated before antigen retrieval. Antigen
retrieval was done using a pressure cooker in citrate buffer for 20 minutes. The sections were then
blocked in 10% bovine serum albumin (BSA) and 1% normal goat serum for lhr followed by
avidin and then biotin for 15 minutes. Tissues were then stained with primary antibodies CD3
(1:200 dilution, Dako M0452), for labeling T lymphocytes, CD68 (1:75 dilution, Dako) for
labeling macrophages, CD20 (1:300 dilution, Dako M0755) for labeling B cells, proteoglycan 4
(PRG4) (1:200 dilution, antibodies-online), Glial fibrillary acidic protein (GFAP) (1:500 dilution,
Dako), and Complexin 1 (CPLX1) (1:200 dilution, Proteintech Group). Slides were then
incubated with the appropriate secondary antibody and treated with 10% peroxidase in methanol
for 10 minutes in the dark. Color development of antigen staining was done with ImmPACT™
DAB (Vector labs, Burlingame, CA) and counter stained with Hematoxylin QS (Vector
Laboratories, Burlingame, CA). Slides were then covered with coverslips using Omnimount™
(National Diagnostics, Atlanta, Georgia). Images were taken on the Leica DM5500 B (Leica
Biosystems, Buffalo Grove, IL) microscope at 40x. Isotype IgG antibody was used as a negative

control.
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IHC quantification for PRG4 was done using ImageJ software. Optical density values (OD) of
DAB (brown) and hemotoxylin staining (blue) were taken from three different sections of each
slide then averaged. Ganglia from three different infected animals and the three naive controls

were used for each staining.

Hematoxylin and Eosin (H&E) staining of 4um ganglia sections were deparaffinized with Histo-
Clear™ II (National Diagnostics, Atlanta, Georgia) and rehydrated. Tissue was then stained with
Hematoxylin for 2 minutes followed by Eosin for 40 seconds and the hydrated back to Histoclear

and then covered with coverslips using Omnimount™™ (National Diagnostics, Atlanta, Georgia).

Statistical Analysis
Statistical analysis and graphing were conducted through the GraphPad Prism software
(GraphPad, Software, Inc., La Jolla, CA). Significant values were determined using one-way

ANOVA.
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RESULTS

SVYV DNA is detected before the appearance of the rash.

To determine the kinetics of viral replication in the lung and in the blood, we performed qPCR
using primers and probes against open reading frame (ORF) 21. SVV replication kinetics and
viral loads in the bronchial alveolar lavage (BAL) and whole blood (WB) following
intrabronchial infection (Fig. 3.1A) were similar to our previous studies, with higher SVV viral
loads detected in the BAL compared to peripheral blood (217). SVV-specific cellular and
humoral immune responses were detected 7, 10, 14 and 100 days post-infection (DPI) (Fig.

3.1B). Animals euthanized 10 and 14 DPI showed a characteristic varicella rash (data not shown).

To determine when SVV reached the ganglia, SVV viral loads were measured in trigeminal (TG)
and dorsal root (DRG) ganglia (cervical, thoracic and lumbar-sacral) collected from naive
animals and from animals euthanized 3, 7, 10, 14 and 100 DPI. SVV viral DNA was detected in
sensory ganglia 3 DPI, before the appearance of varicella rash. Genome copy numbers were
initially higher in the TG compared to the DRG (Fig. 3.1C), but comparable 7 DPI (Fig. 3.1C).
Since SVV DNA was detected in the ganglia before appearance of skin lesions and SVV viral
DNA was not detected in non-lesioned skin, these data suggest that SVV first reaches the ganglia

via other means than retrograde transport from skin lesions.
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(Previous page) Figure 3.1 SVV viral DNA and immune infiltrates are detected in sensory
ganglia as early as 3DPIL. (A) SVV DNA levels in the BAL and WB were measured by
quantitative real-time PCR (100ng/sample) using primers and probes specific for SVV ORF21 (0
DPI, n=15; 3 DPI, n=11; 7 DPI, n=8; 10 DPI, n=5; 14 DPI, n=4; 100 DPI, n=2) (ND = Not
Detected). Line indicates limit of detection. (B) Frequency of SVV-specific T cells in the BAL
was measured using IFN gamma ELISpot assay by enumerating the number of spot-forming cells
in response to all 69 unique SVV open reading frame as previously described (121) (0 DPI, n=3;
7 DPI, n=3; 10 DPI, n=2; 14 DPI, n=3; 100 DPI, n=2). SVV-specific IgG titers were determined
using ELISA (0 DPI, n=15; 3 DPI, n=11; 7 DPI, n=8; 10 DPI, n=5; 14 DPI, n=3; 100 DPI, n=2).
(C) SVV viral DNA was detected in the ganglia using quantitative PCR (1 pg/sample); TG=
Trigeminal, DRG-T= Dorsal Root Ganglia Thoracic, DRG-C=Dorsal Root Ganglia Cervical,
DRG-L/S= Dorsal Root Ganglia Lumbar/Sacral (3 DPI, n=3; 7 DPI, n=2; 14 DPI, n=3). No SVV
DNA were detected in ganglia from naive animals. (D) DRG-C, T and L/S isolated at the
indicated times post infection were pooled, digested and mononuclear cells were isolated over a
percoll gradient. Frequencies of CD4 and CD8 T cells were then measured using flow cytometry
(3 DPI, n=3; 7 DPI, n=2; 14 DPI, n=3). (E) The percentage effector memory (EM) or central
memory (CM) T cells were determined also using flow cytometry (3 DPI, n=3; 7 DPI, n=2; 14
DPIL, n=3). *P< 0.05 compared to day 0
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T cells infiltrate the ganglia during acute SVV infection.

Previous studies have shown a role for T cells in VZV and SVV dissemination (84, 223, 224). To
determine whether T cells infiltrate the ganglia early after SVV infection in rhesus macaques, we
digested DRG-T, DRG-C, DRG-L/S collected 3, 7, 10, 14 and 100 DPI and analyzed the isolated
lymphocytes using flow cytometry and antibodies directed against CD4, CDS§, CD28, CD95, and
CCR7 in order to delineate naive and memory T cell subsets as well as CD20, CD27 and IgD to
delineate naive and memory B cell subsets as recently described (221). Both CD4 and CD8 T
cells were detected 3-14 DPI (Fig. 3.1D) and they were highly differentiated into memory
(CD28"°CD95"CCRT7) phenotype (Fig. 3.1E). No T cells were detected in the ganglia isolated
from naive animals (day 0) or animals euthanized 100 DPI. No B cells were detected in the

ganglia at any time point.

We then carried out immunohistochemistry (IHC) using CD3 antibody to get a better
understanding of the spatial distribution of T cells, and CD20 antibody to confirm absence of B
cells. Our analysis confirmed the presence of T cells in the ganglia 3 to 14 DPI (Fig. 3.2). CD68+
cells were detected day 3-post infection (Fig. 3.2). In line with the flow cytometry data described

above, no CD20+ B cells were detected at any time point (Fig. 3.2).

To determine if T cells support SVV replication and dissemination, we isolated CD4 T, CD8 T
and CD20+ cells from BAL and PBMC samples collected from the same animals from which we
collected ganglia 3, 7, 10 and 14 DPI. SVV DNA was detected 3-14 DPI in CD4 and CD8 T cells
from both BAL and PBMC (Fig. 3.3A and 3.3B). No viral DNA was detected in T cells obtained
from naive animals or 100 DPI or from B cells detected at any time point. To determine whether

T cells can support SVV replication, viral transcripts were measured using lon AmpliSeq
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Figure 3.2 Immunohistochemistry staining shows immune infiltration of T cells and
macrophages. Representative immunohistochemistry staining for CD3+, CD68+, and CD20+
cells in the dorsal root ganglia cervical (DRG-C) at naive, 3 and 7 DPI and in the DRG-thoracic
14 DPI. Scale bar corresponds to S0um (40x magnification). Arrows indicate CD3+ and CD68+
cells. Isotype IgG served as our negative control.
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Figure 3.3 SVV trafficking and replication is supported in T cells of the BAL (A, B) SVV
viral loads in purified CD4 T, CD8 T, CD20+ and other (remaining cell population) cells from
(A) BAL and (B) PBMC were measured by qRT-PCR with primers and probes for ORF21.
Dashed line indicates limit of detection. (C) SVV wviral transcripts in BAL T cells (n= 5 (n=3,
CD4 and n=2, CD8) isolated 3 and 7 DPI using lon Ampliseq technology.
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technology. Due to the limited amount of RNA and because the viral loads were comparable, we
pooled RNA from BAL CD4 and CD8 T cells isolated 3 and 7 DPI. Transcripts from immediate
early, early and late genes were detected in both CD4 and CDS8 T cells albeit at a lower frequency
in CD8 T cells (Fig. 3.3C and data not shown). The most abundant transcripts were ORF9
(tegument protein), ORF16 (viral DNA polymerase subunit) and ORF62 (viral transactivator) (1)

(Fig. 3.3C).

SVV transcripts are detected during acute infection

We next determined when SVV establishes latency in the ganglia by measuring the abundance of
SVV wviral transcripts using lon Torrent AmpliSeq technology (Fig. 3.4). Viral transcripts
associated with almost all SVV ORFs were detected 3 DPI in the ganglia (Fig. 3.4A). As
previously described for infected BSC-1 and Vero cells (309), transcripts of ORF9 (tegument
protein), were the most abundant 3 DPI. In addition, transcripts of ORF16, ORF15 (membrane
protein), ORF 37 (glycoprotein H) and ORF62/ORF63 (viral transactivators) were also abundant
(1). In contrast, only transcripts from ORF18 (viral ribonucleotide reductase), ORF34 (viral DNA
packaging protein), and ORF35 (a nuclear matrix protein required for infectivity of skin and T

cells (310)) were detected 7 DPI (Fig. 3.4B). No viral transcripts were detected 10 and 14 DPL.

These data suggest that SVV begins to establish latency 7 DPI. Previous studies from our lab
have shown ORF6! transcripts being the most abundant latency-associated transcripts during
SVV latency (>70 DPI) (220). Interestingly, ORF61 transcripts were not detected by AmpliSeq
on day 7, 10 and 14-post infection. Since our previous studies looked at later time points (>70
DPI) (311), we hypothesized that ORF61 transcription may be first turned off, then restart after

14 DPIL
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Figure 3.4 SVV replicates in the ganglia before establishing latency at 7DPI.

(A, B) Abundance of SVV viral gene transcripts at day 3 (A) (n=3) and day 7 (B) (n=3) post-
infection in the ganglia were measured using lon Ampliseq technology. (C, D) Viral transcripts of
(A) ORF61 and (B) ORF2I (control transcript) were measured using qRT-PCR. (0 DPI n=3; 3
DPI n=3; 7 DPI n=2; 10 DPI n=2; 14 DPI n=3; 100 n=2, DPI) *P<0.05 compared to day O.
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To test this hypothesis, we measured ORF61 and ORF21 transcripts using qRT-PCR using the
same RNA samples, including samples from 100 DPI. ORF21 served as our control transcript. In
line with our AmpliSeq data, ORF6] and ORF2] transcripts were detected 3 DPI, but not 7, 10
and 14 DPI (Fig. 3.4C and 3.4D). More importantly, ORF61 but not ORF2] transcripts were

detected on 100 DPI, in agreement with our previous data (220) (Fig. 3.4C).

SVYV infection results in large and sustained changes in gene expression in the ganglia

To characterize the host response in the ganglia during acute SVV infection, we used RNA-Seq to
determine the transcriptome of sensory ganglia isolated from naive animals (n=3) and SVV
infected animals 3 (n=3), 7 (n=2), 10 (n=2), 14 (n=3) and 100 (n=2) DPI. Type of ganglia and
average viral loads of samples used for RNA-Seq are shown in Table 3.1. Given the limited
number of animals and available ganglia harboring SVV DNA, it was not possible to use the
same type of ganglia at every time point. To address the issue of our small sample size, we used a
cut off fold change (FC) > 3 and a false discovery rate (FDR) corrected p-value < 0.01 compared
to naive animals (instead of the traditional cut off FC> 2 and FDR corrected p-value < 0.05) to
identify differentially expressed genes (DEGs). SVV infection resulted in large changes in gene
expression at all time points examined (Table 3.1, Fig. 3.5A). We confirmed changes in the
expression of 8 genes by qRT-PCR and 3 genes by IHC analysis (Figs. 3.6 and 3.7). Functional
enrichment of the DEGs was carried out using Metacore™ software, which requires the use of
human gene identifiers for analysis. On average 83% of rhesus DEGs were successfully mapped

to human homologs.
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Day Samples* Average Viral Number Human Up-

Load+SEM** of DEGs Homologs*** regulated

DEGs

3 DRG-L/S, 28+6 393 324 137 187
DRG-C,
DRG-T

7 DRG-T, 26+6 1,118 904 368 536
DRG-C

10 DRG-C, 17+5 809 643 164 479
TG

14 TG, DRG- 1749 576 512 51 461
C, TG

100 TG, TG 3943 1100 839 203 636

Table 3.1 The number of differentially expressed genes (DEGs) found in the ganglia after
SVYV infection

*Types of ganglia used for RNA-Seq analysis
** Average SVV genome copy number of all ganglia used in the RNASeq experiment/1pug DNA

*** The number of rhesus DEGs with human homologues used for enrichment analysis.
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Figure 3.5 SVV infection results in robust changes in gene expression.

(A) Number of up-regulated and down-regulated differentially expressed genes (DEGs) detected
at day 3, 7, 10, 14 and 100 post infection (B) 5-way venn diagram of the DEGs detected at each
time point with human homologues. (C) Heatmap analysis of the 20 common DEGs.
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A total of 24 (20 characterized; 3 up-regulated and 17 down-regulated) were differentially
expressed at all time points examined (Fig. 3.5B and 3.5C). The three genes that remained up-
regulated throughout infection were proteoglycan 4 (PRG4), Filamin A interacting protein 1
(FILIPI), and HECT/ RCCl1-like domain containing protein 6 (HERC6) (Fig. 3.5C). PRG4
(confirmed by IHC staining; Fig. 3.7A) is a lubricating glycoprotein that can induce schwann cell
proliferation (312). FILIPI (confirmed by qRT-PCR; Fig. 3.6A) interacts with Filamin A to
control neuron migration out of the ventricular zone (313) and it interferes with myosin 2b
binding to F-actin in glutamatergic neurons, affecting the neural spine structure (314). The
current function of HERC6 is unknown, however, HERCS, with which it shares 50% nucleotide

sequence identity, plays a role in innate antiviral responses (315).

