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ABSTRACT

During viral infection, a major innate host defense mechanism is to reduce global protein
synthesis by phosphorylation of eukaryotic translation inhibition factor 2a (elF2a). elF2a is
phosphorylated by four different cellular kinases, protein kinase R (PKR), general control
nonderepressible 2 (GCN2), PKR-like endoplasmic reticulum kinase, and heme-regulated
inhibitor, each responding to a different cellular stress. GCN2, which phosphorylates elF2a in
response to amino acid starvation, UV irradiation, and oxidative stress, can also phosphorylate
elF2a in response to viral infection. PKR senses double-stranded RNA produced by virus
infection. Many viruses have methods of inhibiting PKR activation or its downstream effects,
thus circumventing protein synthesis shutdown. These methods include sequestering double-
stranded RNA or producing proteins that bind to and inhibit PKR activation.

Here we describe our finding that PKR was antiviral in mouse adenovirus type 1
(MAYV-1) infection. We also showed that in multiple cell types, PKR was depleted during
MAV-1 infection. Inhibiting the proteasome reduced the PKR depletion seen in MAV-1-infected
cells, indicating that proteasomal degradation is responsible for PKR degradation during MAV-1
infection. Time course experiments showed that the degradation occurred early after infection.
Infecting cells with UV-inactivated virus prevented PKR degradation, whereas inhibiting viral
DNA replication did not. Together these results suggest that an early viral gene is responsible for

the degradation. Degradation of PKR is a rare mechanism to oppose PKR activity, and it has

Xii



only been described in six RNA viruses. To our knowledge, this is the first example of a DNA
virus counteracting PKR by degrading it.

In addition to PKR being degraded by MAV-1 during infection, we tested whether GCN2
plays an antiviral role, as seen for several other viruses. Here we describe that GCN2™" deficient
(atc) mice and peritoneal macrophages were significantly more susceptible to infection by
MAV-1. However, atc mouse embryonic fibroblasts had similar viral yields compared to wild
type mouse embryonic fibroblasts, suggesting that there is a cell-type specific antiviral effect of
GCN2. There were no differences in viral yields in infected organs of atc mice at 8 days post
infection compared to wild type organs, except for the cecum, indicating that the difference in
survival between atc and wild type mice is not likely a result of increased viremia in atc mice.
There was also no significant difference in histology of organs from MAV-1-infected atc and
wild type mice. However, cytokine analysis showed that MAV-1-infected afc mice had
significantly higher levels of interleukin 1a., interleukin 1B, and interferon y in the brain
compared to infected wild type mouse brains at 7 days post infection, suggesting that a
difference in inflammatory response could be responsible for the decreased survival of atzc mice
in response to MAV-1 infection. Determining how GCN2 affects the immune response to
MAV-1 infection could provide insight into how GCN2 is playing an antiviral role in DNA virus

infection.
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Chapter I

Introduction

Adenoviruses

Adenoviruses are non-enveloped double-stranded (ds) DNA viruses that have an
icosahedral shape and replicate in the nucleus. Within the Adenoviridae family, there are five
genera, encompassing hundreds of different adenoviruses that infect almost every vertebrate
species (1). Depending on the serotype, human adenoviruses (hAds) can cause upper respiratory,
ocular, or gastrointestinal tract infections (1, 2). In immunocompromised patients, hAd infections
can also result in viral encephalitis, hepatitis, myocarditis, and pneumonia (2). Adenoviruses are
generally species-specific, with productive infections limited to the natural host (1). Thus, little is
known about how hAds cause such severe complications, because there is a lack of a good small
animal models of hAd infection. Mouse adenovirus type 1 (MAV-1) provides a good model to
study adenovirus pathogenesis. It has some features in common with hAd pathogenesis, for
example, it causes similar disseminated infection and encephalitis in immunocompromised mice
(3-5) as well as maintaining a similar persistence after acute infection (6-8). MAV-1 infects brain
endothelial cells, astrocytes, microglia, monocytes, and macrophages (9) and causes a
breakdown of the blood-brain barrier by reducing the number of tight junction proteins expressed
on brain endothelial cells (10). This breakdown in the blood-brain barrier allows leukocytes to

infiltrate, and it leads to viral encephalitis. Viral encephalitis is associated with increased levels



of cytokines and chemokines, including MCP-1, IL-6, IL-1a, IL-1f3, and IL-10 (11). During
MAV-1 infection, IL-1 plays an important role and without it, IFN-f signaling can lead to
increased neuroinflammation (12). MAV-1 infection also triggers an adaptive immune response
in T-cells and B-cells (13, 14). Mice deficient in T- and/or B-cells are highly susceptible to
MAV-1 infection (13-16); B-cells are important to prevent dissemination of the virus within
mice due to the production of early T-cell-independent neutralizing antibody and antiviral
immunoglobulin M (13). T-cells contribute to acute immunopathology and to long term control
of MAV-1 infection (14).

Adenovirus infection can be classified into six stages (Fig. 1.1) (17). First, the adenovirus
binds to receptors on the outside of the cell using the fiber knobs (18). The virus is then
endocytosed by the cell and the virion sheds the fiber proteins and escapes the endosome (19).
Once the adenovirus has escaped the endosome and reached the nucleus, the viral DNA is
injected into the nucleus, and transcription of early genes by the host polymerase II begins (19,
20). After the synthesis of early proteins, viral DNA replication begins in the nucleus. Next,
transcription of late viral genes begins and late viral proteins are translated. Once late viral
proteins have been produced, the virions can be assembled (21). After the virion is matured, it
escapes the cell.

The adenovirus genome is transcribed from both DNA strands (Fig. 1.2). The early genes
are expressed prior to viral DNA replication, and the late genes are produced once the viral DNA
has been replicated (22). The early genes, E1, E2, E3, and E4 are categorized into four groups
based on the locations of the promoters (23). The late genes largely consist of structural proteins

and are divided into five groups, L1-L5, and include proteins encoding hexon, penton base, fiber,



Figure 1.1 Adenovirus life cycle. (1) The adenovirus virion binds to receptors on the outside of the cell and
is endocytosed into the cell. (2) The virion sheds fiber proteins and escapes the endosome. (3) Viral DNA is
injected into the nucleus (green). (4) Early viral genes are transcribed (orange) and early viral proteins are
translated. (5) Viral DNA is replicated in the nucleus. (6) Late viral genes are transcribed (blue) and late
viral proteins are translated. (7) New virions are assembled. (8) New virions escape the cell.
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Figure 1.2 MAV-1 genome structure. The adenovirus genome is divided into early genes and late genes.
Early genes (E1, E3, E4, and E2 genes encoding DNA polymerase [DNA pol], the precursor of the terminal
protein [pTP], and the DNA binding protein [DBP]) are produced before viral DNA replication, and late
genes (52/55K, pllla, penton, pVIL, V, pX, pVI, hexon, proteinase, 100K, 33K, pVIII, fiber, and I[Va2) are
produced after viral DNA replication.



and core proteins (24-26). Transcription of these late genes is driven by the major late promoter,
which is about 16.8 map units from the left end of the genome in hAd (27, 28) and each late
mRNA contains the same 5' untranslated region called the tripartite leader, which enhances

translation of these genes during infection (29, 30).

Translation control by elF2a kinases

Translation control in the cell involves eukaryotic translation initiation factor 2a (eIF2a.)
(Fig. 1.3). elF2a functions as part of the initiation complex during translation by forming a
ternary complex with Met-tRNA and GTP in a reaction catalyzed by elF2B (31). This complex
then binds to the 40S ribosome subunit to form a pre-initiation complex. When elF2a. is
phosphorylated on serine residue 51 (specific residue for human elF2a) by an elF2a kinase
(purple oval, Fig. 1.3), elF2a forms a stable complex with elF2B instead of Met-tRNA, leading
to a reduction in protein synthesis (7, 32-34).

The cell is able to respond to specific stresses and inhibit translation through four elF2a
kinases that phosphorylate eIF2a in response to different stimuli. These kinases, protein kinase R
(PKR), heme-regulated elF2a kinase, general control nonderepressible 2 (GCN2), and PKR-like
endoplasmic reticulum kinase, all share homology in their kinase domains, but have unique
activation domains (35-40). PKR functions as part of the innate immune system, becoming
activated when it binds to dsSRNA produced by viruses (41-43); heme-regulated elF2a kinase is
primarily expressed in erythrocytes and is activated by low levels of heme within the cell (44);
PKR-like endoplasmic reticulum kinase is a transmembrane kinase that is activated by
endoplasmic reticulum stress (35); and GCN2 senses uncharged tRNA and becomes activated

under amino acid starvation conditions, UV irradiation, and oxidative stress (45, 46). PKR also
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Figure 1.3 Translation control by elF2a. Translation factor elF2a forms a ternary complex with GTP and a
Met-tRNA in a reaction catalyzed by elF2B. This complex binds to the 40S ribosomal subunit to form a pre-
initiation complex that scans to the initiator AUG, and with GDP hydrolysis, binds the 60S subunit, leading
to translation. When elF2a is phosphorylated by an elF2a kinase, it forms a stable complex with elF2B and
no longer forms a pre-initiation complex, leading to a reduction in translation.



can contribute to the establishment of the antiviral state in some viral infections by indirectly

stabilizing type I interferon mRNAs (47).

Protein degradation within the cell

While the elF2a kinases affect protein production through translational control, the
lysosomal and proteasomal degradation pathways modulate protein degradation. Lysosomes are
membrane-bound organelles that contain various digestive enzymes (48). Proteins can enter the
lysosome through chaperone-mediated autophagy, the fusion of an autophagosome with the
lysosome (macroautophagy), or by invagination of the lysosomal membrane to specifically
uptake cytosolic proteins (microautophagy) (Fig. 1.4) (49). Most proteins, however, are degraded
by the ubiquitin-proteasome pathway (50).

Proteasomal degradation generally involves modification of the protein to be degraded by
ubiquitin. Ubiquitin is a highly conserved, 76-residue protein that is conjugated to proteins using
three distinct enzymes (Fig. 1.5) (51). First, a ubiquitin activating enzyme, E1, activates
ubiquitin. Next, the ubiquitin is transferred from the ubiquitin-E1 complex to a ubiquitin-
conjugating enzyme, E2. Finally, E2 conjugates the ubiquitin to the targeted protein that is bound
to an E3 ubiquitin ligase. The E3 ligases, along with other adaptor proteins, serve as the
scaffolding to bring together the ubiquitin-E2 complex and the protein to be targeted for
proteasomal degradation and allow for much of the specificity of the ubiquitin-proteasome
pathway (52). Though most proteins are targeted to the proteasome through ubiquitin
conjugation, there are a few ubiquitin-independent mechanisms (53). These include proteins that
have ubiquitin-independent degron sequences, or chaperone proteins that cause proteasomal

localization.
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Figure 1.4 Lysosomal degradation. Proteins (blue) can be degraded by the lysosome through three methods:
(1) Chaperone-mediated autophagy, where a chaperone protein (red, here Hsp as an example) guides another
protein directly into the lysosome; (2) macroautophagy, where proteins are enclosed in an autophagosome
that fuses to a lysosome, leading to protein degradation; or (3) microautophagy, where the lysosome itself
invaginates to take in specific cytosolic proteins.
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Figure 1.5 Ubiquitination of protein substrates. Proteins are conjugated to a ubiquitin (green) using three
enzymes. First, E1 binds to ubiquitin. Next, ubiquitin is transferred to E2. Finally, the E2/ubiquitin complex
binds to E3, which serves as the adaptor protein for the substrate to be degraded. The ubiquitin is then

transferred to the substrate protein.



Once a protein has been ubiquitinated (or localized to the proteasome by ubiquitin-
independent means), it is then degraded by the 26S proteasome (51, 52, 54). The proteasome is
comprised of a 20S barrel-shaped core, with two 19S subunits on either end. Ubiquitinated
proteins enter the proteasome through one of the 19S subunits, where the ubiquitin chain is
cleaved off, broken down, and released into the cytoplasm. The protein then travels through the
20S barrel, is degraded, and then small amino acid products exit through the other 19S subunit.
This activity of the proteasome helps to mediate protein turnover and remove any improperly
folded or damaged proteins within the cell. Additionally, the proteasome plays a role in
immunity by generating antigenic peptides that can be presented on the outside of the cell so that

the host can identify foreign peptides more readily (52, 55).

Immune response to adenovirus infection

During viral infection, one trigger of the innate immune response is dsSRNA fragments
produced by the virus during replication (56, 57). The presence of dSRNA has been confirmed in
cells infected with hAds, herpes simplex virus, and vaccinia virus using a dsSRNA-specific
antibody or other methods (58, 59). In DNA viruses, it has been proposed that dSRNA results
from overlapping convergent transcription during infection.

Activation of PKR is a major innate immune response to viral infection (Fig. 1.6). PKR is
an interferon-induced protein that is comprised of two major domains, an N-terminal dsSRNA
binding domain and a C-terminal serine/threonine kinase domain (39, 60). When PKR binds to
dsRNA (41-43), it becomes activated by dimerizing and transautophosphorylating on multiple
resides, including residues S242, T255, T258, and T446 (61-66). When activated, PKR

phosphorylates elF2a, causing inhibition of protein synthesis and reduced viral replication
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Figure 1.6 Translation arrest by PKR. PKR is activated by dsRNA, which is produced by viruses when they
replicate. When PKR is activated, it phosphorylates translation factor elF2a, which reduces translation and
leads to reduced viral replication.
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(7, 32-34). This inhibition is not specific to viral mRNA, and leads to an overall global reduction
in translation. However, there is an upregulation in transcription of specific stress response genes

such as ATF-3, which can lead to apoptosis (67).

Virus interactions with host protein PKR

Many viruses encode gene products that block PKR activation or inhibit its ability to
phosphorylate elF2a (68). A common mechanism is to produce a viral protein that binds and
sequesters dsSRNA, blocking its interaction with PKR. Examples of this are vaccinia virus E3L
(69-71), influenza virus NS1 (72, 73), and Ebola virus protein VP35 (74). Other viruses produce
proteins or RNA that bind directly to PKR to inhibit its activation, such as herpes simplex virus
US11 (75, 76), HIV-1 Tat protein (77, 78) or TAR RNA (79), and hAd virus-associated (VA)
RNAs (7, 80-82).

Degradation of PKR by viruses is a less documented method of regulating PKR. To date
PKR degradation has been reported in six RNA viruses: Toscana virus (TOSV) (83), Rift Valley
fever virus (RVFV) (84-86), poliovirus (87, 88), foot-and-mouth disease virus (FMDV) (89, 90),
encephalomyocarditis virus (EMCV, strain mengovirus) (91, 92), and enterovirus A71 (93).

RVFV and TOSV both degrade PKR via proteasomal mechanisms involving a viral
nonstructural protein (NSs) (86, 94, 95). RVFV NSs recruits a SCF (SKP1-CULI-F-box)™*W!!
E3 ubiquitin ligase to ubiquitinate PKR and target it to the proteasome (Fig. 1.7) (86, 95). This
degradation occurs in nuclear and cytoplasmic compartments, even though PKR mRNA levels
are increased during infection, and degradation does not require PKR phosphorylation (85).
However, even though an E3 ubiquitin ligase is recruited to PKR and PKR is degraded by the

proteasome, ubiquitination could not be demonstrated (86). This is also true for another host
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Figure 1.7 PKR degradation by Rift Valley fever virus (RVFV), adapted from Figure SE from Mudhasani et
al. As described in Mudhasani et al., 2016 and Kainulainen et al., 2016, NSs from RVFV binds to PKR and
recruits the E3 ligase complex consisting of CUL1, SKP1,and FBXW11. This complex, in addition to an E2
enzyme and the E2 adaptor Rbx, conjugates ubiquitin (green) to PKR, leading to its degradation.
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protein, p62, which is involved in transcriptional regulation, and which is degraded by a similar
E3 ligase complex recruited by RVFV NSs (96). p62 degradation is a result of proteasome
activity mediated by NSs, yet ubiquitination could not be demonstrated. The mechanism for PKR
proteasomal degradation by NSs has not been described for TOSV (94). However, similar to
RVFV, TOSV NSs interacts with PKR, and PKR phosphorylation is not required for degradation
by TOSV NSs.

In FMDYV infection, although PKR mRNA levels are increased, phospho-PKR and PKR
protein levels begin decreasing as soon as 12 hours post infection (hpi) in PK-15 cells (89, 90).
Additionally, if the interferon stimulation pathway is interrupted, PKR protein levels start to
decrease as soon as 6 hpi. FMDYV uses the other major cellular protein degradation pathway, the
lysosome, to degrade PKR during infection (90). Though the mechanism is unclear, expression
of the major FMDYV protease 3C™° is required for PKR degradation by the lysosome. However,
3CP™ does not interact with PKR, nor is its protease activity required for PKR degradation.

The enterovirus A71 protease 3C"™ causes PKR degradation by direct interaction,
cleaving PKR at a site distinct from where PKR is cleaved during apoptosis (93). Interestingly,
the kinase activity of PKR reduces enterovirus A71 replication, but a kinase-dead PKR increases
viral protein accumulation. Viral 3C"* cleaves PKR between the dSRNA-binding domain and the
kinase domain, so the free dSRNA-binding domain then binds free dSRNA and prevents further
activation of functional PKR molecules (Fig. 1.8).

The mechanism of PKR depletion by poliovirus is unclear, though gene expression is
required, and the major poliovirus proteases (2A and 3C) are not directly involved (87, 88).
Overexpression of the 2A, 3C, or 3CD proteases in HeLa cells does not reduce PKR protein

levels; however, the addition of EDTA, a protease inhibitor, or trypsin to poliovirus-infected
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Figure 1.8 PKR degradation by enterovirus A71, adapted from Figure 8 from Chang et al. As described in
Chang et al., 2017, 3CP™ (3C, blue) from enterovirus A71 binds to PKR and cleaves it at Q188-S189,
between the dsSRNA binding domain and the kinase domain. Once cleaved, the fragment with the kinase
domain is degraded, and the fragment with the dsRNA binding domain binds to and sequesters dSRNA
produced by the virus. Sequestering dsRNA reduces the activation of uncleaved PKR proteins, thus

increasing viral replication.
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extracts prevents PKR depletion, suggesting a protease with a cation requirement is responsible
for PKR degradation (87). Additionally, treatment of infected extracts with RNase A or RNase
IIT also prevents PKR degradation, indicating that there is also an RNA component required for
PKR depletion by poliovirus. Much like RVFV and TOSV, PKR phosphorylation is not required
for PKR depletion.

During EMCYV infection in HeLa cells, PKR is depleted as early 2 hpi, and phospho-PKR
is depleted by 4 hpi. When the HeLa cells were treated with interferon prior to infection, both
phospho-PKR and PKR protein levels were elevated at 2 and 4 hpi. This is not surprising,
because PKR is an interferon-stimulated gene (39, 60). However, even with the initial increase in
PKR protein, both phospho-PKR and PKR protein levels begin to decrease by 6 hpi, indicating
that the virus depletes PKR. It is likely that the depletion takes longer than in non-interferon-
stimulated cells because there is more PKR present in the cell to begin with. The mechanism by

which EMCYV depletes PKR during infection is unknown (91, 92).

