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ABSTRACT

Norovirus causes roughly 23 million cases of foadkdllnesses in the United
States each year. While this virus was charactiozer 30 years ago, it remains non-
cultivatable in human cells, resulting in an incéet@ understanding of the host cell’'s
response to infection. However, in 2004 murine aous (MNV) was found to be
cultivatable in mice and has since been succegsfultured in RAW 264.7 cells. MNV
has become an important model system for studyamguirus, as it is structurally and
genetically similar to human norovirus. A globabf@omics approach using fluorescently
tagged, activity-based probes and 2D differenihladectrophoresis analysis was used to
study MNV infection. Specifically, the process ellddeath was investigated to
determine if apoptosis, or programmed cell deatbured in response to infection.
Through the 2D differential gel analysis, 27 diffietially regulated proteins were
identified at 4 hours post infection, and 22 difetially regulated proteins were
identified at 12 hours post infection; a strong anigy of these proteins have been related
to apoptosis in the literature. Using fluoresceihdlyeled activity-based probes and
fluorimetric assays, we have monitored the actovabf several caspases induced by
viral infection. Infected samples show a significencrease in caspase activity over
control samples within the first few hours posettion, indicating a virally induced
activation of caspases. Cells were also infectatarpresence of a pan-caspase inhibitor,
Boc-D(OMe)-fmk, which led to caspase-independefitdssath. Using propidium iodide
and Hoechst staining, it was concluded that infiectdls undergo necrosis in the
presence of the caspase-inhibitor, while thosectatein the absence of the inhibitor
undergo apoptosis. From these studies it can beumed that cells infected with MNV
undergo a caspase-mediated, apoptotic cell dedile the caspase-independent cell
death can be classified as necrosis. This studyiges significant insight to norovirus-
induced cell death.



INTRODUCTION

Norovirus

Noroviruses are the leading cause of non-bactgaisiroenteritis, commonly
referred to as the stomach flu, and cause roughiyiflion cases of foodborne illness
annually in the United States alone (CDC, 1999 Vinus infects people of all ages and
is highly contagious amongst those susceptiblafextion. The illness is most
commonly known for its fast-spreading outbreaksnse ships, college campuses,
military bases, and in nursing homes, restauranis other semi-closed communitfes
Symptoms become present twelve to 48 hours posttioh and usually last for 24 to 60
hours. While the majority of those infected witle thirus recover in one to three days
with no long-term side effects, roughly 50,000 sasethe U.S. result in hospitalization
annually and approximately 300 of those cases bedatal (CDC, 1999).

Noroviruses, previously referred to as Norwalk-hkauses or small round-
structured viruses, are a group of forty genetydaditerogeneous viruses that belong to
the familyCaliciviridae. There are seven norovirus genogroups (G), GutfndGVII, of
which Gl and GlI are known to infect humans white bther genogroups infect cattle,
swine, and mice Gl includes the Norwalk, Desert Shield, Southampand Chiba-like
virus strains, which are less prevalent than thestins, which include the Hawaii,
Snow Mountain, Lordsdale, and Bristol-like virusBsth strains can be passed directly

from person-to-person through an oral-fecal rout#hmugh the environment.
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Noroviruses are quite variable, with capsid protemno acid sequence variation of up to

40 percent within a genogroup. Between genogragrgjence variation can be greater
than 50 percefit

Noroviruses are positive-sense, single-stranded RNises with a 7.7 kb
genome. They are a non-enveloped, T=3, icosaheidusl, and are roughly 30
nanometers in diameté&(Figure 1). They are the only group of animal s&s known to
date whose capsid consists of a single prdtelineir genomes contain three open
reading frames (ORFs). ORF1 consists of non-stracproteins: p48, NTPase, p22,
VPg, Pro, and RdRp. ORF2 encodes the capsid protéih, while ORF3 codes for VP2,
a structural protein that may act as scaffoldingfB1, or as a structural intermediate
complex between VP1 and RNA. Norovirus RNA has gésiome-linked VPg protein
and has a 3’ poly(Atail °. The non-structural proteins consist of a 3C-fiketease,
which is responsible for cleaving the nonstruct@®&F1 polyprotein during and after

translation’, an RNA-dependent RNA-polymerase, and others.

Figure 1. A reconstructed crystal structure ofovous from VIPERdD Virus Particle
Explorer. Noroviruses are a T=3 icosahedral virith W80 subunits.
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In 2005, Hardy summarized the structure and funabiothe known norovirus

proteing. VP1 is of considerable interest, as it is theanagpsid protein and thus plays
an important role in viral infection and entry irgdost cell. This 60kDa protein consists
of two conserved domains. VP1 has two distinctaegj one region is termed the S, for
shell, while the other is termed P, for protruddggnain. The P domain has two sub-
domains, P1 and P2. P2 is the region within tharRiho acid sequence that extends
furthest from the shell domain, and is the regibhigh variability most likely associated
with receptor binding. Both regions of VP1 are lygbariable and are correlated with
strain specificity. The S domain has 30 percentisege identity between strains, while
the P1 and P2 domains are only about 10 percenti¢aébetween strain's

The VP1 structural protein has been shown to asgerable into VLPs when
expressed in a recombinant baculovirus or in yeaig, making it the focus of many
studies, as it is structurally and antigenicallgritical to infectious virion$®. It should be
noted that there has been some controversy regattignmportance of VP2 in structural
stability. VP2 is a much smaller protein (29kDagttts not well characterized. It has
been suggested that it is involved in RNA packaginginding, due to a very basic N
terminus. A study in 2003 indicated that the presesf VP2 stabilizes the capsid cage
formed by VP2, suggesting it may also play an important roleiins assembly and
stability.

Nonstructural norovirus proteins have yet to bé/foharacterized, although some
of the details are known. Protein p48 may provickfslding for the assembly of a
replication complex’, although this has yet to be confirmed. Proteid gy be related

to the 3A protein of picornavirus genomes, as libcated in the equivalent genome
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location'*; however, overall sequence similarity is weak. \fag been found in the

murine norovirus, and it also exists in the humarouiruses’. VPg covalently likes to
genomic and subgenomic mRNAs and is involved itgdndranslation initiation. Two of
the norovirus proteins have homologues in picomeeas: a 3C protease with a
chymotrypsin-like fold and an RNA-dependent RNAypeerase™.

The most common way to examine the binding intevas between norovirus
and cells is to create virus-like particles, whick self-assembled VP1 cages created
from a recombinant baculovirus expressed in incelts. VLPs are virtually
indistinguishable from infectious virions, which keathem a very useful tool. This was
first reported in 1990 by Jiang et &l. Prior to the generation of VLPs from recombinant
baculovirus, most research was performed on viretisacted from stool samples of
individuals infected with norovirus. VLPs have be&ed extensively in the last ten years
to investigate the details of norovirus receptodbig, and this alone has significantly
advanced the research on noroviruses. Recent aslvananderstanding viral binding
have led to an effort to develop protein capsictirees against norovirfs**’ and at
least one vaccine is under Phase | clinical t(iaigocyte Pharmacueticals Inc.).

Although norovirus was identified in the early 0D87little is known about its
replication and life-cyclé®. Unfortunately, attempts to grow human norovirseéll
culture have been unsucces¥fulln the mid-1990s norovirus attachment and entye
addressed. In 1996, it was found that of thirteiéerént cell lines, Norwalk VLPs
showed a tropism for human intestine cells, ordéhtiated Caco-2 celld Recently,
Karst et al. were able to study the closely relatedine norovirus (MNV-1), which has

become a model virus for studying human norovifis study showed that STAT1
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plays a critical role in innate immunity to norayst as MNV infection in STAT1

deficient mice is leth&l. In 2004 Wobus et al. reported that MNV-1 hasoaism for
dendritic cells and macrophages; this was therasort of a successful cell culture
system to study noroviruses. They suggested teadehdritic cells may provide the
transportation for the virus to enter the subepigheells in the intestine, which aids the
norovirus progressioft. Since the discovery of this model system, oriiyaadful of
papers have been published regarding murine nasvir

Of the 25 papers published on MNV, five of theseratated to virus stability. It
has been shown that MNV is relatively stable imlecand basic environments, under
extreme temperatures, and at a large range of pl¢s&?* it is especially stable when
compared to the feline calicivirdd Two studies revealed that MNV can be successfully
inactivated with UV and under high pressui® The remaining articles vary in topic

3,27,28

from isolating novel forms of the virus from labtoey mice to further

characterization of the viral protein&*2°

Apoptosis

One way cells respond to viral infection is thrbwgpoptosis or apoptosis-like
programmed cell death. Recent review articles aptsis suggest that there are many
types of programmed cell death (PCD), and thatevdyioptosis is well characterized,
these intermediate forms of PCD are not as fulljaustood. Apoptosis is defined by a
set of molecular characteristics, including chramabndensation from DNA
fragmentatior’®, cell shrinkag&, membrane blebbint, phosphatidylserine exposute

and caspase activatiéh Cells may undergo apoptosis-like PCD if they bithihany of
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the characteristics of traditional apoptosis bokldne signature chromatin condensation

of true apoptosis. A third characterization of PiSldeemed necrosis-like PCD, which
again lacks the chromatin condensation, but unii&keitional necrosis, cells death is
programmed due to the activation of some cell siggaathways”. Necrosis is simply
non-programmed cell death, which occurs when didls due to physical parameters.
While apoptosis is the best characterized modeC@d,Rhere are still many questions
regarding the multiple signaling pathways that relthis complex process.

Viruses have been shown to both inhibit and indameptosis, and the advantages
of each are still being investigat&”. In some circumstances, apoptosis results in
apoptotic bodies, or small membrane-bound bodibg;wallow the virus to be ingested
through phagocytosis and thereby go undetectectighboring cells. This is clearly
advantageous, as the virus is allowed to spreadttiirfrom cell to cell without being
excreted into the extra-cellular matrix. This istjone example of how a virus can use
apoptosis to its advantage. A 2002 review arti€lepmptosis and viruses lists over a
dozen viruses that have been documented to inqaaq@sis during infection, each with
its own mechanism for activation, and there arenewere viruses that are known to
inhibit apoptosis®.

The mechanisms for inhibiting apoptosis targetradha of proteins, including
caspases, Bcl-2, TNF (tumor necrosis factor)xBIFPKR (dsRNA-dependent protein
kinase), p53, and the oxidative stress pathwayh BibkB and PKR stimulate interferons
(IFNs), which are critical to the host's defensaiagt viral infection. Most of the
mechanisms that inhibit apoptosis through Bcl-2FTN563 and NkB ultimately led to

the prevention of caspase activation; these proiatfirectly activate the initiator
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caspases 8 and 9, which activate caspase-3, lemdiigA fragmentation and apoptosis;

by blocking any one of these proteins upstreanh®fnitiator caspases, a virus can stop
apoptosis.

