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ABSTRACT OF THE THESIS

Innate Immune Response to Rotavirus Infection is Differentially Modulated by
MAVS and TLR3 Signaling

by

Michael Raymond Wang
Master of Science in Biology
University of California, San Diego, 2012

Professor Martin F. Kagnoff, Chair

Mammalian cells can detect the presence of viral double-stranded RNA
(dsRNA) through extracellular and intracellular pathogen recognition receptors
(PRRs). Toll-like receptor 3 (TLR3) can be localized on the endosomal membrane of
cells and detects endocytosed dsRNA (extracellular). Conversely, RIG-I-like
receptors (RLRs), which include retinoic acid inducible gene I (RIG-I) and melanoma
differentiation-associated protein 5 (Mda-5) receptors detect dsRNA in the
cytoplasm (intracellular). Most IEC types that have been used to study rotavirus
infection lack robust TLR3 signaling. Here, via analysis of type I interferon (IFN)
induction and apoptosis, the HCT-116 cell line was identified to harbor both TLR3
and RIG/Mda-5 dsRNA signaling pathways. This cell type may be useful for future in

vitro studies of the role of these extracellular and intracellular signaling pathways in

Vi



rotavirus infections. Through a series of experiments using the SA11-4F and SA11-
5S strains of rotavirus, it was determined that SA11-4F exerts a suppressive effect
on IFN response in HCT-116 cells, likely through an inhibitory effect on IFN
regulatory factor 3 (IRF-3) caused by nonstructural protein 1 (NSP1), as has been
shown by others. It was also observed that MAVS is required for maximal [FN-3
induction in HCT-116 cells following rotavirus infection. Surprisingly, it was
determined that TLR3 stimulation exhibits a negative regulatory effect on
mitochondrial antiviral signaling protein (MAVS, also known as IPS-1 or Cardif), a
mitochondrial surface protein that serves as a common adaptor to RIG-I-like
receptors (RLRs). IFN-B induction increased in the absence of TLR3, and this
strengthened innate immune response exhibits a biologically relevant reduction in
viral replication. These results observed in HCT-116 cells suggest that TLR3 may
up-regulate apoptosis following viral infection, and down-regulate MAVS levels and

[FN-B production.
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INTRODUCTION

The Public Health Relevance of Rotaviruses

For years, rotavirus infection has ranked consistently as one of the most
widespread human infectious diseases. Today, an estimated >500,000 lives are
claimed worldwide each year as a result of rotavirus-induced gastroenteritis
(Ramig, R. F. 2004). The total death toll is currently estimated to be between 3-5
million, and the highest number of infections is observed among children under 5
years of age (Wilhelmi, et al., 2003). Rotavirus-induced gastroenteritis can be found
in diverse populations and is endemic to many parts of the world, but is especially
prevalent among young children under two years of age with the incidence of illness
peaking at weaning age (Bartlett, et al., 1987). The geographical origins of rotavirus
strains are still unclear today, however, the viruses are known to have originated
within a temperate region of the globe (Wolfe, et al., 2007). The introduction of
rotaviruses to humans, and therein the existence of rotavirus-induced human
illnesses, likely did not occur until the development of agriculture and the

domestication of livestock within ancient human civilizations (Wolfe, et al., 2007).

Rotavirus Phylogenic Background

Rotaviruses are grouped into the Reoviridae family of viruses and are the
pathogenic species primarily responsible for eliciting acute diarrhea and severe
gastroenteritis in children, as well as in some animals (Estes, et al., 1983; Kapikian &

Chanock, 1985). Although not limited to small intestinal infection, rotavirus



primarily infiltrates small intestinal epithelial cells, causing diminished efficiency in
villus absorption of disaccharides, ions, and water by enterocytes (Ramig, R. F.,
2004). The most severe damage can often be found in the proximal region of the
small intestinal tract (Rollo, et al., 1999; Ciarlet, et al., 2001). There are six
characterized serogroups of rotaviruses (A, B, C, D, E and F); groups A through C
exist among both human and animal populations, while groups D through F are

found exclusively in animals (Estes & Cohen, 1989).

The Structural Components of Rotaviruses

The structural morphology of rotaviruses is complex. They contain outer and
inner spherical shells that protect a core protein comprising of an 11-segmented
viral double-stranded RNA (dsRNA) genome (Estes et al.,, 1983). The viral genome
is housed within a triple-layered protein capsid coat, and synthesizes six structural
viral proteins, as well as six non-structural viral proteins that serve distinct
functions. These dsRNA segments vary between 667 to 3,302 base pairs long, with
the complete rotavirus genome totaling about 18,500 base pairs (Rixon, et al.,
1984). Rotavirus depends on an RNA-dependent RNA polymerase to achieve
transcription of mRNA from its dsRNA segments (Cohen, 1977).