Virus interactions with host protein GCN2

There is much research implicating PKR in the innate immune response to a wide range
of viruses, and there are a variety of virus counter-responses. In contrast, GCN2, which becomes
activated and phosphorylates elF2a in response to amino acid deprivation, UV irradiation, and
oxidative stress, is less well studied as a player in the innate immune response to viruses (Fig.
1.9). Virus infections may be indirectly activating GCN2 by triggering changes in amino acid
metabolism.

For example, mouse cytomegalovirus (MCMYV) infection leads to the production of

25-hydroxycholesterol, reducing the levels of intracellular cysteine and/or generating oxidative
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phosphorylates translation factor elF2a, which reduces translation.



stress, thus activating GCN2 (97). 25-hydroxycholesterol triggers antiviral elF2a
phosphorylation, but only when GCN?2 is present in the cells (97). Additionally, when GCN2™
peritoneal macrophages and mice are infected with MCMV, they have significantly increased
susceptibility compared to wild type macrophages and mice (98). Taken together, these results
show that GCN2 is activated during MCMV during infection and plays an important antiviral
role.

Another virus that triggers GCN2 activation by depleting amino acids is the yellow fever
virus vaccine (YF-17D) (99). After incubation with YF-17D, dendritic cells have significantly
lower levels of free arginine and a subsequent increase in phosphorylated GCN2 and elF2a. In
GCN2™" dendritic cells incubated with YF-17D, autophagy is reduced compared to wild type
dendritic cells and there is reduction in the proliferation of CD8" and CD4" YF-17D-specific
T-cells, suggesting that GCN2 plays a role in promoting antigen cross presentation and priming
secondary immunity during YF-17D immunization.

Another possible explanation for GCN2 playing an antiviral role during infection is when
viruses directly activate GCN2. For example, Sindbis virus (SV) RNA binds and activates GCN2
directly (100). Two specific regions in the SV RNA, GCN2-activating regions, bind directly to
the HisRS-like domain of GCN2 as long as they are not denatured, suggesting that the secondary
structures of these regions may mimic uncharged tRNAs. In the presence of SV RNA, GCN2
and elF2a phosphorylation are increased, leading to a reduction in SV RNA replication.
Additionally, overexpression of GCN2 in SV-infected cells reduces virus yield, assayed by
plaque assays. These data show that GCN2 plays an antiviral role during SV infection by

inhibiting SV RNA replication through elF2a phosphorylation after being activated by SV RNA.
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The prunnus necrotic ringspot virus (PNRSV), a plant virus, produces a movement
protein, MP, that enlarges the plasmodesmata pores to allow for cell-to-cell movement of the
virus. MP increases elF2a phosphorylation when it is expressed in yeast (101). Since GCN2 is
the only elF2a kinase in yeast, this suggests that MP may activate GCN2 during PNRSV
infection of plants. However, the mechanism for this activation is unknown.

Data suggest that GCN2 plays an antiviral role during vesicular stomatitis virus (VSV)
infection, but the mechanism is unknown. VSV has increased viral replication and viral protein
accumulation in GCN2”~ mouse embryonic fibroblasts (MEFs) compared to wild type MEFs
(102, 103). Additionally, when a mutant of GCN2 containing only the elF2a kinase domain is
transfected into VSV-infected cells and becomes activated, viral protein accumulation is reduced
compared to cells in which this mutant protein is present but inactive (103). When MEFs
expressing a non-phosphorylatable form of elF2a are infected with VSV, there is no difference
in viral protein accumulation compared to wild type MEFs (103). This suggests that GCN2
activation combats VSV infection in an elF2a-independent manner, implying that there are
antiviral downstream targets for activated GCN2 other than elF2a during infection.

While MCMV, YF-17D, SV, and PNRSV activate GCN2 directly or indirectly, some
viruses have also evolved methods for inactivating or inhibiting GCN2 activity, either by direct
interaction with GCN2 or by affecting an upstream or downstream effector of GCN2. Herpes
simplex virus 1 (HSV-1) indirectly inhibits GCN2 by targeting GCN1, an upstream activator of
GCN2 (104, 105). HSV-1 glycoprotein H (gH) directly interacts with GCN1, changing its
localization from the cytoplasm to the nuclear rim, and overexpression of gH reduces elF2a
phosphorylation compared to cells with no gH (104). Taken together, these results suggest that

HSV-1 reduces elF2a phosphorylation by sequestering GCN1 and keeping it from activating

19



GCN2 during infection. Severe acute respiratory syndrome-related coronavirus also indirectly
inhibits GCN2 by causing a depletion of GCN2 protein from the cell late in infection, likely
causing this reduction by decreasing host gene transcription overall (106).

The K3L protein from vaccinia virus also inactivates GCN2 (107). K3L binds to the
kinase domain of GCN2, and this binding does not require the GCN2 kinase activity. When K3L
is expressed in yeast, it reduces GCN2 and elF2a phosphorylation, even under starvation
conditions, when GCN2 would normally be activated and elF2a should have increased
phosphorylation.

Like SV RNA, HIV-1 RNA also triggers GCN2 activation directly by binding to the
HisRS-like domain of GCN2, causing an increase in e[F2a phosphorylation (Fig. 1.10) (108).
However, HIV-1 encodes two different proteins that interact with GCN2. The first is HIV-17", a
protease that cleaves human and mouse GCN2 after amino acid 560/559 (108). Once GCN2 is
cleaved by HIV-1P", it loses nearly all of its capability to phosphorylate e[F2a. The second viral
protein employed by HIV-1 to inhibit GCN2 activity is integrase (IN) (109, 110). HIV-1 IN is
involved in HIV-1 genome integration into the host DNA during infection (110). While IN does
not activate GCN2, it binds directly to the kinase domain of GCN2 in the same region that elF2a
and K3L bind. This suggests that IN may act as a substrate for GCN2 and reduce its activity,
because translation is higher in the presence of IN (109, 110). However, GCN2 phosphorylates
HIV-1 IN, leading to reduced IN enzymatic activity and fewer integration events during infection
(110).

Interestingly, HIV-1 also has mechanisms that use GCN2 activation to its advantage.
When the GCN2/elF2a phosphorylation pathway is activated and global translation is decreased,

expression of some host genes involved in amino acid biosynthesis is upregulated, including
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Figure 1.10 HIV-1 interactions with GCN2, adapted from Figure 7F from Jiang et al. As described in Jiang
et al., 2017 and del Pino et al., 2012, HIV-1 activates GCN2 by producing RNA that binds to the HisRS
domain of GCN2 and by reducing free amino acid levels. GCN2 activation leads to eIF2a phosphorylation,
which reduces translation but stimulates the transcription of ATF4. ATF4 binds to the LTR of HIV-1 and
causes reactivation of latent HIV-1, leading to increased viral replication. HIV-1 produces a protease that
cleaves GCN2, and thus viral protein translation can occur. HIV-1 integrase also binds to GCN2 and acts as
a psuedosubstrate for GCN2, though it is unclear if that reduces elF2a phosphorylation.
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ATF4 (111). ATF4 mRNA binds to the HIV-1 LTR and enhances HIV-1 transcription and
replication (112). Taken together, these data suggest that not only can HIV-1 use GCN2

activation to its advantage, but it can also impair GCN2 activity to maintain protein translation in

HIV-1-infected cells.

Conclusion

In the next two chapters, I will discuss the role of PKR and GCN2 during MAV-1
infection. PKR™ mice, macrophages, and MEFs were more susceptible to MAV-1 infection
compared to wild type mice and cells. PKR mRNA transcription was significantly increased by
72 hpi in infected macrophages compared mock infected macrophages, but PKR protein levels at
that time point were significantly reduced in infected macrophages. PKR protein was also almost
completely depleted by 24 hpi in C57BL/6 MEFs and CMT93 cells. Treating cells with
proteasome inhibitors prevented PKR depletion, indicating that MAV-1 infection causes PKR to
be degraded by the proteasome. PKR was only degraded when early viral genes were expressed
during infection, indicating that an early viral gene is responsible for mediating PKR
degradation. Degradation of PKR has not previously been reported for a DNA virus. GCN2™”
(atchoum) mice and macrophages were more susceptible to MAV-1 infection compared with
wild type animals, though there was no difference in viral yield between organs from wild type

and atchoum mice.
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Chapter 11
Enhanced replication of mouse adenovirus type 1 following virus-induced degradation of

protein kinase R (PKR)

Modified from:
Goodman DE, Pretto CD, Krepostman TA, Carnahan KE, and Spindler KR. “Enhanced

replication of mouse adenovirus type 1 following virus-induced degradation of protein kinase R

(PKR).” In press, mBio, March 2019.

Abstract

Protein kinase R (PKR) plays a major role in activating host immunity during infection
by sensing double-stranded (ds) RNA produced by viruses. Once activated by dsSRNA, PKR
phosphorylates the translation factor elF2a, halting cellular translation. Many viruses have
methods of inhibiting PKR activation or its downstream effects, circumventing protein synthesis
shutdown. These include sequestering dsSRNA or producing proteins that bind to and inhibit PKR
activation. Here we describe our finding that in multiple cell types, PKR was depleted during
mouse adenovirus type 1 (MAV-1) infection. MAV-1 did not appear to be targeting PKR at a
transcriptional or translational level because total PKR mRNA levels and levels of PKR mRNA
bound to polysomes were unchanged or increased during MAV-1 infection. However, inhibiting

the proteasome reduced the PKR depletion seen in MAV-1-infected cells, whereas inhibiting the
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lysosome had no effect. This suggests that proteasomal degradation alone is responsible for PKR
degradation during MAV-1 infection. Time course experiments indicate that the degradation
occurs early after infection. Infecting cells with UV-inactivated virus prevented PKR
degradation, whereas inhibiting viral DNA replication did not. Together these results suggest that
an early viral gene is responsible. Degradation of PKR is a rare mechanism to oppose PKR
activity, and it has only been described in only six RNA viruses. To our knowledge, this is the

first example of a DNA virus counteracting PKR by degrading it.

Importance

The first line of defense in cells during viral infection is the innate immune system, which
is activated by different viral products. PKR is a part of this innate immune system and is
induced by interferon (IFN) and activated by dsSRNA produced by DNA and RNA viruses. PKR
is such an important part of the antiviral response that many viral families have gene products to
counteract its activation or the resulting effects of its activity. Although a few RNA viruses
degrade PKR, this method of counteracting PKR has not been reported for any DNA viruses.
MAV-1 does not encode virus-associated (VA) RNAs, a human adenoviral defense against PKR
activation. Instead, MAV-1 degrades PKR, and it is the first DNA virus reported to do so. The
innate immune evasion by PKR degradation is a previously unidentified way for a DNA virus to

circumvent the host antiviral response.

Introduction

Activation of PKR is a major innate immune response to viral infection. PKR is an IFN-

induced protein that is comprised of two major domains, an N-terminal dsSRNA binding domain
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and a C-terminal serine/threonine kinase domain (1, 2). PKR binds to dsRNA (3-5) and once
bound, it becomes activated by dimerizing and autophosphorylating (6-9). When activated, PKR
phosphorylates eukaryotic translation initiation factor 2a (elF2a), causing inhibition of protein
synthesis and reduced viral replication (10-13). Many viruses encode gene products that block
PKR activation or inhibit its ability to phosphorylate elF2a (14). A common mechanism is to
produce a viral protein that binds and sequesters dsSRNA, blocking its interaction with PKR.
Examples of this are vaccinia virus E3L (15-17), influenza virus NS1 (18, 19), and Ebola virus
protein VP35 (20). Other viruses produce proteins or RNA that bind directly to PKR to inhibit its
activation, such as herpes simplex virus US11 (21, 22), HIV-1 Tat protein (23, 24) or TAR RNA
(25), and human adenovirus (hAd) VA RNAs (10, 26-28).

Degradation of PKR by viruses is a less documented method of regulating PKR. To date
PKR degradation has been reported in six RNA viruses: Toscana virus (TOSV) (29), Rift Valley
fever virus (RVFV) (30-32), poliovirus (33, 34), foot-and-mouth disease virus (FMDV) (35, 36),
encephalomyocarditis virus (EMCV, strain mengovirus) (37, 38), and enterovirus 71 (39). RVFV
and TOSV both degrade PKR via proteasomal mechanisms involving a viral nonstructural
protein (NSs) (32, 40, 41). RVFV NSs recruits a SCF (SKP1-CUL1-F-box) ™ ®*V!! E3 ubiquitin
ligase to ubiquitinate PKR and target it to the proteasome, though PKR ubiquitination could not
be demonstrated (32, 41). The mechanism for PKR proteasomal degradation by NSs has not been
described for TOSV (40). FMDYV uses the other major cellular protein degradation pathway, the
lysosome, to degrade PKR during infection (36). Though the mechanism is unclear, expression
of the major FMDYV protease 3C" is required for PKR degradation by the lysosome. However,
3CP™ does not interact with PKR, nor is its protease activity required for PKR degradation. The

enterovirus A71 3C™° causes PKR degradation by direct interaction (39). The mechanism of
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PKR depletion by poliovirus is unclear, though gene expression is required, and the major
poliovirus proteases (2A and 3C) are not directly involved (33). The mechanism by which
mengovirus depletes PKR during infection is unknown (37, 38).

Adenoviruses are species-specific, making the study of hAd pathogenesis difficult in an
animal model. MAV-1 is a useful alternative to study adenovirus pathogenesis (42-46). MAV-1
has molecular, genetic, and pathogenic similarities and differences to hAd. Their genomic
structures are similar at a gross level, and both contain early genes involved in pathogenesis and
immune evasion. Pathogenically, their tropisms vary, with hAd infecting epithelial cells, leading
to upper respiratory and GI tract infections, and conjunctivitis, while MAV-1 infects endothelial
cells and monocytes, causing encephalitis and myocarditis. We and others have been
investigating the adaptive and innate immune responses to MAV-1.

HAd VA RNAs bind PKR as a monomer, preventing its transautophosphorylation (47).
However, MAV-1 does not produce VA RNAs (48), and it is not known whether MAV-1
induces PKR activation. In our studies of MAV-1 pathogenesis and the innate response, we
discovered that during MAV-1 infection, PKR was depleted from cells as early as 12 hours post
infection (hpi). Total PKR mRNA levels and PKR mRNA bound to polysomes were unchanged
or increased during MAV-1 infection, suggesting that MAV-1 did not appear to be targeting
PKR at a transcriptional or translational level. However, inhibiting the proteasome blocked the
PKR depletion seen in MAV-1-infected cells, indicating that proteasomal degradation is
responsible for PKR depletion during MAV-1 infection. We report results indicating that an
early viral gene is likely responsible for mediating PKR degradation. To our knowledge, this is

the first example of a DNA virus counteracting PKR by degrading it.
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Results
Viral yield is increased in PKR” mouse embryonic fibroblasts

While PKR is an important part of the innate immune response, PKR™" cells in culture are
not always more susceptible to viral infection than wild type cells (49-51). PKR” mouse
embryonic fibroblasts (MEFs) show increased viral yields compared to wild type MEFs when
infected with vesicular stomatitis virus and influenza A (49, 50), but there is no change in viral
yield during vaccinia virus infection compared to wild type cells (51). However, it was later
discovered that the PKR”" MEF lines used are not complete PKR knockouts (52). There are two
categories of PKR”™ MEFs derived from knockout mice: N-PKR” MEFs and C-PKR”"MEFs
(pronounced N minus or C minus MEFs) (Fig. 2.1) (52). The PKR” MEFs derived from mice
created in the Weissmann lab (53) are designated N-PKR”~ MEFs, because the C-terminal
fragment of PKR is still expressed and can be detected by immunoblot when there is IFN
induction (52). The fragment has the kinase catalytic activity of PKR, but it does not bind
dsRNA (52). The PKR”" MEFs derived from mice created in the Bell lab (54) are designated as
C-PKR""MEFs, because the N-terminal fragment of PKR is still expressed and can be detected
by immunoblot with specific PKR antibodies (52). The fragment is catalytically inactive, but it
can still bind dsRNA (52). Susceptibility of these PKR” MEFs to specific viruses may be
dependent on the PKR mutation and the mechanism used by each virus to circumvent PKR.

To determine whether PKR plays an important role during MAV-1 infection, we tested
the susceptibility of both PKR” MEF lines and primary peritoneal macrophages from N-PKR™"
mice to MAV-1 infection. We infected wild type MEFs, N-PKR”" MEFs, C-PKR”"MEFs,
C57BL/6 (wild type) macrophages, and N-PKR™ macrophages with MAV-1 at an MOI of 1 and

collected cell pellets at 24, 48, and 72 hpi. DNA was purified from the cell pellets and analyzed
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Figure 2.1 Fragments of PKR protein expressed in PKR”~ MEFs, adapted from Figure 1A and 5B from
Baltzis etal. As described in Baltzis et al., 2002, the two PKR”- MEF lines each expresses a fragment of
PKR. The N-PKR"- MEFs express a C-terminal fragment that has kinase activity, but no dsRNA binding
activity. The C-PKR”- MEFs express a N-terminal fragment that has dsRNA binding activity, but no kinase
activity.
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for MAV-1 genome copies by gPCR. N-PKR” MEFs produced a significantly higher viral yield
than wild type MEFs at 48 hpi, and both PKR mutant MEF lines had a significantly higher viral
yield than wild type MEFs at 72 hpi (Fig. 2.2A). In the peritoneal macrophages, virus yield was
almost doubled in the N-PKR”" macrophages compared to the wild type macrophages by 72 hpi
(Fig. 2.2B). Although we have not confirmed the production of truncated PKR proteins in the
cells in our laboratory, the results of Fig. 2.2 indicate that PKR activation is an important

antiviral response during MAV-1 infection in vitro.

There is little difference in survival between N-PKR™" and wild type mice

Using the N-PKR™™ mice (53), we assayed whether PKR has an antiviral function during
MAV-1 infection in vivo. We infected N-PKR™" and C57BL/6 (wild type) mice intraperitoneally
with 5x10', 10", 10%, or 10° PFU MAV-1, and survival was recorded for 21 days post infection. At
5x101, 10], and 10° PFU, there was no significant difference in survival rates between N-PKR™
and wild type mice, and at 10° PFU, the N-PKR ™" mice had a significantly higher survival rate than
the wild type mice (Fig. 2.3). These results suggest that in vivo, there are few effects of the N-PKR
mutation. This could be due to residual PKR protein being made, or there may be redundancies

between PKR and the other three elF2o kinases.