Glial fibrillary acidic protein (GFAP), an intermediate filament protein that plays a critical role in
maintaining astrocyte function (316), was the most down-regulated common gene throughout
infection (Fig. 3.5C) (confirmed by IHC and qRT-PCR (Fig. 3.6B and 3.7B)). Other genes that
remained down-regulated during infection were Neurochondrin (NCDN), involved in neurite
outgrowth (317); Complexin 1 (CPLXI), expressed by neurons and regulates synaptic vesicle
exocytosis (318) (confirmed by IHC and qRT-PCR (Fig. 3.6C and 3.7C)); and Progestin and
adipoQ receptor 6 (PAQR6) a G-coupled membrane progesterone receptor that exhibits

neuroprotective properties (319) (Fig. 3.5C).

92



>
@

< 150000- FILIP1 <2.0%1097- GFAP
F-4
g 2 o
o % S 1.5x1007
S 100000+ % 2"
w0 )
& % 81.0x1007+
2 @
£ 50000- o £
£ —E— 25.0x1006-
Y * 2
8 o Qe 8
0 &6 T 7 T 0.0-
Q S > S
DPI
d D
< 250000 CPLX1 « 80000~ MXA
g 5 : °
3] O o O
& 200000 <
B S 60000+ %'?r
5 IS
3 150000+ 2
g 2 40000+
$ 100000 3
5 5 20000
S 500001 _?E S o
3 e} ?— 3
0 T T Q _M_ T 0 7 T T
Q N A Q N \QQ Q o A
DPI DPI
E BST2 . SYNPR
< 60007 * 150000
2 o : 2
° o) a
g T .
S 4000 £ 1000004 o
I-‘l'_) w
g °© g
g B
2 s}
£ 2000 2 50000
2 g o
g g =
o (=8
: : o T
1 —oe— T T 0—e9e r
N

© > " ° > ppI
DPI
G EC62 H APLP1
« 500007 SEC < 200007
> * P4
a o) Q (@]
2 40000 5
5 5 15000
. o] T
s IS}
3 30000 3
g £ 10000
é 20000 o é §
o 5 5000
2 10000 %_'ﬁ— g —oe-
o *
9 —Q=o— 9 %
° 0 T T T ° 0 T %— 0 T
N A N N N N S
DPI DPI

Figure 3.6 Gene Validation. Tagman assays were done on (A) FILIP1; up-regulated 10, 14 and
100 DPI (B) GFAP; down-regulated 3, 7, 10, 14 and 100 DPI (C) CPLX1; down-regulated 3, 7,
10, 14 and 100 DPI (D) MXA; up-regulated 3 and 7 DPI (E) BST2; up-regulated 3 and 7 DPI (F)
SYNPR; up-regulated 7 DPI (G) SEC62; up-regulated 10 DPI and (H) APLP1; down-regulated
10, 14 and 100 DPI. (1 additional ganglia tissue from the same animal was used on 7 DPI and 10
DPI). *P< 0.05 compared to day O.
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(Previous Page) Figure 3.7 Immunohistochemistry gene validation. IHC staining and IHC
quantification of (A) PRG4 (B) GFAP and (C) CPLX1 on isotype controls, naive and infected
ganglia tissue. (n=3, for naive and infected tissue were used for quantification). Representative
images are all from DRG-L/S isolated 10 DPI. Quantification on infected tissue was from 3 DPI
(DRG-T), 7 DPI (DRG-T) and 10 DPI (DRG-L/S). Unpaired t-test, *P< 0.05 compared to naive
tissue
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DEGs on day 3 play a role in axon transport, immunity and neuronal development

Of the 137 up-regulated DEGs in the ganglia 3 DPI, several mapped to gene ontology (GO) terms
associated with filament movement (Table 3.2). The 2 most significantly up-regulated genes
were subunits C and T of the troponin complex (TNNC, FC=272 and TNNT, FC=226), which
plays a role in intra-axonal movements in rat dorsal root ganglia (320). Additional genes that
were highly up-regulated include myosin essential light chain (MYL3, FC 44), which plays a role
in synaptic plasticity (321), and Tetranectin (CLEC3B, FC 24), a glycoprotein that regulates
proteolytic processes in neurons and dendrites (322). In addition, a number of innate immune
genes were up-regulated at 3DPI (Fig. 3.8A), most notably, several interferon-induced genes that
play a critical role in the antiviral immune response (323) such as MXA (FC 7, confirmed by qRT-
PCR; Fig. 3.6D) (324); chemokine ligand 1(CCL1, FC 6), secreted by activated T cells to recruit
monocytes (325)); and bone marrow stromal cell antigen 2 (BS72, FC 5), a restriction factor that
interferes with the release of enveloped viruses, including HSV2 (confirmed by qRT-PCR; Fig.

3.6E) (326)).

Almost half of the 187 down-regulated DEGs at 3 DPI, mapped to GO terms associated with
transport and localization (Table 2). The most down-regulated genes amongst these DEGs were
myelin associated oligodendrocyte basic protein (MOBP, FC 41, involved in myelin formation
(327)), ATP-binding cassette subfamily A member 2 (4BCA2, FC 13, regulates transmembrane
lipid transport in neural tissues (328)), myelin associated glycoprotein (MAG, FC 10, important
for myelination and maintaining the axon-Schwann arrangement (329)), and sodium channel
voltage-gated type VII alpha subunit (SCN7A4, FC 7, regulates sodium homeostasis in neural cells

(330)).
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Figure 3.8 DEGs at 3 DPI play a role in axon transport, immunity and neuronal
development. (A) Heat map of the immune genes up-regulated 3 DPI. (B) Heat map of the down-
regulated DEGs that mapped to the GO processes “regulation of synaptic plasticity”, “ion
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transport”, “anion transport” and “endocytosis”.
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The most down-regulated gene amongst the 9 DEGs that mapped to the GO term “regulation of
synaptic plasticity” (Fig. 3.8B) was GFAP (FC 43), one of the 17 genes that remained down-
regulated throughout infection. Other notable DEGs that mapped to this GO term are
Calcium/calmodulin independent protein kinase II inhibitor 2 (CAMK2N2, FC 6, regulates
neuronal synaptic plasticity through phosphorylation of glutamate receptors (331)), helix-loop-
helix member e41 (BHLHE41, FC 6, a transcriptional repressor suppressed by axonal injury

(332)), Synaptoporin (SYNPR, FC4, synaptic vesicle component (333), confirmed by qRT PCR
(Fig. 3.6F)), and angiotensinogen (AGT, FC 4, regulates salt uptake by astrocytes and neurons
(334)). DEGs that mapped to both GO terms “ion transport” and “anion transport” (Fig. 3.8B),
include fatty acid transport protein (SLC2741, FC 5) (335); solute carrier family 38 member 1
(SLC3841, FC 4, a glutamine transporter in the CNS (336)); Complexin 1 (CPLXI, FC 4, a
regulator of synaptic vesicle exocytosis); and sideroflexin-5 (SFXN5, FC 4, involved in iron
transport in the brain (337)). DEGs that mapped to “endocytosis” (Fig. 3.8B) are known to
regulate phagocytosis (e.g. DNM2, FC 7; and signal-regulatory protein alpha (SHPS-1), FC 5)
and chemotaxis (e.g. ectonucleotide pyrophosphatase/ phosphodiesterase 2 (ENPP2, FC 6)) by

macrophages (338-340).

DEGs on 7 DPI play a role in antiviral immunity and neuron development

“Response to virus” and “defense response to virus” were the most significant GO terms to which
DEGs up-regulated 7 DPI mapped (Table 3.2 and Fig. 3.9A). Five of these genes were also up-
regulated at 3 DPI: ISGI5, I[FI44, MxA, RIG-G, and MDA-5. The 5 most up-regulated genes at
7DPI were: ISG15 (FC 16), IFI56 (FC 12), [F144-like (IF44L, FC 9), guanylate binding protein 1
and 3 (GBPI and GBP3, FC 8), and [FI44 (FC 7). These genes are induced by a type 1 IFN

response and block viral replication (323). Other immune genes that were up-regulated but did
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(Previous Page) Figure 3.9 DEGs at 7 DPI play a role in antiviral immunity and neuronal
development. (A) Heat map of the up-regulated DEGs that mapped to the GO process “response
to virus” and (B) the 20 most up-regulated DEGs that mapped to GO processes involved with
nucleic acid metabolism. (C) Network image showing direct interaction between the down-
regulated DEGs that mapped to the GO process “nervous system development”.
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not map to these GO terms were C-X-C motif chemokine 10 (CXCLI0, FC 7), a chemokine that
binds to CXCR3 to induce monocyte, NK, and activates T cell migration to sites of infection
(341)); chemokine ligand 8 (CCL8, FC 6), primarily produced by monocytes and may be
involved in neurodegeneration (342); tumor necrosis factor ligand superfamily member 10
(TNSF10, FC 4), AIM2 (FC 4) and [FI27 (FC 4), which induce apoptosis of viral infected cells
(343-345); and monocyte to macrophage differentiation protein (MMD; FC 3) (345). Up-
regulated DEGs that mapped to the remaining 8 GO terms were associated with nucleic acid
metabolism (Fig. 3.9B) and play a role in splicing (e.g. splicing factor arginine/serine rich 12
(SFRS12, FC 6) and formin binding protein 21 (FBP21, FC 9) (346, 347); or anti-viral defense
(e.g. guanylate binding protein 3 and 6 (GBP3 and GBP6, FC 3 and 5), which repress viral

polymerases (348).

DEGs down-regulated 7 DPI mapped to GO terms associated with neuron development and
function (Table 3.2). Network analysis of 155 DEGs that mapped to the GO term “nervous
system development showed that 41 are regulated by transcription factors important for nervous
system function: nuclear factor I/X (NFI, FC 4), sex determining region Y-box 2 and 10 (SOX 2
and SOX10, FC 3), and nuclear factor kappa-light-chain-enhancer of activated B cells (NFkb, FC
4) (349-351) (Fig. 3.9C). The most down-regulated gene in this group was GFAP (FC 41), while
other DEGs play an important role in myelination such as MAG (FC 38), MOBP (FC 24),
plasmolipin (PLLP, FC 23), claudin-11 (CLDNI11, FC 14), PAQR6 (FC 13), myelin basic protein
(MBP, FC 12), fatty acid 2 —hydroxylase (FA2H, FC 10), and gap junction protein beta 1 (GJPI,
FC 8) (329, 352-355). Other highly down-regulated genes include ABCA2 (FC 16), which was
also significantly down-regulated at 3 DPI and the lipid-anchored membrane paralemmin (PALM,

FC 8), which regulates neuron cell shape and motility (356). Some of the most down-regulated
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DEGs that mapped to these GO terms were also detected at 3 DPI, notably GFAP, MAG, MOBP
and CLDNII. Other down-regulated DEGs play a role in the maintenance of the blood-brain
barrier such as matrix-remodeling associated 8 (Mxra8; FC 10), and Vasohibin (VASHI, FC 9)
(357, 358). Interestingly, T-cell differentiation protein (MAL, FC 10), which is involved in T cell

signal transduction was also down-regulated (359).

DEGS at 10 DPI play a role in neuronal development

The 5 most up-regulated DEGs at 10 DPI were proteoglycan 4 (PRG4, FC 15), coiled-coil
domain containing 80 (CCDCS, FC 8), small nucleolar RNA c/d box 112 (SNORD112, FC 8), s-
phase response (SPHAR, FC 8), actin (FC 7) and translocation protein 1 (SEC62, FC3)
(confirmed by qRT-PCR) (Fig. 3.6G). PRG4 is one of the genes that remained up-regulated
throughout acute infection while the other genes play a role in DNA replication (CCDC80 (360)
and SPHAR (361)), translation (SNORD112 (362)), axon elongation (Actin (363)) and protein

transport (SEC62 (364)).

Amongst the 479 DEGs down-regulated 10 DPI, 120 DEGs mapped to “nervous system
development” and “neurogenesis” (Table 3.2). In addition to GFAP, which was the most down
regulated gene (FC 75), other notable DEGs mapping to these GO terms include Periaxin (PRX,
FC 20, important for the ensheathment of neurons and axons (365)); CPLXI (FC 16, regulates
synaptic vesicle exocytosis); and proprotein convertase subtilisin/kexin type 1 inhibitor
(ProSAAS;FC 17, neural tissue inhibitor of prohormone convertase 1, which is involved in insulin

synthesis (366)).
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Of 176 DEGs that mapped to GO term “system development”, 60 directly interact with each other
through transcription factors SOX2 (FC 8), SOX10 (FC 6) and transcription intermediate factor 1
beta (TIF1-beta; FC 6) (Fig. 3.10A). Interestingly, TIF1-beta, which associates with the KRAB
domain of zinc finger proteins, has been reported to play a critical role in the latency of another
herpesvirus, human cytomegalovirus (367). Several of the DEGs that enriched to the GO term
“regulation of cellular processes” (Fig. 3.10B) play an important role in neuron survival such as
hepatic and glial cell adhesion molecule (HEPACAM, FC 11, an axon protein that plays a role in

neuron motility (368)); mitogen activated protein kinase 8§ interacting protein 1 (JIP1, FC 10, part
of the MAP-kinase signal transduction pathway in neurons (369)); FK056-binding protein 8
(FKBPS, FC 9, inhibits programmed cell death in neurons (370)); and BM8S8 antigen (FC 10,

involved in neuron differentiation (371)).