While the connection between infection and apoptisswell described for a
number of viruses, for others this has yet to bestigated. Apoptosis as a feature of
calicivirus infection is not well characterizedhlis been shown that apoptosis can occur
in cells infected with feline calicivirus, as detened by an increase in caspase-3 activity
% It has also been suggested that caspase-3 codtially cleave the norovirus
polyprotein, which would suggest that apoptosigéuired for viral replicatiofi. This
study correlated an increase in caspase-3 withld@vage of the viral polyprotein, and
two regions on the polyprotein were mapped as pialerieavage sites. While apoptosis
in norovirus-infected cells has not been confirma@dincrease in caspase-3 activity

would strongly suggest that apoptotic processesiiated by infection.

Proteomics

Traditional experiments designed to follow virdiection at the proteomic level
use techniques that target individual proteinshsagwestern blots or fluorescently-
labeled antibodies for imaging. These experimergdimited by the fact that they only
report on specific proteins that are selected bseovation. Host-cell responses to viral
infections often activate multiple pathways as dséefrom the intruder. A global
perspective on protein changes in the cell dunifigcition allows greater insight to the

complexities of viral infection.
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Over the past decade, techniques for two-dimenkabffarential gel

electrophoresis (2D-DIGE) have become a powerfpt@gch for the global study of
cellular proteins. In the past several decadebnigaes incorporating 2-D
polyacrylamide gel electrophoresis (2D-PAGE) andsrgpectrometry have become a
routine method for the rapid identification of pwits. Unfortunately, quantitative protein
abundance comparisons were limited. Limitationsenre to a lack of sensitivity
(Coomassie), lack of dynamic range (silver staijing expense (Sypro), and there were
always limitations due to reproducibility issuegiwgels. 2D-DIGE dramatically
improved with the synthesis of cyanine fluors aadkcago, which have a wide dynamic
range and are very sensitive. While these dyesxgrensive, they allow the unique
ability to run three conditions on one gel, elinting the reproducibility issues that
existed between gels. Each of the three dyes Hdfeeent excitation and emission
wavelength, which allows one gel to be scanned wilaorescent scanner three times to
get three perfectly overlapping images of samgbsled with different dyes. Spot
volume ratios can be calculated with sophisticatEtivare programs and the relative
spot intensities can be compared to determinerdifteally expressed proteins. Spots
with statistically different intensities can thea éxcised from the gel, in-gel digested,
and their proteins can be identified via mass spewtry. This technique has been
applied to several systems and has helped revaadigthanges within cells, allowing a

broad view of the intricate changes that one stteascause on its host.



Activity-Based Protein Profiling

Activity-based protein profiling (ABPP) is a ralatly new method of measuring
protein activity through the use of active-siteedted probes. Whereas traditional
proteomics generally considers the presence onabs# a protein, activity-based
protein profiling allows a direct measurement diacproteins, which can reveal great
insight to the mechanisms of a system; it is digoanly approach that monitors the real-
time biologically important changes that may beusdag. This idea was first reported in
1999 by Lui et al. when they created a biotinylafladrophosphonate tag attached to a
probe for serine hydrolaséy

Activity-based probes consist of two parts: thectea group (RG) and the
reporter tag, which may be connected through afin&gion. The reactive group is
designed to covalently bind to a nucleophilic regod the active site of a protein, while
the reporter tag can be either a fluorescent, aatiie, or biotin molecule used to detect

the protein (Figure 1).

Reactive
Group

Figure 2. A schematic of an activity-based prolyebBs consist of a reactive group that
is designed to covalently bind to a nucleophiligioa (Nu) of the active site of an
enzyme. The reactive group is linked to a deteetgr which is often a fluorescent,
radioactive, or biotin group.
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Activity-based probes have been designed for mamjlies of enzymes and with

different properties. Currently, probes exist ferise hydrolase®* cysteine hydrolases
4243 cysteine proteasé$*® metalloprotease€€™® tyrosine phosphatasgs™ serine
phosphatase¥, serine proteasé&® and many other families. The probes can be added
to the sample as one molecule, or they can be addea stages and assembled in a
“click chemistry” manner. They have been used belactive enzymes in cell lysates,
whole cells, tissues, and organisms. They havelsea designed with different degrees
of cell permeability and with varying binding coasts. It is also common for similar
reactive groups to be linked to multiple fluoresamgs for multiplexing analysis within
a family of enzymes.

These probes are particularly useful in monitotimg change in activity of a
group of proteins in the presence of a stressar tiwe. With fluorescent tags, the
activity changes can be monitored through fluoreseeamaging in cells, by fluorimetric
guantitation, or through fluorescent scanning a-dimension or two-dimension gels.
With a biotinylated probe, enzymes can be selegtigelated with streptavidin and
analyzed by mass spectrometry or other methodsaVéeues for activity-based probes
are just being explored, but they have alreadygmde yield important information that
is leading to a more detailed understanding ottmaplexities of protein interactions

within the cell.

Purpose

This study investigated the proteomic changesdbaitir in norovirus infected

cells through the model system of MNV and murineraphage cells. Through 2D-
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DIGE and ABPP, this study aimed to report changgsotein expression and activity

over the duration of the infection. Specificalljist study examined the response of
caspases initiated by infection in the host cedl amther investigated the role of
apoptosis during cell death. 2D-DIGE was used to gayeneral perspective on
proteomic changes from infection and ABPP was tisedonitor changes in protein
activity within the cell in real time. Togethergde methods yielded novel insights to the

consequences of a norovirus infection and the cexitps of the viral-host interaction.



12

CELL AND VIRUS CULTURE

RAW 264.7 Cells

Background

RAW 264.7 cells were first mentioned in 1977 bygRaand Nakoinz>;
however, they were not fully characterized untif&8 by Raschke et &°. This
macrophage cell line originated through cellulansformations of mouse cells induced
by Abelson murine leukemia virus (AMuLV) in a BABYInouse and was established
from ascites. Although the cell line was developethe 1970s, a PubMed search of
reports referencing the line reveals it did notdme popular until 2000. Recently, it was
found that MNV can be cultured in murine macropheeiés®*, which proved to be a

good model system for norovirdr&”.

Cell Culture

RAW 264.7 cells are an adherent cell line cultureBulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal/ine serum (FBS). For the
purpose of these experiments, as per the Hardyrtatbcol for culturing RAW 264.7
cells, a high glucose (4.5 g/mL) DMEM was usednashiase for the media. The media
was supplemented with 10% premium-select FBS, 10HBEWES, 2 mM L-glutamine,
and 1% Penicillin-streptomycin. Cells were growramincubator at 37°C with an

atmosphere of 95% air and 5% £0
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Cell seed stocks are stored in liquid nitrogenl, fatly thawed before seeding in

fresh medium. The starting flask was prepared witbarmed (37°C) medium prior to
thawing the cells for limited exposure time betwésnfrozen state and the cultured
state. Once the flask was prepared a seed stockewewed from the liquid nitrogen
storage and immediately put in the 37° C water bathaw. The seed stock was held

and circulated in the water bath until it was costgly thawed. Once thawed, the cells
were slowly dispensed into the prepared flask.Geéire labeled and placed in the
incubator overnight. On the following day the mediwas replaced to remove the excess
freezing medium. On the second day, the cells neady to passage.

The RAW 264.7 cell passage method was acquired €@ovobus through Katie
Daughenbaugh (August, 2005). Although these areradh cells, trypsinization is not
recommended for lifting; rather, cells were gesttyaped in media with a cell scraper.
Once cells were suspended in the medium, cells lareten up through vigorous
pipetting. This was done by pressing the tip ofghpette tightly to the bottom of the
flask and expelling the medium; this forced thdsctdrough a high-pressure stream of
medium, breaking them apart.

Cells were maintained at a relatively low cell sign RAW 264.7 cells can grow
quickly and become activated if overpopulated. Beiracrophages, these cells will
begin to lift and consume dead cells if left to ipapulate; this will result in an unhealthy
population. Cells found to be overgrown were didedr To avoid overgrowth, cells were
kept at a low density by passaging cells at 80%lgency before a thick monolayer
accumulated (Figure 3). Cells were passaged mellitiples a week and were diluted to

between 1/3 and 1/6 when re-seeding. Cell growtianes consistent through passages in
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the high teens to low twenties; however, the Atliafior Cellular Signaling (AfCS) has

published a RAW 264.7 cell maintenance protocolctvistates that cultures can be
passaged for up to three months before re-seedmgever, there is some evidence that

these cells remain stable through 60 passagesr@enGpersonal conversation).

Figure 3. Low and high density cell growth image8W 264.7 cells should be
maintained at low cell densities (left) and shdmdpassaged at 80% confluency before
thick monolayers form (right). Cell clumping is endication of overgrowth (arrow).

Cell Freezing Procedure

The original stock of RAW 264.7 cells was acquifexdn the American Type
Culture Collection. It was necessary to expandctikestocks by creating subculture
stocks by freezing low passage aliquots in liquicbgen. This allowed for multiple
seeds from one source over several years to erepneducibility and to reduce costs.

Briefly, cells were scraped and centrifuged at 8peed for ten minutes to pellet.
The complete media was replaced with one millili&freezing media per 1 x i@ells
collected. While the ATCC recommends freezing sltboes of RAW 264.7 cells in

complete medium with 5% DMSO (ATCC website), thedydab recommends a
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freezing media of 90% FBS and 10% DMSO (Kathy duplersonal conversation). Cells

were gently mixed and one milliliter aliquots weipetted into two milliliter cell

freezing vials. Vials were labeled with the catidj passage number, fraction of cells and
type of container the cells were collected frond amtials. Vials were frozen slowly at
-80°C in Styrofoam holders for 24 hours, after whilckey were moved to storage in

liquid nitrogen. Cells were only harvested for sulhare storage during their log-phase

growth. Using unhealthy cells as seeds increagesdtls of a failing flask during later

experiments.

Cell Counting and Viability

Counting cells and determining cell viability isicial to maintaining a healthy
cell population and quantifying cells in culturgipical cell subcultures should have
greater than 90 percent cell viability; howevenr, BAW 264.7 cell cultures were
generally 85 percent viable. Although approximagk counts were calculated for RAW
264.7 cells at confluency in a variety of flasksl @mshes by K. Daughenbaugh (Table 1),
it is recommended that cells be counted when wgrkiith a new protocol.