Rotavirus particles are relatively large in size, measuring approximately 75
nm in diameter (Estes & Cohen, 1989). While the rotavirus structural proteins (VP1
to VP4, VP6 and VP7) are responsible for maintaining the integrity of the viral

capsid, the nonstructural proteins (NSPs) have a diverse range of functions. The



roles of nonstructural proteins are still being elucidated, but these proteins may be
involved in RNA binding, gene replication, synthesis and packaging of viral RNA, and
cellular translocation (J. T. Patton, 1995). Although they are contained within the
virion, they are expressed within an infected host (Bagchi, et al., 2010).

Out of the 6 known rotavirus NSPs (NSP1 to NSP6), non-structural protein 1
(NSP1) is of particular interest. NSP1 is the only viral protein encoded by gene 5 of
the viral genome. It is the least conserved NSP within different strains of rotavirus,
and also does not appear to be essential for viral replication and survival within the
host cell, which was observed with rotavirus strains encoding truncated versions of
the protein (Mitchell & Both, 1990; Taniguchi, K., et al., 1996). Moreover, NSP1 has
been observed to harbor roles in regulating viral gene expression by way of two IFN
inhibitory mechanisms, both mediated through proteasome-dependent degradation
(Bagchi, et al., 2010; Chattopadhyay, et al., 2010). NSP1 has been shown to induce
degradation of IFN regulatory factors (IRFs) such as IRF-3, IRF-5 and IRF-7 to block
IFN gene activation, and also degrades B-TrCP to disrupt NFkB signaling (Barro &
Patton, 2005; Barro & Patton, 2007; Graff, et al., 2002; Graff, et al., 2009). Recent
studies revealed that NSP1 may also disrupt RIG-I signaling in a proteasome-

independent manner (Qin, et al., 2011).

Mammalian Host Innate Recognition of Rotavirus Infection
Many advances were made in understanding viral pathogenesis and host

responses to viral infections in the past decade. During viral or bacterial infection in



mammalian cells, membrane-bound or cytoplasmic pattern recognition receptors
(PRRs) recognize specific pathogen associated molecular patterns (PAMPs) to
activate a host innate immune response (Akira, S., 2001; Takeda, K., et al, 2003).
There are specific PRR families that recognize viral double-stranded RNA (dsRNA),
namely RIG-I-like receptors (RLRs) and Toll-like receptors (TLRs). Retinoic
inducible gene I (RIG-I), and melanoma differentiation-associated gene 5 (Mda-5),
are two cytoplasmic RIG-I-like RNA helicases that have been shown to induce an
innate immune response (Kawai, T., et al., 2005; Broquet, et al., 2011). It has been
suggested that although RIG-I and Mda-5 both detect viral dsRNA, they may
recognize dsRNA that vary in size or originate from different viruses (Kato, et al.,
2006). Moreover, it has been shown that RLRs are required to induce a type I IFN
response in vitro in IECs (Kato, et al., 2006; Broquet, et al., 2011). Laboratory of
genetics and physiology 2 (LGP2) is the third known RLR, but does not rely on the
same adaptor protein (MAVS) as RIG-I and Mda-5 for downstream signaling (Hirata,
etal., 2007). Since LGP2 is also a cytosolic receptor, it competes with RIG-I and
Mda-5 as a cytoplasmic dsRNA detector, and may thus act as a negative regulator of
MAVS signaling (Rothenfusser, et al., 2005; Saito, et al., 2007).

Following viral-penetration into the host cytoplasm, cytosolic RLRs are able
to recognize and bind to intracellular dsRNA to elicit an innate antiviral immune
response (Yoneyama, et al., 2004). Type I IFN expression and signaling is induced,
and causes the transient activation of IFN-stimulated response elements (ISREs)

(Taniguchi, T. & Takaoka, 2002). This activation effect in I[ECs can be mimicked in



vitro by introducing synthetic dsRNA in the form of polyinosinic polycytidylic acid
[poly(I:C)] into the IEC cytoplasm, which likewise results in an increase in type I IFN
production via activation of RLRs (Yoneyama, et al., 2005). RLRs activate the
mitochondrial antiviral signaling protein (MAVS), a mitochondrial membrane-
bound adaptor protein that is also alternatively referred to in literature as IFN-f3
promoter stimulator (IPS-1), Cardif, or VISA (Seth, R. B, et al., 2005; Kawai, T., et al.,
2005; Meylan, E., et al., 2005; Xu, L. G., et al., 2005). Upon binding to dsRNA, RLRs
signal to MAVS, which then leads to the activation of IFN regulatory factor 3 (IRF-3),
a key transcription factor involved in the regulation of ISREs.