DEGs down-regulated at 14 DPI play a role in neuron signaling and development

The most up-regulated DEGs 14 DPI are PRG4 (FC 10) and FILIPI (FC 7), important for
myelination and neuron migration; fibroblast growth factor 7 (FGF7, FC 7), which regulates
balance between excitatory and inhibitory synapse signaling in neurons (372), and NIMA-related
kinase 1 (NVEKI, FC 5), which plays a role in axon development (373). The 509 DEGs down-
regulated 14 DPI, enriched to GO terms associated with signaling and nervous system
development (Table 3.2). Thirty of the DEGs enriching to the GO term “phosphorus metabolic
process” have direct interactions (Fig. 3.10C) and are regulated by transcription factors AP-/ (FC
3), heat shock factor protein 1 (HSF1, FC 4) and binding protein T/F[-beta (FC 5). Casein kinase
1 gamma 2 (CSNKIG2, FC 11) was among the most down-regulated genes in these GO terms and
is critical in the regulation of glutamatergic synaptic transmission in the brain (374) as well as

neuronal gene expression through its interaction with eukaryotic elongation factor 2 kinase
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Figure 3.10 DEGs at 10 DPI and 14 DPI are associated with neuronal development.

(A) Network image of DEGs down-regulated 10 DPI that mapped to the GO process
“multicellular organismal development” and directly interact. (B) Heat map of the 20 most down-
regulated genes 10 DPI mapping to the GO process “negative regulation of biological process”.
(C) Network image of DEGs down-regulated 14 DPI that mapped to the GO process “phosphorus
metabolic process” and directly interact. (D) Heat map of DEGs down-regulated 14 DPI mapping

to the GO process “ERBB signaling pathway”.
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(eEF2K, FC 3) (375). Other interesting DEGs that were associated with nervous system
development include secreted frizzled-related protein 2 (SFRP2; FC 35, important in neuron
development (376) C-C motif chemokine ligand 19 (CCL19; FC 29, important for lymphocyte
recirculation and homing to lymphoid tissue (377)), and aquaporin 4 (AQP4, FC 13, a water
channel expressed in astrocytes (378). The most down-regulated DEGs that mapped to GO term

“nervous system development” include GFAP (FC 59) SFRP2, (FC 35), MOBP (FC 26), CPLX1
(FC 18) and patatin-like phospholipase domain containing 2 (PNPLA2, FC 14). PNPLA?2 plays a

role in the interactions between neurons and glial cells (379).

In addition, we also saw several down-regulated DEGs known to regulate apoptotic process in
neurons; notably NRBP2 (FC 11) (380), proline rich Akt substrate 40 (PRAS40, FC 8) (381),
mitogen-activated protein kinase 11 (MAP3KI1, FC 5) (382), homeodomain interacting protein
kinase 2 (HIPK2, FC 6) (383), and mannosylinositol phosphorylceramide (BCL21; FC 3) (384).
Finally, 16 down-regulated DEGs mapped to the GO terms “ERBB (Erythroblastic Leukemia
Viral Oncogene Homolog) signaling pathway” (Fig. 3.10D). Insufficient ERBB signaling is
associated with the development of neurodegenerative diseases (385, 386). Some of the most
significantly down-regulated genes found in these two GO terms include diacylglycerol kinasel
(DAGK]1, FC 6, plays a role in myelination and neuronal plasticity (387)), Epsinl (EPNI, FC 6,
contributes to clathrin-coated pit formation and endocytosis (388)), and RAS association domain-

containing protein 2 (RASSF2; FC 5, a tumor suppressor in gliomas (389)).
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SVYV infection results in a sustained down-regulation of genes important for nervous system
development

Up-regulated DEGs at 100 DPI played a role in cell cycle progression (Table 3.2). The 20 most
up-regulated DEGs enriched to cellular component organization: intraflagellar transport 74
(IFT74, FC 8), important for survival and differentiation of sensory neurons (390); thyroid
hormone receptor interactor 11 (TRIP11, FC 7), important for maintenance of Golgi structure and
proteins transport (391) and chromodomain helicase DNA binding protein 9 (PRIC320, FC 6),
controls the expression of genes involved in energy homeostasis and cell cycle (392) (Fig.
3.11A). Interestingly, MBP (FC 4), which was significantly down-regulated during acute
infection, is up-regulated at latency (Fig. 3.11A). DEGs that mapped to GO terms “nucleic acid
metabolism” are involved in the regulation of gene expression, such as bromodomain adjacent to
zinc finger domain protein 2B (BAZ2B; FC 6), zinc finger homeobox 4 (ZFHX4; FC 4), zinc
finger protein 292 (ZNF292; FC 4), polymerase RNA III polypeptide G (POLR3G; FC 4), and

TWIST neighbor protein (TWISTNB; FC 4)(393) (Table 3.2).

Interestingly, 636 DEGs remained down-regulated genes 100 DPI, with the majority (456 DEGs)
enriching to GO terms associated with the nervous system and cellular localization (Table 3.2).
The most significantly down-regulated DEGs in these GO terms play a role in immunity (myeloid
differentiation marker gene, MYADM, FC 6)(394) and serpin peptidase inhibitor (SERPIN, FC 9,
an inhibitor of the complement classical pathway(395)); pain (purinergic receptor, P2X3, FC
7)(396); and cell division (sushi domain containing 2, SUSD2, FC 9)(397) (Fig. 3.11B). Several
of the 20 most down-regulated genes enriched to “nervous system development” and play a role

in astrocyte function e.g. chitinase 3 like protein 1 (CHI3L, FC 17) and GFAP (FC 6) (398);
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inflammation e.g. hemoglobulin alpha 2 (HBA2, FC 13) (399); neurite growth e.g. amyloid beta
(A4) precursor-like protein 1 (APLPI, FC 10) (confirmed by qRT-PCR; Fig. 3.6H) and
neurochondrin (NCDN, FC 8) (400, 401); synaptic plasticity e.g. copine 6 (CPNEG6, FC 7) (402);
and myelination, e.g. MAG (FC 7) and CLDNI1 (FC 6) (Fig. 3.11C). Interestingly, a secondary
functional enrichment analysis for diseases by biomarkers using the down regulated genes at 100
DPI showed enrichment for processes involved with neurodegeneration and mental health disease

(Fig. 3.11D).
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Figure 3.11 DEGS in latently infected ganglia tissue (100 DPI) play a role in the
development of the nervous system and are associated with neurological diseases.

(A) Heat map of the 20 most up-regulated genes that mapped to the GO process “cellular
component organization or biogenesis”. (B) Heat map of the 20 most down-regulated genes that
mapped to the GO process “localization” and (C) “system development”. (D) The 10 most
statistically significant diseases (by biomarkers) to which down-regulated DEGs mapped.
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DISCUSSION

In this study, we leveraged a rhesus macaque model of intrabronchial SVV infection to gain a
better insight into host-viral interactions during acute and latent VZV infection in the ganglia. We
analyzed viral loads, viral transcriptome, and host transcriptome in sensory ganglia collected from
naive animals and on days 3, 7, 10, 14 and 100 post-SVV infection. Our analysis shows that SVV
DNA is detected in the trigeminal ganglia as early as 3 DPI before the appearance of the rash
(typically seen 7-10 DPI). These results are in agreement with previous studies that reported the
presence of SVV DNA in the ganglia before the appearance of rash in intratracheally infected
AGMs, the detection of VZV DNA in the ganglia of immunocompromised children who died
from varicella before the appearance of the rash (193, 214), and the ability of the Oka vaccine
strain to establish latency in sensory ganglia in the absence of varicella rash (115). Given that
SVV rapidly reaches the ganglia before the appearance of vesicular rash and that we cannot
detect SVV DNA in non-lesioned skin, we believe that SVV is most likely transported to the
ganglia via the hematogenous route as has been previously suggested for VZV (35). DNA viral
loads in the DRG were higher 7 DPI compared to 3 DPI, suggesting additional seeding via axonal
transport (rash is observed 7 DPI) and/or as a result of viral replication detected 3 DPI in the

ganglia.

In addition, our data suggest that T cells play a role in varicella virus dissemination since memory
T cells are detected in the ganglia 3 DPI at the same time as viral DNA. Our data also suggest that
this is a selective recruiting of T cells since no B cells were detected at any time point. It is highly
unlikely that these T cells are SVV-specific given that SVV-specific T cell responses are not
detected in the blood or BAL until 7 DPI in this animal model (217, 221, 222). Similarly, VZV-

specific T cells are also not detected in the blood until 3 days post rash (approximately 14 days
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after exposure) in children during primary infection (70). Rather, we hypothesize that these T
cells are transporting SVV to the ganglia. This hypothesis is in line with data from previous
studies that have suggested an initial role for T cells in VZV dissemination. In vitro experiments
showed an increased propensity of VZV to infect tonsillar memory CD4 T cells (37, 194) and
intravenous injection of VZV-infected CD4 T cells and not fibroblasts results in a rash on human
skin explant in SCID-hu mice (84). In this study, we examined ganglia at earlier time points than
previous similar studies (223, 224) and were able to show T cell infiltration as early as 3 DPI and
before the onset of varicella. Although we were not able to determine whether T cells isolated 3
DPI from the ganglia were infected with SVV, we were able to show that BAL CD4 and CD8 T
cells isolated 3 DPI from the same animals harbor SVV DNA and viral transcripts. Collectively,
these data suggest that T cells play a critical role in SVV dissemination and may potentially

support viral replication.

Additionally, given the intrabronchial challenge route we used, SVV may be reaching the ganglia
at this early time point post infection by traveling directly from the lung (site of infection) to the
ganglia through the vagus nerve as observed in mice infected intranasally with influenza (403)
and intraperitoneally with HSV (404). We also report for the first time that SVV transcripts are
detected 3 DPI in the ganglia. Since we did not measure infectious virus, these transcripts could
be the result of abortive replication either in neurons or the surrounding T cells. This issue will
have to be clarified in future studies using ganglionic explants. SVV transcription in the ganglia
ceased 7 DPI, at in which point we observed low level gene expression from ORFI8, ORF34 and
ORF35. This is followed by a quiescent period before re-expression of SVV ORF61 (viral
transactivator) 100 DPI, which suggests additional regulatory mechanisms controlling the

transcription of ORF61. This hypothesis is supported by the fact that ORF'6/ transcripts detected
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during latency are anti-sense whereas those detected during acute/lytic infection are sense (311).
Similar to our observations, HSV-1 replication was also only seen at 4 DPI in the ganglia of mice
inoculated through the snout or the cornea (405). Our results differ from previous studies that
showed that VZV replication of directly inoculated fetal xenografts in SCID mice is sustained
until 14 DPI (193). This discrepancy could be due to the lack of adaptive immunity in the SCID
mouse, the immature nature of fetal DRG, and/or the direct inoculation of the virus into

xenografts that bypasses host restriction factors.

Viral gene expression at 3 DPI was accompanied by several significant changes in host gene
expression. The most highly up-regulated genes were involved in the troponin complex. It is
believed that the troponin complex may control intra-axonal movement in neurons and SVV
might be using this mechanism for neuronal spread as previously described for HSV (320).
Elevated troponin levels in the blood are also often seen in patients during an acute stroke (406,
407). Interestingly, both primary VZV infection and reactivation have been associated with an
increased risk of stroke after infection (408, 409). In addition, genes associated with synaptic
plasticity and ion transport were down-regulated 3 DPI, indicative of potentially impaired

neuronal signal transduction.

Several, IFN stimulated genes (ISG) were also highly up-regulated 3 DPI (OAS1, ISG15, MXA).
This innate immune response is likely mediated by the satellite glial cells (SGCs), which share
phenotypic and functional characteristics with dendritic cells and macrophages (410).
Importantly, SGC express toll-like receptor (TLR) 9 (411), an intracellular sensor of double
stranded DNA viruses such as SVV and VZV (412). Therefore, recognition of SVV viral DNA

by TLR-9 may result in the induction of a type 1 interferon response. Type 1 interferons play a
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critical role in the host defense against VZV since treatment of immunocompromised patients
with IFNa within the first 72 hours after the appearance of the rash reduced the number of lesions
in children with cancer (69). Moreover, IFNa plays an important role in controlling VZV spread
in the skin of the SCID mouse model (84). Interestingly, we did not detect interferon o/f
transcripts. This may be due to the small number of infected cells and the ability for SVV to
suppress interferon expression within those infected cells (227, 228), which could have diluted
the strength of the IFN signal, especially since we are using total ganglia RNA. IFN stimulated
genes could potentially be up-regulated within infiltrating innate immune cells. Although we
detected increased expression of CD68 in ganglia at 3 DPI, it should be noted that CD68 can also
be expressed by SGCs (410). Unfortunately, due to limited number of cells recovered after
ganglia digestion, we were unable to quantify other immune cells that may have infiltrated the
ganglia during acute infection using flow cytometry. Expression of ISG and other innate immune

genes remained increased at 7 DPI and coincided with the establishment of latency.

As previously reported for ganglia explants experimentally infected with VZV (193) and ganglia
collected from acutely infected AGMs (225), we saw an up-regulation of CXCLI0 in the ganglia
at 7 DPI. CXCL10 is a chemokine that can be produced by neurons, astrocytes and
oligodendrocytes (413), binds the receptor CXCR3 on memory T cells and NK cells to induce
their migration to the site of infection (414). Indeed the NK specific transcript, natural killer cell
triggering receptor (NKTR), was up-regulated 7 and 10 DPI (FC = 3 and 4 respectively). NK
cells have also been shown to infiltrate the ganglia in patients who have had herpes zoster a few
months prior to death (299). Increased expression of CXCL /(0 may contribute to the infiltration of
antigen-specific T cells in the ganglia after 7 DPI. However, DEGs associated with T cell effector

function (such as IFNy, granzyme B or CD69) were not detected, possibly due to the low
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frequency of SVV-specific T cells in the ganglia. These data differ from a recent study that
reported an increase in granzyme B 9 and 21 DPI in the ganglia of SVV-infected AGMs (224).
This discrepancy could be due to the fact that in contrast to rhesus macaques, SVV infection in
AGDMs is often fatal (301). Expression of genes important for macrophage mediated phagocytosis
(DNM?2, SHIPS, and ENPP2) was reduced 3 and 7 DPI. The reduced expression of genes
involved in endocytosis may be due to increased expression of ISGs, several of which inhibit

viral uptake through endocytosis as a strategy to stop viral spread (415, 416).