Table 1. Approximate cell counts for various celhtainers
Container Description Approximate Number of Cells

12-well plate 2.00 x 10cells per well
6-well plate 5.12 x 10cells per well
60 mm dish 1.15 x T@ells per dish
10 cm dish 3.15 x TCcells per dish
15 cm dish 4.20 x TGeells per dish
T75 flask 4.00 x 10cells per flask
T162/T175 flask 8.70 x T@&ells per flask

Cells were counted with a hemacytometer (Figur@dq viability was

determined with Trypan Blue staining, which onlyrpeates compromised cell
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membranes. A hemacytometer is a glass slide wgtidgpattern engraved, which allows

for an accurate count of the cells in a designated per volume.
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Figure 4. A diagram of a hemacytometer, a deviesl disr counting cells and
determining cell viability. This figure is fromtp://www.nalgenunc.co.jp/data/technote/3-
25.htm

Briefly, cells were dispensed onto the slide thtoagchamber inlet and viewed at
100x or greater magnification, whichever allowedddull view of the grid. Cells were
counted with a hand-held counter in each of the fanimeter squares and averaged.
Each square should have between 20 and 50 celt& dell density is too high, the
sample should be diluted. It is important to depedaconsistent method for counting
cells, such as only counting cells that touch thigdm and right box perimeters, not the
top and left; this will ensure that each cell isyarounted once. It is also important that
cells be fully separated when counting, as clunfgells can cause inaccurate counts. If
cells are not sufficiently separated, mix by presgpetting until they are.

After the cell counts were averaged, the total pefimilliliter density and the
percent cell viability were determined. The totall count was determined with the

following equation:
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cells/mL=NxD x 16

where N is the average number of cells countedgeare and D is the dilution factor.
The value 1bwas added to take into consideration the volunté@hemacytometer
chamber. To determine the percent cell viabiligllscwere stained with Trypan Blue
prior to loading on the hemacytometer; dead ceti& up the dye, while healthy cells
remained unstained. Both the total number of @il the number of stained cells were
counted. The percent viability was calculated #s\is:

% cell viability = [(Nr — Ns)/Nt] x 100
where N is the average total number of cells counted geaie and Blis the average

number of stained cells per square.

Murine Norovirus

Virus Culture

As with the cells, the virus must be cultured éef a working stock. Virus
culture is similar to cell culture such that theusiis grown, expanded, and stocks are
kept frozen. Unlike cell culture, virus stocks lastectivity with each passage; therefore,
it is necessary to calibrate the virus’s infectiwitith each passage by determining its
titer. The virus titer refers to the number of pladorming units per milliliter of virus,
where a plaque is assumed to be formed by onetiofiscvirus particle. While there may
be millions of virus particles in the stock, onlgmall fraction of these particles will
actually cause an infection. Each time a virusasspged, the infectivity of the stock can

change, so a plague assay must be performed torilegeits titer.
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To expand virus stocks through natural replicgt®AW 264.7 cells were seeded

in large culture flasks (175 cnat low cell densities (1:5 to 1:10) and incubaaed7° C
overnight or until the flasks are at 50-75% conficye Cells were at a low density to
ensure they were in log-phase growth and healthy;also ensured that cells would not
die prematurely from overcrowding and reduce tlieiehcy of the virus replication.
Cells were infected by replacing the DMEM with 1Q of DMEM and concentrated
virus at a low multiplicity of infection (MOI) (0Dto 0.5). Cells were incubated at 37° C
for exactly 48 hours until infection was terminatgdplacing the flasks at -80° C. Cells
were lysed with three freeze-thaw cycles at -8@h@ room temperature alternately.
Flasks were scraped and all cells and media wélected and pooled. Cellular debris
was pelleted via centrifugation at 1,500 x g fomiihutes, centrifugation was repeated
with the collected supernatant, and the pelletewlscarded. The supernatant was
collected, aliquoted, and stored at -80° C forrlate. The virus titer was determined by
plaque assay for each passage before the virugseasin later experiments.

Virus titer was determined in these experimentplague assay with crystal
violet staining. The day prior to infection, RAWZ48& cells were plated at a cell density
of 2 x 10 cells per well in 6-well plates. Cells were inctéghovernight at 37° C with
5% CQ. Media were aspirated and cells were infectadujplicate with virus dilutions
of 10°to 10" in DMEM to a total volume of 0.8 mL; 0.8 mL of DNMMEalone was added
to two wells as a control. Plates were gently rdcke one hour in the dark at room
temperature. Media were aspirated and replaced2witih. of agarose overlay (1.5%
SeaPlague agarose, 1x Minimum Essential Media, BB%). Overlay was prepared by

adding pre-warmed agarose (50° C) to complete 2¥MMErmed to 37° C at a ratio of
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1:1. The overlay was allowed to cool briefly to 4Dbefore adding it to the cells. Once

added, the plates were left uncovered to cool ahdify under sterile conditions for 10
minutes. Plates were covered and given an additidheninutes at room temperature to
ensure overlay solidification. Once completely eablplates were turned upside-down
and returned to the incubator for 60 hours.

After the cells were allowed to incubate the ceMse stained. Plates were
removed from the incubator and fixed with 3.7% faldehyde at room temperature for
four to six hours. Overlay plugs were carefully cemad with a pressurized stream of
water aimed at the edge of the well. Excess watertapped out of the wells, and the
cells were stained with 0.5 mL 0.1% crystal viofemethanol:water v/v for 20 minutes
gentle rocking at room temperature. The cells vbeiefly rinsed by inverting the plates
into a pool of water and gently scooping the watty the wells. Plates were patted dry

and plaques were counted and averaged in wellsioamg distinct plagues to determine

the virus titer (Figure 5).

Figure 5. A plaque assay using crystal violet stginvas used to determine the titer of a
MNV stock. Wells contain virus dilutions rangingfn 10° (left) to 10” (second from

right) and a blank (right). Top and bottom wells duplicate pairs. Plaques were counted
in the 10° and 1P wells. Based on plaque counts, this virus cultuss determined to
have a titer of 2.4 x Tpfu/mL.
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The equation for calculating the virus titer, cagplie forming units per milliliter

(pfu/mL), is as follows:

Virus Titer = (P)x(1/D)
Vv

where, P is the number of plaques counted and gedraver at least two wells (this
should be between 50 and 200 plaques); D is théatil of virus added to the well where
the plagues are counted; and V is the volume ovinedia added to that well. For
example, if 0.5 mL of a virus stock was platediattions ranging from 18to 107 in
duplicate, and there were a countable number gjugis.in the 18 dilution wells, then

one would count the number of plaques in the dadievells, find their average, and this
would be the value for P. The dilution value (D}tiis example is 16 and V is 0.5 mL;

therefore, the pfu/mL for this example is P X pfi/0.5 mL.

Virus Purification

A common method of virus purification uses a cesahloride (CsCl) gradient to
separate virus particles of a known density. Vpasgicles in solution will migrate to the
appropriate CsCl layer based on the density graftiemed by the CsCl after several
hours of ultracentrifugation. A virus’s density dam calculated based on the ratio of
nucleic acids to proteins, where the buoyant diesssitf single-stranded RNA and
proteins are 1.8 g/chand 1.3 g/cri) respectively. An appropriate CsCl density gratlien
can be made based on the calculated density eirieparticles, and the virus layer can
then be collected. CsClI can be removed by diabginst PBS for further purification.

Virus was purified according to the MNV-1 puriftaan procedure provided by

the Hardy Lab. RAW 264.7 cells were cultured inese\¥ 175 flasks in 10 mL of DMEM
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for 48 hours; six of the flasks were infected WwihlV at an MOI of 0.01, while the

seventh flask was used as a control. Cells undenheze freeze-thaw cycles at -20° C
and room temperature before being harvested vapsa. Infected cell media was
pooled and cellular debris was pelleted by cergafion for 15 minutes at 3000 rpm. The
supernatant was transferred to a clean tube anidfugation was repeated to ensure all
debris was removed. The supernatant was dividedwa SW28 ultracentrifuge tubes
and the volume was increased with sterile PBS.mL430% (w/v) sterile sucrose
cushion was dispensed underneath the media. Thalesaras centrifuged at 25,000 rpm
for 3 hours at 4° C using rapid acceleration withagplied brake. The supernatant was
discarded and the pellet was re-suspended in Sotal tolume of sterile PBS
supplimented with 1 mM Cagand 0.5 mM MgGl The virus was overlaid on a 1.335
g/mL CsClI gradient in a SW55 ultracentrifuge tubd aentrifuged at 35,000 rpm for 18
hours at 18° C with a slow acceleration and noéréklarge, diluted band was extracted
from the gradient with a syringe and transferred Rierce 0.5 mL to 3.0 mL capacity
dialysis cassette with a 10,000 molecular weightf€dior dialysis. The sample was
dialyzed against sterile PBS fortified with 1 mM@gaand 0.5 mM MgCl overnight at

4° C with one PBS exchange, aliquoted, and stare804C.

After several failed attempts at purifying theudgr virus purification was
abandoned. Unfortunately, a discrete band neverddrin the CsCl gradient after
ultracentrifugation. On two occasions a very brbadd was collected for dialysis, but
upon completion of a plaque assay it was determtimaithe virus titer was too low (1 x

10° pfu/mL), and the method proved inefficient.
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Due to the low titer resulting from purificationyrther analysis on the purified

virus samples was conducted. Both purified and puanified virus particles were
analyzed with one-dimensional sodium dodecyl selfadlyacrylamide gel
electrophoresis (SDS-PAGE). Briefly, h0 each of two purified virus samples (p109
and p113) and one non-purified virus sample (p1@e mixed with 2L of 2x sample
buffer with 40 mM dithiothreitol (DTT). Samples veeboiled at 98° C for 5 minutes and
briefly centrifuged at 13,000 rpm to collect conslation. The samples were loaded onto
a 4-20% gradient SDS-PAGE gel (Pierce) in 1, 5,2hglL volumes (Figure 6). Lanes 6
and 7 are duplicates of p113 due to complicatioitis ading the sample. Lane 1
contains 1L of Precision Plus Proteld Dual Color Standard (Bio-Rad) protein
standard.
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Figure 6. Purified virus particles. Multiple volumef purified and non-purified virus
cultures were analyzed on a 4-20% protein gel. pwified virus cultures were unstable
and fragmented (p109: lanes 4, 10, and 14; p1h8sl&, 7, 11 and 15), while the non-
purified virus culture (p105) remained intact (larg 9, and 13). Lanes 2, 5, 8 and 12
were left blank. Lane 1 is a protein standard.
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The results from this gel reveal that intact vicapsid proteins are only present in

the non-purified virus (p105) as is evident by ldrge band at ~50 kDa (lane 3). The
p109 purified virus has some smaller protein bga@sl5 kDa), which may be
fragmented capsid protein. The p113 purified vook has a very faint band at 60 kDa,
which is most likely from the intact virus capsicfein. Because the non-purified virus
culture is in DMEM with FBS, it was necessary talgze the media to eliminate the
possibility that the protein bands from this gefe&vfom media-related proteins.