Mouse PKR is depleted during MAV-1 infection

To determine whether MAV-1 affects PKR during infection, we infected several cell
types and analyzed PKR protein expression. We infected immortalized C57BL/6 MEFs,
C57BL/6 primary peritoneal macrophages, and CMT93 cells (mouse rectal carcinoma cells) with

MAV-1 at an MOI of 10 and collected cell lysates 24, 48, and 72 hpi. We analyzed cell lysates
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Figure 2.2 Viral yield is increased in PK R mouse embryonic fibroblasts and peritoneal macrophages. (A)
PKR WT MEFs (WT), N-PKR"- MEFs (N-), and C-PKR"- MEFs (C-) or (B) primary peritoneal macrophages
from C57BL/6 (B6) or PKR" mice were infected with MAV-1at MOI 1 and collected at 48 and 72 hpi. DNA
was purified from cell pellets and analyzed for MAV-1 genome copies by qPCR. Both graphs are
representative of three experiments, (A) 14 or (B) 18 biological replicates per cell line per time point. Error
bars are standard error of the mean (SEM). *P <0.05, ***P <0.0002, ****P <0.0001.
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Figure 2.3 Survival during MAV-1 infection is increased or unchanged in PKR~- mice compared to wild-
type mice. Wild-type mice (C57BL/6) and PKR"- mice were infected intraperitoneally with (A) 10! pfu
MAV-1,(B) 5x10! pfu MAV-1,(C) 102 pfu MAV-1, or (D) 103 pfu MAV-1 and survival was recorded for
21 days. **P < 0.01. The data shown are pooled from independent experiments. The number of mice in each

group is listed next to the line label.
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for the presence of PKR by immunoblot using a polyclonal antibody that detects mouse PKR.
We probed blots with antibodies to actin as a loading control. To our surprise, in C57BL/6
MEFs, PKR was almost completely depleted from lysates 24 hpi and remained depleted through
72 hpi (Fig. 2.4A and B). We also observed depletion of PKR in other cell types. In CMT93
(mouse rectal carcinoma) cells, PKR was nearly undetectable at 24 hpi (Fig. 2.4A). In C57BL/6
primary peritoneal macrophages, PKR was decreased at 48 hpi compared to mock lysates, and
absent in infected lysates at 72 hpi (Fig. 2.4A). This indicates that MAV-1 causes PKR depletion
during infection.

To determine whether kinase activity of PKR is important for the depletion, we assayed
infection of MEFs expressing a mutant form of mouse PKR with a point mutation in the kinase
domain (K271R) (55). These cells, designated K271R SV40-MEFs, showed an even more rapid
depletion of PKR than in WT SV40-MEFs (Fig. 2.4C). At 24 hpi, in K271R SV40-MEFs, 28%
of PKR remained, compared to 60% in the WT SV40-MEFs. The fraction remaining at 72 hpi in
K271R SV40-MEFs was 10%, compared to 30% in WT SV40-MEFs (Fig. 2.4C). This indicates
that the PKR kinase does not have to be functional to be depleted during MAV-1 infection. Also,
comparing the PKR immunoblot bands in the mock-infected WT SV40 MEFs and mutant
K271R SV40-MEFs suggests that the upper band of the PKR doublet usually seen in wild type
cells is a phospho-PKR band, because only the lower band of the PKR doublet is seen in kinase-
dead mutant K271R SV40-MEFs. The data in Fig. 2.4A and C thus indicate that both PKR and

phospho-PKR are depleted during MAV-1 infection.
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Figure 2.4 Mouse PKR is depleted during MAV-1 infection. (A) Cells (indicated at left) were infected with
MAV-1 (MAV) at an MOI of 10 or mock infected (mock). Cell lysates were collected at the indicated times
and analyzed by immunoblot with antibodies for PKR (B-10 for C57BL/6 MEFs and D-20 for C57BL/6
primary peritoneal macrophages and CMT93 cells) and actin. Blots are representative of a minimum of three
independent experiments per cell line. (B) Densitometry quantitation of five C57BL/6 MEFs immunoblots
from A. Error bars are SEM. N=5 for 24 hpi, n=4 for 48 hpi, and n=2 for 72 hpi. **P <0.01. (C) SV40-MEFs
or kinase-dead (K271R) SV40-MEFs were infected with MAV-1 at an MOI of 10. Cell lysates were
immunoblotted as in A with PKR D-20. Numbers below are the proportion of PKR protein for each time
point, normalized to actin and the mock PKR protein levels from the corresponding time point.
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huPKR is not degraded by MAV-1

Mouse PKR and human PKR share 58% amino acid identity and are 71% similar. To
determine whether MAV-1 depletes human PKR in a manner similar to mouse PKR, we used
PKR” MEFs transfected to constitutively express FLAG-tagged full length, kinase-dead, or
RNA binding-deficient human (hu) PKR (56). We infected each of these cell lines with MAV-1
at an MOI of 10, collected lysates at 72 hpi, and analyzed huPKR protein levels by immunoblot
with antibodies to FLAG. Human PKR was not depleted at any time point during infection, and
in fact levels of all three huPKR types were increased in infected lysates compared to mock
lysates at 72 hpi (Fig. 2.5A). This suggests that the depletion of mouse PKR 1is species-specific
and that a region of mouse PKR sequence not found in human PKR may be a determinant.

To confirm MAV-1 was replicating successfully in all three of these cell lines, we
infected the vector, full length, kinase-dead, or RNA binding-deficient human PKR lines with
MAV-1 at an MOI of 10 and collected cell pellets at 48 and 72 hpi. DNA was purified from the
cell pellets and analyzed for MAV-1 genome copies by qPCR. The virus replicated efficiently in
the vector, full length, and RNA binding-deficient huPKR lines, demonstrating that the lack of
huPKR degradation was not due to a lack of MAV-1 replication in the cell lines (Fig. 2.5B).
However, MAV-1 replicated poorly in the kinase-dead huPKR line and thus a conclusion cannot
be drawn about the lack of degradation of the human kinase-dead PKR. The presence of the full
length huPKR doubled the amount of MAV-1 replication compared to the vector cell line, which
contained no PKR at all. This could mean that the kinase domain of huPKR increases MAV-1

infection. We have not investigated this further.
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Figure 2.5 Human PKR is not depleted during MAV-1 infection. (A) PKR"- MEFs reconstituted with FLAG-
tagged full length (WT-huPKR), kinase dead (KD-huPKR), or RNA-binding mutant human PKR (RB-
huPKR) (indicated above) were infected with MAV-1 (MAV) at an MOI of 10 or mock infected (mock). Cell
lysates were collected at the indicated times and analyzed by immunoblot with antibodies for FLAG and
actin. Blots are representative of a minimum of three independent experiments per cell line. (B) PKR”*MEFs
reconstituted with FLAG-tagged full length, kinase dead, or RN A-binding mutant human PKR were infected
with MAV-1 at MOI 10 and collected at 48 and 72 hpi. DNA was purified from cell pellets and analyzed for
MAV-1 genome copies by qPCR. Both graphs are representative of three experiments, 17-19 biological
replicates per cell line per time point. Error bars are SEM. *P < 0.05, ***P < 0.0002, ****P < 0.0001.
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MAYV-1 does not cause PKR depletion by reducing steady-state levels of PKR mRNA

To determine the mechanism of PKR depletion, we first assayed whether reduction in
PKR protein during MAV-1 infection was due to reduced PKR mRNA steady-state levels. We
mock-infected or infected C57BL/6 MEFs and primary peritoneal macrophages at an MOI of 10
and collected cell lysates at 24, 48, and 72 hpi. We synthesized cDNA from RNA purified from
these cell lysates and assayed for PKR mRNA by qPCR. In C57BL/6 MEFs, PKR mRNA levels
were similar between mock and infected lysates at 24 hpi (Fig. 2.6A), a time point in which PKR
protein levels were already greatly depleted in the infected lysates compared to mock lysates
(Fig. 2.4A). Although PKR mRNA levels were depleted 33% at 48 hpi and 40% 72 hpi in
MAV-1-infected lysates compared to mock lysates, this does not correlate to the 84% and 94%
reduction, respectively, in PKR protein levels at those time points. In C57BL/6 primary
peritoneal macrophages, PKR mRNA levels in the infected lysates were 2-3 times higher than
levels in mock lysates at all three time points assayed (Fig. 2.6B), even though PKR protein
levels were almost completely depleted in infected lysates at 72 hpi (Fig. 2.4A). This is evidence
that MAV-1 is not causing PKR protein depletion by reducing PKR steady-state mRNA levels

during infection.

MAV-1 infection effects on PKR translation

Because MAV-1 did not reduce PKR mRNA steady-state levels, we determined whether
MAV-1 causes PKR depletion by reducing translation of its mRNA. We first assayed total PKR
mRNA bound to ribosomes during infection. C57BL/6 MEFs were mock infected or infected at
an MOI of 5, and lysates were collected at 48 hpi in the presence of cycloheximide to keep the

mRNA bound to the ribosomes (57). Lysates were centrifuged through 25% sucrose to pellet
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Figure 2.6 MAV-1 does not cause PKR depletion by reducing steady state levels of PKR mRNA at times
when the protein levels are already reduced. MEFs (A) or isolated primary peritoneal macrophages (B) were
harvested and infected with MAV-1 at an MOI of 10 or mock infected. The cell pellets were collected and
RNA was isolated. cDNA was generated from the RNA, and qPCR was used to quantitate PKR mRNA levels.
Each graph contains 5-7 replicates for each time point from three pooled experiments. Error bars are SEM.
*P <0.05 and ¥**P<0.01.
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Figure 2.7 MAV-1 infection does not affect PKR translation. (A) C57BL/6 MEFs were infected with MAV-1
(MAV)at an MOI of 5 or mock infected (mock) and collected at 48 hpi. Cells were lysed, and cleared lysates
from three 10 cm plates were layered onto 25% sucrose and centrifuged to pellet ribosomes. RNA was
purified from the pellets, cDNA was generated from the RNA, and qPCR was used to quantitate the PKR
mRNA levels. The graph contains 9 replicates for each time point, pooled from 3 independent experiments.
Error bars show the SEM. (B) To confirm that most ribosomes ended up in the pellet after centrifugation
through sucrose, a sample of the pellet and the corresponding supernatant were analyzed by immunoblot with
antibodies for RPL7 (ribosomal protein L7, Abcam, 1:2000, ab72550). (C) C57BL/6 MEFs were infected
with MAV-1 (MAV) at an MOI of 2 or mock infected (mock). Cells were collected at 25 hpi and lysed;
cleared lysates were layered onto 10-50% sucrose gradients and centrifuged. Gradients were collected from
the top and pumped through a UV spectrophotometer, and 34 fractions were collected. The gradients are
displayed with the bottom fractions to the right. The UV trace of the first 10 fractions (including 40S and 60S
ribosomal subunits) is not shown. (D) RNA was purified from each fraction of the gradients in B; fractions
are renumbered here with the first fraction corresponding to fraction 11 of the original gradient. cDNA was
generated from the RN A, and qPCR was used to quantitate PKR mRNA in each fraction and displayed as the
percent of total PKR mRNA associated with ribosomes. C and D are results from one representative
experiment of 3 independent experiments. (E) Percentage of total PKR mRNA associated with monosomes
(fractions 1-6) and polysomes (fractions 7-19) from the trial displayed in C and D were pooled for mock and
infected samples. The percentages represented by each bar are displayed below each bar. (F) Pooled
monosome and polysome data as described in E from three independent experiments. Error bars are SEM.
The percentages represented by each bar are displayed below each bar. There were no significant differences
between mock and infected samples (A, F).
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ribosomes, and RNA was purified from the pellets. The purified RNAs were used to generate
cDNA, which we assayed for PKR mRNA by qPCR (Fig. 2.7A). As a control for pelleting of
ribosomes, we assayed the pellets and sucrose cushion supernatants by immunoblot with
antibodies to ribosomal protein RPL7. We confirmed that RPL7 was only present in the pellets
and not the supernatants (Fig. 2.7B). There was no significant difference between the amount of
PKR mRNA in the ribosome pellet of mock infected lysates compared to MAV-1-infected
lysates (Fig. 2.7A).

To confirm the results seen in total mMRNA bound to ribosomes, we also centrifuged cell
extracts on sucrose gradients to generate polysome profiles. This enabled us to analyze levels of
PKR mRNA associated with actively-translating ribosomes during infection. C57BL/6 MEFs
were mock infected or infected at an MOI of 2, and lysates were collected at 24 hpi in the
presence of cycloheximide, as above. RNA content for mock and infected lysates was estimated
by NanoDrop spectrophotometry, and equivalent OD amounts of RNA were centrifuged on
10-50% sucrose gradients to sediment 40S and 60S ribosomal subunits, 80S ribosomes
(monosomes), and polyribosomes (polysomes). A typical polysome profile was obtained (Fig.
2.7C). RNA was purified from fractions containing monosomes and polysomes and then used to
generate cDNA, which we assayed for PKR mRNA by qPCR (Fig. 2.7D). As a control, GAPDH
mRNA was measured by qPCR, and PKR mRNA levels in each fraction were normalized to the
GAPDH mRNA content. When the data for percentage of PKR mRNA bound to ribosomes was
pooled into monosome and polysome fractions and analyzed (Fig. 2.7E), 90.1% and 91.8% were
bound to polysomes (fractions 7-19) for mock and infected samples, respectively, compared to
9.9% and 8.2% bound to monosomes (fractions 1-6). We performed two additional polysome

gradient analyses. The pooled data from all three (Fig. 2.7F) were similar to the data for Fig.
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2.7E, i.e., 82.7% and 92.7% of PKR mRNA was bound to mock and infected polysomes,
respectively, compared to 17.3% and 7.3% bound to monosomes. Thus, PKR protein depletion
during MAV-1 infection does not appear to stem from a decrease in PKR mRNA translation.
We also assayed whether PKR mRNA might have a signal that would reduce its
translation during MAV-1 infection. We constructed a plasmid that positioned sequence
corresponding to the 5' UTR of PKR mRNA upstream of a reporter nanoluciferase gene (58),
transfected it into C57BL/6 MEFs or CMT93 cells, then infected with MAV-1 at MOI of 10.
Compared to cells transfected with a control plasmid with the human p-globin 5' UTR upstream
of the reporter nanoluciferase, there was no significant difference in luciferase activity between
mock infected and infected samples (Fig. 2.8). These data suggest that MAV-1 is not affecting
PKR translation through interaction with the 5' UTR of PKR. The data are consistent with the
ribosome pellet and polysome data that MAV-1 infection does not reduce PKR mRNA

translation.

PKR is depleted by proteasomal degradation during MAV-1 infection

There are two main proteolysis pathways in cells, proteasomal degradation and lysosomal
degradation (59). To determine whether MAV-1 depletes PKR by either protein degradation
pathway, we first assayed whether PKR is lysosomally degraded as follows. CMT93 cells were
mock infected or infected with MAV-1 and treated at the time of infection with the lysosome
inhibitors ammonium chloride or chloroquine, or water (as a control). At 24 hpi, we collected
lysates and analyzed them by immunoblot with antibodies to PKR. In the presence of the
lysosomal degradation inhibitors, PKR was depleted by 24 hpi (Fig. 2.9A), indicating that

lysosomal degradation was not the cause of PKR depletion during MAV-1 infection.
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Figure 2.8 PKR mRNA 5' UTR does not result in altered reporter protein levels upon MAV-1 infection. (A)
C57BL/6 MEFs or (B) CMT93 cells were co-transfected with pmPKRSUTRfullNL or AUG-NL-3xFLAG and
pGLA4.13 using jetPRIME reagents (Polyplus #114-01) using the standard Polyplus protocol, with 200 ng total
of plasmid and 300 pL of jetPRIME reagent per 35 mm well. At 24 hours after transfection, the cells were
infected with MAV-1 at an MOI of 10. At 24 hpi, cells were lysed in 70 pL/well Glo Lysis Buffer (Promega
Corp.). After lysing, 25 puL of each lysed sample and 25 pL of OneGlo or NanoGlo (Promega Corp.) was
added to two wells in a black 96-well plate. After 5 minutes, the plate was read on a luminometer. Relative
light units from the pmPKRSUTRfulINL plasmid were normalized to the firefly luciferase and positive
control plasmids. Graphs are representative of 7-9 biological replicates per treatment group. Error bars are
SEM.
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Figure 2.9 PKR is not depleted by lysosomal degradation during MAV-1 infection. (A) CMT93 cells were
infected with MAV-1(MAV) at an MOI of 10 or mock infected (mock) and treated with 10 mM ammonium
chloride or 60 uM chloroquine to inhibit lysosomal degradation, or water, as a control. Cell lysates were
analyzed by immunoblot with antibodies for PKR (D-20) and actin. Blots are representative of three
independent experiments. (B) Inhibitors were tested for activity using a DQ BSA assay; the DQ BSA
molecule will only fluoresce if lysosomal degradation is functional. Uninfected cells were treated as indicated
and imaged by fluorescence microscopy.
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We confirmed that the inhibitor treatment did block lysosomal degradation by incubating cells
with dye-quenched bovine serum albumin (DQ BSA) in addition to the lysosomal inhibitors. DQ
BSA is self-quenched until it is digested in the lysosome (60, 61), and imaging confirmed that
cells treated with lysosome inhibitors did not fluoresce, but cells treated with the vehicle control
(H>0) did, as expected (Fig. 2.9B).

Next, we examined whether proteasomal degradation is responsible for the degradation of
PKR by using proteasome inhibitors MG132 and bortezomib. These inhibit proteasome activity
by binding to the active sites in the 20S subunit and blocking the proteolytic activity (62-64). We
mock infected or infected C57BL/6 MEFs with MAV-1 and treated with MG132 or bortezomib
in DMSO at the time of infection. At 24 hpi, we collected lysates and analyzed them by
immunoblot for PKR protein levels. While PKR was depleted in the control DMSO-treated
MAV-1-infected cells as expected, PKR protein was present in the MG132- and bortezomib-
treated cells at levels comparable to mock infected cells (Fig. 2.10A and B). To rule out the
possibility that PKR was present (not depleted) because the virus infection itself was inhibited by
MG 132 or bortezomib, we assayed viral replication of MAV-1 with MG132 and bortezomib
treatment by qPCR of viral DNA. Viral replication was equivalent in all three treatment groups
(Fig. 2.10C), indicating that the treatments did not affect the ability of the virus to productively
infect the cells. Taken together, these data indicate that MAV-1 infection results in PKR
depletion by causing PKR to be degraded by the proteasome during infection. This protection of
PKR protein levels by proteasome inhibitors was only effective if the proteasome inhibitors were
added at an early time point of infection, prior to 24 hpi. When proteasome inhibitors were added

at times when PKR protein levels were already significantly reduced (e.g., 24 hpi, lanes 6, 8, 12,

53



A DMSO MG132 bortezomib
mock MAV mock MAV mock MAV

\._ - -
. 4PKR

e B IR L

« 1.5+ ——
v s % I DVSO ol 1.5
X= T 1 I MG132 .gé
5 g 1.04 Bortezomib So 1.0 o
° 17}
[ [
= P
B £ B
© > c o
K= :l’ [ ; /
g.E 0.54 “2 g 05 %
°9 > =
o] 2E /
o S
0.0+ Z 0.0 T 7
mock MAV mock MAV mock MAV DMSO MG132 Bortezomib
Treatment Treatment

Figure 2.10 PKR is depleted by proteasomal degradation during MAV-1 infection. (A) C57BL/6 MEFs were
infected with MAV-1 (MAV) at an MOI of 10 or mock infected (mock) and treated with DMSO (vehicle for
inhibitors), 1 uM MG132, or 1 uM bortezomib. Cell lysates were analyzed by immunoblot with antibodies
for PKR (D-20) and actin. Blots are representative of four independent experiments. (B) Densitometry
quantitation of four independent experiments. Treatment with bortezomib significantly inhibited PKR
depletion in MAV-1 infected cells, *P <0.05. (C) MG132 and bortezomib treatments do not affect MAV-1
replication at 24 hpi. C57BL/6 MEFs were infected with MAV-1 at an MOI of 10 and treated with DMSO
(vehicle for inhibitors), 1 uM MG132 or bortezomib, and collected at 24 hpi. DNA was purified from cell
pellets and analyzed for MAV-1 genome copies by qPCR. Graph is representative of five biological replicates
per treatment group. Error bars are SEM. *P < 0.05
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Figure 2.11 Delayed proteasome inhibition does not prevent PKR depletion during MAV-1 infection.
C57BL/6 MEFs were infected with MAV-1 (MAV) at an MOI of 10 or mock infected (mock) and treated with
DMSO (vehicle for inhibitors), 1 uM MG132,0r 1 uM bortezomib at 0 or 24 hpi. Cell lysates were were
analyzed by immunoblot with antibodies for PKR (D-20) and actin. Blots are representative of four

independent experiments.
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14), there was no protective effect from the proteasome inhibitors, even when cells were

subsequently treated for a full 24 hours (lanes 8, 14) (Fig. 2.11).