Many of the down-regulated DEGs 7, 10, 14 and 100 DPI, mapped to the GO terms associated
with nervous system development. Interestingly, these DEGs remained down-regulated long after
virus replication has ended, suggesting that SVV infection of the ganglia results in long-term
changes in ganglia transcriptome. Several of these genes were involved in myelination (MOBP,
MAG, MBP and PRG4), which suggest that SVV may lead to demyelination as has been
described for HSV-1 and 2 (417, 418). Genes down-regulated 14 DPI were involved in neuronal
apoptosis which may be another strategy SVV utilizes to establish latency in the ganglia. VZV
ORF63 has indeed been shown to inhibit apoptosis in neurons (52). We also report a down-
regulation of genes involved in ERBB signaling, a critical pathway for DRG development (419),
14 DPI. As previously reported for VZV-infected human astrocytes (420), expression GFAP,
which plays a critical role in astrocyte function, remained down-regulated in sensory ganglia of

SVYV infected macaques until 100 DPI.

A recent study examined gene expression changes in keratinocyte cell lines infected in vitro with

VZV using RNA-Seq (421), however this study only reported changes in epidermal genes

(cytokeratins and desmosomal) and did not discuss changes in the innate immune response to
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VZV. An earlier study using microarray studies showed altered gene expression in T cells
infected with VZV in vitro and in skin xenografts harvested from VZV infected SCIDhu mice
(422). Only 5 DEGs in the skin xenografts were detected in our study. These include RGS (G-
coupled protein signaling, 3 and 7 DPI), RPS (ribosomal protein, 7 DPI), GAS (apoptosis, 3 and
10 DPI) GADD (growth arrest and DNA damage, 100 DPI) and CHI3L (angiogenesis, 100 DPI).
Together with the recent study using keratinocytes (421), these observations strongly suggest that
skin cells generate a different response than neuronal cells to varicella virus infection. In contrast,
and in line with the fact that T cells infiltrate the ganglia after SVV infection, 31 DEGs were
detected in VZV infected T cells and SVV infected ganglia. These include genes such as TRIP1!
(protein transport, up-regulated 7 DPI), SI00A11 (cell cycle, down-regulated 3 DPI), BAZ2B
(transcriptional regulation, up-regulated 7 and 10 DPI) and APOB (lipid transport, up-regulated 3

DPI).

In summary, this study is the first to use next generation sequencing of ganglia collected during
both acute and latent infection following experimental inoculation of a robust nonhuman primate
model of VZV infection to study both host and viral transcriptomes. Although a small number of
animals were used in these studies, the outbred nature of rhesus macaques coupled with the
stringent bioinformatics approaches provide novel insight into host-pathogen interactions during
acute varicella and latent infection. Our data show that SVV reaches the ganglia very quickly
after infection, most likely via hematogenous spread within infected T cells. SVV transcription is
detected briefly before establishing latency. Cessation of viral transcription correlates with a
robust up-regulation of IFN stimulated genes and antiviral innate immune response. Importantly,
SVV infection results in significant changes in the expression of genes involved in neurogenesis

and nervous system development that persist long after cessation of viral replication. It is possible
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that some of these gene changes could in part be mediated by the robust immune response that
develops during acute infection. Given the similarities between SVV and VZV, these data

enhance our current understanding of the neurological consequences of VZV infection.
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ABSTRACT

Varicella zoster virus (VZV) causes varicella (chickenpox) during acute infection. Several studies
have shown that T cells are early and preferential targets of VZV infection that play a critical role
in disseminating VZV in to the skin and ganglia. However, the transcriptional changes that occur
in VZV infected T cells remain unclear due to limited access to clinical samples and robust
translational animal models. In this study, we used a nonhuman primate model of VZV infection
where rhesus macaques are infected with the closely related Simian Varicella Virus (SVV) to
provide novel insights into VZV-T cell interactions. RNA sequencing of T cells isolated from
lungs of infected rhesus macaques show that SVV alters several cellular processes that may
support viral replication and facilitate SVV dissemination. Moreover, our data provides further

insight into mechanisms by which SVV is able to evade the host immune system.
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INTRODUCTION

Varicella Zoster Virus (VZV) is a highly contagious neurotropic alpha herpes virus that causes
varicella (chickenpox) during acute infection. VZV is spread through the inhalation of virus
particles or through direct contact with infectious fluid from skin lesions (10, 11). VZV
establishes latency in sensory ganglia, from which it can reactivate causing herpes zoster
(shingles), a painful disease most commonly affecting the elderly and immunocompromised
individuals. Previous studies have shown that T cells are highly susceptible to VZV infection and
may play a critical role in its dissemination to the skin and ganglia. Specifically, direct
inoculation of fetal thymus/liver implanted under the kidney capsule of SCID-hu mice with VZV-
infected fibroblasts results in the infection of CD4+ and CD8+ thymocytes (194). In addition, in
vitro experiments have shown that VZV has an increased propensity to infect tonsillar CD4 T
cells compared to tonsillar CD8 T cells (37). Moreover, co-culture experiments showed that
activated tonsillar CD4 T cells with skin homing markers were more likely to be infected with
VZV (37). Importantly, human tonsillar CD4 T cells infected in vitro with VZV, but not
fibroblasts, intravenously injected into SCID-hu mice were able to transport the virus to fetal
human skin explant resulting in development of varicella rash (84) and fetal dorsal root ganglia

xenografts (193).

Although these studies suggest that T cells play a critical role in VZV pathogenesis, none of these
findings have been confirmed using T cells isolated from varicella patients. The strict host
tropism of VZV has precluded the development of animal models. An alternative is to use rhesus
macaques intra-bronchially infected with the homologous simian varicella virus (SVV), a model
that mimics the key characteristics of VZV infection including the development of varicella, a

cellular and humoral immune response, the establishment of latency in the sensory ganglia, and
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reactivation (216, 217, 300, 423). As described for VZV, we and others have demonstrated that
SVV like VZV, primarily infects T cells, which can traffic to the ganglia as early as 3 days post-
infection (223, 424). Moreover, we showed that T cells isolated from the broncho-alveolar lavage
(BAL) during acute infection supported SVV replication (424). These data firmly established the
importance of T cells in SVV pathogenesis making this model ideal for investigating how VZV
infection alters T cell behavior and function. In this study, we used this animal model to
investigate the transcriptional changes that SVV infection induces within CD4 and CDS8 T cells
isolated from the BAL during acute infection. Our results show that SVV induces robust
transcriptional changes involved with chromatin assembly, translation, the cell cycle and
metabolism. In addition, several gene expression changes reveal possible mechanisms by which

SVV may evade the host response as well as the T cell response to SVV infection.
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METHODS AND MATERIALS

Animals and samples

Samples from seven colony-bred Indian origin Rhesus macaques (Macaca mulatta, RM) 3-5
years of age were used in these studies. These animals were previously described in (222). Three
of these animals were inoculated intrabronchially with 4x10° PFU wild-type SVV as previously
described and were euthanized 3, 7 and 10 days post infection (DPI, n=1/time point) (222).
Bronchial alveolar lavage (BAL) was collected from all animals to measure viral loads, isolate

CD4 and CD8 T cell population for viral loads and transcriptional analyses

Purification of T cells

CD4 and CDS8 T cells were isolated from BAL samples using Magnetic Cell Sorting (MACs).
BAL cells were first incubated with CD4 microbeads (Miltenyi Biotec, San Diego) for 20 mins at
4°C. Cells were then washed and the cell suspension was applied to the magnetic column to
capture CD4 T cells. CD4 negative fraction was then stained with CD8-PE (Beckman Coulter)
and incubated with the cells for 20 mins in the dark at 4°C. Cells were then washed and anti-PE
beads (Miltenyi Biotec) were added and incubated for 15 mins in the dark at 4°C. Cells were then
washed and the cell suspension was applied to a magnetic column to isolate CD8 T cells Cells
were then stained with antibodies directed against surface markers: CD4 (Tonbo Biosciences, San
Diego, CA) and CD8p (Beckman Coulter, Brea, CA) and then analyzed on the LSRII instrument
(Becton, Dickinson and Company, San Jose, CA) and Flowjo software (TreeStar, Ashland, OR)

to access purity. All samples used had a purity of >90%.
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RNASeq and bioinformatics

RNA was extracted from T cells using the Ambion Purelink RNA Mini Kit extraction kit (Life
Technologies, Carsbad, CA). RNA library preparation was done using the New England Biolab
(NEB) Next Ultra Direction RNA Prep kit for Illumina (Ipswich, MA). We were unable to
generate a library of the CD4 T cells isolated from 7DPI animal. Therefore we have paired
CD4/CDS libraries from the animals euthanized 3 and 10 DPI and only CD8 T cell library from
the animal euthanized 7 DPI. DNA libraries were next multiplexed and sequenced on the Illumina
NextSeq (Illumina, San Diego, CA) platform at single-ends 75bps. All data analysis steps were
performed with the RNA-Seq workflow module of the systemPiperR package available on
Bioconductor (302, 425). NGS quality reports were generated with the seeFastq function defined
by the same package. NextSeq reads were mapped with the splice junction aware short read
alignment suite Bowtie2/Tophat2 (303, 304) against the Macaca mulatta genome sequence
downloaded from Ensembl (305). The default parameters of Tophat2 optimized for mammalian
genomes were used for the alignments. Raw expression values in form of gene-level read counts
were generated with the summarizeOverlaps function(306). Only reads that overlapped with
exonic regions of genes were counted, reads that mapped to ambiguous regions of exons from

overlapping genes were discarded.

Analysis of differentially expressed genes (DEGs) was performed with the GLM method from the
edgeR package (307, 308). Differentially expressed genes (DEGs) were defined as those with a
fold change of >2, a false discovery rate (FDR) of <0.05 and an average reads per kilobase per
million (RPKM) value >5. Enrichment analysis of functional annotations was performed to
identify significant gene ontology (GO) and Network Processes using MetaCore™ software

(GeneGo, Philadelphia, PA).
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RESULTS

T cells isolated from SVV infected animals show robust transcriptional changes

We recently reported that SVV primarily infects both CD4 and CD8 T cells in the BAL, which
can support viral replication (424). To determine SVV-induced transcriptional changes within T
cells, we performed RNA-Seq on infected BAL T cells shown to express viral transcripts
(measured through AmpliSeq technology (424)) and uninfected BAL T cells (4 paired CD4/CD8
T cell samples isolated from 4 control animals). A principle performance assay (PCA) indicated
that infected and uninfected T cells have distinct transcriptional profiles (Fig. 4.1A). Overall, a
total of 1463 (739 up-regulated and 724 down-regulated) differentially expressed genes (DEGs)
were detected, 1130 of which (586 up-regulated and 544 down-regulated) were characterized

(Fig. 4.1B, Supplemental Dataset 4.1).

Enrichment analysis on the up-regulated and down-regulated genes was performed using
Metacore software. Up-regulated DEGs enriched to network processes related to inflammation
and cell cycle (Fig. 4.1C) and GO processes related to immunity, metabolism and gene
expression (Fig. 4.1D). Down-regulated DEGs enriched to process networks involved with
phagocytosis and signaling (Fig. 4.1C) and GO processes involved with intercellular transport

and metabolism (Fig. 4.1D).
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Figure 4.1 SVV causes robust gene expression changes in T cells. (A) PCA plot of samples
used for RNA sequencing. (B) Volcano plot representing overall gene expression changes
observed in infected T cells. Enrichment analysis of the most statistically significant up-regulated
(in blue) and down-regulated (in red) genes by (C) Process Network and (D) GO process. Line
represents the —log(p-value) associated with each process.
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SVV infection up-regulates cell cycle processes and immune responses

Many of the up-regulated genes were involved with gene regulation, notably chromatin assembly
(Fig. 4.2A), such as histone genes: HISTIH2A4J (FC13), HISTIHIB (FC 11), HIST2H24A4 (FC
11), HISTIH3A4 (FC 10) and H2AFX (FC 9). These histones play a critical role in DNA packaging
into chromatin, and have been shown to support replication of several viruses such as
adenoviruses and HSV-1 (426-428). Other DEGs that play a role in chromatin assembly include
transcription factors C-FOS (FC 4), JUNB (FC 6) and JUND (FC 5) (429) (Fig. 4.2A).

Thirty-two genes mapped to the network process “translation initiation” (Fig. 4.1C),
including several ribosomal protein L (RPL) and ribosomal protein S (RPS) genes, which are
important for 60S and 40S ribosomal assembly respectively (Fig. 4.2B) (430). Other genes that
mapped to this network process include gene encoding eukaryotic translation initiation factor
(EIF) subunits, which play critical roles in ribosome stabilization and the initiation of translation
(431) (Fig. 4.2B). Twenty-three genes that play a role in cell cycle regulation mapped to “cell
cycle G1-S growth factor regulation” (Fig. 4.1C) such as E2F4 (FC 2), CDKNIB (FC 2) CFLI
(FC 3), CALM1 (FC 2) and PLCG1 (FC 4). Interestingly, several of the genes that mapped to the
GO process “negative regulation of gene expression” (Fig. 4.1D), suppress/inhibit different
cellular processes such as NFkB signaling (4ES, FC 5) (432), cell cycle progression (CHMPI
(FC 4)) (433), RNA polymerase III transcription (MAFI, FC 2) (434) and gene expression

(MBD3 FC 4, and TRIM?28, FC 3) (435, 436). Up-regulated DEGs were also involved

125



-1.0 0.0 0.5 1.0 1.5 2.0 2.5

HMGA1 [ ]
UBTF |
PIM3 | |
CHD3

CCDC88B

MBD3
HIST1H4K
HIST1H3A

HIST2H2AA4
H2AFX
HISTIHI1E -

HIST1H1D
HISTIH1C
HIST1H1B
HMGA1 -
HIST2H2BF |
HIST2H2AC -
HIST2H2AB |
HIST1H2BK |
HIST1H2BD
HIST1H2BG
HIST1H2AJ -
HIST1H2AH
HIST1H2AC
H2BFS
HIFX
CBX6 -

C D
Extracelluar| Membrane Cytoplasm Nucleus
ZAP70
JUNB -
CSK L3
JUND -
CD3E -
C-FOS
PLCGT TS
NFKB2 - TGF-beta
AKT2
IKBKG -
RELB .
CD3G “""
NFKBIA £
NFATC2 X Transporter
UBC Protein
CD3D - M. Transcription factor
MAP2K2 | T Receptor ligand
JUN 4 : Generic channel o
N Generic enzyme
FO.;NL': ] it Generic kinase L-2R bota chai
«« Protein kinase
CD247 Y Generic receptor
ACTB — z Generic binding protein
CFL1 « Metalloprotease
SK:YF? - £ RAS- superfamily
G beta/gamma i
AKT1 : Regulat?)rs pemes e
RELA - = Negative/Inhibition
CALM1 — |—> Positive/Activation
MADD =
ITGB2
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in various metabolic processes (Fig. 4.1D), such as calcium dependent signaling (CAMK4 FC 3)
(437), oxygen homeostasis (EGLN2, FC) (438), and nitric oxide synthases regulation (EDFI, FC

3) (439).