Samples were prepared by addinguB0f 4x sample buffer containing 40 mM
DTT to 30uL of each of the aforementioned virus samples anadalitional media
sample consisting of fortified DMEM culture med&amples were boiled at 98° C for 5
minutes and spun briefly at 13,000 rpm to collectdensation. Samples were each
loaded in 10 and 2L volumes on a 4-20% SDS gel along withl2of the protein
standard (Figure 7).

Results from the gel electrophoresis indicate éingd band at 60 kDa is not a
product of the media. Only the non-purified virasnple p105 contains a large band at
60 kDa, suggesting that only this sample contailasgee amount of virus protein. This
gel also reveals that during virus purification thedia-related proteins were not
removed from the sample, as is evident by the ambihinding patterns between the
media alone (lanes 3 and 8) and the purified \8ample p113 (lanes 6 and 10). The
presence of multiple protein bands in the purifieds sample p109 also indicates that
several proteins are purified during the virus fication process, and the presence of the

virus protein in p109 is undetectable.
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Figure 7. Analysis of purified and cultured viparticles and media-related proteins at
10 and 2QuL volumes. Only the non-purified virus sample p1@& a large virus capsid
protein band at ~60 kDa (lanes 4 and 9). Purifiedsveample p109 appears to have
several different sized proteins (lanes 6 andBjle purified virus sample p113 (lanes

5 and 10) has a banding pattern similar to the analdine (lanes 3 and 8). Lanes 2, 7, 11,
13, and 14 were left blank. Lanes 1 and 15 corg#girotein standard.

The results from these two gels explain why thmasstiter from the purified virus
samples was so low. Without intact virus capsidgin the purified virus samples seem
to have little to no viable virus particles in theflese results suggest that the capsid
protein is not surviving the purification processasd perhaps the capsid is being

cleaved into smaller fragments, which would exptaimlow molecular weight (~15

kDa) protein bands in both gels.
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Infecting Cells

Multiplicity of Infection

When infecting cells, it was important to have @oraf greater than one virus
particle per cell to ensure the majority of thdselere infected. Cells have been infected
with MNV at a multiplicity of infection (MOI) of @52* and higher . The MOl is the
ratio of virus particles per cell. To determine ttidume of virus to add to cells, the
following formula was used:

V = (MOI x N)/T
where V is the volume in milliliters of virus, N tee number of cells being infected, and

T is the pre-determined virus titer in pfu per mL.

Monitoring Cell Growth and Viability during Infean

Cell growth and viability were monitored duringetimitial 24 hours of infection
with MNV. Prior monitoring of the cells by the Hardab indicated that the majority of
cells infected with the virus are dead 24 h.pergpnal conversation).

Briefly, 2 x 10 cells were plated per well in 6-well plates antt te adhere
overnight at 37° C. Cell media was replaced wi#slr media (control samples) or new
media plus virus at an MOI of three. Cells weramatd to the incubator and collected in
triplicate and counted at 6, 12, 18, and 24 hpger. the aforementioned cell counting
method. Cell percent viability was calculated usifrigpan Blue. The percent infected-

cell viability was normalized to the percent nofented cell viability.
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Cell growth was noticeably inhibited by the viatsl2 h.p.i.; while the total cell

number continued to increase, it was marginal coethto the non-infected cell growth
rate (Figure 8). Cell viability declined by thesfitime point and continued to decline to
less than 20 percent viability by 24 h.p.i. Thessuits are consistent with previous, non-

documented observations made by the Hardy lab.
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Figure 8. Cell counts of infected)and non-infected cellsk) (right axis) and the
percentage of viable infected cells to viable nafiegted cells (left axis; dashed line)
were recorded at 6, 12, 18, and 24 hours posttinfecViability was determined using
Trypan Bluen=3.

The viral progression is also visually apparerthicellular morphology (Figure
9, Appendix A). Briefly, infected and non-infecteells were imaged 12 h.p.i. in the 6-
well plate using an inverted microscope with 2008 400x magnification. Non-infected

cells appear plump and refractive, while infectetischave elongated appendages and

have more apparent internal membranes. By 18 h.majority of infected cells will
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begin to lift from the plate, which is also a sippat the infection has progressed. These

changes in cell morphology and adherence have dmesistently observed throughout

many infections.
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Figure 9 Healthy cells versus infected cells. Infected cgdlsttom) appear to have more
appendages and membrane rearrangement. Healthy(togl) appear spherical or lemon-
shaped and plump. Left images are at 20x magriicand right images are at 40x
magnification.
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VIRALLY INDUCED PROTEOMIC CHANGES

Background

One technique for monitoring global proteomic djesiin cells is two-
dimensional differential gel electrophoresis (2D4H). In the last decade, with the
development of protein-labeling fluorescent dyed e advancement of sophisticated
software programs, 2D-DIGE has become a powerbllfto understanding proteomic
changes in stressed cells. Common stressors indhugs’>°, oxidative stres§, and
viral infectior?*®3

This chapter examines the results of a 2D-DIGEearmpent comparing infected
and non-infected cells at 4 and 12 h.p.i. Whils #hperiment is a brief look at the
proteomic changes that occur during a norovirusatbn, the results were surprisingly

consistent with changes that occur during apoptosis

Experimentation

Cells were grown in DMEM, infected with an MOI @f1, and collected at 4 and
12 h.p.i. Cell suspension was aliquoted and pellé®ellets were combined to make
working pellets of 3.0 x TCcells per pellet.

Cells pellets underwent three freeze-thaw cyclekbahinutes per environment at
-80°C and room temperature. Cell pellets were siakdbin 100uL Chaps/Urea buffer
with 40 mM DTT and 5L DNase-RNase by gentle pipetting followed by tuimdplat

room temperature for 1 hour. Samples were spds,800 rpm for 10 minutes at 18 °C
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to collect insoluble proteins. The supernatant tressferred to a new tube and five

volumes of ice-cold acetone were added. Samples le#rat -80°C overnight to
precipitate the protein. Samples were spun at 05,06 for 10 minutes at 18 °C to
collect the protein pellet. The acetone was remaretithe pellets were placed in a hood
for 15 minutes to air dry.

Protein pellets were re-suspended in 100 uL Chaps/buffer by tumbling at
room temperature for 1 hour. Protein measuremeete determined by a Bradford
Assay, and protein concentrations averagegu§/9.. 2 uL of DNase-RNase, 40 mM
DTT, and 0.5% 3-11 NL ampholites were added to jg§0f protein from each sample.
Chaps/Urea buffer was added to a total volume 6fid8 Samples were centrifuged at
15,000 rpm for 10 minutes at 18 °C to pellet arsplable proteins remaining.

Samples were focused on a 3-11 non-linear, 24 ¢hygHt strip with an IPGphor
until the focusing reached 45,000 total Volt-holiEs: strips were reduced with 10
mg/mL DTT in an equilibration buffer followed by midication with 25 mg/mL
iodoacetamide (IAA). Strips were loaded onto 12 &d8fyacrylamide gels and covered
with 0.5% agarose. Gels were loaded into an Etialh IDSystem and run at 150 constant
volts for 15 hours. Gels were rinsed briefly in@Hoefore being fixed in 50:10
methanol:acetic acid. A SyproRuby stain was agpheernight, and the gels were de-
stained in 10:7 methanol:acetic acid for one hfmligwed by de-staining in diD for an
additional hour.

Gels were imaged on the Typhoon scanner withpif@esolution at an

excitation of 532 nm and an emission filter at @b@ After imaging, gels were stained



30
overnight with GelCode Blue staining reagent. Gedse de-stained with MilliQ water

overnight with multiple rinses. Gels were re-scahwih an Epson 4180 Photo scanner.
SyproRuby-stained images from the Typhoon were tipaéinely analyzed using
the Progenesis SameSpots software. Gel imagesagned and normalized volumes
were compared for differential expression leve{stS having greater than a 2-fold
increase or decrease were deemed “differential’veer@ selected for further analysis
and identification. Of these differentially expredgroteins, there were 36 spots
identified at 4 h.p.i. and 30 at 12 h.p.i., fivevdfich were overlapping proteins. Spots
were located and excised from the coomassie-stgeakand in-gel digested with trypsin.
Using electrospray-ionization mass spectrometrytbtadMASCOT search engine, 44

spots were identified as 38 unique proteins (FiduxeTable 2, Table 3).

Protein Significance

Of the 44 positively identified proteins, 30 oétle have been correlated with
apoptosis. Only 14 proteins have not been cormtat@poptosis in the literature, four of
which are “unnamed” proteins. Some of these pretaffect apoptosis through the

mitochondria, others are related to structural geanand some are affected by caspases.



Figure 10. 2D-DIGE revealed 44 differentially regtield proteins at 4 and 12 h.p.i. The majority ekthproteins can be linked to
apoptosis.
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Table 2. Differentially regulated proteins at 4.h.p

Spot

Fold

Apoptosis

No. Change Protein I.D. Related References
585  -9.6 heat shock 70kDa Yes 64,65
1564  -3.7 ribonucleoprotein A3 Yes 66-68
1563  -2.7 ribonucleoprotein A3 Yes 66-68
2177  -2.5 gp96 Yes 69-71
1840 -2.5 voltage dependant ion channel 1 Yes 087278
2285 -2.3 unnamed protein Unknown

2456  -2.2 glutamate oxaloacetate transaminase2 s Ye O&
1234  -2.1 lymphocyte cytosolic protein Yes 82
2553  -2.0 calreticulin precursor Yes 8
870  -2.0 annexin A4 Yes 84
1798 2.0 t-complex-type molecular chaperone Unknown
2496 2.1 tansgelin-2 Unknown

1224 2.2 unnamed protein Unknown

2388 2.2 class | beta tubulin Yes 8,86
2352 2.3  topoisomerase-inhibitor suppressed proteinYes 87.88
2099 24 heterogeneous nuclear ribosome protein Yes 8892
2193 2.4 alpha enolase Yes 9
2094 2.6  glyceraldehyde 3-phosphate dehydrogenasees Y %%
2004 2.8 Beta-actin Yes 8
1965 2.9 RhoGDP dissociation inhibitor Yes %9
1885 3.0 telomerase binding protein Unknown
1748 3.3 aconitase 2 Unknown

1674 3.5 ARP3 actin Unknown

1626 3.6 RIKEN cDNA Unknown

1593 3.7 alpha-3 chain tubulin Yes 67,98
1520 3.9 RAN binding protein Yes %
1415 4.2 annexin A4 Yes 84
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Table 3. Differentially regulated proteins at 18.h.