PKR is not detectably ubiquitinated during MAV-1 infection

A signal for proteasomal degradation is the conjugation of ubiquitin to a protein (65, 66).
We examined whether PKR is ubiquitinated, assaying by immunoprecipitation and immunoblot.
We also assayed the ubiquitination of a positive control, mouse p53, which is degraded in the
presence of MAV-1 proteins (67). We transfected CMT93 cells with a GFP-tagged ubiquitin
(68), and at 24 hours post transfection (hpt), we infected them with MAV-1 at an MOI of 5 or
mock infected. Cells were treated with MG 132 at 6 hours prior to harvest to prevent complete
PKR degradation. Lysates were immunoprecipitated with PKR (D-20), p53 (DO-1), or
corresponding isotype antibodies. The immunoprecipitated samples were analyzed by
immunoblot with antibodies to GFP, ubiquitin, PKR (B-10), p53 (1801), or corresponding
isotype antibodies (Fig. 2.12A and B). Ubiquitination of p53 was readily evident (Fig. 2.12B).
However, even with the use of epitope-tagged ubiquitin, we were unable to detect PKR
ubiquitination during infection (Fig. 2.12A). This is consistent with an inability to detect PKR
ubiquitination when it is degraded during RVFV infection (32). Although RVFV NSs is known
to recruit an E3 ligase to PKR, the authors reported that ubiquitinated PKR is undetectable.

Therefore, the cellular degradation signal for PKR remains unclear.

PKR is actively depleted early in infection

We investigated when proteasomal degradation of PKR occurs. Early viral proteins are

expressed prior to viral DNA replication, which is then followed by late viral protein expression.
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Figure 2.12 PKR is not detectably ubiquitinated during MAV-1 infection. CMT93 cells were transfected with
a GFP-ubiquitin plasmid using standard Polyplus transfection protocols. At 24 hpt, the cells were infected
with MAV-1 (MAV) at an MOl of 5 or mock infected (mock) and treated with 10 uM MG132 at 6 hpi. Cell
lysates were collected at 12 hpi and immunoprecipitated with (A) PKR (D-20) or an isotype control antibody
or (B) p53 (DO-1) or an isotype control antibody. Immunoprecipitated samples were analyzed by immunoblot
with GFP, ubiquitin, isotype, PKR (B-10), or p53 (1801) antibodies. Input lane (mock input) contains 0.008
volume of mock infected lysate (relative to volume in immunoprecipitations). For (B) GFP and p53 were
probed on separate duplicate blots.
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First, we examined the kinetics of PKR degradation to determine whether an early or late
viral protein was likely responsible. We mock infected and infected CMT93 cells with MAV-1 at
an MOI of 10 and collected lysates every six hours for 24 hours and analyzed them by
immunoblot with antibodies to PKR or MAV-1 early region 1A (E1A) protein, the first viral
protein made during infection (69). In infected cells, PKR degradation was first detected at 12
hpi (Fig. 2.13A), and quantitation of five independent experiments showed that ~20% of the
starting levels of PKR protein remained at 24 hpi (Fig 2.13B).

In parallel, to determine the half-life of PKR in uninfected CMT93 cells, we treated
CMT93 cells with cycloheximide to halt protein translation and thus production of new PKR.

We collected lysates every six hours for 24 hours and analyzed by immunoblot with antibodies
to PKR. After 24 hours of cycloheximide treatment, approximately 90% of the starting levels of
PKR protein remained (Fig. 2.13A bottom, and B). Comparing the results from MAV-1 infection
(Fig. 2.13A top, and 2.13B) and cycloheximide treatment of uninfected cells (Fig. 2.13A bottom,
and 2.13B), we conclude that MAV-1 was actively depleting PKR protein early in infection.

E1A was detected by immunoblot at 18 hpi (Fig. 2.13C), whereas viral DNA replication was first
detected at 24 hpi in CMT93 cells (Fig. 2.14). Thus the 18 hpi timepoint is considered an early
time point during MAV-1 infection of CMT93 cells, prior to DNA replication, suggesting the

involvement of an early viral protein in PKR depletion.

An early viral function is required for PKR depletion by MAV-1
To determine whether viral gene expression or DNA replication are required for PKR
degradation during infection, we infected C57BL/6 MEFs and CMT93 cells with UV-inactivated

MAV-1 (which does not replicate, Fig. 2.15C and D). We infected cells at an MOI of 10 with
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Figure 2.13 PKRis actively depleted early in infection. (A) CMT93 cells were infected with MAV-1 (MAV)
at an MOI of 10 or mock infected (mock) (top), or uninfected cells were treated with 50 pg/mL
cycloheximide (CHX, bottom) to inhibit elongation of protein synthesis. Cell lysates were analyzed by
immunoblot with antibodies for PKR (D-20) and actin. Blots are representative of five independent
experiments. (B) Densitometry quantitation of five independent experiments. Error bars are SEM. **P <
0.01. (C) CMT93 cell lysates from A were analyzed with a second immunoblot with antibodies for E1A and
actin. Blots are representative of four replicates from two independent experiments.
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Figure 2.14 Viral replication can be detected at 24 hpi by qPCR. CMT93 cells were infected with MAV-1
(MAV) at an MOI of 10 and collected every 6 hours for 24 hours. DNA was purified from cell pellets and
analyzed for MAV-1 genome copies by qPCR. Graph is representative of four to five biological replicates per

treatment group. Error bars are SEM.
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Figure 2.15 Early gene expression is required for PKR depletion by MAV-1. (A) Cells (as indicated at left)
were infected with WT MAV-1 (WT MAV) or UV-inactivated MAV-1 (UV MAV) at an MOI of 10, or mock
infected (mock). Cell lysates were analyzed by immunoblot with antibodies for PKR (D-20) and actin. Two
independent wells were infected for each condition at both time points. (B) CMT93 cells were infected with
WT MAV-1 (MAV) at an MOI of 10 or mock infected (mock). Infected cells were also treated (+) or not (-)
with 20 pg/mL cytosine arabinasine (AraC), an inhibitor of DN A synthesis. Cell lysates were analyzed with
antibodies for PKR and actin. (C) UV-inactivated virus does not replicate. C57BL/6 MEFs or (D) CMT93
cells were infected with WT MAV-1 (WT) or UV-inactivated MAV-1(UV) at an MOI of 10 and collected at
indicated times. DNA was purified from cell pellets and analyzed for MAV-1 genome copies by qPCR.
Graphs are representative of three to four biological replicates per treatment group. Error bars are SEM. (E)
AraC treatment inhibited late protein expression. CMT93 cells were infected with WT MAV-1 (MAV) at an
MOI of 10 or mock infected (mock). Infected cells were also treated (+) or not (-) with 20 pg/mL cytosine
arabinasine (araC), an inhibitor of DNA synthesis. Cell lysates were analyzed with antibodies for late virion
proteins (AKO1-103, 1:1000). Arrowheads indicate late viral proteins.
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WT MAV-1 or UV-inactivated MAV-1 and analyzed lysates from 24 and 48 hpi by immunoblot
for PKR protein levels. In both cell types, while PKR was degraded by 24 hpi in the cells
infected with WT MAV-1, PKR protein levels were unaffected at both time points in cells
infected with UV-inactivated MAV-1 (Fig. 2.15A). This suggested that either gene expression or
DNA replication was required for PKR degradation during MAV-1 infection.

We addressed whether viral DNA replication is needed for PKR degradation. We mock
infected or infected CMT93 cells with MAV-1 at an MOI of 10 and treated them with cytosine
arabinoside (araC) at the time of infection to inhibit DNA synthesis (70, 71). This would allow
the virus to infect the cell and produce early viral proteins, but would inhibit viral DNA
replication and prevent late protein synthesis. We collected lysates at 20 and 40 hpi and analyzed
them by immunoblot. We confirmed that araC treatment resulted in no late protein synthesis by
performing an immunoblot for late virion proteins (Fig. 2.15E). In samples treated with araC,
PKR degradation was seen at 20 and 40 hpi (Fig. 2.15B), indicating that DNA replication was
not required for PKR degradation. Taken together, the results of Fig. 2.15 are consistent with
early viral gene expression prior to DNA replication being involved in induction of PKR

degradation by MAV-1.

E1A and E3 are not required for PKR degradation during MAV-1 infection

To investigate the early gene responsible for PKR degradation during MAV-1 infection,
we used two mutant viruses, EIA” and E3", which replicate successfully but do not express the
specified early gene products (69, 72). We infected C57BL/6 primary peritoneal macrophages
and C57BL/6 MEFs with wild type MAV-1, EIA" MAV-1, or E3 MAV-1 at an MOI of 5 and

analyzed lysates from 24, 72, and 96 hpi by immunoblot for PKR protein levels. In the
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Figure 2.16 E1A and E3 are not required for PKR degradation during MAV-1 infection. (A) C57BL/6
primary peritoneal macrophages or (B) C57BL/6 MEFs were infected with WT MAV-1 (WT), E1A- mutant
MAV-1 (E1A"), or E3- mutant MAV-1 (E3") at an MOI of 10, or mock infected (mock). Cell lysates were
analyzed by immunoblot with antibodies for PKR (D-20) and actin.
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macrophages, PKR protein was still present at 72 hpi in the cells infected with the E1A™ virus,
though at levels lower than in mock infected macrophages (Fig. 2.16A). This could mean that
ETA is required for PKR degradation, but it could also just be a result of slower infection,
because the E1A mutant virus demonstrates slower growth kinetics compared to wild type
MAV-1 (73). We examined PKR protein levels in C57BL/6 MEFs after 96 hpi with wild type,
E1A", and E3" MAV-1. In C57BL/6 MEFs, PKR was completely degraded by all three viruses by
96 hpi, suggesting that neither E1A nor E3 is required for PKR degradation during MAV-1

infection (Fig. 2.16B).

Discussion

We have demonstrated here that PKR is antiviral in MAV-1 infections of cultured cells.
Surprisingly, MAV-1 infection of primary and established cultured cells depleted PKR. The
depletion was not due to reduced steady-state levels or reduced translation of PKR mRNA.
Instead, we showed that PKR depletion is inhibited by proteasome inhibitors, implicating
proteasomal degradation of PKR. Several lines of evidence suggest that the degradation is due to
a viral early function.

PKR is an IFN-inducible gene product that is an important component of the innate
immune response (1, 49). However, not all viruses have increased virulence in PKR” MEFs,
including EMCYV and vaccinia virus (51, 74). While hAds produce VA RNAs that inhibit PKR
antiviral activity during infection (10, 75), MAV-1 does not produce such VA RNAs, and how
MAV-1 infection is affected by PKR is first described in this report. When we infected PKR ™"
MEFs with MAV-1, viral yields were 5 to 6 times higher than viral yields from wild type MEFs

(Fig. 2.2A), indicating that PKR plays an antiviral role during MAV-1 infection. At 48 hpi, the
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viral yield from the N-MEFs (cells lacking the N terminal region dsSRNA binding domain of
PKR) was nearly 4 times higher than the C-MEFs (cells lacking the C terminal region kinase
domain of PKR), but by 72 hpi the viral yields from both types of PKR”" MEFs were similar to
each other and significantly increased compared to wild type MEFs (Fig. 2.2A). This difference
in viral replication kinetics between the two types of PKR” MEFs may be due to differences in
expression level and activity of the PKR fragments reportedly produced by them; we have not
assayed PKR fragment production in our cells.

N-PKR™" peritoneal macrophages were also more susceptible to MAV-1 infection at 72
hpi than wild type peritoneal macrophages. The viral yield in N-PKR”" peritoneal macrophages
was nearly twice that in wild type peritoneal macrophages. Taken together, these data suggest
that PKR activation is an important antiviral response to MAV-1 in multiple cell types. However,
in vivo, N-PKR”" mice did not have reduced survival compared to wild type mice when infected
with MAV-1 (Fig. 2.3). Thus, while PKR likely plays a significant antiviral role is specific
tissues, there may be redundancies in the PKR signaling pathway that compensate when PKR is
not present or is inactivated. Alternatively, since N-PKR™ mice may express a PKR fragment
with kinase activity (52), it is possible that this fragment provides enough PKR activity to protect
the mice from MAV-1 infection. However, we have not examined in vivo expression of this
fragment.

We examined PKR protein levels during MAV-1 infection and found that PKR was
depleted from the cells as early as 12 hpi (Fig. 2.13A). Depletion was seen in a wide variety of
cell types, including immortalized C57BL/6 MEFs, primary C57BL/6 peritoneal macrophages,
and CMT93 mouse colon carcinoma cells (Fig. 2.4A). Once depleted, PKR protein levels never

returned to mock infected PKR protein levels during infection. Activation (phosphorylation) of
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PKR (6-9) was not required for this depletion, because kinase-dead mouse PKR was also
depleted from K271R SV40-MEFs during infection (Fig. 2.4C). Both PKR and phospho-PKR
were depleted in all cell types examined. huPKR was not depleted by MAV-1 (Fig. 2.5A). This
suggests that MAV-1 degrades PKR by recognizing PKR protein sequence in a region that is
dissimilar between mouse PKR and human PKR, because the two proteins share only 58%
amino acid identity overall. This could help in identifying the region of mouse PKR that is
responsible for its degradation by MAV-1.

We examined several possibilities that could explain depletion of PKR protein, including
PKR mRNA levels and alterations in translation. PKR mRNA levels remained unchanged during
MAV-1 infection in C57BL/6 MEFs at 24 hpi and were increased in primary C57BL/6 peritoneal
macrophages during MAV-1 infection (Fig. 2.6), times when the PKR protein levels were
depleted (Fig. 2.4A). While PKR mRNAs in C57BL/6 MEFs were depleted 33% at 48 hpi and
40% at 72 hpi compared to mock lysates, this is not sufficient to explain the 84% and 94%
reduction, respectively, in PKR protein levels at those time points (Fig. 2.4B). More likely, the
reduction in PKR steady-state mRNA levels at the late infection time points can be attributed to
other effects from viral infection, including the degradation or inhibition of proteins that induce
PKR expression. For example, p53 is capable of binding to the PKR promoter and inducing its
expression (76), but MAV-1 proteins cause p53 proteolysis (67). Together our results in
C57BL/6 MEFs and macrophages suggest the virus does not cause PKR protein depletion by
reducing PKR steady-state mRNA levels.

The differences in total PKR mRNA levels during infection between C57BL/6 MEFs and
primary peritoneal macrophages (Fig. 2.6) is possibly due to the fact that macrophages are an

immune cell, while MEFs are not. PKR protein took almost 3 times as long to be completely
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degraded during infection in macrophages compared to MEFs (72 hours versus 24 hours) (Fig.
2.4A). Total PKR mRNA levels were 2 to 3 times higher in MAV-1-infected macrophages
compared to mock infected macrophages, unlike the MEFs where total PKR mRNA levels were
unchanged or reduced 33-40% during MAV-1-infection compared to mock infected MEFs. Since
PKR is an IFN-stimulated gene (1, 2), higher levels of total PKR mRNA seen during infection in
the macrophages suggests IFN induction. This suggests that the immune response mounted by
the macrophages was greater than the immune response in the MEFs, and could help explain
why PKR took longer to degrade in macrophages compared to MEFs.

We considered whether reduced PKR levels were due to reduced PKR protein translation.
There was no change in the total amount of PKR mRNA bound to ribosomes during infection
compared to uninfected cells, nor was there a significant change in the amount of actively
translating PKR mRNA during infection (Fig. 2.7). We also found that the 5' UTR of mouse
PKR placed upstream of a reporter gene produced the same amount of reporter with and without
MAV-1 infection (Fig. 2.8). These data indicate that there are not translational effects of MAV-1
infection on PKR protein levels that could explain the depleted PKR levels we observed.

Inhibiting lysosomal degradation resulted in no change in PKR depletion in infected cells
(Fig. 2.9A), but adding proteasome inhibitors preserved PKR protein within cells (Fig. 2.10A
and B). This indicates that PKR is not degraded by lysosomal degradation during viral infection,
but by proteasomal degradation. However, adding proteasome inhibitors later in infection did not
have the same protective effect on PKR protein levels as adding them at the start of infection
(Fig. 2.11). This 1s consistent with delayed proteasome inhibition experiments with RVFV.
There, the addition of MG 132 prevented p62 degradation by RVFV, but only if MG132 was

present at the start of infection (77). This is likely due to the fact that MG132 can trigger a
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reduction in global translation (78, 79). The authors propose that if i) MG132 is added to an
infection at a time where a specific protein has already been degraded by the proteasome to
levels unable to detect by immunoblotting, i1)) MG132 also reduces protein translation overall,
and ii1) MG132 treatment is not 100% effective at shutting down proteasomal degradation, then
it is likely that if MG132 is added “too late”, newly synthesized protein could not be stabilized
by proteasomal inhibition to levels high enough to be detectable by immunoblot. Not only would
the translation of the protein be reduced, but the proteasome may be functioning just enough to
continue degrading any small amounts of nascent proteins that are produced.

Though PKR degradation was due to proteasome activity during MAV-1 infection, we
were unable to demonstrate PKR ubiquitination (Fig. 2.12A), although we did detect
ubiquitination of mouse p53 (Fig. 2.12B). This inability to demonstrate PKR ubiquitination
could be explained if at any given moment there were only low levels of ubiquitinated PKR
present in the cell. Perhaps, increasing the time under MG132 treatment could increase the
amounts of ubiquitinated proteins enough so that PKR ubiquitination could be seen. However,
our inability to detect ubiquitinated PKR is consistent with a similar inability to identify PKR
ubiquitination by RVFV NSs, even though NSs is known to recruit an E3 ligase to PKR (32).
Alternatively, it is possible that in MAV-1 infection, PKR is degraded in a ubiquitin-independent
manner, possibly because of intrinsic disordered regions of PKR or binding of regulating
proteins to PKR that target proteins to the proteasome (80, 81).