Enrichment analysis on the up-regulated genes revealed that several play a role in immunity and
inflammation (Fig. 4.1C,D), such as cytolytic molecule granzyme B (GZMB, FC 20) (440);
interferon stimulated genes /F/17 (FC 4), ISG20 (FC 10), MxA (FC 6) and OA4S2 (FC 6) (441);
and transcription factors /RFI (FC 5) and /IRF8 (FC 5) which promote TH1 cell responses (442).
Moreover, several up-regulated DEGs play a critical role in “TCR signaling” (Fig. 4.1C), notably
ZAP70 (FC 8), AKT (FC 4), ITGB2 (FC) CD3¢ (FC 4), CD36 (FC 3), and CD3y (FC 3) (443-447)

(Fig. 4.2C).

Several of the 91 genes that mapped to the “viral process” directly interact with each other (Fig.
4.2D). Most of the genes in this network interacted with ubiquitin (UBC, FC 3), which regulates
protein function and transcription (448) (Fig. 4.2D), including several key transcription factors
that regulate antiviral immune processes such as NF«B (FC 3), STATI (FC 2) and STAT2 (FC2).

3

Other genes that mapped to “viral process” have been shown play a role in supporting viral
replication such as HCFI (FC 3, alpha herpesviruses (449)), SMARCBI (FC 2, HIV-1(450)),
PLC-gamma (PLCGI, FC 4, simian virus 40 (451)) and TGF-beta (TGFp, FC 3, Epstein-barr

virus (452).
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SVV infection down-regulates genes involved in antigen presentation and metabolic
processes

Most of the down-regulated genes mapped to the GO terms “localization” and “vesicle-mediated
transport” (Fig. 4.1D). Fifty-four of these genes are part of a network (Fig. 4.3A) including
chemokine /L-8 (FC 29), CCL23 (FC 5) and CXCLI6 (FC 3) (Fig. 4.3A). Most genes were
regulated by transcription factors PPARy (FC 8) and TCF/LEF (FC 10) (Fig. 4.3A). Another 12
down-regulated genes were involved in cell adhesion (Fig. 4.1C) such as APP (FC 4) (453),

TCF7L2 (FC 10) (454) and CDHI (FC 6) (455).

Enrichment analysis using network processes showed that several down-regulated genes play a
role in phagocytosis and antigen presentation (Fig. 4.1C). These genes included pathogen
recognition receptors (PRRs) CLEC7A4 (FC 4) (456), MSR1 (FC 5) (457), TLR4 (FC 3) (458);
genes involved in vesicle transport such as SPIREI (FC 8) (459), EXOCS5 (FC 2) and EXOC6B
(FC 3) (460); and receptors that mediate viral entry such as SCARBI (hepatitis C, FC 2) (461) ,
MRCILI (dengue virus, FC 6) (462), and ITGAV (HSV-1 , FC 4) (463) (Fig. 4.3B).
Interestingly, 12 down-regulated genes mapped to “blood coagulation” (Fig. 4.1C), including
those involved with plasminogen activation (PLAU, FC 3) (464), THBSI (FC 3) (465), and

ANXAS5 (FC 2) (466)), and fibrinolysis inhibition (42M, FC 3 (467) and SERPINEI, FC 5 (468)).

Two hundred and two down-regulated DEGs were involved with metabolic processes such as
glycerolipid biosynthesis (GPAM, FC 11), lipoprotein metabolism (APOC2, FC 12) (469),
insulin signaling (ENPPI, FC 14) (470) and calcium signaling (CACNB4, FC 6) (Fig. 4.3C).

Several other genes were involved with NADH oxidation such as CYBB (FC 4) (471), NCFI (FC
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2), NCF2 (FC 3) (472) and GPD1, (FC2) (473). Finally, genes that enriched only to the GO term
“response to stress”, play a role in apoptosis and oxidative stress such as TNFRSF10B (FC 7)

(474), SOD2 (FC 4) (475), and TGM2 (FC 7) (476).
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DISCUSSION

Although many studies have demonstrated a role for T cells in varicella pathogenesis (37, 86,
194, 223), the impact of VZV infection on T cell function remains poorly understood due to
limited access to T cells infected in vivo. In this study, we leveraged a robust animal model where
rhesus macaques are intrabronchially infected with the closely related SVV to address this
question. We characterized SVV-induced changes in trancriptome of T cells isolated from the
BAL that were previously shown to harbor SVV transcripts (424). Our RNASeq analysis revealed

large gene expression changes between T cells isolated from infected and naive animals.

Several of the up-regulated genes were involved with regulation of gene expression. Several of
these genes encode ribosomal components. Ribosomes play a critical role in protein synthesis and
have indeed been found to support viral protein synthesis (477). Specifically, RPL40 supports
vesicular stomatitis virus translation (478) and EIF4 supports translation of herpes simplex 1
(HSV-1) (479) and human cytomegalovirus (HCMV) (480). Many histone genes, which regulate
chromatin assembly, were also up-regulated after SVV infection. Histones have been shown to
regulate viral gene expression. For instance, the inhibition of histone demethylase has been
shown to block HSV and VZV replication (481). Moreover, VZV ORF 63 has been shown to
regulate histone levels in infected cells (482). Several of the other up-regulated genes that were

involved with chromatin assembly such as CFOS, JUNB and JUND were reported to be up-

regulated with other viral infections such as measles (483), JC virus (484) and echoviruses (485).

Expression of genes that regulate the cell cycle was also altered with SVV infection in T cells.

Viruses have been shown to promote infected cells to enter the cell cycle in order to produce

nucleotides that are used for viral replication (486), while inhibiting progression into the next
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phase of the cell cycle in order to maintain the cell in a state that supports viral replication and
prevents apoptosis. For example, influenza A and severe acute respiratory syndrome coronavirus
(SARS-CoV) have been found to induce GO/G1 arrest (487, 488) and HIV- 1 has been found to
induce G2/M arrest (489). Furthermore, genes that mapped to “viral process” have been shown to
support replication of other viruses, such as HIV-1 (450) and Epstein-barr virus (452). These

data demonstrate that viruses manipulate similar cellular processes to support viral replication.

Functional enrichment revealed that a large portion of DEGs were involved with metabolic
processes. This implies that SVV, like other viruses, may dysregulate T cell metabolism in order
to support successful viral replication. Calcium signaling has been shown to increase viral protein
expression and T cell activation in viruses such as HIV-1 and HSV-1/2 (490). Furthermore, fatty
acid synthesis has been shown to support the formation of VZV virions by facilitating production
of VZV glycoproteins (491). Hepatitis C has been shown to reduce insulin signaling (492) in
infected cells; moreover, lipid metabolism has also been shown to be down-regulated in T cells
infected with HIV (493) in order to support viral replication. However, several of the changes in
metabolic processes could be part of the host defense response to SVV. For instance, genes
involved with nitric oxide synthase, known to inhibit viral replication, were up-regulated in our

dataset (494).

SVV infection also resulted in the dysregulation of several immune genes. Most of the up-
regulated immune genes were involved in the antiviral innate immune response. For instance,
several interferon stimulated genes (ISGs), which play a critical role in inhibiting various steps of
the virus life cycle (441), were up-regulated in our infected T cell population. This up-regulation

could be in response to a robust up-regulation of IFNa in BAL of SVV infected macaques, which
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we previously reported (228). Other immune genes that were up-regulated include cytolytic
molecules and components of the TCR signaling complex. These results are in line with those
from previous in vitro studies that investigated how VZV infection affects the phenotype of
human tonsil T cells using mass cytometry (CyTOF), which also reported increased expression of
ZAP70, AKT, and CD3 (495). SVV-induced T cell activation may increase viral gene expression

and enhance T cell trafficking to the ganglia/skin as previously reported for VZV (37, 84, 193).

Down-regulated immune genes were involved with phagocytosis and antigen presentation. These
included several pathogen recognition receptors (PRR) which play a critical role in detecting
pathogens and mediating proinflammatory responses (496). As previously reported for influenza,
PRRs CLEC7a and MSRI were down-regulated (497). The down-regulation of these genes may
be indicative of viral immune evasion. Indeed, down-regulation of antigen presentation has been
reported in VZV infected T cells (92, 94). Some of the down-regulated genes can act as receptors
for viral entry (e.g. SCARBI, MRCILI and ITGAV), which may be a host mechanism to block
viral entry. Expression of chemokines IL-8, CCL23, and CXCL16 was reduced in our infected T
cell population, which may be a strategy for SVV to inhibit the recruitment of other immune cells
to the site of infection. Similar results have also been observed in cells infected with human

herpesvirus-6A (HHV6A) (498), cytomegalovirus (CMV) and vaccinia virus (499).

Our data set was somewhat similar to a previous in vitro gene expression study that investigated
the impact of in vitro VZV infection on human T cells using microarray analysis (422). This
study also reported an increase in genes involved with antiviral immunity, cell cycle, transcription

and translation.e.g. MXA4, JUNB and NRP2 were observed. The limited similarities of our study
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with this earlier study could be due to the use of the attenuated Oka vaccine strain and the in vitro
infection of the earlier study, which excludes other environmental factors that that our T cells

were exposed to in vivo.

The major limitation of our study is that we were not able to isolate the SVV infected T cells
from the bystander T cells from our BAL samples. Due to this limitation, we are unable to
determine whether some of the gene changes we reported are originating from the infected T cells
or from non-infected T cells responding to SVV infection. Future studies will utilize single cell
RNASeq analysis to address this crucial question. In summary, this study provides the first in
vivo analysis of SVV-infection induced changes in the T cell gene expression profile. Our data
provides novel insight into how SVV may use the host cell machinery to support its replication
while evading host defense responses. Increased expression of T cell activation genes may
enhance the ability of SVV infected T cells to travel to the skin and ganglia. Given the fact T cells
may play a critical role in transporting VZV into the ganglia, our RNA-Seq analysis may guide

future studies in the development of more efficacious antivirals.
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ABSTRACT

Varicella zoster virus (VZV) causes varicella during acute infection and establishes latency in the
sensory ganglia. Reactivation of VZV results in herpes zoster, a debilitating and painful disease.
It is believed that VZV reactivates due to a decline in cell-mediated immunity; however, the role
that CD4 versus CD8 T cells play in the prevention of herpes zoster remain poorly understood.
To address this question, we used a well-characterized model of VZV infection where rhesus
macaques are intrabronchially infected with the homologous simian varicella virus (SVV).
Latently infected rhesus macaques were thymectomized and depleted of either CD4 or CD8 T
cells to mimic selective senescence of each T cell subset. After T cell depletion, the animals were
transferred to a new housing room to induce stress. Reactivations (viremia in the absence of rash)
were detected in 3 out of 6 CD8-depleted and 2 out of 6 CD4-depleted animals suggesting that
both CD4 and CD8 T cells play a critical role in preventing SVV reactivation. Viral loads in
multiple ganglia were higher in reactivated animals compared to non-reactivated animals. In
addition, reactivation results in sustained transcriptional changes in the ganglia that enriched to
Gene Ontology terms and diseases associated with neuronal function. These studies support the
critical role of cellular immunity in preventing varicella virus reactivation and indicate that

reactivation results in long-lasting remodeling of the ganglia transcriptome.
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INTRODUCTION

Varicella Zoster Virus (VZV) is a human neurotropic alpha herpesvirus that causes varicella
(chickenpox) during primary infection. VZV establishes latency in the sensory ganglia where it
can reactivate to cause herpes zoster (HZ, shingles). The risk of getting HZ significantly increases
with age, from an average of 3 cases per 1000 adults 40-50 years old, to 10 cases of HZ per 1000
adults aged 80 years or above (121). In addition, the incidence of HZ in individuals receiving
immunosuppressive drugs such as those with autoimmune diseases, cancer, and organ transplant
recipients is higher (66, 500-502). VZV has also been shown to reactivate with high stress (503),

such as during and after spaceflight (504) and in medical students (505).

It is generally believed that VZV reactivation is due to the loss of VZV-specific cell mediated
immunity (506), since antibody titers remain relatively stable with increasing age (118, 155, 507).
Similarly, VZV reactivation in hematopoietic stem cell transplants was associated with low CD4
T cell counts in the absence of significant changes in antibody titers (508). Finally, T cell
responses but not antibody titers, negatively correlate with HZ disease severity (509, 510).
However, the role of CD4 versus CD8 T cell immunity in preventing VZV reactivation is not
well understood. Previous studies showed that the frequency of VZV-specific CD4 T cells
declines more dramatically with age compared to VZV-specific CD8 T cells, suggesting a greater
role for CD4 T cells in reactivation, but this hypothesis has yet to be formally tested (118, 146).