Spot  Fold Apoptosis

No. Change Protein I.D. Related References
621 -6.3 hydroxypyruvate isomerase Unknown

849 59 nucleolin Yes 100,101
1234  -4.9 lymphocyte cytosolic protein Yes 82
1353  -4.4 phosphoglycerate mutase type B Yes 192
1154  -3.2 DNA-type molecular chaperone hst70 Yes 103104
1332 -3.0 aldehyde dehydrogenase AAHD-MI Yes 102106
2215  -2.5 gp96 Yes 69-71
1608  -2.4 ribonucleoprotein A1B Yes 66-68
2254 -2.4 hemiferrin transferrin-like protein Unkvro

2247 -2.3 transferrin-like protein Unknown

2280 -2.3 unnamed protein Unknown

2265 -2.2 chaperonin subunit 5 Unknown

2334 2.2 lamin C2 Yes 107
1504 -2.2 prepro protein Unknown

2431  -2.2 pyruvate kinase Yes ~ 84108
1824  -2.1 spermidine synthase Yes 1
1965  -2.0 RhoGDP dissociation inhibitor Yes 9697110
1450 -2.0 vimentin Yes 111-116
2447 2.2 gp96 Yes 69-71
1224 2.4 Unnamed protein Unknown

2094 2.6  glyceraldehyde 3-phosphate dehydrogenase es Y 9%
665 4.2 vimentin Yes 111-116

The mitochondria play an important role in apopstleasing cytochrome c into
the cytoplasm and activating caspase-9, an initzepase responsible for activating
effector caspases such as caspase-3. Cytochr@meleased into the cytoplasm after
calcium accumulates in the mitochondria or wherepatevelop in the mitochondrial
membrane from bcl-2 activation (Figure 11). Voltatgpendent ion channel (Vdac) has
been shown to interact with bcl?2 It has also been shown that glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) is over-expressggoptotic cells, entering the
mitochondria and interacting with Vdac and incregghe release of cytochrom€.dt is

interesting to note that in this study GAPDH isregulated as in other studies; however,
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Vdac is down-regulated, which seems to be contawyhat would be expected if it is

important in developing the mitochondrial poresie&ent study suggests that Vdac is
unnecessary for mitochondrial-mediated apoptgdi®wever, in this study it clearly
changes in abundance. Cytochrome c can also sesldrom the mitochondria after an
accumulation of C&. One suggested role of annexin IV is as an iome@bresponsible
for regulating C& in the mitochondria. At 4 h.p.i., annexin IV is-ugnd down-regulated
in two spots (Figure 12), which is indicative gb@st-translational modification;
however, no definitive post-translational modificat are currently known for annexin
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Figure 11. Schematic of differentially regulatedteins’ interactions during apoptosis.
An influx of calcium to the mitochondria throughreexin IV and pores, which are
created through interactions with Bcl-2, Vdac, &&PDH, leads to the release of
cytochrome c. Caspase-9, an initiator caspaseadetiby cytochrome c in the
cytoplasm, activates caspase-3. Capsase-3 haslkswiestrates, some of which are
structural (vimentin), while others are regulat@®ho GDP and calreticulin precursor).
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Heat-shock protein 70 (hsp70) is also known tocafég@optosis at the

mitochondrial level by interacting with Bax, a mesnlof the Bcl-2 family, and
preventing its translocation into the mitochontifiathereby blocking the release of
cytochrome ¢ from the mitochondria and preventimgactivation of caspas&29Hsp70
is drastically decreased (9.4 fold) at 4 h.p.iggasting it is down-regulated to assist
apoptosis.

Actin and tubulin, two major cytoskeletal proteiase also affected by viral
infection. These proteins increase during apoptedisch correlates with previous
findings that suggest that these proteins aidérfahmation of apoptotic bodigé
Membrane re-organization is also well documentathduapoptosis, which could be
directly related to the increase in these protéfinsientin is also a filamentous
cytoskeletal protein that is related to the fledpiof the cell’s structure and has been
shown to be cleaved by caspad&3' Vimentin, like annexin 1V, is also both up and
down-regulated. At 12 h.p.i. vimentin is up-regathtt.2-fold and down-regulated 2.0-
fold in infected cells (Figure 12). Vimentin is kmo to undergo post-translational
modifications; it can be phosphorylat&tor s-nitrosatelf®.

Several other proteins regulated during the indectire also characterized as
caspase substrates. Rho GDP dissociation inhiiosubstrate of caspasé&3and
calreticulin precursor is a variant of Rho GDP ddation inhibitor. At 12 h.p.i. Rho
GDP dissociation inhibitor decreases 2.0-fold, Whioincides with an increase in
caspsase-3 activity (see Chapter 4). Lamin C2o&in lining the inner nuclear

membrane, is also cleaved by caspaSes
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Figure 12. Proteins with potential post-translagiomodifications. Annexin 1V is both up
(green circle) and down-regulated at 4 h.p.i. 9ddt5 is up 4.2-fold during infection
(green circle), while spot 870 is down 2.0-foldd(@rcle). Vimentin is up-regulated 4.2-
fold at spot 665 (green circle) and down-regul&€dfold at spot 1450 (red spot) in
infected cells. These shifts may be indicative agtgranslational modifications,
increasing molecular weight and shifting the pl.

There is also a correlation between aconitasdarandferrin, which are both
regulated during infection. Aconitase-2 is a mitmotirial protein responsible for iron
regulation and is also reciprocally correlated veitiperoxide level§. At 4 h.p.i. there is
a 3.3-fold increase in aconitase-2, which is suggesf an increase in free iron.
Transferrins are responsible for transporting i at 12 h.p.i. there are two down-
regulated transferrin-like proteins. This suggés#s the cell may be inundated with iron
and is trying to block incoming iron and sequetterfree cellular iron. Iron homeostasis
is important in controlling reactive oxygen spedi@©S) activation, which, when
activated, reduces aconitase-2 actiVity

While its role in apoptosis is not fully understosdperoxide, an ROS, is a
critical component of cell death. STAT1 signalimdnich is regulated by caspase-3, is

known to increase ROS during apopt&Sidn the presence of a caspase inhibitor,
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superoxide levels increase and cells4ie&STAT1-deficeint macrophage cells are unable

to synthesize superoxide, which renders them uoressge to caspase inhibition and
allows them to survivé® STAT1 is also responsible for controlling ROS #{©S™°,
which induce apoptosis through s-nitrosation medifon$®. Caspases, GAPDH, and
vimentin, which are all regulated during MNV infeest, undergo s-nitrosatioff.
Decreased superoxide levels were also recentlgleded with apoptosis induced by
sindbis virus**. The mechanisms of ROS in apoptosis are not filracterized;

however, these data suggest ROS may be involvieiNii-mediated apoptosis.
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INVESTIGATING CASPASE ACTIVITY

Background

Caspases play a vital role in apoptosis, and itih@btheir activity can prevent it
from occurring. The correlation between caspaser-3rfterleukin-1 beta converting
enzyme, ICE) and apoptosis was first described®®41?’ when over-expression of ICE
increased cell death and point mutations in thaggdn prevented cell death. A PubMed
search for “caspase AND apoptosis” reveals oved@¥ papers published since the early
1990s. These results alone suggest the importdraaspase activity and its role in
apoptosis.

While apoptosis has been correlated and well cheniaed with several viruses,
such as HIVV?, adenovirus®, hepatitis C virus*®, herpes simplex viru$*, human
papillomavirus™? and influenza viru§*®, the correlation between infection and cell
death has not been thoroughly investigated focied@luses. Only FCV has been shown
to induce apoptosis via an increase in caspasetgct 38134135

Caspase activity can be monitored in cells wittaigety of activity-based probes.
Immunochemistry Technologies, LLC manufactures &psp detection kits with probes
targeting active caspases. These probes are aittegboxyfluorescein (FAM) or
sulforhodamine (SR) FLICA; FLICA stands foufirochromenhibitor of capases.
FLICA kits exist for specific caspases and as paspase detectors. These probes are

membrane permeable and covalently bind to theeasiites of the selected caspases via a

small peptide (~4 amino acids) with an aspartic aesidue. Once the probes are bound,
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cells can be analyzed for caspase activity quaiéht with fluorescent microscopy or

guantitatively through flow cytometry or with a @umetric plate reader.

Visualizing Caspase Activity

Caspase activity was qualitatively monitorednfected and non-infected cells
during the first 12 hours of infection. The pangase probe, SR-VAD-fmk, was used to
detect the overall caspase activity, while cas2aspe caspase-3/7 were detected with
the FAM-VDVAD-fmk and FAM-DEVD-fmk probes, respecély.

Cells were initially probed with SR-VAD-fmk to cett the total caspase activity
during infection. Cell labeling was done accordioghe FLICA manual with slight
modifications. Cells were seeded in 1.0 mL of DMEMa density of 1 x Pxells per
well in 12-well plates and allowed to incubate &t & one day prior to infection. Cell
media was aspirated and replaced with 1.0 mL fddiiEM or DMEM plus virus at an
MOI of 5. Every two hours from 0 to 12 h.p.i. oméeicted and one non-infected well
were labeled with the FLICA, while one infected am non-infected well were left un-
labeled. The 0 time point was 5 minutes of virugasure prior to labeling. For each time
point the media was aspirated and replaced witleeB0O0uL of DMEM containing 1x
FLICA (labeled) or 50QL of DMEM (un-labeled). Cells were allowed to itate in
the dark at 37° C for one hour; twice, the platesengently tilted to distribute the probe.
Cells were washed three times with 1.0 mL DMEM3Saninutes and 500L of fresh

DMEM were added to the cells before imaging.
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Cells were imaged directly in the plate wells gsam inverted fluorescent

microscope (Nikon TE300). Digital images of eacimgke at 400x magnification were
taken using OneSpot software.

Results show an increase in total caspase ac#sigarly as 2 h.p.i. in infected
cells compared with non-infected cells (Figure NBn-infected cells remain mostly un-
labeled throughout the 12 hours, while infectedscgtem consistently labeled from 2 to
10 h.p.i. At 12 h.p.i. infected cells begin to fiftm the culture plate and stain an intense
red (Figure 13). The labeled cells in the contewhples can be explained due to naturally
occurring apoptotic cells, which can represent 2e8%he cell population

(Immunochemistry Technologies, LLC).