Our experiments indicate that MAV-1 actively depletes PKR early in infection. Our data
using mutant MAV-1 viruses suggest that E1A and E3 are not required for PKR degradation
(Fig. 2.16). Ongoing experiments are focused on determining the MAV-1 early protein(s)

responsible for PKR degradation. Two possibilities are E4 proteins, the homologs of hAd E4orf6
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and E4orf3, which we originally termed E4orfa/b and E4orfa/c, respectively (82). In hAd, E4orf6
interacts with another early hAd protein, E1B 55K, to participate in an E3 ligase complex that
ubiquitinates and degrades p53 via proteasomal degradation (83, 84). When MAV-1 E4orf6,
E1B 55K, and mouse p53 are introduced by transfection into human cells, all three proteins
interact and mouse p53 is degraded (67). If MAV-1 E4orf6 and E1B 55K form a similar complex
in mouse cells, it may also degrade PKR. We have preliminary evidence that mouse p53 is
ubiquitinated in C57BL/6 MEFs during MAV-1 infection, which suggests that the mouse p53
degradation seen in human cells could be paralleled by degradation of endogenous mouse p53
and mouse PKR in mouse cells, mediated by MAV-1 E4orf6 and E1B 55K during infection.
Another hAd E4 protein, E4orf3, causes proteasomal degradation of transcriptional intermediary
factor 1y (85) and general transcription factor II-I (86) in a manner independent of hAd E4orf6
and E1B 55K. E4orf3 has SUMO E3 ligase and E4 elongase activity and induces sumoylation of
general transcription factor II-1, leading to its proteasome-dependent degradation (86). MAV-1
E4orf3 may similarly have sumoylation activity that results ultimately in proteasome-dependent
PKR degradation. Another possibility of a viral protein involved in PKR degradation is the
protease encoded by MAV-1. The hAd protease is encapsidated in virions and proteolytically
processes viral proteins Illa, VI, VII, VIII, mu, and TP (87-90). However, we think it is unlikely
that the MAV-1 protease degrades PKR, because we showed that UV-inactivated virus was
unable to degrade PKR. We assume that UV treatment would not destroy the MAV-1 protease
activity, just as HSV-1 VP16 activity is not altered by UV-inactivation of HSV-1 (91), but we
have not tested this directly.

In summary, we demonstrated that PKR has an antiviral role during MAV-1 infection in

vitro, because when PKR is mutated, viral replication in MEFs is significantly higher compared
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to wild type MEFs. Analysis of global PKR steady-state protein levels during infection showed
complete PKR depletion by 72 hpi in multiple cell types, including immortalized and primary
cells, with even faster kinetics in some. PKR transcription and translation were not decreased by
MAV-1 infection, whereas proteasomal inhibition prevented PKR degradation. Taken together,
these data suggest that MAV-1 causes PKR to be proteasomally degraded at a post-translational
level. This work provides new insight into possible mechanisms of adenovirus inhibition of PKR
by DNA viruses. PKR degradation may be induced by other adenoviruses that do not produce
VA RNA, which includes all animal adenoviruses except primate adenoviruses and one type of

fowl adenovirus (92).

Materials and Methods
Cells, mice, virus, and infections

CMT93 cells (CCL-223) and C57BL/6 MEFs (SCRC-1008) were obtained from the
American Type Culture Collection and passaged in Dulbecco’s modified eagle media (DMEM)
containing 5% or 10% heat-inactivated fetal bovine serum (FBS), respectively, before use.
Primary peritoneal macrophages were obtained from 6-10 week old C57BL/6J mice purchased
from Jackson Laboratory (#000664) as described (93). Briefly, 6-10 week old C57BL/6J mice
were injected intraperitoneally with 1.2 mL 3% thioglycolate and euthanized 3-5 days later. The
abdominal skin was carefully removed, exposing the peritoneum, which was then injected with 5
mL of sterile phosphate-buffered saline (PBS). The abdomen was massaged gently, then the PBS
containing the peritoneal macrophages was carefully withdrawn. The macrophages were
centrifuged at 100 x g for 4 minutes, red blood cells lysed in lysis buffer (0.15 M ammonium

chloride, 1 mM potassium bicarbonate, and 0.1 mM EDTA disodium salt) for 2 minutes at room
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temperature, centrifuged at 100 x g for 4 minutes, washed twice in PBS, resuspended in DMEM
+ 5% heat-inactivated FBS, and plated in 6 well plates. WT and PKR™ MEFs (termed PKR WT
MEFs and N-PKR™" MEFs, respectively, throughout this paper) were obtained from Robert
Silverman, Cleveland Clinic (94) and were passaged in DMEM containing 10% heat-inactivated
FBS before use. PKR”™ MEFs stably transfected with empty vector (termed C-PKR” MEFs
throughout this paper), full length human PKR (full length huPKR), kinase dead human PKR
(kinase-dead huPKR), or RNA binding-deficient human PKR (huPKR) were obtained from Dr.
Gokhan Hotamisligil, Harvard University (56) and were passaged in DMEM containing 10%
heat-inactivated FBS before use. WT (SV40-MEFs) and K271R PKR mutant (K271R SV40-
MEFs) MEFs were obtained from Anthony Sadler, Hudson Institute of Medical Research (55)
and were passaged in DMEM containing 10% heat-inactivated FBS before use.

N-PKR™ mice on the C57BL/6J background were obtained from Robert Silverman
(Cleveland Clinic) (53). The N-PKR™™ mice were bred in-house and both sexes were used in
experiments. No differences based on sex was noted. All animal work complied with relevant
federal and University of Michigan policies. Mice were housed in microisolator cages and
provided with food and water ad libitum. C57BL/6J mice were purchased from Jackson Laboratory
(#000664).

Wild type MAV-1 stock was prepared and titrated on mouse NIH 3T6 fibroblasts as
described previously (95). WT MAV-1 was UV-inactivated by UV-treating 200 uL of virus for
10 min at 800 mJ/cm®. UV inactivation was confirmed by qPCR and plaque assay. E1A” and E3
mutant viruses, pmE109 (69) and pmE314 (72), respectively, have been described previously.

For infections, media was removed from cells and adsorption was performed in 0.4 mL of

inocula for 6-well plate 35-mm wells (unless otherwise noted) for 1 hour at 37°C. After 60
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minutes, 2 mL of DMEM+5% FBS was added without removing inocula; this time was
designated as 0 hpi. For araC experiments, 20 pg/mL araC (Sigma C1768) was added at 0 hpi

and replenished every 12-16 hours.

Plasmids

We purchased GFP-epitope tagged ubiquitin plasmids from Addgene (Addgene #11928).
pmPKRSUTRfulINL contains the 189 nucleotide 5' UTR of mouse PKR (96) (inserted between
AfIII and HindIII restriction sites) upstream of a nanoluciferase gene. The vector containing the
nanoluciferase gene, AUG-NL-3XxFLAG pcDNA3.1, was a gift from the lab of Peter Todd (58).

pGL4.13 is a standard firefly luciferase plasmid from Promega (Promega E6681).

Immunoblots

At room temperature, cells were washed once with PBS and Pierce™™ RIPA lysis buffer
(Thermo Scientific #89900) with 1x protease inhibitors (Protease Inhibitor Cocktail Kit, Thermo
Scientific #78410) was added to the plate. The cells were allowed to lyse at room temperature for
10 minutes before being harvested and centrifuged at 4°C at 14,000 x g for 10 minutes to remove
debris. Equivalent amounts of protein, determined by a BCA assay (Pierce BCA Protein Assay
Kit, Thermo Scientific #23227), were acetone precipitated by incubating with 4x volume ice cold
acetone overnight at -20°C. Precipitated proteins were pelleted at 4°C at 13,000 x g for 10
minutes and the pellets were dried for 30 minutes at room temperature. Pellets were resuspended
in 10 pL Pierce'™ RIPA lysis buffer (Thermo Scientific #89900), 3.25 pL NuPAGE 4x LDS
Sample Buffer (Invitrogen Cat #NP0007), and 1.25 uLL 1M DTT. Samples were incubated at

37°C for 10 minutes and then loaded into a well of an 8% acrylamide gel (8.3 cm wide x 7.3 cm
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high x 0.1 cm thick) with a 2.5% stacking gel, electrophoresed for 30 minutes at 50 V and 85
minutes at 150 V, and then transferred to a PVDF membrane (BioRad #1620177) for 1 hour at
100V at 4°C. Blots were blocked in 5% bovine serum albumin (BSA, Sigma A7906) in tris-
buffered saline (BioRad #1706435) and 0.1% Tween 20 (Sigma P1379). Blots were probed with
primary antibodies to detect mouse PKR (Santa Cruz D-20 sc-708, 1:2000, or B-10 sc-6282,
1:200), mouse actin (Santa Cruz sc-1616-R, 1:1000), MAV-1 E1A (AKO-7-147, 1:1000,
described previously (69)), or MAV-1 late viral proteins (AKO 1-103, 1:1000, described
previously (97, 98)). Secondary antibodies used were IRDye 800CW anti-rabbit (Li-Cor 925-
32213, 1:15,000) or IgG peroxidase-conjugated anti-mouse (Jackson Immuno 515-035-062,
1:20,000). Blots were visualized by LI-COR Odyssey imaging (LI-COR Biosciences) or
enhanced chemiluminescent substrates (Pierce ECL Western Blotting Substrate #32106) and
X-ray film (Dot Scientific #BDB810). Densitometric quantification was performed on .tif files

using Imagel software from NIH (99).

Ubiquitination immunoprecipitations

To examine PKR ubiquitination status during MAV-1 infection, C57BL/6 MEFs were
transfected with GFP-epitope tagged ubiquitin plasmids (Addgene #11928) 24 hours before
infection. We used Polyplus jetPRIME transfection reagent (Polyplus #114-01) with 10 pg
plasmid DNA and 30 pL jetPRIME reagent per 10 cm plate. At 6 hpi (30 hpt), we treated mock
and infected C57BL/6 MEFs with 10 uM MG132 (Sigma M7449) for 6 hours before collecting
lysates at 12 hpi in 300 pL/plate of HCN buffer (50 mM HEPES, 150 mM NacCl, 2 mM CacCl,,
1% Triton X-100 (Sigma T9284), 1x protease inhibitors (Protease Inhibitor Cocktail Kit, Thermo

Scientific #78410), and 5 mM N-ethylmalemide). The lysates were split into two aliquots, and 3
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ng PKR (D-20 sc-708, discontinued) or 3 pg isotype rabbit polyclonal antibody (Jackson
Immuno #011-000-002) was added to lysates. After rocking samples overnight at 4°C, 20 uL
protein A agarose suspension (Calbiochem/Millipore #IP02-1.5ML) was added to each and
samples were rocked at 4°C for 2 hours. After incubation, agarose was washed 3 times with 1
mL HCN buffer, resuspended in 40 pL 2x Laemmli buffer (BioRad #161-0737) with 5%
2-mercaptoethanol (Sigma M6250), and boiled for 10 minutes. Lysate supernatants remaining
after the initial PKR immunoprecipitation were then immunoprecipitated again using the same
procedure but with 4 pg anti-p53 (DO-1, Santa Cruz sc-126) or 4 pg isotype mouse monoclonal
antibodies (ThermoFisher Scientific #02-6200). Immunoprecipitated proteins were
immunoblotted for GFP-epitope tagged ubiquitin with antibodies for GFP (1:3,000, Roche
#11814460001). Blots were also probed for PKR (1:200, PKR B-10 sc-6282), p53 (1:200, anti-
p53 1801 sc-98), ubiquitin (1:1000, ThermoFisher #13-1600), isotype (1:1000, mouse IgG1
eBioscience 14-4714-82), and IRDye 800CW anti-mouse (Li-Cor 925-32212, 1:15,000) to

confirm the immunoprecipitations were successful.

Viral yield analysis by qPCR

Cells were washed twice with room temperature PBS and harvested by scraping into
PBS, centrifuging at 100 x g for 4 minutes at 4°C, and resuspending in PBS. Total cellular DNA
was purified using the Invitrogen PureLink DNA Purification Kit (Thermo Scientific #K1820-
02) and quantitated by a NanoDrop Spectrophotometer. 10 ng of total cellular DNA was
analyzed by qPCR using custom primers specific to MAV-1 E1A (mE1Agenomic Fwd: 5' GCA

CTC CAT GGC AGG ATT CT 3' and mE1Agenomic Rev 5' GGT CGA AGC AGA CGG TTC
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TTC 3') and the results were normalized to GAPDH, which was analyzed using a GAPDH-

specific primer/probe set (ThermoFisher Scientific, Mm99999915 g1, #4331182).

mRNA analysis by qPCR

Cells were harvested by scraping into media, centrifuging at 100 x g for 4 min at 4°C, and
washing the cell pellet three times with ice-cold PBS. RNA was purified using the Qiagen
RNeasy Mini Kit (Qiagen #74134) and stored at -80°C. 125 ng of RNA per sample was used to
make cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems
#4368814), and 2 pL of the cDNA was analyzed by qPCR using a primer/probe set specific to
mouse PKR sequence (Thermo Fisher, Mm01235643 ml, #4331182). The results were
normalized to GAPDH, which was analyzed using a GAPDH-specific primer/probe set
(ThermoFisher Scientific, Mm99999915 g1, #4331182). Arbitrary units were calculated as

follows: Mean Ct PKR — mean Ct GAPDH = ACy for sample. Arbitrary unit = 2"*-ACr.

Proteasome inhibition

C57BL/6 MEFs were infected at an MOI of 10, and DMSO, 1 uM MG132 (Sigma
M7449), or 1 uM bortezomib (Selleckchem #S1013) were added to the media after a 1 hour
adsorption. At 24 hpi, cells were washed once with room temperature PBS, and Pierce’™ RIPA
lysis buffer (Thermo Scientific #89900) with 1x protease inhibitors (Protease Inhibitor Cocktail
Kit, Thermo Scientific #78410) was added to the plate. The cells were allowed to lyse at room
temperature for 10 minutes before being harvested and centrifuged at 4°C at 14,000 x g for 10

minutes to remove debris.
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Lysosome inhibition and DQ BSA assay

CMT93 cells were infected at an MOI of 10. After a 1 hour adsorption, 10 pL water, 10
mM NH4CI (final concentration, Baker Chemical Company #0660-1), or 60 uM chloroquine
(final concentration, Sigma C6628) was added to the media. At 24 hpi, at room temperature,
cells were washed once with PBS and Pierce™ RIPA lysis buffer (Thermo Scientific #89900)
with 1x protease inhibitors (Protease Inhibitor Cocktail Kit, Thermo Scientific #78410) was
added to the plate. The cells were allowed to lyse at room temperature for 10 minutes before
being harvested and centrifuged at 4°C at 14,000 x g for 10 minutes to remove debris.

The DQ BSA assay was performed as described (61). Briefly, C57BL/6 MEFs and
CMT93 cells were plated at 1.5 x 10° cells/plate or 3 x 10° cells/plate, respectively, in MatTek
Glass Bottom Microwell Dishes (Part No: P35G-1.5-14C) with 2 mL of DMEM + 10% or 5%
FBS, respectively. The next day, the cell media was treated with 10 pLL water, 10 mM NH4Cl
(final concentration), or 60 uM chloroquine (final concentration, Sigma C6628). Four hours after
adding inhibitors, DQ Red BSA (Invitrogen Cat #D12051) was added to the media to a final
concentration of 5 pg/mL in 2 mL DMEM + 10% or 5% FBS, respectively. At 24 hours post
treatment, the cells were imaged on a Nikon TE300 inverted microscope equipped with a
mercury arc lamp, Plan-Apochromat 60x, 1.4 NA objective, cooled digital CCD camera (Quantix
Photometrics, Tucson, AZ), and a temperature-controlled stage, set at 37°C. To image the DQ-
BSA, we used an excitation filter centered at 572 nm and an emission filter centered at 635 nm.

The exposure time was the same for all images.
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Ribosome pelleting

Ribosomes were pelleted as described (100). Briefly, C57BL/6 MEFs were plated on 10
cm plates, 3x10° cells per plate. The next day, the cells (~90% confluent) were infected with
MAV-1 at an MOI of 5. C57BL/6 MEF lysates were collected at 48 hpi by scraping the cells in
ice-cold PBS containing 100 ug/mL cycloheximide (Sigma C7698), pelleting, and resuspending
in lysis buffer, which was 10 mM HEPES pH 7.5, 100 mM KCI, 5 mM MgCl,, 4 mM DTT,
0.5% NP-40, 100 pg/mL cycloheximide, 20 U/mL RNasin (Promega # N2511), 10% sucrose,
and 1x protease inhibitors (Protease Inhibitor Cocktail Kit, Thermo Scientific #78410). Cells
were lysed by passage through a chilled 26G needle five times and cleared by centrifugation for
10 min at 21,000 x g at 4°C. 400 pL of cleared lysate (10 OD26onm units) was layered onto 25%
sucrose and centrifuged 29,500 rpm in an SW41 rotor (107,458 rcf average) for 4 hours at 4°C.
After pelleting, the supernatant was removed with a micropipet and 350 puL of 4°C Buffer RLT
Plus (from Qiagen RNeasy Mini Kit) was added to the pellet to collect the RNA. RNA was
purified immediately using the Qiagen RNeasy Mini Kit (Qiagen #74134) and stored at -80°C

until analysis.

Polyribosome gradients

C57BL/6 MEFs were plated on 10 cm plates, 2 x 10° cells per plate. The next day, the
cells were infected with MAV-1 at an MOI of 2. Following a standard protocol (101), 5 minutes
prior to collection, cycloheximide was added at a final concentration of 100 ug/mL and
incubated at 37°C. Cells were collected at 24 hpi by scraping in ice-cold PBS containing 100
ng/mL cycloheximide, pelleting, and resuspending in 500 pL lysis buffer (20 mM Tris-Cl, 150

mM NacCl, 15 mM MgCl,, 8% glycerol, 20 IU/mL SUPERase*In (ThermoFisher Scientific Cat#
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AM2696), 80 ITU/mL Murine RNAse Inhibitor (New England BioLabs Cat# M0314S), 0.1
mg/mL heparin (Sigma H3393-50), 0.1mg/mL cycloheximide, 1 mM DTT, 1x protease inhibitor
(Protease Inhibitor Cocktail Kit, Thermo Scientific #78410), 20 IU/mL Turbo DNAse
(ThermoFisher Scientific Cat# AM2238), and 1% Triton X-100 (Sigma T9284). Cells were lysed
by passaging through a chilled 26G needle ten times, vortexing for 30 seconds, and then
incubating on ice for 5 min. Lysates were cleared by centrifugation for 5 min at 14,000 x g at
4°C. 500 pL of cleared lysate (10 OD26onm) Was layered onto a 10-50% sucrose gradient and
centrifuged at 35,000 rpm in an SW41 rotor (151,000 rcf) for 3 hours at 4°C. After
centrifugation, gradients were pumped out of the top with a Brandel BR-188 Density Gradient
Fractionation System with a continuous reading of the OD3s4 nm. From 24-34 fractions (350-500
uL) were collected. RNA was purified from selected fractions immediately using the Qiagen

RNeasy Mini Kit (Qiagen #74134) and stored at -80°C until analysis by RT-qPCR.