In this study, we investigated the role of CD4 and CD8 T cell immunity in preventing herpes
zoster using a nonhuman primate model of VZV infection. In this model, rhesus macaques are
inoculated intrabronchially with simian varicella virus (SVV), a homologue of VZV. We
previously showed that this model recapitulates the essential features of VZV infection in humans

including varicella and establishment of latency in sensory ganglia (217). Moreover, as described
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for VZV, SVV reactivates under conditions of immune suppression (218, 225, 511, 512). To
investigate the role that T cell senescence plays in SVV reactivation, rhesus macaques latently
infected with SVV were thymectomized and then depleted of either CD4 or CD8 T cells. The

animals were then moved to a new room to induce stress.

SVYV reactivation was detected in 42% of depleted animals (2 CD4 depleted and 3 CDS8 depleted
animals). Moreover, average viral loads in the sensory ganglia from the animals that experienced
subclinical reactivation were significantly higher. Finally, large gene expression changes were
detected in ganglia collected from animals that underwent reactivation compared to ganglia from
animals that did not. These data support the hypothesis that both CD4 and CD8 T cells play a
critical role in preventing SVV reactivation and that SVV reactivation remodels the ganglia

transcriptome.
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MATERIALS AND METHODS

Animals and sample collection

Sixteen colony-bred Rhesus macaques (Macaca mulatta, RM) 3-4 years of age and of Indian
origin were used in these studies. All animals were house and handled in accordance with the
Oregon National Primate Research Center Institutional Animal Care and Use Committee
(protocol #0779). 16 RM were intrabronchially inoculated with 4x10° PFU SVV as previously
described (221). At 148 days post infection all animals were thymectomized. At 29, 32 and 37
DPT 6 animals were depleted of CD4 T cells using the humanized monoclonal antibody OKT4-
HulgG at a dose of 50mg/Kg. Another 6 animals were depleted of CD8 T cells using a mouse-
human chimeric monoclonal antibody cM-T807 at a dose of Smg/Kg on days 29, 32 and 37 post-
thymectomy. The remaining 4 animals served as controls. All animals were moved to a different
room 364 DPT and were then euthanized ~646 DPT. All procedures were done under Ketamine
anesthesia to minimize pain. Necropsy was carried out in accordance with the recommendation of
the American Veterinary Association guidelines for euthanasia. Sensory ganglia tissue
(trigeminal, dorsal root ganglia (DRG) cervical, DRG-thoracic and DRG-lumbar sacral were
collected at necropsy. Tissues were then flash frozen or stored in trizol at -80°. Peripheral blood
mononuclear cells (PBMC) were isolated over a density gradient cell separation medium

(Corning, Manassas, VA) and resuspended in RPMI with 10% FBS and PSG.

DNA extraction and viral loads
DNA was extracted from whole blood using the Qiagen genomic DNA extraction kit (Qiagen,
Valencia, CA). Ganglia tissue was digested in Proteinase K Solution (20mg/ml) overnight and

DNA was extracted using the Qiagen genomic DNA extraction kit (Qiagen, Valencia, CA). Viral
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loads were determined as previously described by real-time PCR using primers and probes
specific for ORF21 and measured on the ABI StepOne instrument (Applied Biosystems, Foster

City, CA).

Identification of immune cell populations

PBMC cells were stained with antibodies against CD8 (Beckman Coulter), CD4 (eBioscience,
San Diego, CA), CD28 (BioLegend), CD95 (BioLegend), and CCR7 (BD Pharmingen), which
allowed the delineation of central memory (CM; CD28" CD95" CCR7"), transitional effector
memory (TEM; CD28" CD95" CCR7 ), and effector memory (EM; CD28 CD95" CCR7") CD4
and CD8 T cells. PBMC cells were also surface stained with antibodies against CD20, IgD
(Southern Biotech, Birmingham AL) and CD27 (Biolegend) to delineate IgM (IgD+ CD27+),
class-switched memory (IgD- CD27+), exhausted memory (IgD- CD27-), and naive (IgD+
CD27-) B cell subsets. Cells were fixed and permeabilized according to manufacturer
recommendations (BioLegend) before the addition of a Ki67-specific antibody (BD Pharmingen).
The samples were analyzed using the LSRII instrument (Becton, Dickinson and Company, San

Jose, CA) and FlowJo software (TreeStar, Ashland, OR).

Intracellular Cytokine Staining

PBMC were stimulated ex vivo with SVV lysate (1ug) in the presence of brefeldin A (Sigma, St.
Louis, MO) for 14 hr. Cells were then stained with antibodies against CD4 and CD8p. Cells were
then fixed, permeablilzed (BioLegend) and stained for IFN-y (eBioscience) and TNF-a
(eBioscience). Samples were then acquired on the LSRII instrument and data was analyzed using

FlowlJo software.
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RNA-Sequencing analysis

RNA was extracted from ganglia tissue homogenized in trizol using a bead beater and
zirconia/silica beads followed by extraction using the Ambion Purelink RNA Mini Kit (Life
Technologies, Carlsbad, CA). RNA library preparation was done using the NEXTflex® Rapid
Directional RNA-Seq kit (BIOO Scientific, Austin, TX). DNA libraries were then multiplexed
and sequenced on the Illumina HiSeq2500 (Illumina, San Diego, CA) platform. All data analysis
steps were performed with the RNA-Seq workflow module of the systemPiperR package
available on Bioconductor (302, 425). Next generation sequencing (NGS) quality reports were
generated with the seeFastq function defined by the same package. RNA-Seq reads were mapped
with the splice junction aware short read alignment suite Bowtie2/Tophat2 (303, 304) against the
Macaca mulatta genome sequence downloaded from Ensembl (305). The default parameters of
Tophat2 optimized for mammalian genomes were used for the alignments. Raw expression values
in form of gene-level read counts were generated with the summarizeOverlaps function (306).
Only reads overlapping the exonic regions of genes were counted, while reads mapping to
ambiguous regions of exons from overlapping genes were discarded. Analysis of differentially
expressed genes (DEGs) was performed with the GLM method from the edgeR package (307,
308). Differentially expressed genes (DEGs) were defined as those with a fold change >2, a false
discovery rate (FDR) <0.05 and a median RPKM value >5. Enrichment analysis was performed

using MetaCore software (GeneGo, Philadelphia, PA).

Gene Expression Change Validation
RNA was reverse transcribed using random hexamers and SuperScript ® IV RT using the
SuperScript ® IV First-Strand Synthesis System (Invitrogen, Lithuania) to generate cDNA.

Tagman gene expression assays (Thermo Fisher, Waltham, MA) of selected genes and
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housekeeping gene (RPL32) were carried out using 100ng of cDNA in duplicate on the ABI

StepOne instrument (Applied Biosystems). mRNA expression levels were calculated relative to

our housekeeping gene (RPL32) using 2°ACt calculations.

Statistical Analysis

Graphing was performed with GraphPad Prism software (GraphPad Software Inc., La Jolla, CA).
One-way repeated-measures analysis of variance (ANOVA) with Dunnett's multiple comparison
posttest was used to explore differences relative to and pre-thymectomy (-6 DPT) values.

Unpaired t test was used to determine significance of ganglia viral loads and gene validation.
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RESULTS

T cell depletion after thymectomy results in permanent loss of naive T cells

Analysis of SVV replication kinetics and host responses in the 16 animals used in this study were
previously published (221). All animals generated robust T and B cell responses as evidenced by
the detection of antigen-specific T cells and antibodies (221). At 148 days post infection (DPI) all
16 animals we thymectomized, and 29 days post thymectomy (DPT), 12 animals were depleted of
either CD4 T or CD8 T cells (n= 6/group) while the remaining 4 animals served as
thymectomized controls. At 364 DPT all animals were moved to a different room to induce

environmental stress (Fig. 5.1A).

Thymectomy alone (control animals) had minimal impact on the frequency of circulating white
blood cells (WBC) including lymphocytes and neutrophils (Fig 5.1B-D). Similarly, thymectomy
alone did not impact frequency of circulating CD4 T, CD8 T and CD20 B cells (Fig. 5.2A).
Furthermore, very few changes were noted in the frequency of naive and memory CD4 T, CD8 T
and B cell subsets (Fig. 5.2D,G, and J). In contrast, CD4 depletion resulted in a significant
decrease in the number of circulating lymphocytes (Fig. 5.1C) due to the loss of CD4 T cells (Fig.
5.2B), and more specifically, naive CD4 T cells (Fig. 5.2E), which remained significantly
decreased for the remainder of the study. This change was accompanied by an increase in the
frequency of terminally differentiated CD4 EM T cells (Fig. 5.2E). Initially, frequency of CD8 T
cells significantly increased at 153 DPT in CD4 depleted animals but then decreased as CD4
numbers partially recovered in the CD4 depleted animals (Fig. 5.2B). We also saw a significant
increase in CD8 EM T cells and a decrease in naive and TEM CDS8 T cells in the CD4 depleted
animals (Fig. 5.2H). No changes in B cell subsets were noted in the CD4 depleted animals (Fig.

5.2K).
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Figure 5.1 Animal treatments and whole blood cell counts. (A) Experimental timeline.
Absolute numbers of (B) white blood cells (WBC) (C) lymphocytes and (D) neutrophils were
measured in controls (n=4), CD4 depleted (n=6) and CDS8 depleted animals (n=6) using a
Hemavet. *P< 0.05 for CD4 depleted animals compared to day -6 post-thymectomy
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Figure 5.2 Thymectomy followed by depletion results in the loss of naive T cells. The
frequencies of (A) CD4 T, (B) CD8 T and (C) CD20 B cells (means + SEM) were determined in
the PBMC by flow cytometry (+++, P< 0.001 for CD4 T cells; ##, P<0.01; ### P< 0.001 for CD8
T cells). The frequencies of CM, EM, TEM and naive CD4 T cells in (D) controls (E) CD4
depleted and (F) CDS depleted animals and CDS8 T cells in the (G) controls (H) CD4 depleted (1)
CD8 depleted animals determined by flow cytometry. (+, P< 0.05; ++ P< 0.01; +++, P< 0.001
for CM; #, P< 0.05; ## P< 0.01; ###, P< 0.001 for EM; §, P< 0.05, $$, P< 0.01 for TEM; *, P<
0.05; ** P< 0.01; *** P< 0.001 for naive). The frequency (mean = SEM) of class-switched
memory, IgM memory, exhausted memory, and naive B cells in the (j) controls (k) CD4 depleted
(1) CD8 depleted animals was determined by flow cytometry in PBMC. (+, P<0.05; ++ P<0.01,
for switched memory). (Controls, n=4; CD4 Depleted, n=6; CD8 Depleted, n=6)
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As described for CD4 T cells, CD8 depletion resulted in a profound and sustained loss of CD8 T
cells while frequency of CD4 T cells and CD20 B cells remained relatively stable (Fig. 5.2C).
This loss was also primarily driven by a significant reduction in the number of naive CD8 T cells
(Fig. 5.2I), which was accompanied by a transient increase in TEM CD8 T cells and an increase
in the EM frequency (Fig. 5.21). Interestingly, following CD8 depletion, frequency of CD4 EM T
cells increased while that of naive and CM CD4 T cells decreased (Fig. 5.2F). The CDS8 depleted
animals had a significant increase in their switched memory B cell population after depletion

(Fig. 5.2L).

T cells undergo robust homeostatic proliferation following depletion

The changes in relative frequency of naive and memory T cells in the depleted animals prompted
us to investigate the role of homeostatic proliferation. In the thymectomized non-depleted group
we observed a transient increase in proliferation in CD4 T cells and B cells, but not CD8 T cells
55-83 DPT (Fig. 5.3A, D, G). Following CD4 and CDS8 T cell depletion, we observed robust
proliferation in both CD4 T, CD8 T cells and B cells as early as 29 DPT (Fig. 5.3). In the CD4
depleted animals, the magnitude of CD4 T cell proliferation was much more robust than that of
CDS8 T cells and B cells (Fig. 5.3B, E, H). Interestingly, in the CD8 depleted animals, CD4 T cell
proliferation occurred earlier than CD8 T cell proliferation and reached similar magnitude (Fig.
3C,F). Although proliferation of naive T cells was observed in both CD4 depleted and CDS8
depleted groups, the naive T cell numbers remained significantly reduced due to lack of thymic

output and rapid conversion to memory phenotype cells.
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0.001 for naive T cells; +, P< 0.05; ++ P< 0.01; +++, P< 0.001 for switched memory; &&, P<
0.01; &&&, P< 0.001 for IgM memory; $, P< 0.05, $$, P< 0.01; $$$, P< 0.001 for exhausted
memory; #, P< 0.05; ## P< 0.01; ###, P<0.001 for naive B cells).
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T cell depletion followed by environmental stress results in subclinical reactivations

SVV reactivation was monitored by measuring SVV viral loads in the whole blood using
quantitative real-time PCR (qPCR) as well as visual inspection for zoster lesions. After almost a
year with no signs of reactivation, all of the animals were moved to a different room in the
facility to induce stress (Fig. 5.1). No obvious rash was detected in the animals; however, SVV
DNA was detected in whole blood (WB) from 5 animals (2 CD4 depleted and 3 CDS8 depleted)
approximately 20-48 days after the move (383-412 DPT) (Fig. 5.4A). To characterize the immune
response during SVV reactivation, we measured changes in SVV specific IgG titers and
frequency of antigen-specific T cells. We observed no significant increases in IgG titers or CD4 T
cell responses in the animals that experienced SVV reactivation (Fig. 5.4B-E). Increased CD8 T
cell responses were detected in some of the depleted animals 412- 454 DPT regardless of whether

they experienced renewed viremia (Fig. 5.4F).