Figure 13. Fluorescent and non-contrast imagesfetied (left) and non-infected (right)
RAW 264.7 cells stained with the pan-caspase #agtbased probe, FLICA, at 12 hours
post infection. Non-infected cells appear plumb anstained, while infected cells
appear elongated with possible intra-membrane asizgtion and additional
appendages. Cells become stained an intense rdskgimdlifting from the culture plate
at 12 hours.
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Figure 14. Images of infected (bottom) and nonatdd (top) RAW 264.7 cells stained with the parnpeas activity-based probe,
FLICA, during the first 12 hours post infection. Nmfected cells remain unstained, while infectetiscbecome stained by 2 h.p.i..
Images were taken with a Nikon TE300 inverted ngcope at 400x magnification.
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Cells were also labeled for caspase-2 and caspéasecfdvity. Due to the inherent

similarities between the active sites of capasaeBaaspase-7 there is only one probe,
thus their activities cannot be individually moméd.

Cells were prepared as described above prioféation. Cells were infected at
an MOI of 4 and allowed to incubate in the darB&t C for 1.5 hours. All media was
then aspirated and replaced with 0.5 mL of freshBDMMand cells were returned to the
incubator. At 12 h.p.i. the media was aspirated@alild were labeled with 0.5 mL of 1x
SR-VAD-fmk, FAM-VDVAD-fmk, FAM-DEVD-fmk, or a combnation of SR-VAD-
fmk and one of the FAM probes in DMEM. Samples walewed to incubate at 37° C
for 1 hour. Media was again aspirated and 1.0 mlxaivash buffer from the FLICA kit
was added to each well for 5 minutes and washirgrepeated once. Wash buffer was
replaced with 30QL of wash buffer before imaging.

Although cell images were taken, insufficient datxe collected to determine
changes in caspase-2 and caspase-3/7 activityslduelto infection. However, one
image should be noted, as it clearly shows co-ipabn of caspase-2 FLICA with the
pan-caspase FLICA (Figure 15). The cells in thiagemmshow areas of co-localization of
the two probes; however, of more interest are thasalabeled with only the pan-caspase
FLICA, which indicate activation of other caspadéss also interesting to note when
comparing the non-contrast image to the multiplekeatescent image there is one un-
labeled cell, which does not have any active caspdmages co-stained with the pan-
caspase FLICA and caspase-3/7 FLICA yielded simdaults.

Results from these two qualitative analyses irtdieavirally-induced increase in

caspase activity by 2 h.p.i. The pan-caspase fctignal intensifies at 12 h.p.i. when
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Figure 15. Multiplex imaging of caspase activityMiNV-infected cells. Cells were labeled with a peaspase FLICA, SR-VAD-
fmk, and a caspase-2 FLICA, FAM-VDVAD-fmk. All aggé caspases are stained red, while only activeasasp proteins are
stained green. Caspase activity was present buathne cell in this frame (arrow in A). A diffus&ining of both probes was
present in the cells (B and C). Localized areasoatentrated caspases can be seen in each cellamyiing amounts of each
probe, indicating that the pan-caspase FLICA igliag more than caspase-2
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cells begin to lift from the culture plate. The nipiexing analysis revealed positive

labeling for caspase-2 and caspase-3/7 activit &t.p.i. in infected cells (images not
shown). Cells showed some co-localization of the-p@spase FLICA with both the
caspase-2 and caspase-3/7 FLICAs, but co-localizaid not account for all of the pan-
caspase activity. Incomplete co-localization shdaddxpected and can be explained by
the activity of several other caspases, which wetespecifically targeted, such as

caspases 1, 4, 8 and 9.

Comparing Caspase Activity through Gel Electrophisre

After cells were visualized by fluorescent micrasyg they were scraped and
harvested for further analysis via gel electrophisteCells were centrifuged at 13,000
rpm for 10 minutes and the supernatant was disdaadd replaced with 40L 4x sample
buffer containing 40 mM DTT. Samples were boiledSaninutes, centrifuged to collect
condensation, re-boiled, and centrifuged at 13yp@®for 10 minutes. A total of 2L
of each sample was loaded onto a 4-20% SDS gelumat 200 Volts for 45 minutes.
The gel was immediately rinsed in glBland imaged on a fluorescent scanner with a
532/610 filter set at 900 PMTs (Figure 16).

The results from the 1D gel show several intergifieotein bands in the infected
cells beginning at 2 h.p.i., which is consisterttvthe qualitative data. The 8 h.p.i.
samples are non-FLICA labeled cell proteins thatevaecidentally switched with the
FLICA-labeled samples. These lanes surprisinglidyaefluorescent band, which could
be the result of an auto-fluorescent protein. AhJ2i. a low molecular weight protein is

present in the infected samples, which was noteptest earlier time points.
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Unfortunately, attempts to excise and identify pnetein bands using in-gel digestion

and electrospray-ionization mass spectrometry igakes were unsuccessful. Regardless
of the protein’s identification, 12 hours post ictien is clearly an important time point

during norovirus infection.
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Figure 16. One-dimensional gel electrophoresisuniréscently-labeled caspases
collected every two hours post infection from O.hjo 12 h.p.i. Samples were run in
pairs of infected (odd lanes through lane 13) amttinfected (even lanes) from 0 h.p.i.
(left) to 12 h.p.i. (right). Lane 15 is blank. Lan@ and 10 (8 h.p.i.) can be explained for
their lack of fluorescently labeled proteins duetmislabeling of sample vials.

In an attempt to identify the proteins labeled wiite pan-caspase FLICA probe,
labeled cells were analyzed on a two-dimensional@gls were infected, labeled, and
harvested as above. Infected and non-infected wells both labeled and un-labeled at O
and 12 h.p.i., resulting in eight total sampledieellets underwent three freeze-thaw
cycles of 15 minutes per environment at -80°C aadrtemperature. Cell pellets were

solublized in 30QuL Chaps-Urea buffer with 40 mM DTT andib DNase-RNase by

gentle pipetting followed by tumbling at room temgttere for 2 hours. Samples were
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spun at 15,000 rpm for 10 minutes at 18 °C to cbllesoluble proteins. For each sample,

280uL of the supernatant was transferred to a new &ugkfive volumes of ice-cold
acetone were added. Samples were left at -80°€ liours to precipitate the protein.
Samples were spun at 15,000 rpm for 10 minute8 &C1o collect the protein pellet.
The acetone was removed and the pellets were pia@tood for 15 minutes to air dry.

Protein pellets were re-suspended in 100 uL Chaps-BDuffer by tumbling at
room temperature for 1 hour. Protein measuremeete determined by a Bradford
Assay, and protein concentrations averaged arouhe2iL. To 200 ug of each sample
2 uL DNase-RNase, 40 mM DTT, and 0.5% 3-11 NL anigswere added. Chaps-
Urea buffer was added to a total volume of 460Samples were centrifuged at 15,000
rpm for 10 minutes at 18 °C to pellet any insolyirieteins remaining.

Samples were focused on a 3-11 non-linear, 24 ¢hygHt strip with an IPGphor
until the focusing reached 45000 total Volt-holiEs: strips were reduced with 10
mg/mL DTT in an equilibration buffer followed by mification with 25 mg/mL I1AA.
Strips were loaded onto 12.5% polyacrylamide gets@vered with 0.5% agarose. Gels
were loaded into an Ettan Dalt Il System and rub5& constant volts for 15 hours. Gels
were briefly washed in diD before being imaged with a fluorescent scanner.

Gels were imaged using the Typhoon scanner use§38/610 filter set (Figure
17). Cells exposed to the virus for 5 minutes (B)vged similar levels of FLICA labeling
as the non-infected cells at 0 and 12 h.p.i. (A@hdCells infected for 12 hours show an
increase in intensity of fluorescently-labeled piog (D). These gels indicate that the

FLICA probe is labeling four distinct groups of pems (E), each group characterized by
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molecular weight and containing several proteindifférent pl values. These trains are

indicative of post-translational modifications.
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Figure 17. Fluorescent scanned 2D gels of pan-sasp&ICA-labeled proteins in
infected (B and D) and non-infected (A and C) RA®4Z cells at 1 h.p.i. (A and B) and
12 h.p.i. (C and D). E is highlighted proteins is¢al with FLICA at 12 h.p.i. in infected
(right) and non-infected (left) RAW 264.7 cellsillastrates a basic, low molecular
weight, naturally fluorescing, non-FLICA labeledt®in in the infected (bottom) and
non-infected (top) RAW 264.7 cells 12 h.p.i.
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Quantifying Caspase Activity

Caspase activity was also quantitatively analymadg the FLICA-based probes
in a fluorimetric assay described in the FLICA malnéctivity levels for caspases 2,
3/7, 8, and 9 were quantified with FLICA probesddition to the total caspase activity
indicated from the pan-caspase FLICA probe. Praib#sded FAM-VDVAD-fmk
(caspase-2), FAM-DEVD-fmk (caspase-3/7), FAM-LETIDkf (caspase-8), FAM-
LEHD-fmk (caspase-9) and SR-VAD-fmk (pan-caspa&djuormetric plate reader was
used to measure the relative fluorescent units @dr sample at 1, 5, 9, and 13 hours
post infection.

Cells were seeded in 2.0 mL of DMEM at a densit@ ® 1& cells per well in a
6-well plate and incubated at 37° C overnight. 2t8, 4, and O hours prior to labeling
media were aspirated and replaced with fresh DMBMbn-infected cells or DMEM
plus virus at an MOI of 0.5 for infected cells. [Selere scraped and harvested into 1.5
mL tubes 12 hours after the first inoculation. €elere pelleted via centrifugation at
4,000 rpm for 10 minutes. The supernatant wasadistl and 30QL of the appropriate
1x FLICA probe in DMEM was added to an infected amabn-infected cell pellet for
each time point. Pellets were re-suspended by xiageand incubated at 37° C for 1
hour with two brief vortexes to ensure adequatanmgifor labeling. Samples were
washed with 1.0 mL of a 1x wash buffer diluted BSPand centrifuged at 4,000 rpm for
5 minutes; the supernatant was aspirated and thle was repeated. The pellets were re-
suspended in 406L of PBS. Each sample was thoroughly mixed andllO@liquots

were plated in triplicate in a 96-well plate.
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Sample fluorescence was measured with a fluorimptate reader. Pan-caspase

samples were measured with the 535/590 filtervaaite all other samples were
measured with the 490/535 filter set. Relative faiszent units (RFUs) were recorded for
each sample and average infected RFUs were noedalz a percentage of their

control’'s average RFUs (Figure 18).
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Figure 18. Caspase activity increases with MNVatiten in RAW 264.7 cells. Caspase
activity was fluorimetrically quantified in infealeand non-infected cells at 1, 5, 9, and
13 h.p.i. using FLICA labeling. Relative light umRFUs) are shown as the percent
increase of signal in infected cells over the nufiegted cells. Caspase 2 activity
consistently decreases over time, while caspasaciitity increases. The pan-caspase
probe has a drastically increased signal at 9.hwhich does not appear to result from a
specific caspase.