Nanoluciferase assays

For both CMT93 cells and C57BL/6 MEFs, approximately 7500 cells were seeded into
each well of a 96-well plate. The following day, the cells were co-transfected with
pmPKRSUTRfulINL and pGL4.13 using jetPRIME reagent (Polyplus 114-01) using the standard
Polyplus protocol, with 200 ng total of plasmid and 0.6 uL of jetPRIME reagent per well. 24
hours after transfection, the cells were infected with MAV-1 at an MOI of 10. 24 hours after
infection (48 hpt), cells were lysed in 70 uL/well Glo Lysis buffer (Promega E2661). 25 uL of
each lysed sample was added to each of two wells of a black 96-well plate (Greiner Microlon
black microplate, Fisher Scientific #07-000-634). To each sample, we added either 25 pL of

OneGlo (Promega E6110) or 25 uL NanoGlo (Promega N1110). After 5 minutes, the plate was
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read on a Promega Glomax luminometer. Each NanoGlo reading (from pmPKRSUTRfulINL)

was normalized to its corresponding OneGlo reading (from pGL4.13).

Statistical analyses
Data were analyzed with GraphPad Prism 7.0 software. For gPCR and densitometry
analyses, the data were analyzed by individual Mann-Whitney tests. A value of P < 0.5 was

considered significant.
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Chapter 111
Changes in immune response in GCN2" mice and macrophages during mouse adenovirus

type 1 infection

Abstract

During viral infection, the production of double-stranded (ds) RNA by viruses triggers
protein kinase R (PKR) activation and subsequent eukaryotic translation initiation factor 2a
(eIF2a) phosphorylation, reducing cellular translation, and viral translation and replication. This
antiviral host response, resulting in e[F2a kinase phosphorylation, may also occur with the other
three e[F2a-phosphorylating kinases (general control nonderepressible 2 [GCN2], PKR-like
endoplasmic reticulum kinase, and heme-regulated inhibitor kinase), resulting in protein
synthesis inhibition in response to viral infection. GCN2 phosphorylates elF2a in response to
amino acid starvation, UV irradiation, and oxidative stress. Several viruses indirectly or directly
cause GCN2 activation during infection. Here we describe that GCN2™" deficient (atchoum or
atc) mice and peritoneal macrophages are significantly more susceptible to infection by mouse
adenovirus type 1 (MAV-1). Viral yield assays of infected organs showed that only the cecum of
atc mice at 8 days post infection (dpi) had significantly higher viral yields than infected organs
from wild type mice, indicating that the difference in survival between atc and wild type mice is
not likely a result of increased viremia in afc mice. There was also no significant difference in

histology of organs from MAV-1-infected afc and wild type mice. However, cytokine analysis
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showed that MAV-1-infected wild type mice had significantly higher levels of interleukin 1o
(IL-1a), interleukin 1B (IL-1p), tumor necrosis factor oo (TNFa), interleukin 6 (IL-6), and
interferon y (IFNy) in the brain compared to infected atc mouse brains at 8 dpi, suggesting that a

difference in inflammatory response could be responsible for the decreased survival of azc mice

in response to MAV-1 infection.

Introduction

One host response to viral infection is to reduce global cellular translation through elF2a
phosphorylation, reducing viral translation and viral replication (1-4). As discussed in the
introduction to Chapter II, PKR is the canonical elF2a kinase that is activated during viral
infection by dsRNA (5-7). However, many viruses encode proteins that inhibit PKR activation or
block its activity (8). In response to this viral circumvention of the host PKR response, it is
possible that the host cell also recruits one of the other three eIF2a-phosphorylating kinases
(GCN2, PKR-like endoplasmic reticulum kinase, and heme-regulated inhibitor kinase) to inhibit
protein synthesis in response to viral infection (9-11).

GCN2 is comprised of four main domains: an elF2a kinase domain, a histidyl-tRNA
synthetase (HisRS)-like domain, a general control of amino-acid synthesis 1 (GCN1) binding
domain, and a ribosomal binding domain (Fig. 3.1) (11-15). GCN2 first binds to ribosomes, and
then uncharged tRNAs bind to the HisRS-like domain and cause a conformational change that
causes GCN2 activation (16-21). GCNI1 is an activator of GCN2; it binds to ribosomes, and
assists in the transfer of uncharged tRNA to GCN2 (16). GCN2 phosphorylates elF2a in
response to amino acid starvation, UV irradiation, and oxidative stress; in yeast, GCN1 is

required for GCN2 activation in each of these responses (16).
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RWD domain Kinase domain HisRS-like domain

RB/DD domain

Figure 3.1 GCN2 (Eif2ak4) domains, adapted from Figure 1B from Jaspart et al. GCN2 contains four major
domains: RING finger-containing proteins, WD-repeat-containing proteins, and yeast DEAD (DEXD)-like
helicases (RWD) binding domain; kinase domain; histidyl-tRNA synthetase (HisRS)-like domain; and the
ribosome binding/homodimerization domain (RB/DD). GCN2 binds to GCN1 using the GCN2 RWD
domain; uncharged tRNA binds using the HisRS-like domain; and the ribosome binds to the RB domain.
GCN2 homodimerizes using the RB/DD domain.
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GCN2™" (atchoum or atc) mice were created using N-ethyl-N-nitrosourea-mutagenesis of
mice on a C57BL/6 background (22). When infected with mouse cytomegalovirus (MCMYV) or a
human adenovirus reporter construct, peritoneal macrophages from the atc mice have increased
susceptibility to both viruses compared to wild type mouse peritoneal macrophages.
Additionally, atc mice infected with MCMYV have a significantly lower survival rate than wild
type mice. Genome sequencing showed that the afc mice have a missense mutation (T to C
transition) in exon 2 of the Eif2ak4 gene, which causes exon skipping. Eif2ak4 encodes GCN2.
In atc macrophages, GCN2 is not detectable by immunoblotting, and in azc mouse embryonic
fibroblasts (MEFs), phosphorylation of e[F2a does not occur in response to UVB treatment or
MCMYV infection. Thus afc is a loss-of-function mutation with respect to eI[F2a phosphorylation.

While there is much research implicating PKR in the innate immune response to a wide
range of viruses, the fact that atc mice are more susceptible to MCMYV infection supports
findings that GCN2 may play a role in the innate immune response to viruses (22). Two viruses,
MCMV (23) and yellow fever virus vaccine (YF-17D) (24), indirectly activate GCN2 by
triggering changes in amino acid metabolism. MCMYV infection leads to the production of
25-hydroxycholesterol, which activates GCN2 by reducing the levels of intracellular cysteine
and/or by generating oxidative stress (23). YF-17D has much the same effect. After incubation
with YF-17D, dendritic cells have a significant reduction in levels of free arginine and a
subsequent increase in phosphorylated GCN2 and elF2a (24).

Other viruses, however, trigger GCN2 activation directly through the production of RNA,
such as Sindbis virus (25) and HIV-1 (26). Both viruses produce RNA that binds to the

HisRS-like domain of GCN2, leading to activation. The prunnus necrotic ringspot virus, a plant
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virus, causes GCN2 activation through the production of a viral movement protein, though the
mechanism of activation is not known (27).

To oppose the effect of GCN2 activation on cellular translation, several viruses also have
mechanisms for inhibiting GCN2 activation or activity. Herpes simplex virus 1 indirectly inhibits
GCN2 by targeting GCN1 (28, 29). Herpes simplex virus 1 glycoprotein H directly interacts with
GCNI, changing its localization from the cytoplasm to the nuclear rim, effectively sequestering
GCNI and inhibiting its ability to activate GCN2 during infection. Severe acute respiratory
syndrome-related coronavirus also indirectly inhibits GCN2. It does so by causing a depletion of
GCN2 protein from the cell late in infection, likely by decreasing host gene transcription overall
(30). Vaccinia virus and HIV-1 have more direct mechanisms of GCN2 inhibition. The vaccinia
virus K3L protein inactivates GCN2 by binding to the kinase domain and preventing GCN2
activation (31). HIV-1”", a protease produced by HIV-1, cleaves GCN2, and once GCN2 is
cleaved, it loses nearly all of its capability to phosphorylate e[F2a (26).

To determine whether GCN2 plays an antiviral role during MAV-1 infection, we infected
atc and wild type mice for survival studies. At three different doses, atc mice had a significantly
lower survival rate compared to wild type mice. Peritoneal macrophages from afc mice infected
with MAV-1 also had increased viral yields compared to peritoneal macrophages from wild type
mice. However, there was no difference in viral yields between MAV-1-infected atc MEFs
compared to wild type MEFs. Viral yield determinations from infected mouse organs showed
that only the cecum of afc mice at 8 dpi had higher viral yields than cecum from wild type mice.
This result suggests that the difference in survival between atc and wild type mice was not a
result of increased viremia in afc mice. There was also no significant difference in the histology

of organs from MAV-1-infected atc and wild type mice. However, cytokine analysis showed a
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difference in IL-1a, IL-1p, TNFa, IL-6, and IFNy levels in the brains of atc and wild type mice
at 7 and 8 dpi, suggesting that a difference in inflammatory response could be responsible for the

decreased survival of atc mice in response to MAV-1 infection.

Results
Atc mice are more susceptible to infection by MAV-1 than wild type mice

To determine whether GCN2-deficient mice are more susceptible to MAV-1 infection,
we infected atc and C57BL/6 (wild type) mice intraperitoneally (i.p.) with 10% 10°, or 10* PFU
MAV-1 and recorded survival for 21 dpi. At all three doses, afc mice had a significantly lower
survival than wild type mice, with their survival being 24%, 41%, and 40% lower than the
survival of the wild type mice, respectively (Fig. 3.2). These results indicate that GCN2 plays a

role in the survival of mice infected with MAV-1.

Viral yield is increased in atc peritoneal macrophages

To further characterize the role GCN2 plays during MAV-1 infection, peritoneal
macrophages or immortalized MEFs isolated from atc and wild type mice were plated and
infected with MAV-1 at MOI of 1, and cells were collected at 24, 48, and 72 hpi. DNA was
purified from the cell pellets and analyzed for MAV-1 genome copies by qPCR. At 72 hpi, the
atc macrophages had a more than three-fold increase in viral yield compared to the wild type
macrophages (Fig. 3.3A). These results correlate with the results of the survival studies and
suggest that GCN2 is antiviral in MAV-1-infected peritoneal macrophages. However, in atc and

wild type MEFs infected with MAV-1 at MOI of 1, the afc MEFs had lower viral yields
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Figure 3.2 Atc mutation reduces survival of MAV-1-infected mice. Wild type mice (C57BL/6) and GCN2-
mice (atc) were infected intraperitoneally with (A) 102, (B) 103, or (C) 10* pfu MAV-1, and survival was
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compared to wild type MEFs (Fig. 3.3B). This is consistent with the results of MCMYV infection
in atc mice, peritoneal macrophages, and MEFs, where afc mice and macrophages are more
susceptible to MCMYV infection, but atc MEFs are not (22). Taken together, these data suggest

that the antiviral role of GCN2 may vary based on cell type for both MAV-1 and MCMV.

Atchoum mice only have significantly higher viral titers in the cecum during infection
MAV-1 is an encephalitic virus, so we quantitated viral loads in the brains of
MAV-1-infected atc and wild type mice. Mice were infected i.p. with 10° PFU MAV-1 and
brains were harvested at 3, 5, and 7 dpi. DNA was purified from homogenized tissue samples
and analyzed for MAV-1 genome copies by qPCR. There was no significant difference between
the viral loads in the brains of afc mice compared to wild type mice at any of the analyzed time
points (Fig. 3.4A). To determine if any other organ in the afc mice was more susceptible to
MAV-1 than wild type mice, we quantitated the viral loads at 5 and 7 dpi in the liver, lung, heart,
spleen, kidney, and cecum of afc and wild type mice infected i.p. with 10° PFU MAV-1. There
was no significant difference in the viral load in any organ between the atc and wild type mice at
either time point except for the cecum at 7 dpi (Fig. 3.4B and C). Higher viral yields in the
cecum could indicate a gastrointestinal component to the increased mortality of atc mice during
MAV-1 infection. However, histology analysis of the cecum and all other organs showed no
significant differences in inflammation or damage between atc organs and wild type organs. We
also analyzed a portion of the brains and livers for infectious virus by plaque assay, and there
were no differences in infectious titers from the brains or livers of MAV-1-infected wild type or

atc mice (Fig. 3.5). Taken together, these results suggest that the increased mortality seen in atc
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Figure 3.4 Viral load is increased in the cecum of GCN2 (atc) mice. (A) Wild type (C57BL/6) and GCN2"
(atc) mice were infected with MAV-1 at 10° pfu. After 3, 5, or 7 days post infection, mice were euthanized
with CO,, perfused with phosphate-buffered saline, and organs were collected. DNA was purified from (A)
brain tissue at 3, 5, and 7 days post infection or heart, lung, liver, spleen, kidney, and cecum at (B) 5 days
post infection or (C) 7 days post infection. DNA was analyzed for MAV-1 genome copies by qPCR. Graph is
representative of multiple experiments; each dot represents a different mouse. Error bars are standard error
of the mean (SEM). *P < 0.05.
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mice compared to wild type mice was not due to increased viral replication or inflammatory

damage.

MAYV-1-infected azc mice have a different inflammatory cytokine response than wild type
mice in the brain

During infection, cytokines and chemokines can be secreted in the brain by resident cells
or by infiltrating inflammatory cells (32). IL-1a., IL-18, IL-6, and TNFa are proinflammatory
cytokines that are secreted by resident CNS cells and macrophages found in the brain (33), while
monocyte chemoattractant protein-1 (MCP-1) and KC are secreted in response to the
proinflammatory cytokines (34, 35). IL-1p3 and TNFa specifically enhance encephalitis during
rabies infections in rats (36). However, mice deficient in IL-1 signaling have reduced survival
during MAV-1 infection compared to wild type mice, suggesting that the IL-1 signaling pathway
has a protective role during MAV-1 infection specifically (37). We analyzed cytokine levels in
the brains of MAV-1-infected or mock infected afc and wild type mice. Mice were infected i.p.
with 10° PEU MAV-1, and brains were harvested at 7 and 8 dpi. Brain extracts were analyzed by
ELISA for IL-1a, IL-1B, IL-6, IL-10, interferon y-induced protein 10 (IP-10), TNFa, IFNy, KC,
MCP-1, and RANTES (cytokines that were previously shown to be elevated in wild type mouse
brains during MAV-1 infection (37)).

At 7 dpi, IL-1a, IL-1pB, and IFNy levels (normalized to the corresponding mock levels)
were significantly higher in MAV-1-infected atc brains compared to wild type brains. In
contrast, at 8 dpi, IL-1a, IL-6, TNFa, KC, and MCP-1 levels (normalized to the corresponding
mock levels) were significantly lower in MAV-1-infected atc brains compared to wild type (Fig.

3.6). These results suggest that azc mice may have an earlier inflammatory response in the brain
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Table 3.1 Reduced cytokine levels in MAV-1-infected atc mouse brains compared to

C57BL/6 mouse brains.

Mean cytokine levels

Mean cytokine

Cytokine dpi in infected C57BL/6 levels in infected
brains (pg/mL) atc brains (pg/mL)

7 43.1 44 .8
IL-10

8 39.02 29.0

7 62.5 62.5
IL-1B3

8 90.42 75.8

7 33.3 32.3
IL-6

8 26.1b 16.2

7 24.3 21.1
IL-10

8 56.5 50.4

7 2474.8 28354
IP-10

8 3873.6 2634.5

7 12.9 10.9
TNFo

8 30.5b 215

7 18.9 17.6
IFNy

8 23.6 219

7 170.5 182.8
KC

8 138.52 774

7 488.0 3845
MCP-1

8 601.52 152.0

7 207 1 235.9
RANTES

8 248.1 186.3

ap<0.05

®P<0.01
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Figure 3.6 Changes in cytokine levels between MAV-1-infected atchoum and wild type mouse brains.
GCN2" (Atchoum) and wild type (C57BL/6) mice were infected i.p. with 10> PFU MAV-1 or mock infected
and brains were harvested at 7 and 8 dpi. Brain extracts were prepared in a 10% weight/volume PBS and
analyzed by ELISA for IL-1a., IL-1B, IFN-vy, MCP-1, KC, and TNFa. Each dot represents a different mouse.
Horizontal bar represents the mean. *P < 0.05, **P < 0.01, **P < 0.001.
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than wild type mice. At 8 dpi, wild type mice also had higher absolute levels of IL-1a, IL-1f,
IL-6, TNFa, KC, and MCP-1 than aftc mice (Table 3.1). The differences in cytokine and
chemokine responses to MAV-1 infection between afc and wild type mouse brains suggest that
the immune cells that produce these cytokine and chemokines may have different levels of

activity or localization in the presence of GCN2.

Discussion

We have characterized the atc phenotype during MAV-1 infection. GCN2™ mice and
primary peritoneal macrophages were more susceptible to MAV-1 infection compared to wild
type mice and macrophages, but GCN2”" MEFs were not (Fig. 3.2 and 3.3). The lower survival
of GCN2"" mice compared to wild type mice was not explained by increased viremia or tissue
damage, because there was no difference in viral yields or histology between any organs assayed
from MAV-1-infected GCN2™ or wild type mice except for the cecum (Fig. 3.4). However, there
were differences in pro-inflammatory cytokine and chemokine responses to MAV-1 infection in
the brains of GCN2"" and wild type mice. Normalized levels of IL-1a., IL-1p, and IFNy were
significantly higher in MAV-1-infected atc brains compared to wild type brains at 7 dpi, while
normalized levels of IL-1a, IL-6, TNFa, KC, and MCP-1 levels were significantly lower in
MAV-1-infected atc brains compared to wild type at 8 dpi (Fig. 3.6). This suggests that the
cytokine response in the afc brains peaks earlier during infection than the cytokine response in
wild type mice. This early peak at 7 dpi and drop in cytokines at 8 dpi may explain why the atc
mouse survival decreases significantly after 7 dpi compared to the survival of the wild type mice

(Fig. 3.2).
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Compared to wild type cells, the higher viral yield in GCN2™”- macrophages, similar viral
yields in GCN2”~ MEFs, and the differences in brain cytokine levels during infection between
mice of each strain suggest that the GCN2"~mice may mount a different immune response to
MAV-1 infection than wild type mice, specifically in immune cells. Other viruses serve as
precedents for this. YF-17D infection of GCN2" mice and dendritic cells results in decreased
immune response (24). In GCN2™" dendritic cells incubated with YF-17D, autophagy is reduced
compared to wild type dendritic cells. Autophagy in dendritic cells is critical for proper antigen
cross-presentation during infection, and consequently GCN2”" mice immunized with YF-17D
also have reduced proliferation of CD8" and CD4" YF-17D-specific T-cells compared to control
mice. This suggests that GCN2 plays a role in promoting antigen cross-presentation and priming
secondary immunity during YF-17D immunization. Assaying MAV-1-infected GCN2™" dendritic
cells for levels of autophagy markers would show whether autophagy is similarly impaired, and
measuring CD8" and CD4 " specific T-cells in the organs of GCN2™ mice infected with MAV-1
would give additional insight into the immune response mounted by GCN2” mice during
MAV-1 infection.