SVYV reactivation results in increased viral loads and long-lasting transcriptional changes in
the ganglia

No additional reactivation events were detected during the next several months. We therefore
elected to euthanize the animals at 646 DPT and investigate changes in SVV viral loads and
transcriptional profiles in the sensory ganglia from animals that experienced a reactivation event.
Significantly higher viral loads were observed from the trigeminal (TG) and dorsal root ganglia
thoracic (DRG-T) of animals that showed signs of subclinical reactivation compared to the
animals that did not (Fig. 5.5A). No viral loads were detected in lumbar sacral dorsal root ganglia

(data not shown).
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(previous page) Figure 5.4 SVV reactivation is detected in depleted animals in the absence
of robust changes in immunity. (A) SVV DNA viral loads were assessed in PBMC
(200ng/sample). SVV-specific IgG titers were determined in (B) Controls (C) CD4 depleted and
(D) CDS8 depleted animals. Frequencies of PBMC SVV-specific (E) CD4 and (F) CD8 T cells
producing IFNy in animals that experienced SVV reactivation (red), depleted animals that did not
experience a reactivation (black), and controls (blue). Dashed line represents the reactivation
period
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Figure 5.5 SVV reactivation results in substantial host transcriptional changes in the
ganglia (A) SVV DNA viral loads were assessed in sensory ganglia (lug/sample) by quantitative
real-time PCR using primers and probes specific for SVV ORF21. (TG= Trigeminal, DRG-C=
dorsal root ganglia cervical, DRG-T= thoracic) (TG; n=6 for animals that did not experience
reactivation (NR), n=3 for those that experienced reactivation (R); DRG-T; n=6 for NR, n=5 for
R; DRG-C; n=6 for NR and n=5 for R). (B) PCA plot of the ganglia transcriptomes (n=3 for R
and n=4 NR). (C) Volcano plot representing overall gene expression changes observed in animals
that experienced renewed SVV viremia.
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In order to determine the host transcriptome changes that occur following reactivation, we
performed RNA-Seq on the DRG-T collected from 3 animals that experienced a reactivation
event (2 CD4 depleted, 1 CD8 Depleted) and 4 animals that showed no signs of reactivation (2
controls, 1 CD4 depleted and 1 CD8 depleted) (Table 5.1). A principle performance analysis
(PCA) showed a clear distinction between the reactivated and the control groups (Fig. 5.5B).
Overall, we observed 1202 differentially expressed genes (DEGs) defined as having a fold change
(FC) >2, a false discovery rate (FDR) of <0.05, and a median RPKM value of >5 (199 up-
regulated, 1003 down-regulated) (Fig. 5.5C). To understand the biological implication of these
transcriptional changes, we carried out a functional enrichment using Metacore, which requires
the use of human homologues. Conversion of rhesus macaque genes into human homologues
resulted in 641 DEGs (120 up-regulated and 521 down-regulated) (Supplemental Dataset 5.1).

Changes in expression of 4 DEGs were confirmed by RT-PCR (Fig. 5.6).

Up-regulated genes post reactivation in the ganglia suggest ongoing tissue repair

Only 120 characterized DEGs were found to be up-regulated in ganglia of animals that
experienced SVV reactivation. Several of the 30 most up-regulated genes regulate cell cycle
progression (Fig. 5.7A) such as AMDI (FC 4) which regulates Myc expression (513), POCIB
(FC 3) involved with centriole assembly (514), and the transcriptional regulator TAFID (FC 4,
confirmed by RT-PCR, Fig. 5.6A) (515). Additional genes were involved with apoptosis such as
HIFIA (FC 3)(516) and MAP4K5 (FC 3) (517); and protein degradation such as UFDIL (FC 3)
(518) and CLPX (FC 3) (519). Other highly up-regulated genes play a role in neuronal

development such as SNAPC3 (FC 3) (520), OLIG3 (FC 3) (521), and ACVR24 (FC 3) (522)
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Sample Reactivated Viral Load
CD4 Depleted #3 Y 555

CD4 Depleted #5 Y 189

CD8 Depleted #6 Y 2091
Control #2 N 64

Control #3 N 236

CD4 Depleted #6 N 152

CD8 Depleted #5 N 21

Table 5.1 DRG-T Viral loads of the samples used for RNA-Seq analysis
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Figure 5.6 Gene validation. Tagman assays were done on (A) TAF1D (up-regulated) (B)
GPR137 (down-regulated) (C) THY1 (down-regulated) and (D) CEP57 (up-regulated). n= 3 for
reactivated (R) and n= 4 for nonreactivation (NR). *P< 0.05, **P< (.01 compared to NR
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(Fig. 5.7A). Two antiviral genes were also amongst the 30 most up-regulated DEGs: TRIM23
(FC 3) which enhances antiviral innate responses through the RIG-I/MDAS5 mediated pathway

(523), and UFLI (FC 4), which inhibits NF-kappaB signaling pathway (524).

Functional enrichment showed that most of the up-regulated DEGs mapped to “cellular metabolic
process” (Table 5.2), which also included the genes found in “response to glucose”. Examples of
genes that mapped to these two GO processes include those involved with double-stranded DNA
damage repair (BAZ1A4, FC 3) (525); transcriptional regulation (MIERI, FC 3) (526); mRNA
degradation (CNOT7, FC 2) (527); and regulation of circadian calcium rhythms in neurons
(ARNT, FC 2) (528). An additional 17 genes that mapped to “multicellular organismal
reproductive process” played a role in microtubule stabilization (529) (CEPS57, FC3, confirmed
by RT-PCR, Fig. 5.6B); anion transport (SLC26A48, FC 3 (530)); and neuron development (RARB

FC 2 (531)) (Fig. 5.7B).

Down-regulated DEGs play a role in neuronal damage

Several of the down-regulated genes play a role neuronal development. The most down-regulated
gene in our data set was GPRI37 (FC 400, confirmed by RT-PCR, Fig. 5.6C), a G protein
coupled receptor essential for controlling pain transmission in the trigeminal ganglia (532) (Fig.
5.8A). Several of the down-regulated DEGs were involved with axon regeneration such as
NDELI (FC 123) (533), AMIGO3 (FC 200) (534), THY-1 (FC 110) (confirmed by RT-PCR, Fig.
5.6D) (535), and INA (FC 89) (536). Additional down-regulated genes were involved in neuron
differentiation and stabilization such as FERD3L (FC 104) (537), BASP1 (FC 200) (538), ATF5

(FC 158) (539)
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Up-regulated

GO Process # Genes FDR

cAMP catabolic process 2 4.951E-03
Multicellular organismal reproductive process 17 5.523E-03
Response to glucose 8 1.360E-02
Cellular metabolic process 72 1.819E-02
Process Networks

Cell cycle_Chromosome condensation in 3 1.730E-02
prometaphase

Signal transduction_Soluble CXCL16 3 1.104E-01
signaling

Translation_Role of Retinoic acid signaling in | 2 2.488E-01
the initiation of translation

Cell cycle_Role of Nek in cell cycle regulation | 2 2.508E-01
Down-regulated

GO Process # Genes FDR
Axo-dendritic transport 14 4.396E-07
Cellular component organization 244 4.396E-07
Metabolic Process 378 7.202E-07
Chaperone-mediated Autophagy 6 1.740E-06
Cytoskeleton-dependent Intracellular transport 21 1.818E-06
Regulation of intracellular transport 51 2.803E-06
Response to stress 177 9.804E-06
Regulation of protein complex stability 6 1.114E-05
Process Networks

Protein folding Response to unfolded proteins 11 1.305E-03
Cytoskeleton Intermediate filaments 10 1.890E-02
Cell cycle Meiosis 10 8.081E-02
Cytoskeleton Regulation of cytoskeleton 14 8.081E-02
rearrangement

Transcription_Chromatin modification 11 8.081E-02
Proteolysis in cell cycle and apoptosis 10 1.626E-01
Muscle contraction 12 2.158E-01
Cell cycle G2-M 12 5.592E-01
Cell adhesion Cell junctions 10 5.592E-01
Immune response_Antigen presentation 11 5.694E-01
DNA damage Core 3 5.694E-01
Transcription_Nuclear receptors transcriptional 10 7.890E-01
regulation

Protein folding_Protein folding nucleus 4 8.017E-01
Diseases

Amyloid Neuropathies 9 1.700E-10
Alzheimer disease, early onset 11 2.220E-06
Parkinsonian Disorders 32 4.676E-06
Spinal Cord Diseases 28 1.109E-05
Movement Disorders 49 1.109E-05
Polyneuropathies 18 1.646E-05
Gliosis 9 2.181E-05
Memory Disorders 9 2.181E-05
Basal Ganglia Diseases 45 2.343E-05
Myositis 17 3.364E-05
Motor Neuron Disease 22 3.493E-05
Cerebral Arterial Diseases 10 5.023E-05

Table 5.2 Gene enrichment analysis of up-regulated and down-regulated genes
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and HSPAI12B (FC 119) (537). Furthermore, some of the most down-regulated genes played a
role in cell proliferation (MZF1I, FC 124) (540); DNA damage repair (XRCC3, FC 121) (541);

and protein transport (SSR4, FC 183) (542) (Fig. 5.8A).

Functional enrichment showed that the most statistically significant GO process to which down-
regulated DEGs mapped is “axo-dendritic-transport” which includes genes encoding
neurofilaments NEFL (FC 7) and NEFM (FC 4), and the neurodevelopment protein NDELI (FC
123) (Table 5.2). Several of the 215 down-regulated genes that mapped to “cellular component
organization” (Table 5.2) play important roles in the regulation of gene expression within neurons
including several histone genes (HISTIH2AC (FC 28), HIST2H2AA4 (FC 70), HIST2H3D (FC
47) and HIST3H2BB (FC22)) (543), as well as transcription factors such as ATF5 (FC 158) (544)
and BAIAP2 (FC 155) (545). In addition, several highly down-regulated genes mapped to
“metabolic process” (Table 5.2) such as PGAM?2 (FC 149) (546), CBR3 (FC 130) (547)), and
HEXIM?2 (FC 54) (548)). Of the 177 genes that mapped to the GO process “response to stress”,
43 directly interact with each other (Fig. 5.8B) including several that interact with APP (FC 7),

which regulates neurite outgrowth (549), and histone deacetylase class Il (HDAC, FC 5).

Additional bioinformatics analysis of the down-regulated DEGs revealed enrichment to Process
Networks associated with the cell cycle (Table 5.2) including: DNA repair (HSH5 (FC 4), RAD1
(FC 3), RADY, (FC 44) and RAD17 (FC 5)) (550-552); microtubule assembly TUBAIB (FC 7)
(553); and cell cycle progression, ANAPCI3 (FC 9) (554). Several down-regulated genes also
enriched to the process network “immune response-antigen presentation” (Table 5.2) such as

ICAM (FC 37), NFKBIB (FC 12), and several heat shock proteins (HSPAIL (FC 95), HSPAS (FC
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8), HSPCA (FC 5) and HSP90 (FC 2)) (Fig. 5.8C). Finally, analysis of the down-regulated genes
using a Diseases Biomarker database revealed enrichment to several diseases related to the
neuronal damage and mental health diseases (Table 5.2). The DEGs that enriched to “basal
ganglia diseases” played a role in axon regeneration such as NGF (FC10) (555) and SNCG (FC
59) (556); neuron differentiation e.g. SUZI2 (FC6 ) (557); and CNS inflammation such as CCR7

(FC 8) (558) (Fig. 5.8D).

159



Membrane Cytoplasm Nucleus
-1.0-050.0 0.5 1.0 1.5 2.0 B
Y< ~_ z o *‘ “‘
A”% Kinesin light chain__ ABCL Suv39HL _— 7 G3P2 CXxC1
NS ~ ~ -
RNF220 \ Histone H3.2
INA ern 13—
SLC26A1 — SPTBN(spectrinla4)
UXT Acinus NPAS2
HSPA1L - /
BTBD2 — /
SLC27A1 .y
EMC10 CaMK Il delta
FERD3L Thyroid hormane
DDX51 recéptor
THY1 e ~
HSPA12B — Histghe H2
XRCC3 .
NDEL1 -t
MZF1 -
COL14A1 — Nk
CBR3
ARID5A - Hlslmjl’ deacetylase
MFSD11 | e
PGAM2 /
TIMM17B \
BAIAP2 —
ATF5 - -
FAM71E1 — ATF/CREB
SSR4
AMIGO3 - | :
BASP1 KenQL PPL-cat Kinesin heavy chaifi Say
SNAP47 "
BRICD5 PDK (PDPK1)
GPR137 MUNC18 .3
X Transporter & Generic kinase & G beta/lgamma
NR R i -
& Protein «« Protein kinase & Regulators
A 'Fl;ransctrlptllpn fzctor Y Generic receptor ~» Negative/Inhibition
I Gece”_” rzga" , & Generic binding protein —3 Positive/Activation
. seneric channel o Metalloprotease
« Generic enzyme £ RAS- superfamily
-1.5-1.0-050.0 0.5 1.0 1.5 2.0
D -15 -0.50.0 0.5 1.0 1.5 2.0
1
TIMP1 + YWHAG
YWHAE
YWHAB -
TIRAP — XRCC3
UCHL1
. TUBA1B —
PDRK TMEM175 —
TIMP1
PSMB3 TAF10
SUZ12
SNCG
ICAM3 SGCA -
PRPF40B
= OGG1
NFKBIB Ne -
NEFM -
TRAP1 NEFL -
MAPT —
P90AB1 e
KLC1
HSPCA — HTRA2
HSPA8 —
HSPA1L -
HSPA8 — HIST1H2AC —
GRIN2C -
e ok
COMT -
CANX CCR7 -
CAMK1 -
ATXN2
B2M ATF5 -
APP

NR R

160



Figure 5.8 Gene enrichment analysis of the down-regulated genes in reactivated animals.
(A) Heatmap analysis of the 30 most down-regulated genes (B) Network image showing the
genes that directly interact in the down-regulated genes found in the GO process “response to
stress”. (C) Heat map analysis of the down-regulated immune genes. (D) Heat map analysis of the
genes that mapped to GO process “basal ganglia diseases” NR=nonreactivated, R= reactivated
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DISCUSSION

Age and immune status are the primary risk factors for getting herpes zoster. The goal of this
study was to investigate the role of CD4 and CD8 T cell immunity in preventing herpes zoster.
Using the rhesus macaque animal model of SVV infection, we were able to artificially age either
the CD4 or CD8 T cell population in latently infected animals by performing a thymectomy
followed by CD4 or CD8 T cell depletion. In the absence of naive T cell output from the thymus,
T cells within the subset that was depleted undergo robust homeostatic proliferation in order to
repopulate the T cell compartment, which results in accelerated T cell senescence. Our data
showed that T cell numbers of the depleted subset don’t recover to baseline levels no matter how
robust the homeostatic proliferation. Similar findings have been reported in mice depleted of their
lymphocytes (559). Interestingly, we observed increased proliferation in the non-depleted T cell
subset and B cells, suggesting all lymphocytes are able to sense and respond to the available

space created by the depletion.