In infected cells there is a clear increase in assp@ctivity. At each time point

caspases 2 and 3/7 have increased activity. Cagpadtévity decreases over time, while



50
caspase-3/7 increases its RFUs to over 200-peot@stnon-infected counterpart at 13

h.p.i. Caspase-8 activity barely increases abozetim-infected levels and caspase-9
fluctuates in relative activity, although it hataaly significant increase in activity at 13
h.p.i. The pan-caspase activity levels in the it@dcells are significantly increased when
compared to the non-infected cells, which is onigpssing when compared to the
percent increases in activity of the other probespases. Some of the pan-caspase
FLICA signal can potentially be contributed to nmmbed caspases (1, 4, 6, 10, and 13),
although there is a possibility that some non-dpeleibeling is happening with this
probe, as evidence in the literature suggestsztha&D-fmk binds to other cysteine

§36137 specifically cathepsins®,

protease

Due to the excessive pan-caspase labeling, it eesssary to determine what
proteins were being labeled by the caspase tagpthironjugated tag, biotin-X-DEVD-
fmk, was used to label active caspase and sephratefrom the total cell lystate with
streptavidin beads; this probe is specific for eags 3, 6, 7, 8 and 10. Bound proteins
were then identified using LC-MS/MS.

Briefly, cells were grown and infected as previgusientioned. At 12 h.p.i.
infected and non-infected cells were harvestedeteel, and re-suspended in 1.0 mL of
10 uM biotin-labeled tag in DMEM. One non-infected gadlllet was re-suspended in
PBS alone to serve as a control. Cells were allawadcubate at 37° C for one hour,
pelleted, and washed once with 1x wash buffer.sGe#ire homogenized in 200 PBS
binding buffer (0.15 M NacCl, and 0.1% SDS). Ojl5streptavidin agarose resin were

added to the cells and mixed at room temperaturthfee hours. The resin was washed

with 1.0 mL of binding buffer four times. Cells veewashed once in PBS and digested



51
with trypsin in PBS overnight at 37° C. Digestechpées were run on the ESI-MS/MS

for protein identification.

Both control samples (labeled and un-labeled) geldrimarily keratin
contamination with the presence of a histone inutidabeled control sample. The
infected sample contained cathepsins B peptidesiwdorresponds to previous studies
suggesting that caspase inhibitors are weak irifaigcand often target cathepsitig®
This lack of specificity may explain the seemingfyregulated activity of caspases as
early as 2 h.p.i. in the imaging studies (Figure Cathepsin is a lysosomal cysteine
proteinase activated upstream of the mitochonga#iway during apoptosis. Caspase
activation is downstream of the mitochondrial rekeaf cytochrome c, which has been
shown to occur after 8 h.p.i. during FCV infectidrThese results suggest that early

detection of caspase activity may actually be dete®f cathepsin activity.
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CASPASE-INDEPENDENT CELL DEATH: APOPTOSIS OR NECRIS3

Background

Apoptosis is mediated through a series of intemegating pathways involving
caspases. In the previous chapter it was notectfisgiase activity increases with the
presence of the MNV and that cells undergo caspas#iated apoptosis. These data beg
the question: What happens to infected cells ifcspase pathway is blocked? This
guestion can be investigated by infecting the drlthe presence of a pan-caspase
inhibitor.

By blocking caspase activation, several pathwagsltieg in apoptosis are
effectively nullified. For example, blocking casp&3 prevents DNA fragmentation, a
prominent component of apoptosis, from occurringcdise caspase-3 is activated by
initiator caspases, such as caspase-2, -8, aitcce®y also be indirectly blocked. There
are many components of apoptosis that can be nmmeditnd inhibited; however, for
these studies only the effects of caspases wiiipéored.

The Boc-D(OMe)-fmk inhibitor was chosen as the easpnhibitor because it is
a pan-caspase inhibitor, is membrane permeablasandversible upon binding. O-
methylating the aspartic acid residue increasesmabrane permeability of the probe.
This inhibitor prevents the pro-caspases from belagved into their active forms by
covalently binding to caspase proteases, thusdattyrblocking caspase activation.

The following experiments focus on comparing caspadependent cell death

with caspase-dependent cell death in RAW 264.8 agfiécted with MNV. Primarily,
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cell viability and effects on apoptosis were moretbthrough cell imaging. A

comparison of cells infected in the presence asémte of the pan-caspase inhibitor,
Boc-D(OMe)-fmk, was made with respect to the changecell morphology, DNA

fragmentation, and cellular membrane permeability.

DNA Fragmentation

DNA fragmentation is one of the defining composenitapoptosis and is
initiated through caspase-3 activation. DNA fragtagon was confirmed in MNV-
infected cells by gel electrophoresis accordinmathods of Zhu and Wari§ Briefly, 8
x 10° infected and non-infected cells were scraped atfidted 6, 12, 18, and 24 h.p.i.
Cells were washed twice with ice-cold PBS, whiclsweplaced with 2QL of lysis
buffer (10 mM Tris, pH 7.4, 100 mM NacCl, 25 mM EDTAnd 1% sarkosyl) and,&
of 5 ug/mL proteinase K and samples were incubated aC4%t 2 hours. 2L of RNase
were added per sample and samples were incubatedrattemperature for an additional
2 hours. 4.L of sample buffer (50% glycerol, 1 mM EDTA, pH 8dhd 0.25%
bromophenol blue) was added to each sample befading it onto a 2% agarose gel
with 0.5% ethidium bromide. The gel was run at YOor 1 hour and imaged (Figure
19).

The DNA of infected cells began fragmenting ah8i. and was more obvious
at 24 h.p.i. Non-infected cellular DNA remained What all time points, as did the
infected cells at 6 and 12 h.p.i. These resultparighe previous caspase data, which

suggests that cells infected with MNV undergo aseap-mediated, apoptotic cell death.
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Figure 19. Apoptosis results in DNA fragmentatiorvirally infected cells. Infected
(even lanes) and non-infected (odd lanes) cellDMA was collected at 6, 12, 18, and 24
h.p.i. and analyzed on a 2% agarose gel. CelluNd Bemained intact in both infected
and non-infected cells at 6 and 12 h.p.i. (land3, vhile DNA fragmentation was

visible in the infected cells at 18 and 24 h.pganés 6 and 8) but not the non-infected
cells (lanes 5 and 7).

Cell Viability

Cell viability was monitored in cells infectedtime presence and absence of a
pan-caspase inhibitor with respect to their noeetéd counterparts. At 0, 12, 18, and 24
h.p.i. cell counts and percent viability were deteed and non-contrast images were
taken.

Cells were seeded in 1.0 mL DMEM at a density gf% cells per well in four
12-well plates and left to incubate at 37° C owginhi DMEM was replaced with 0.5 mL
DMEM plus 2.5uL DMSO (control), DMEM with 10uM Boc-D(OMe)-fmk (inhibitor

control), DMEM with 2.5uL DMSO and virus (MOI=0.5)(virus), DMEM with 100M
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Boc-D(OMe)-fmk and virus (inhibitor virus). Eachratition was repeated in triplicate

for all four time points.

At each time point, cells were imaged using anttageNikon TE300 microscope
at 200x and 400x magnifications. Cells were theapsed, collected, and diluted 1:1 with
Trypan Blue. 1QuL of the stained cells were counted with a hemauogtier to determine
the total cell counts and percent viability.

At 12 h.p.i. the percent cell viability differencegre apparent between the
infected samples with and without the inhibitorrdeat viability also sharply declined
from 12 to 18 h.p.i. in the caspase-inhibited catid fell below ten percent viability by
24 h.p.i. (Figure 20), while the non-inhibited iafied cells remained above 60-70 percent

viable during the same time.
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Figure 20. RAW 264.7 cell viability decreases ma@gidly during MNV infection in the
presence of a pan-caspase inhibitor, Boc-D-fmkcilahan in cells without the
inhibitor (striped). The data are represented agp#rcent cell viability of the infected to
non-infected cells.
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By 18 h.p.i. there were clear morphological changssalized with the

microscope (Figure 21), which were also appare@#dt.p.i. (Figure 22). Cells infected
in the presence of the inhibitor had a greatergreege of lifted cells and lacked
extensive appendages that were present in the @séthe caspase inhibitor. By 24
h.p.i. the cell density in the non-inhibited infedtcells sharply declined, possibly due to
the cells breaking apart during apoptosis, whigitthibited cells remained intact.

In a separate but similar study (described beloel)s were stained for chromatin
condensation and membrane permeability. Duringekjeriment several non-contrast
images were taken of cells infected in the presanceabsence of the pan-caspase
inhibitor at 6, 12, 18, and 24 hours post infec{ibigure 23). The primary difference
between these images and those taken in the peegiqeriment is that the cells were
scraped from their well and went through a serfagsashes and staining before being
imaged on a glass slide with a coverslip. In thevjmus experiments, cells were imaged
directly in their tissue culture plates. This difface explains the lack of flat, adherent
cells with appendages that were visualized in Ediir. The cell images provide
examples of several morphological changes. Cellakmbrane blebbing, swelling, and
cytoplasmic leaking are evident in cells infectedhie presence of the caspase inhibitor.
This series of changes is characteristic of a niecrell death versus an apoptotic death.
In the non-caspase inhibited cells, blebbing ocati&h.p.i., after which the cells begin
to shrink and break apart into apoptotic bodiegidneral, cells infected in the presence
of the inhibitor tend to swell and bulge, while seanfected without the inhibitor shrink

and break apart. These morphological changes suthgesvhile infected cells in the
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absence of the caspase inhibitor undergo apoptmis,infected with the caspase

inhibitor may undergo necrosis.

Figure 21 Cell morphology 18 hours post infection of caspaehited (bottom) and
caspase-uninhibited cells (top). Non-infected dogdift) were morphologically unaffected
by the presence of the caspase inhibitor, Boc-D(Metk. Morphological differences
were present between cells infected in the presandebsence of the caspase inhibitor

(right).