In summary, we have shown that GCN2”" mice and primary peritoneal macrophages were
more susceptible to MAV-1 infection than wild type mice, indicating that GCN2 is antiviral
during MAV-1 infection. However, we have been unable to demonstrate GCN2 activation
(phosphorylation) during MAV-1 infection due to the unavailability of good antibodies to mouse
GCN2 (Goodman and Spindler, unpublished). The reduced survival of GCN2” mice is not likely
to be due to increased viremia or extensive inflammatory damage in any organs, because the
viral loads and histology in GCN2”~ mouse organs were similar those in wild type mouse organs

except for the cecum. This difference seen in the cecum could be investigated more thoroughly
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to determine if GCN2 plays an antiviral role in the gut. However, there was a difference in
inflammatory cytokine response in MAV-1-infected GCN2”~ mouse brains compared to wild
type mouse brains, suggesting that the differences in survival could stem from a difference in the
immune response in the brain. GCN2™” primary macrophages produced more MAV-1 genome
replication compared to wild type primary macrophages. However, this was not seen in MEFs,
where higher yields occurred for wild type cells than GCN2™" cells (Fig. 3.3B). Similar results
were seen in GCN2”~ macrophages and MEFs when compared to wild type MEFs when infected
with MCMYV (22). This suggests that the effects of GCN2 are cell-type specific. Assaying the
responses from specific immune cells, including GCN2 dendritic cells, macrophages, and
T-cells, could help to further characterize the differences in immune response between GCN2™"

and wild type animals.

Materials and methods
Virus, mice, and cells

Wild type MAV-1 stock was prepared and titrated on mouse NIH 3T6 fibroblasts as
described previously (38).

Atc mice on the C57BL/6J background were obtained from Bruce Beutler (UT
Southwestern Medical Center) (22). The atc mice were bred in-house and both sexes were used
in experiments. Azc mutation was confirmed by genotyping mice as described below. No
differences based on sex was noted. All animal work complied with relevant federal and
University of Michigan policies. Mice were housed in microisolator cages and provided food and

water ad libitum. C57BL/6J mice were purchased from Jackson Laboratory (#000664).
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C57BL/6 MEFs (SCRC-1008) were obtained from the American Type Culture Collection
and passaged in Dulbecco’s modified eagle media (DMEM) containing 10% heat-inactivated
fetal bovine serum (FBS) before use. A7c MEFs were obtained from 13-16 day old embryos
(estimated) using previously described methods (39). Briefly, a pregnant atc mouse was
euthanized by CO, asphyxiation and the embryos were removed from the uterus and placed in a
sterile petri dish. The heads and viscera were removed from the embryos and the remaining
tissue was minced up and trypsinized with 0.25% trypsin/EDTA for 15 minutes. Cells were
seeded at a density of one embryo/175 cm? tissue culture treated flask in DMEM + 10% FBS and
incubated at 37°C with 5% CO, for three to four days. When the flasks became confluent, the
cells were split into 10 cm plates.

Atc MEFs were immortalized using a modified 3T3 immortalization protocol (40).
Briefly, a frozen aliquot of non-immortalized atc MEFs at passage 2 was thawed and plated on a
100 mm plate (day 1) in DMEM containing 10% heat-inactivated FBS. On day 4, the MEFs were
trypsinized, counted on a hemocytometer, and 3.5 x 10° cells were plated on 60 mm plates; all
cells were plated. This step was repeated every 3 days. Cell numbers decreased between passage
6-10, and cells started to show signs of immortalization around passage 15-20. After consistent
cell number increases for several passages, cells were transitioned to 100 mm plates and
genotyped as described below to confirm that the afc mutation was maintained.

Primary peritoneal macrophages were obtained from 6-10 week old afc mice, or
C57BL/6J mice purchased from Jackson Laboratory (#000664) as described (41). Briefly, 6-10
week old C57BL/6 mice were injected intraperitoneally with 1.2 mL 3% aged thioglycollate and
euthanized 3-5 days later. The abdominal skin was carefully removed, exposing the peritoneum,

which was then injected with 5 mL of sterile phosphate-buffered saline (PBS). The abdomen was
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massaged gently, then the PBS containing the peritoneal cells was carefully withdrawn. The cells
were centrifuged at 100 x g for 4 minutes, red blood cells lysed in lysis buffer (0.15 M
ammonium chloride, 1 mM potassium bicarbonate, and 0.1 mM EDTA disodium salt) for 2
minutes at room temperature. The macrophage cells were centrifuged at 100 x g for 4 minutes,
washed twice in PBS, resuspended in DMEM + 5% heat-inactivated FBS, and plated in 6 well

plates.

Genotyping for GCN2 mutation

DNA from mouse tails was obtained as described (42). DNA from immortalized MEFs
was purified using Invitrogen PureLink DNA Purification Kit (Thermo Scientific #K1820-02)
and PCR amplified the mutation region using primers Eif2ak4atc F: 5'-AAT TGG CTG GGA
CGG TGT CAA G-3' and Eif2ak4atc R — 5'-GGA AGC ACT TTA AAT GCT CGC CAC-3'
(22). The PCR was cleaned up with the Qiagen PCR Clean up kit and submitted for sequencing

using the Eif2ak4atc F primer to the University of Michigan DNA Sequencing Core.

Immunoblots (Information for Fig. 4.2)

At room temperature, cells were washed once with PBS and Pierce™™ RIPA lysis buffer
(Thermo Scientific #89900) with 1x protease inhibitors (Protease Inhibitor Cocktail Kit, Thermo
Scientific #78410) was added to the plate. The cells were allowed to lyse at room temperature for
10 minutes before being harvested and centrifuged at 4°C at 14,000 x g for 10 minutes to remove
debris. Equivalent amounts of protein, determined by a BCA assay (Pierce BCA Protein Assay
Kit, Thermo Scientific #23227), were acetone precipitated by incubating with 4x volume ice cold

acetone overnight at -20°C. Precipitated proteins were pelleted at 4°C at 13,000 x g for 10
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minutes and the pellets were dried for 30 minutes at room temperature. Pellets were resuspended
in 10 pL Pierce'™ RIPA lysis buffer (Thermo Scientific #89900), 3.25 pL NuPAGE 4x LDS
Sample Buffer (Invitrogen Cat #NP0007), and 1.25 uLL 1M DTT. Samples were incubated at
37°C for 10 minutes and then loaded into a well of an 8% acrylamide gel (8.3 cm wide x 7.3 cm
high x 0.1 cm thick) with a 2.5% stacking gel, electrophoresed for 30 minutes at 50 V and 85
minutes at 150 V, and then transferred to a PVDF membrane (BioRad #1620177) for 1 hour at
100V at 4°C. Blots were blocked in 5% bovine serum albumin (BSA, Sigma A7906) in tris-
buffered saline (BioRad #1706435) and 0.1% Tween 20 (Sigma P1379). Blots were probed with
primary antibodies to detect mouse p-elF2a (Invitrogen #44728G, 1:2000), elF2a (Invitrogen
#AHO1182, 1:500), and actin (Santa Cruz sc-1616-R, 1:1000). The secondary antibody used was
IgG peroxidase-conjugated anti-rabbit (Thermo Scientific #31462, 1:30,000). Blots were
visualized by enhanced chemiluminescent substrates (Pierce ECL Western Blotting Substrate
#32106) and X-ray film (Dot Scientific #BDB810). Densitometric quantification was performed

on .tif files using ImagelJ software from NIH (43).

Mouse infections

Mice 4-5 weeks old were infected via i.p. injection with 10% 10°, or 10* PFU in a volume
of 100 pL. Virus was diluted in 10-fold serial dilutions in endotoxin-free Dulbecco’s phosphate-
buffered saline (DPBS; Gibco 14190-144). Mock infected mice were injected with conditioned
media diluted similarly in DPBS. Mice were monitored twice daily for signs of disease (e.g.,
ruffled fur, hunched posture, seizures, inability to feed) and were euthanized by CO,
asphyxiation if moribund or at the indicated time points. Organs were harvested, snap frozen on

dry ice, and stored at -20°C or -70°C until processed.
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Quantitating viral yield by qPCR from cells and tissue

DNA for measurement of viral load was extracted from 20 mg of organ tissue or cells
using the Invitrogen PureLink DNA Purification Kit (Thermo Scientific #K1820-02) and
quantitated by a NanoDrop Spectrophotometer. 5 ng of total DNA for organ tissue or 2 uLL of
purified cellular DNA was analyzed by qPCR using custom primers specific to MAV-1 ETA
(mE1Agenomic Fwd: 5' GCA CTC CAT GGC AGG ATT CT 3' and mE1Agenomic Rev 5' GGT
CGA AGC AGA CGG TTC TTC 3'), and the results were either normalized to GAPDH (Fig.
3.3), which was analyzed using a GAPDH-specific primer/probe set (ThermoFisher Scientific,
Mm99999915 g1, #4331182) or compared to a standard curve of mE1A (Fig. 3.4). Results
normalized to GAPDH (AACt) were also normalized to mock at 24 hpi (Fig. 3.3). Each sample

was assayed in triplicate.

Mouse brain and liver plaque assays

90-110 mg of brain or liver tissue were prepared in a 10% weight/volume solution with
PBS by adding the tissue and corresponding amount of PBS to bead beater tubes. They were then
homogenized with sterile glass beads in a mini Beadbeater (Biospec Products) three times for 1
minute, with a 1 minute rest on ice between each homogenization. The tubes were put through 3
freeze/thaw cycles and then centrifuged at 2000 x g for 5 minutes at 4°C to remove the remaining
tissue debris. The supernatant was transferred to a new tube. The supernatants were then

analyzed for infectious virus by plaque assay on 3T6 cells.
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Histology

C57BL/6 and atc mice were infected via i.p. injection with 10° PFU MAV-1 in a volume
of 100 uL. At 5 or 7 dpi, mice were euthanized CO, asphyxiation and perfused with 10%
formalin (3.7% formaldehyde in PBS), and organs were collected for histopathology. Organs
(thymus, lung, heart, brain, liver, kidney, spleen, stomach, small intestine, colon/cecum) were
immersion-fixed in 10% neutral buffered formalin for 24 hours, embedded in paraffin, and
sectioned at 5 um. Sections were stained with hematoxylin and eosin. The University of
Michigan Comprehensive Cancer Center Research Histology and Immunoperoxidase Laboratory
performed sectioning and staining. Slides were randomized and blinded for evaluation by a

board-certified pathologist.

Analysis of cytokine and chemokine levels

50-100 mg of brain tissue were prepared in a 10% weight/volume solution with
extraction buffer (50 mM Tris-HCI, 150 mM NacCl, 1% IGEPAL [Sigma 18896]) by adding the
tissue and corresponding amount of buffer to bead beater tubes. They were then homogenized
with sterile glass beads in a mini Beadbeater (Biospec Products) three times for 30 seconds, with
a 10 second rest on ice between each homogenization. The tubes were then incubated on ice for
30 minutes and then centrifuged at 2000 x g for 10 minutes at 4°C to remove the remaining tissue
debris. The supernatant was transferred to a new microcentrifuge tube and centrifuged again at
20,000 x g for 20 minutes at 4°C. The supernatant was transferred to a new tube. Protein
concentrations were determined by a BCA assay (Pierce BCA Protein Assay Kit, Thermo
Scientific #23227). The levels of cytokines and chemokines were measured in mouse brain

lysates by ELISA by the University of Michigan Cancer Center Immunology Core. In each brain
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lysate sample we measured IL-1a, IL-1p, IL-10, IP-10, IFNy, MCP-1, RANTES, KC, and
TNFa. Plates were read using a MAGPIX plate reader and analyzed using xPONENT Software

(Merck Millipore).

Statistical analyses
Data were analyzed with GraphPad Prism 7.0 software. For comparisons of qPCR
analyses, the data were analyzed by individual Mann-Whitney tests. A value of P < 0.05 was

considered significant.
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Chapter IV

Conclusions and Future Directions

Protein kinase R (PKR) Chapter Review

In Chapter II, we demonstrated that PKR has an antiviral role during mouse adenovirus
type 1 (MAV-1) infection, because when PKR is mutated, viral replication in mouse embryonic
fibroblasts (MEFs) is significantly higher compared to wild type MEFs. Analysis of global PKR
steady-state protein levels during infection showed complete PKR depletion by 72 hours post
infection (hpi) in multiple cell types, including immortalized and primary cells, with even faster
kinetics in some. PKR steady-state mRNA levels and translation were not decreased by MAV-1
infection, whereas proteasomal inhibition prevented PKR degradation. These data suggest that
MAV-1 causes PKR to be proteasomally degraded at a post-translational level by an early viral

protein, and we ruled out E1A and E3 as being required for this degradation (Fig. 4.1).

Determining which early protein is responsible for PKR degradation during MAV-1
infection

The next obvious step is to determine which MAV-1 protein functioning early in
infection is responsible for PKR degradation. Using mutant viruses, we have ruled out E1A and

E3 as being required for PKR degradation. As described in the discussion of Chapter II, two
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Figure 4.1 PKR degradation during MAV-1 infection. During MA V-1 infection, an as yet unidentified viral
protein is produced by the virus and causes PKR to be degraded by the proteasome early in infection.
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possibilities are E4 proteins, the homologs of human adenovirus (hAd) E4orf6 and E4orf3 (1). In
hAd, E4orf6 interacts with another early hAd protein, E1B 55K, to participate in an E3 ligase
complex that ubiquitinates and degrades p53 via proteasomal degradation (2, 3). When mouse
p53 and MAV-1 E4orf6 and E1B 55K are introduced by transfection into human cells, all three
proteins interact and mouse p53 is degraded (4). [f MAV-1 E4orf6 and E1B 55K form a similar
complex in mouse cells, it may also degrade PKR. We have preliminary evidence that mouse
p53 is ubiquitinated in C57BL/6 MEFs during MAV-1 infection, which suggests that the mouse
p53 degradation seen in human cells could be paralleled by degradation of endogenous mouse
p53 and mouse PKR (mPKR) in mouse cells, mediated by MAV-1 E4orf6 and E1B 55K during
infection.

Another hAd E4 protein, E4orf3, causes proteasomal degradation of transcriptional
intermediary factor 1y (5) and general transcription factor II-I (6) in a manner independent of
hAd E4orf6 and E1B 55K. E4orf3 has SUMO E3 ligase and E4 elongase activity and induces
sumoylation of general transcription factor II-1, leading to its proteasome-dependent degradation
(6). MAV-1 E4orf3 may similarly have sumoylation activity that results ultimately in
proteasome-dependent PKR degradation. All of the known targets of E4 degradation play a role
in DNA damage response. Because PKR also affects the DNA damage response (7), it is
possible that E4 proteins are responsible for PKR degradation.

Another possibility of a viral protein involved in PKR degradation is the protease
encoded by MAV-1. The hAd protease is encapsidated in virions and proteolytically processes
viral proteins Illa, VI, VII, VIII, mu, and TP (8-11). However, we think it is unlikely that the
MAV-1 protease degrades PKR, because we showed that UV-inactivated virus was unable to

degrade PKR (Chapter II). We assume that UV treatment would not destroy the MAV-1 protease
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activity, just as herpes simplex virus 1 (HSV-1) VP16 activity is not altered by UV-inactivation
of HSV-1 (12), but we have not tested this directly.

A way to screen these early viral proteins and others would be to transfect these proteins
directly into mouse cells and assay for PKR protein levels in the absence of viral infection by
immunoblot 24 to 48 hpi. We have constructs of FLAG-tagged E1A, E1B 19K, E1B 55K, E2
DBP, E2 pTP, E3 class 1, E3 class 2, E3 class 3, E4orfa/b (E4ort6), E4orfa/c (E4orf3), E4orfd,
and the proteinase. The proteins could be transfected individually or in combination, followed by
immunoblot assay to obtain evidence of PKR degradation. If transfection into mouse cells proves
to be difficult, the transfections could first be done in an easily transfectable human cell line as
long as mPKR is also transfected in (we have a FLAG-tagged mPKR construct that can be used
for this).

If we see degradation with any of the constructs, then we will be able to determine the
exact mechanism of PKR degradation by MAV-1. Once we know which early viral protein(s) are
required for mPKR degradation, cells transfected with these viral proteins can be
immunoprecipitated for the viral protein to identify any other host proteins that
immunoprecipitate, suggesting they are recruited to degrade PKR. We can also mutate different
regions of the viral protein to determine regions necessary for PKR binding or recruiting other
proteins to degrade PKR. For example, we already have mutated versions of E4orf6 that prevent
E4orf6 from recruiting Cul2 to the ligase complex normally formed by E4orf6 to degrade mouse
p53 during infection (4).

If we do not see degradation of PKR with any of the aforementioned constructs alone, we
would test combinations of viral proteins, like E4orf6 and E1B 55K, to determine if multiple

viral proteins are required for PKR degradation. We would also validate the transfection assay
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system by transfecting the full MAV-1 genome into cells to determine whether PKR is degraded
like it is during normal infection. Alternatively, we would immunoprecipitate PKR from
MAV-1-infected cells that had been treated with MG132 to prevent PKR degradation, and use
mass spectrometry to determine if any viral or host proteins are associating with PKR
differentially during MAV-1 infection. This could point to proteins responsible for PKR

degradation during MAV-1 infection.

Effects of PKR phosphorylation on PKR degradation rate during MAV-1 infection

While we never immunoblotted for phospho-PKR during MAV-1 infection, all of my
immunoblotting of mPKR showed up as doublet bands (Fig. 2.4A), except for the
immunoblotting of the K271R SV40-MEFs, which expressed a kinase-dead PKR. The PKR
signal produced in the K271R SV40-MEFs, when compared to the wild type SV40-MEFs, only
showed a single band, at the position of the lower band of the doublet seen in the SV40-MEFs
(Fig. 2.4C). This suggests that the upper band of the doublet is the phosphorylated form of PKR.
In all cell types examined, this upper band was degraded at the same rate as the lower band. This
is consistent with the degradation of PKR by Rift Valley Fever virus (RVFV) and
foot-and-mouth disease virus, where phospho-PKR is degraded in addition to PKR during
infection (13-16). However, in contrast, enterovirus A71 does not appear to cleave phospho-PKR
during infection (17).

While phospho-PKR levels decrease during MAV-1, RVFV, and foot-and-mouth disease
virus infection, this does not prove that phospho-PKR itself is being degraded by the viruses.
That is, perhaps phospho-PKR is first dephosphorylated to PKR and then PKR is degraded.

When PKR becomes transautophosphorylated, many sites can be phosphorylated, but the main
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sites that affect activity are S242, T255, T258, and T446 (18, 19). Modifying these residues to
become chemically similar to a phosphorylated amino acid would create a phosphomimetic
version of PKR. For example, replacing a serine or threonine with aspartic acid or glutamic acid,
respectively, will chemically mimic phosphoserine or phosphothreonine (20). To determine
whether phosphorylation protects PKR from being degraded, PKR” MEFs could be transfected
with a wild type mPKR construct or a phosphomimetic mPKR construct, and degradation of
each construct could be evaluated during MAV-1 infection by immunoblot. If the
phosphomimetic PKR is degraded similarly to the wild type PKR, it would suggest that mPKR is

degraded during MAV-1 infection regardless of its phosphorylation status.