Thymectomy and accelerated aging of the T cell compartment alone were not sufficient to cause
reactivation. We therefore induced stress by moving the animals to a different room in the
facility. SVV reactivation was observed in 2 CD4 depleted and 3 CD8 depleted animals as
evidenced by the presence of SVV DNA in blood, increased viral loads in the ganglia, and further
confirmed through host transcriptome analysis. VZV reactivation in the absence of rash is
referred to as zoster sine herpete (560) and has been reported in HIV positive patients, bone
marrow transplant recipients, patients with leukemia, and cynomolgus macaques subjected to

stress from travel and isolation (216, 561, 562).
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SVV reactivations were observed in both CD4 and CDS8 depleted animals, which suggest a role
for CD4 and CD8 T cells in the prevention of reactivation. Viral loads in the blood seemed to be
slightly higher in the CD4 depleted animals; however, since only 2 CD4 depleted animals
experienced reactivations, we could not determine whether this increase was significant. These
observations are in line with clinical studies that have indicated a critical role for CD4 T cells in
prevention of VZV reactivation. Specifically, HZ is more prevalent in HIV+ patients (563).
Furthermore, rapid recovery of CD4 T cells, but not CD8 T cells, after stem cell transplants have
also been shown to play a role in preventing reactivation of cytomegalovirus (564). Previous
studies from our lab have also shown a greater role for CD4 T cells in the resolution of SVV
infection during acute infection where CD4 depleted animals had higher viral loads, prolonged
disease and are unable to establish latency in the ganglia (219, 565). On the other hand CD8+
cells in the trigeminal ganglia play a role in the prevention of HSV-1 reactivation in mice (566),
which indicates that immunological control of reactivation may differ between these two closely

related viruses.

In contrast to what has been previously reported for VZV, no significant changes in antibody
titers were detected during SVV reactivation. Similarly, no increase in SVV-specific CD4 T cell
responses were detected in reactivated animals. On the other hand, CD8 T cell responses were
increased in several depleted animals regardless of the renewed SVV viremia, but in none of the
non-depleted controls. This observation suggests that depleted animals were more susceptible to
the stress induced by the room change, but only some of the animals experienced a reactivation.
Our data differs from previous reports where increased T cell responses have been observed in

transplant recipients following subclinical reactivations (561). Although we were unable to detect
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a robust immune response in the peripheral blood, SVV reactivations could have triggered a local
immune response within the ganglia. Unfortunately, we were unable to address this question

since the ganglia tissue was collected nearly 1 year after viremia was detected.

Viral loads were higher in the ganglia collected from animals that experienced a reactivation
compared to those collected from non-reactivated animals. The increased SVV viral loads could
have been due to viral replication during reactivation as previously reported for VZV and SVV
(195, 225). However, it is also possible that the viral loads in the ganglia of the reactivated
animals were higher to begin with, which made them more susceptible to reactivation. In addition
to increased viral loads, RNA-Seq analysis revealed distinct transcriptional profiles between the
DRG-T of the reactivated and non-reactivated animals despite the fact that our analysis was
carried out 1 year after SVV viremia was detected. This suggests that SVV reactivations can
cause long-lasting gene expression changes in the ganglia. Genes that were down-regulated after
reactivation play a critical role in neuron differentiation and axon regeneration as well as DNA
repair indicative of significant damage to the ganglia. While genes that were up-regulated after
SVV reactivation play a role in cell proliferation and neuronal development, suggesting tissue
repair. Although we were not able to examine the ganglia tissue at the time of their subclinical
reactivation, our gene expression data are supportive of previous studies reported severe necrosis

and inflammation of the ganglia recovered from patients with HZ at the time of death (42, 299).

Recent studies from our lab have shown a down-regulation of neuronal genes during acute
infection (424), therefore we compared the DEGs detected after acute SVV infection (100 dpi)
and those detected after SVV reactivation. Only 48 common DEGs were identified, most of

which were down-regulated after both acute infection and reactivation. Several of these DEGs
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play a role in synaptic plasticity (THRA, KIRREL and IGFSS8) (567-569) and neuronal growth
(MBP, STMN2, PRPH and RHOG) (570-572). Other common genes play a role in cell cycle such
as ARF1, HDLBP, and BOPI (573-575). Although a limited number of DEGs were shared
between these studies, both revealed a robust number of down-regulated genes that were involved
in neuronal function, which suggests that both viral entry and viral reactivation cause neuronal

damage but may affect different neuronal functions.

In summary, this study provides additional evidence that supports a critical role of T cells in the
prevention of herpes zoster. However, this study showed that T cell senescence by itself is not
sufficient, as stress was required to induce reactivation and renewed viremia. This study is also
the first to characterize the gene expression changes that occur after SVV reactivation.
Remarkably, neuronal genes were altered nearly a year since reactivation, suggesting that SVV
reactivations results in sustained remodeling of the ganglia transcriptome. These results provide
potential insight into the development of post-herpetic neuralgia caused by neuronal damage that

can last for years (576).
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CHAPTER 6: Discussion and Future Directions

VZV is a neurotropic alpha herpes virus and the causative agent of varicella during primary
infection. Like other herpes viruses, VZV establishes latency in the sensory ganglia and can
reactive to cause herpes zoster. Although varicella and herpes zoster are not life threatening in an
immune competent host, they can cause significant morbidities and sometimes mortality in the
elderly and immune compromised. Due to its strict host specificity, VZV infection in laboratory
animals does recapitulate the hallmarks of disease seen in humans. This has resulted in a limited
understanding of host pathogen interactions that occur during acute infection and reactivation and
hindered the development of better vaccines. The currently approved vaccine for varicella
requires two doses and the vaccine against HZ is only 51% efficacious. Moreover, both vaccines
are contradicted for people who are immunosuppressed. In contrast, intrabronchial infection of
rhesus macaques with the homologous SVV provides a robust animal model of VZV because it
mimics the disease hallmarks seen in humans. Using this animal model, the goals of this
dissertation were to characterize the kinetics of the host response to SVV during acute infection,
uncover mechanisms of virus dissemination, and finally to determine the role that cellular

immunity plays in preventing reactivation.

6.1.1 SVV infection causes significant lung inflammation and lung injury

In Chapter 2, we characterized the host response during acute infection in the lungs using
immunohistochemistry, flow cytometry, multiplex ELISA and RNA-Sequencing. We report that:
1) SVV replicates in both the lung tissue and the BAL quickly spreading from the infected to the
uninfected lobe; 2) SVV elicits a robust immune response characterized by immune infiltrates
most notably cytolytic CD8 T cells which play a critical role in killing virally infected cells, as

well as the production of cytokines, chemokines and growth factors; and 3) large gene expression
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changes in interferon stimulated genes, granzymes and cytokines. Acute varicella also results in
severe lung damage, which was evident through severe focal hemorrhaging and broken alveolar
walls; and further confirmed by the down-regulation of genes important for lung development.
The peak immune responses correlated with decreased SVV viral loads and increased expression
of cell cycle genes and growth factors, indicative of tissue repair. In summary, data presented in
chapter 2 provide novel insight into the mechanisms by which acute VZV infection can result in
pneumonia. These data show for the first time although acute varicella usually results in a self-
limiting disease, significant lung injury occurs as a result of both the immune response and viral
replication. These results may guide efforts to the development of better therapeutics against
respiratory viral infections. An example of new strategies that can be developed using our data
include generating antibodies against highly up-regulated gene products in order to dampen the
robust immune response without interfering with viral clearance thereby reducing lung damage.
Future studies will include characterizing the gene expression changes in the lung of immune-
compromised RM in order to determine the specific genes that are responsible for causing severe

pneumonia.

6.1.2 SVYV reaches the site of latency before the appearance of rash

In Chapter 3, we characterized the kinetics by which SVV reaches the ganglia (site of latency) as
well as host response to SVV infection in the sensory ganglia during acute and latent infection.
Ganglia tissue was collected from naive animals and infected animals on days 3, 7, 10, 14 and
100-post infection. In order to determine when SVV reaches the ganglia and establishes latency,
we measured SVV DNA viral loads and viral transcription. Our analysis revealed that SVV DNA
could be detected as early as 3 DPI, before the appearance of the rash (typically seen on 7-10

DPI). These data supported a hematogenous spread of SVV to the ganglia. Furthermore, viral
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transcript analysis revealed that SVV replicates in the ganglia before establishing latency at 7
DPI. We also detected an infiltration of T cells into the ganglia at 3 DPI, suggesting that T cells
may be responsible for disseminating SVV into the ganglia. Indeed, BAL CD4 and CD8 T cells
isolated from the same animals 3 DPI were shown to harbor SVV DNA and transcripts. In the
ganglia, SVV induced a local immune response that was characterized by increased expression of
ISGs, chemokines and an infiltration of T cells. We also report significant changes in the
expression of genes that play an important role in neuronal function. Importantly, these changes
persist long after viral replication ceases. Future studies will determine if any innate immune cells

also infiltrate the ganglia during acute infection.

This was the first study to characterize the gene expression changes that occur in the ganglia
during acute infection and latency. Given the homology between SVV and VZV, and the genetic
and physiological similarities between rhesus macaques and humans, our results provide novel
insight into VZV tropism into the ganglia, and how the immune response in the sensory ganglia
may initiate latency. Furthermore, the down-regulation of neuronal genes may explain some of
the neurological consequences of VZV infection. Future studies will be aimed at confirming
whether T cells that infiltrate the ganglia are infected with SVV and whether the origin of these
gene expression changes that we saw in the ganglia are from the infiltrating T cells or from the
sensory ganglia cells. We will utilize single cell RNA sequencing to determine frequency of
infected T cells that infiltrate the ganglia 3 DPI and the transcriptional changes within these cells

induced by SVV infection.

168



Moreover, studies described in this chapter identified a number of viral transcripts highly
expressed during acute infection and latency in the ganglia (Fig. 3.4). One of the main limitations
of the currently approved vaccine for varicella is that it still establishes latency in the ganglia and
can reactivate in immune compromised individuals to cause zoster albeit at a much reduced
frequency. Future studies will use these data to develop subunit vaccines or attenuated vaccine
strains that may not be able to establish latency or reactivate. We can test the immunogenicity and
efficacy of SVV knockout viruses as well as their ability to reactivate under conditions of

immune suppression in vivo.

6.1.3 SVV induces transcriptional changes T cells in order to support viral replication

Studies described in chapter 3 of this dissertation and earlier in vitro studies using VZV and
tonsillar T cells have shown that T cells are the preferential targets for SVV/VZV and play a
crucial role in disseminating them to the skin and ganglia (37, 86, 194, 223). In chapter 4, our
goal was to characterize the transcriptional changes that SVV produces in T cells. We performed
RNA-Seq on CD4 and CDS8 T cells isolated from the BAL of animals acutely infected with SVV
and controls. Our results show that SVV up-regulates genes that enriched to chromatin assembly,
translation, and T cell activation processes. Down-regulated genes enriched to antigen
presentation, inflammatory and metabolic processes. These gene expression changes may create
advantageous conditions that support replication and possibly dissemination of SVV. Other gene
expression changes were indicative of viral immune evasion strategies as well as host defense.
However, we were not able to confirm whether the transcriptional changes in the infected T cell
population were originating from SVV-infected T cells or by bystander T cells responding to
infection. Therefore, future studies will utilize single cell RNA-Sequencing to decipher SVV

induced changes in the infected T cells from bystander T cells. Results from these additional
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studies could reveal how VZV is able to successfully infect T cells and alter their behavior to
facilitate their migration to the skin and ganglia. This could ultimately lead to the design of
targeted therapeutics such as antibodies or siRNA that block a specific receptor or expression of

genes critical for T cell dissemination.

6.1.4 Both CD4 and CDS8 T cells play a critical role in preventing reactivation

In Chapter 5, we investigated the role of T cells in the prevention of SVV reactivation. Latently
infected RMs were thymectomized and then depleted of either their CD4 or CD8 T cells to
determine the role that each subset plays in preventing reactivation. Shortly after inducing
environmental stress, SVV reactivation (viremia without rash) was observed in both CD4 and
CDS8 depleted animals. This suggested that both subsets played a critical role in prevention of
SVYV reactivation. After a year since the subclinical reactivations, we performed RNA sequencing
on the ganglia from the animals that experienced SVV reactivations and compared that to animals
that didn’t experience reactivation. Transcriptional profiles of ganglia from animals that
experienced a reactivation were distinct from those obtained from animals that did not experience
reactivation. Most differentially expressed genes were down-regulated and found to be important
for neuronal function. These data suggest that reactivation leads to long-term changes in neuronal
function in the sensory ganglia. These results provide potential insight into the reasons why VZV
reactivation can result in long lasting nerve pain after reactivation, often referred to as post
herpetic neuralgia (PHN). Future studies will include analyzing the gene expression changes in
the ganglia immediately after reactivation and utilizing more aggressive immunosuppressive
treatments that may result in reactivation with zoster rash so that we can better determine the

changes in immune response surrounding SVV/VZV reactivation.
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(Previous page) Figure 6.1 SVV pathogenesis in a rhesus macaque. Intrabronchial infection of
SVV results in severe lung damage due to viral replication and mass infiltration of immune cells,
along with the secretion of interferon’s and cytokines. Soon after intrabronchial infection, SVV is
carried into the ganglia via T cells from the lungs. SVV entry into the ganglia elicits a robust
innate immune response mediated by satellite glial cells and SVV enters latency soon after. With
the decline in cell mediated immunity and increase in stress, SVV can reactivate and cause

viremia.
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6.2 Final thoughts

The data presented in this dissertation provides novel insights into SVV-host interactions in the
lungs and ganglia. These crucial sites of infections have not been extensively studied because of
the difficulties in accessing them in humans infected with VZV. Therefore, this body of data
significantly adds to our understanding of VZV pathogenesis and will guide future studies that

can aid in the design of targeted therapeutics and vaccines.
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