Figure 22. Infected (right) and non-infected (le)ls in the presence (bottom) or
absence (top) of the pan-caspase inhibitor, BocN{Jofmk at 24 h.p.i.
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Figure 23. Cell morphology changes with viral irtfen in the presence (A-D) and absence (E-H) dirgaspase inhibitor, Boc-
D(MeO)-fmk. Cell images were taken at 6, 12, 1&] a4 h.p.i. (left to right). In cells infected withe inhibitor (A-D), their
morphology goes through a series of changes inojuaiembrane blebbing and expanding (arrows panah8)ellular swelling
(arrow panel C). Cells undergoing caspase-medtdieath show signs of apoptosis, such as meralini@bbing (arrow panel E),
cell shrinkage (arrow panel F), and cellular fragtagon (arrow panel H).
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Through these experiments it was evident that caspalependent cell death

differed from non-inhibited cell death in the pnese of the virus, thus indicating that

caspases may be important in the normal progresdithre virus.

Cellular Staining

Apoptosis can be determined through propidium ie@idd Hoechst staining, and
DNA laddering®*°*° %L, propidium iodide (PI) is commonly used to detiEad cells, as
it is membrane impermeable. During apoptosis ¢eds their membrane integrity, which
allows the dye to permeate into the cell. Oncadmshe cell, Pl can bind to the cellular
nucleic acids and will increase in fluorescencerugoing so; thus, apoptotic cells will
fluoresce an intense red, necrotic cells may beauliéuse red, and healthy cells will
remain unstained. Hoechst staining is commonly aseal more membrane permeable
substitute for DAPI; both bind to DNA and are usedtain the nucleus. When DNA is
condensed due to fragmentation during apoptogsyticleus stains an intense blue.
When the DNA is non-fragmented, the nucleus remaiddgfuse blue. Since DNA
fragmentation is a vital part of apoptosis, Hoeahaining is often used to differentiate
between apoptotic and non-apoptotic cells. By coinlgi these two stains, cells can
easily be characterized as apoptotic or non-apieptatwever, concluding that a cell is
necrotic is less specific.

Cells infected in the presence and absence ofghecpspase inhibitor, Boc-
D(OMe)-fmk, were stained with Pl and Hoechst tcedeline if apoptosis was occurring.

Cells were stained as described by Pelfry €f*al.
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Cells were seeded at a density of 5 Xddlls per well in 1.0 mL DMEM in 12-

well plates and incubated overnight at 37° C. Medtae replaced with 0.5 mL DMEM
plus virus at an MOI of 1 for infected cells andd10 Boc-D(OMe)-fmk for caspase-
inhibited cells. Cells were infected and harvestef, 12, 18, and 24 h.p.i. for Pl and

Hoechst staining.

Cells were scraped, collected into 1.5 mL tubed,@ntrifuged at 4000 rpm to
pellet. The supernatant was aspirated and replatbd®50uL of 1.6 ug/mL Hoechst
stain diluted in sterile PBS. Cells were gently ethwith a 100QuL-volume pipette tip
before being incubated at 37° C for 15 minutgsL ®f 250ug/mL PI stain was added to
the cells and allowed to briefly incubate beforetg&ugation at 4000 rpm for 5 minutes.
The supernatant was discarded, and the cells vesrtyge-suspended in 2L of sterile
PBS. 10uL of cell suspension were plated onto a glass slide a cover slip in
preparation for imaging.

Cells were imaged on a Nikon TE300 inverted micopsc Filter sets were used
to visualize the Pl and Hoechst stain. Digital aethges were taken at 400x
magnification with each filter set and the imagesevmerged using OneSpot software
(Figure 24, Figure 25, Appendix B, and Appendix C).

Images were analyzed using ImageJ and a cell cophtg-in. Each image was
individually analyzed for total cell counts andensely stained cells. Hoechst-stained
cells were counted and differentiated as havinfysily stained or intensely stained
nuclei for each image. Pl-stained cells were califde the total number of membrane

permeable cells per image.



Figure 24. Cells stained with propidium iodide ataechst stains 18 hours post
infection (A). Cells stained bright red with propith iodide indicate membrane
permeability (B), while those stained an intenseelwith Hoechst stain have condensed
chromatin (C), which is indicative of apoptosisirftdblue cells are healthy, purple cells
are apoptotic, and red cells are membrane permeathieut chromatin condensation.

.

Figure 25. Multiplex staining with propidium iodidBl) and Hoechst stains in virally
infected cells in the presence (top) and absera#ofin) of a pan-caspase inhibitor, Boc-
D(OMe)-fmk. Cell images were taken at 6, 12, andh18i. (left to right). Cells stained
with Pl appear diffuse pink in necrotic cells (A-&)d bright pink in apoptotic cells (D-
F). Hoechst stain appears bright blue in cells withdensed chromatin, indicating
apoptosis.
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The percentage of cells with condensed chromatsnweamalized to the control

cells’ percentages for each time point to deterrtineevirally induced changes in
chromatin condensation. Cells infected in the ats@f the caspase inhibitor showed a
gradual increase in Hoechst staining over the 24shehen compared with the non-
infected cells, having 70 percent more apoptotils ¢kean the control at 24 h.p.i. Cells
infected in the presence of the inhibitor showexdigmal increase in staining above its
control, with less than a 10 percent increase \atiare point (Figure 26). These data
indicate that DNA fragmentation, which results lmamatin condensation, is minimal in
cells infected in the presence of a pan-caspadgeitoihbut extensive in cells infected

without the inhibitor.
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Figure 26. Percentage of infected cells normalagainst non-infected cells with
condensed chromatin staining at 6, 12, 18, andj24 Kells were infected in the
presence (black) and absence (striped) of a pgrasasnhibitor, Boc-D(MeO)-fmk.
Only samples infected in the absence of the casphgstor show an increase in
chromatin condensation. Asterisk indicates a higieecentage of chromatin staining in
the control sample.
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Because Pl is membrane impermeable, it can be wdedlthat cells stained red

have lost their membrane integrity, which is arigatbr of cell death. The percentage of
infected cells stained with Pl was determined aad normalized to the control cells’
values (Figure 27). While cells infected in both firesence and absence of the caspase
inhibitor showed signs of membrane permeabilityisaafected with the inhibitor reveal

a more drastic shift to membrane permeability ttese infected without the inhibitor.
These data suggest a more controlled cell deatblis undergoing caspase-mediated cell
death versus cells undergoing caspase-indepenelédeath.
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Figure 27 Percentage of infected cells normalized againstinfatted cells with
propidium iodide staining at 6, 12, 18, and 24ih@ells were infected in the presence
(black) and absence (striped) of a pan-caspaskiinhiBoc-D(MeO)-fmk. Cells infected
in the absence of the inhibitor steadily becomeenpmrmeable, while cells infected in
the presence of the pan-caspase inhibitor become pewmeable between 12 and 18
h.p.i.

When combined, the cell morphology images and thenB® Hoechst stains

convincingly suggest that cells infected in thesprece of a pan-caspase inhibitor, Boc-
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D(OMe)-fmk, undergo a different type of cell dedétlan cells infected in the absence of

the inhibitor. In the absence of the caspase-itdrimfected cells show morphological
signs indicative of apoptosis, have a high pergentd cells with chromatin
condensation, and greater than 80 percent of lleeaze membrane permeable. In the
presence of the caspase inhibitor, infected chtisvanorphological signs of necrosis and
have a minimal percentage of cells with chromatindensation; however, these cells do
have a more pronounced transition from membraneimeability to membrane
permeability. These findings provide evidence RAW 264.7 cells infected with MNV
naturally undergo caspase-mediated apoptosis hatdells infected in the presence of
the pan-caspase inhibitor Boc-D(OMe)-fmk undergoaalified cell death more closely

resembling necrosis.
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CONCLUDING REMARKS

In the past five years there has been significesight toward understanding
human norovirus infections through the MNV modedteyn. This is the first global
perspective of the proteomic changes that occtlrarhost cells during norovirus
infection. The conclusion from these 2D-DIGE andPBexperiments is threefold: 1)
several apoptotic-related proteins are regulatddaaid 12 h.p.i., most of which are
structurally significant or are connected to mitotirial release of cytochrome c; 2)
caspases, which are key modulators of apoptogisaaivated during infection; and 3)
caspase-independent cell death, induced in themresof a pan-caspase inhibitor, is
markedly different than the natural virally inducesll death. Through these techniques
there is convincing evidence that cells infectethwINV undergo caspase-mediated
apoptosis and inhibiting caspase activity signifibaalters the natural mode of cell
death.

Future studies should continue characterizingasesfndependent cell death as
presented in this paper. Using Northern and Wedtieiting techniques, the production
of viral RNA and capsid protein could be monitonedesponse to caspase inhibition.
Specifically, the virus’s ability to replicate ihg absence of caspase-3 would determine if
caspase-3 is required for polyprotein cleavageoas@tsev et al. proposed in 2606

Also, further investigation of the relationshipwetn STAT1 and caspases with
cell death should be conducted. STAT1 is esseintidle innate immune response to

norovirus infection, as infection is fatal in STA-8&ficient mice. Recent studies have
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shown a positive correlation between STAT1 and assgxpression levéf

,143:
Specifically, STAT1 increases cytochrome c reldesm the mitochondria, increasing
caspase-3 levels and apoptosis. In STAT1-defficaing this correlation may negatively
affect the natural apoptotic process during intectiFurthermore, investigation into the
effects of ROS activation during infection shoutldonducted. Due to the correlation of
caspases and STAT1 with ROS, investigating the ar@sims of ROS activation during

MNYV infection may help characterize the differenbe$ween caspase-dependent and

caspase-independent cell death.
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APPENDIX A

NON-CONTRAST IMAGES OF INFECTED AND NON-INFECTED QES
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Non-Infected

Appendix A. Non-contrast images of infected and-idacted cells adhered to a cell
culture well. Samples were taken at 2, 6, and 2. h.
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Appendix A continuedNon-contrast images of infected and non-infectdld om a glass
slide at 6, 12, and 18 h.p.i.. Cells were scrapadyested, pelleted, washed, and re-
suspended in PBS.
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APPENDIX B

FLUORESCENT IMAGES OF HOECHST STAINING
IN INFECTED AND NON-INFECTED CELLS
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Appendix B. Florescent images of infected and ndaeted cells stained with Hoechst
stain. Brightly stained spots show chromatin comsdéon, a sign of apoptosis.
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Appendix B continued. Florescent images of infe@rad non-infected cells in the
presence of a pan-caspase inhibitor stained wittchigt stain.
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APPENDIX C

FLUORESCENT IMAGES OF PROPIDIUM IODIDE STAINING
IN INFECTED AND NON-INFECTED CELLS
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Appendix C Florescent images of infected and non-infected&dined with propidium
iodide stain. Brightly stained spots show membraer@neability.
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Appendix C continued:lorescent images of infected and non-infected¢elthe
presence of a pan-caspase inhibitor stained wapigium iodide stain.