In vivo degradation of mPKR during MAV-1 infection

In Figure 2.2 of Chapter II, we showed that MAV-1 viral replication is higher in PKR™"
primary peritoneal macrophages and immortalized MEFs compared to wild type macrophages
and MEFs. We also showed PKR degradation in a variety of other infected immortalized cell
lines and in primary peritoneal macrophages (Fig. 2.4A). However, in vivo, PKR”" mice had the
same survival rate during MAV-1 infection as wild type mice (Fig. 2.3). To further characterize
the in vivo effects of MAV-1 infection on PKR, it would be useful to analyze cells and organs
from infected mice and determine whether PKR is degraded in vivo. Mock and MAV-1-infected
wild type mice could have peritoneal macrophages, bone marrow macrophages, and organs
removed and lysates from these cells or tissues could be analyzed by immunoblot for PKR
protein levels. Determining if and in what cells PKR is degraded in vivo could provide evidence

into why there is no difference in survival between PKR™ and wild type mice during MAV-1
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infection. The difference in survival could also be attributed to the incomplete knockout of PKR
in these particular PKR™ mice.

These mice are not complete PKR knockouts; MEFs from these mice produce a
C-terminal fragment of PKR (Fig. 2.1) that still has kinase activity (21). However, this partial
PKR fragment has not been characterized in vivo, so we do not know where or if it is expressed
in mice and how much is produced. There currently are no complete PKR knockout mice in
existence, so it would be useful to use CRISPR/Cas9 to create a complete or tissue-specific PKR
knockout mouse to accurately measure the effect of PKR on survival of mice infected with

MAV-1.

MAV-1 replication kinetics in PKR” N-MEFs versus C-MEFs

There are two different PKR” MEF lines: N-MEFs (pronounced N minus MEFs), which
lack the double-stranded (ds) RNA binding domain but retain the kinase domain activity and the
C-MEFs (pronounced C minus MEFs), which lack the kinase domain activity but retain the
dsRNA binding domain activity (Fig. 2.1) (21). At 48 hpi, with MAV-1, the viral yield from the
N-MEFs was nearly 4 times higher than the C-MEFs, but by 72 hpi the viral yields from both
types of PKR”" MEFs were similar to each other and significantly higher compared to wild type
MEFs (Fig. 2.2A). This difference in viral replication kinetics between the two types of PKR”
MEFs may be due to differences in expression level and activity of the PKR fragments
reportedly produced by them (21). Although we have not assayed for PKR fragment production
in our cells and mice, the fact that MAV-1 replicates to lower levels at intermediate times of
infection in C-MEFs compared to N-MEFs suggests that presence of the dSRNA binding domain

(present in the C-MEFs but not the N-MEFs) contributes more to PKR’s antiviral effects during
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MAV-1 infection than the kinase domain. It would be useful to determine the levels of PKR
fragment production and their activity levels in our hands in these MEFs to reinforce this
conclusion.

As proposed above, having complete PKR” MEFs to compare with wild type MEFs for
MAV-1 replication would provide clearer information about the contribution of PKR to innate
immunity during MAV-1 infection. It would be useful to create these MEFs directly, isolate
them from a complete PKR™ mouse if one is created, or from embryos if a complete PKR
knockout mouse is embryonic lethal. If such PKR” MEFs are generated, constructs expressing
the two main PKR domains (dsRNA binding and kinase domains) could be expressed in these
PKR” MEFs during MAV-1 infection and the direct effects of each domain on MAV-1

replication kinetics could be observed.

Human PKR and MAV-1

Mouse PKR and human (hu) PKR share 58% amino acid identity and are 71% similar.
Specifically, the dsSRNA binding domains share 60% identity and are 75% similar, and the kinase
domains share 67% identity and are 77% similar. When we infected PKR” MEFs reconstituted
with FLAG-tagged huPKR variants, they were not degraded by MAV-1 infection, suggesting
that MAV-1 does not degrade huPKR like it does mPKR (Fig. 2.5A). However, an important
control missing from that experiment was PKR” MEFs reconstituted with FLAG-tagged mPKR
to show it is degraded and that the FLAG tag is not likely to be inhibiting the degradation of
huPKR. If FLAG-tagged mPKR is not degraded by MAV-1, that opens the possibility that

MAV-1 actually could degrade huPKR. In that case, the PKR” MEFs should be reconstituted
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with an untagged huPKR construct to confirm whether or not untagged huPKR can be degraded
by MAV-1.

If FLAG-tagged mPKR is degraded by MAV-1, that would confirm the conclusion that
huPKR is not degraded by MAV-1. In that case, creating chimeric PKR constructs containing
regions from mPKR and huPKR could help identify the region(s) of mPKR necessary for mPKR
degradation by MAV-1. Constructs that swap mPKR and huPKR dsRNA binding domains or
kinase domains would be obvious places to start.

There were some interesting differences in MAV-1 replication in C-PKR”™ MEFs
reconstituted to constitutively express FLAG-tagged full length, kinase-dead, or RNA binding-
deficient human PKR. MAV-1 replicated efficiently in the vector, full length, and RNA binding-
deficient huPKR lines, but replicated poorly in the kinase-dead huPKR line (Fig. 2.5B).
Interestingly, the presence of full length huPKR doubled the amount of MAV-1 replication
compared to the vector cell line, which contained no PKR at all, and this higher replication was
reproduced in three separate experiments. These data suggest that the kinase domain of huPKR
contributes significantly to MAV-1 infection. However, examining the immunoblot of the
different huPKR variant expression levels (Fig. 2.5A), the amount of MAV-1 replication does
seem to inversely correlate with the amount of huPKR present in each cell line. So while the
virus replicated best in the full length huPKR cell line, that cell line also had the least amount of
huPKR protein, and while the virus replicated the worst in the kinase-dead huPKR cell line, there
was also the highest amount of huPKR protein. Thus, these differences in viral replication could

be attributed to varying amounts of huPKR expressed in each cell line.
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Ubiquitination of PKR during MAV-1 infection

A signal for proteasomal degradation is the conjugation of ubiquitin to a protein (22, 23).
Though we determined that PKR is being degraded by the proteasome during MAV-1 infection
(Fig. 2.10), we were unable to show ubiquitination of PKR during MAV-1 infection (Fig. 2.12).
This inability to demonstrate PKR ubiquitination could be explained if at any given moment
there were only low levels of ubiquitinated PKR present in the cell. Perhaps increasing the time
under MG 132 treatment could increase the amounts of ubiquitinated proteins enough so that
PKR ubiquitination could be. However, our inability to detect ubiquitinated PKR is consistent
with a similar inability to identify PKR ubiquitination by RVFV NSs, even though NSs is known
to recruit an E3 ligase to PKR (14).

To completely rule out the possibility that PKR is ubiquitinated before being degraded by
the proteasome during MAV-1 infection, PKR constructs could be made that mutate the lysine
residues to prevent ubiquitination. These constructs could then be expressed in PKR”™ MEFs,
infected with MAV-1, then analyzed by immunoblot for PKR. If PKR is still degraded during
infection even with the ubiquitination sites mutated, it would suggest that PKR is being degraded
by the proteasome independent of ubiquitin. This ubiquitin-independent method could involve
intrinsic disordered regions of PKR or binding of regulating proteins to PKR that target proteins

to the proteasome (24, 25).

General control derepressible 2 (GCN2) Chapter Overview
We have characterized the atc phenotype during MAV-1 infection. GCN2” mice and
primary peritoneal macrophages have increased susceptibility to MAV-1 infection, but GCN2™"

MEFs do not (Fig. 3.2 and 3.3). The decrease in survival between GCN2" mice and wild type
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mice is not explained by increased viremia or inflammatory disease, because there was no
difference in viral yields or histology between any organs assayed from MAV-1-infected
GCN2" or wild type mice (Fig. 3.4). There was, however, a difference in the cytokine and
chemokine response to MAV-1 infection in the brains of GCN2" and wild type mice. At 7 days
post infection (dpi), infected GCN2”~ mouse brains had higher levels of interleukin 1o,
interleukin 1, and interferon y compared to infected wild type mouse brains while at 8 dpi,
infected wild type mouse brains had higher levels of interleukin 1a., interleukin 6, tumor necrosis
factor a,, KC, and monocyte chemoattractant protein-1 compared to GCN2™ mouse brains (Fig.
3.6). We also have preliminary data that in the serum at 8 dpi, increases in levels of interleukin 6
and tumor necrosis factor a (relative to mock) were higher in MAV-1-infected atc mice than in
MAV-1-infected wild type mice, whereas interleukin 13 and interferon y were not (data not

shown).

GCN2 activation by general control of amino-acid synthesis 1 (GCN1)

Using immunoblots to detect GCN2 or phospho-GCN2 proteins has proven difficult due
to unreliable antibodies and low endogenous levels of GCN2. Our approach (in progress) is to
epitope tag GCN2 to determine whether infection induces altered levels of GCN2 and phospho-
GCN2. In addition, it may be possible to analyze GCN1 levels by immunoblot as an indirect way
of looking at GCN2 activation. GCNI is an activator of GCN2 and also binds to ribosomes
assisting in the transfer of uncharged tRNA to GCN2 (26). In yeast, GCNI is required for GCN2
activation during amino acid stress and UV irradiation, suggesting that GCN1 may be required
for GCN2 activation in all scenarios. HSV-1 indirectly inhibits GCN2 by targeting GCN1 (27,

28). HSV-1 glycoprotein H directly interacts with GCN1, changing its localization from the
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cytoplasm to the nuclear rim, effectively sequestering GCN1 and not allowing it to assist in
activating GCN2 during infection. We also have preliminary evidence showing that MAV-1 E1A
interacts with GCN1 during infection from a GST pulldown screen using GST-tagged E1A
(unpublished data, Fang and Spindler) (29). This result should be validated using our FLAG-
tagged E1A construct. FLAG-E1A could be transfected into C57BL/6 MEFs and
immunoprecipitated after a period of time using the FLAG tag. Then the immunoprecipitates
could be probed for GCN1. The reverse could also be done using GCN1 antibodies for the
immunoprecipitation and E1A antibodies for E1A detection. If E1A associates with GCNI, it
could be sequestering it from GCN2, as HSV glycoprotein H does in infection, or it could be
preventing GCN1 from activating GCN2 to reduce GCN2 activity during MAV-1 infection.

To determine whether MAV-1 affects GCN1 protein levels during infection, C57BL/6
peritoneal macrophages and MEFs could be infected with MAV-1 or mock infected, and levels
of GCNI protein examined by immunoblot. If GCN1 levels decrease during infection, it would
suggest that MAV-1 modulates GCN2 activation by interacting with GCN1 and reducing the
amount of GCNI present in the cell. If GCN1 levels stay the same or increase during infection,
then it would be useful to compare the localization of GCN1 in mock and MAV-1-infected cells
to determine whether MAV-1, possibly through E1A, is changing the location of GCN1 during

infection.

GCN2 activation by 25-hydroxycholesterol (2SOHC)
GCN2 activation by viruses can occur directly or indirectly. For example, mouse
cytomegalovirus (MCMYV) infection leads to the production of 250HC, which triggers GCN2

activation by reducing the levels of intracellular cysteine and/or by generating oxidative stress
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(30). We showed that MAV-1 and MCMYV had similar phenotypes in afc mice and cells, i.e., atc
mice were more susceptible to MAV-1 and MCMYV infection than wild type mice, and primary
atc peritoneal macrophages also had higher viral replication of both viruses in comparison to
wild type peritoneal macrophages (Fig. 3.2 and 3.3A) (31). However, atc and wild type
immortalized MEFs showed no difference in viral replication with MAV-1 or MCMYV (Fig.
3.3B) (31). Since these phenotypes are similar for the two viruses, it is possible that MAV-1 also
triggers the production of 250HC, which could lead to GCN2 activation during infection.
C57BL/6 peritoneal macrophages, bone marrow macrophages, and MEFs could be infected with
MAV-1 or mock infected and 250HC levels assayed by liquid chromatography/mass
spectrophotometry at different times post infection. If 25OHC levels are increased during

infection, that could indicate that MAV-1 is indirectly triggering GCN2 during infection.

GCN?2 activation through amino acid deprivation

One of the main activators of GCN2 under non-infected conditions is amino acid
starvation (26). Some viruses can trigger amino acid depletion during infection, such as yellow
fever virus vaccine (YF-17D) (32) and HIV-1 (33). To determine whether MAV-1 activates
GCN2 by causing amino acid deficiency during infection, C57BL/6 peritoneal macrophages and
MEFs could be infected with MAV-1, and intracellular levels of free amino acids could be
measured by liquid chromatography/mass spectrophotometry at different times post infection. If
any levels of amino acids drop significantly, that could indicate that MAV-1 is indirectly

triggering GCN2 during infection.

129



Phosphorylation of eukaryotic translation initiation factor 2a (elF2a)

GCN2 and PKR are both elF2a kinases, along with heme-regulated inhibitor kinase and
PKR-like endoplasmic reticulum kinase. Thus, changes in GCN2 and PKR activation or activity
during infection could have effects on elF2a phosphorylation. Assaying elF2a and elF2a
phosphorylation over the course of MAV-1 infection in wild type, PKR™", and GCN2”" MEFs
would enable determination of whether knocking out specific kinases has a significant impact on
the amount of phosphorylated e[F2a., or whether the other three elF2a kinases have redundant
activity to reduce global cellular translation during MAV-1 infection. I have preliminary data in
GCN2™" peritoneal macrophages that very early in infection (2 hpi), there is a greater increase in
elF2a phosphorylation compared to MAV-1-infected wild type peritoneal macrophages at the
same time point (Fig. 4.2). However, this was only a single experiment at an extremely early
time point and only with GCN2™ peritoneal macrophages. Repeating this experiment with more
time points and PKR™ peritoneal macrophages and both types of PKR” MEFs and GCN2”"
MEFs, and possibly creating double knockout PKR”-and GCN2” MEFs, would provide more

insight into the impact of knocking out these kinases on elF2a phosphorylation.

Effects of GCN2 deficiency on T-cell proliferation during MAV-1 infection

During viral infections, CD8" T-cells can be activated by dendritic cells through cross-
presentation (34). Dendritic cells are antigen-presenting cells that can take up exogenous viral
particles or virally infected cells and cross-present those antigens on their MHC class I
molecules, activating CD8" T-cells. The CD8" T-cells can then destroy any other infected cells
presenting those viral antigens. Autophagy plays a key role in antigen presentation, because

dendritic cells and virally infected cells need to digest and present viral protein peptides on their
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C57BL/6 Atchoum

mock MAV mock MAV

Ratio of p-elF2a to elF2a: 1.05 135 0.59 0.88
Percentincrease in elF2a phosphorylation: 29% 49%

Figure 4.2 Atc peritoneal macrophages have a higher increase in phosphorylated elF2a during MAV-1
infection. Wild-type (C57BL/6) and GCN2- (Atchoum) peritoneal macrophages were mock-infected (mock)
or infected with MAV-1at a MOI of 10 (MAV). Cell lysates were collected at 2 hours post infection and
analyzed by immunoblot with antibodies for p-elF2q, elF2a, and actin. The blot was scanned and values
were normalized to actin. The ratio of p-eIF2a to elF2a and percent increase in elF2a phosphorylation in
infected cells is shown below each line. Blot represents a single experiment.
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MHC class I or class IT molecules in order to signal CD8" and CD4" T-cells, respectively, to the
presence of virus (35). In GCN2"" dendritic cells incubated with YF-17D, autophagy was
reduced compared to wild type dendritic cells (32). GCN2”" mice immunized with YF-17D also
showed a reduction in the proliferation of CD8" and CD4" YF-17D-specific T-cells, suggesting
that GCN2 plays a role in promoting antigen cross presentation and priming secondary immunity
during YF-17D immunization.

To determine if autophagy is disrupted in MAV-1-infected GCN2”" dendritic cells,
GCN2™" dendritic cells or macrophages could be infected or mock infected, and levels of
autophagy markers, like LC3 and Atg5, could be measured by immunoblot. If autophagy is
impaired in infected GCN2™" cells, this would suggest that antigen presentation may not be
happening effectively in GCN2™ animals during infection. Measuring CD8"- and CD4"-specific
T-cells in the organs of GCN2”" mice infected with MAV-1 by flow cytometry would provide

additional insight into the immune response mounted by GCN2"" mice during MAV-1 infection.

Cell-type specific effects of GCN2

In Chapter III, we showed that GCN2”" mice and primary peritoneal macrophages have
increased susceptibility to MAV-1 infection, but GCN2" MEFs do not (Fig. 3.2 and 3.3). This
suggests that the antiviral role of GCN2 during MAV-1 infection may be cell-type specific. To
further characterize how GCN2 deficiency affects immune and hematopoietic cells, four types of
bone marrow chimeric mice (wild type bone marrow transplanted into wild type mice [wt—>wt],
wt—atc, atc—wt, and atc—atc) could be created. After reconstitution, the mice could be
infected with MAV-1 and survival, viral load, cytokines and chemokine levels, and

inflammatory responses would be measured. I[f GCN2 plays a critical antiviral role in this
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compartment, wild type mice reconstituted with atc hematopoietic cells would have a decreased

survival compared to mice reconstituted with wild type hematopoietic cells.

Conclusions

PKR and GCN2 are both elF2a kinases that function to phosphorylate e[F2a in response
to specific stressors. This in turn leads to a reduction in global cellular translation, a cellular
antiviral response that reduces viral protein synthesis. We know that MAV-1 does not induce
host cell translation shutoff, indicating that in MAV-1 infected cells, cellular translation is intact
(36). We also now know that MAV-1 degrades PKR during infection, reducing the number of
active elF2a kinases to three. Determining whether GCN2 or even PKR-like endoplasmic
reticulum kinase is activated during MAV-1 infection and how MAV-1 interacts with GCN2
during infection would provide information on the potential redundancies to maintain elF2a
phosphorylation during MAV-1 infection in spite of PKR degradation and the interplay between
elF2a kinases and MAV-1. It is possible that there is more crosstalk between the PKR and
GCN2 pathways than previously studied, and this could have implications beyond immunity in
viral infection.

In this work, we have shown a novel mechanism for PKR inhibition in DNA viruses.
PKR is degraded by the proteasome during MAV-1 infection, and the virus mediates this
degradation through an early viral protein. Determining which viral protein is responsible for
PKR degradation will provide further insight into innate immune evasion by DNA viruses, and
may help to identify other DNA viruses that could degrade PKR during infection. We have also
shown that GCN2”" mice and primary peritoneal macrophages are more susceptible to MAV-1

infection compared to wild type mice. Also, brain cytokines and chemokines are altered in
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GCN2” mice during infection, showing that GCN2 could be an important antiviral response
during DNA virus infection. Determining how GCN?2 is triggered during MAV-1 infection and
whether the virus has any mechanism to inhibit that activation could provide insight into how

GCN2 is playing an antiviral role in DNA virus infection.
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