TLRs, on the other hand, have the ability to discriminate a wide variety of
pathogens. TLR1, TLR2, TLR4 and TLR6 detect lipid ligands, while TLR5 is
specialized in recognizing flagellin, and TLR3, TLR7, TLR8 and TLR9 are able to
detect foreign nucleic acids (Kaisho & Akira, 2005). Five of the identified Toll-like
receptors, TLR1 to TLR4, and TLR9Y, are known to be expressed in small intestinal
epithelial cells (IECs) (Otte, et al., 2004). TLRs sense specific PAMPs via a leucine-
rich repeat region binding domain. The leucine-rich repeat region for TLR3
recognizes dsRNA and initiates TLR3’s interaction with the TRIF adaptor protein,
subsequently leading to IRF-3-phosphorylation (Akira & Takeda, 2004). The
downstream signaling following these pattern recognitions leads to the production
of type I [FNs. TLR3 relies on a Myd88-independent pathway, however most of the

other Toll-like receptors signal through a Myd88-dependent pathway, and TLR4 is



unique in the sense that it can signal through both Myd88 dependent and
independent pathways (Yamamoto, et al., 2003).

Much like its role as a dsRNA ligand for RIG-I and Mda-5 signaling, poly(I:C)
can also be used as a synthetic ligand for activating TLR3-signaling (Alexopoulou, et
al, 2001; Yamamoto, et al., 2003). TLR3 is expressed in both IECs of the small
intestine, as well as in [ECs of the colon (Cario & Podolsky, 2000). TLR3 exists on
endosomal membranes and has the ability to recognize extracellular viral dsRNA
that has been endocytosed from the plasma membrane (Akira, S., 2001;
Alexopoulou, L., et al., 2001). Upon its activation, TLR3 can lead to the activation of
the pathways for NF-kB and mitogen-activated protein (MAP) kinases, as well as in
the activation of type I IFN (Alexopoulou, et al., 2001).

Upon viral infection, the host cells respond by increasing synthesis of type I
[FNs, which include IFN-a and IFN-B. Increased type I IFN production further
triggers the expression of anti-viral genes within infected cells, and alerts
neighboring cells, in a positive feedback fashion. To ensure their own viability and
livelihood upon infecting their hosts, many viruses have developed mechanisms for
disrupting the host’s innate immunological defense system. An evolutionarily

common approach for doing so involves inhibition of type I IFN production.

Mammalian Innate Imnmune Response to Rotavirus Infection
Previous research suggested that NSP1 antagonizes type I [FN production in

infected host cells by inhibiting IRF-3 activity (Barro & Patton, 2005; Barro &



Patton, 2007; Bagchi, et al., 2010). During IRF-3 activation, phosphorylation occurs
at serine-residues mediated by TANK-binding kinase 1 (TBK1) and IKKg, which are
both kinases from the IkB kinase family (Fitzgerald, et al., 2003; Sharma, et al.,
2003). After phosphorylation, activated-IRF-3 is translocated into the nucleus
where it binds to the IFN-3 promoter for inducing IFN gene activity (Yoneyama, et
al., 1998; Taniguchi, T. & Takaoka, 2002). IRF-7 has also been characterized as
being an important transcription factor for type I IFN expression. Much like IRF-3,
IRF-7 undergoes phosphorylation and subsequent translocation into the nucleus in
the event of viral infection to act as a transcription factor for gene regulation (Sato,
et al., 1998). Constitutively expressed IRF-3 may be primarily responsible for
eliciting an initial IFN response to viral infection, whereas IRF-7 may play a greater
role in positively regulating IFN-a and IFN-3 production later on in the innate
immune response (Sato, et al.,, 2000). IRF-3 inhibition by NSP1 would therefore not
only interfere with the transcription factor’s dimerization and translocation into the
nucleus to allow for IFN gene activity, but would also prevent the robust IFN
response that it typically induces along with IRF-7.

There are many different strains of rotaviruses; however, in this study, I
focused on two simian rotavirus strains, termed SA11-4F and SA11-5S. The only
difference between these two strains of simian rotaviruses is in the nature of their
encoded NSP1. The NSP1 of both strains is encoded by gene 5 of the rotaviral

genome, with SA11-4F possessing a wild-type NSP1, and SA11-5S expressing a C-



terminal truncated version of NSP1 protein lacking 17 amino acids (Patton, et al.,

2001; Barro and Patton, 2005).

Apoptosis in Mammalian Cells as a Mechanistic Response to Rotavirus Infection
Apoptosis is a common innate immune response to cellular infection, and
serves the purpose of ridding the host of genetically damaged or viral-infected cells
(Chawla-Sarkar, et al., 2003). In the case of viral infection, increased type I IFN
levels may lead to activation of caspase-8, and subsequently caspase-3 signaling to
induce apoptosis (Chawla-Sarkar, et al., 2003). One hallmark of this self-destructive
process common to mammalian cells is poly(ADP-ribose) polymerase (PARP)
proteolytic cleavage (Lazebnik, et al., 1994), which is achieved by activation of

caspase pathways (Salvesen & Dixit, 1997).

Specific Aims for this Master’s project

Previously, the Kagnoff Lab demonstrated that the RIG-I/Mda-5/MAVS
pathway is activated by simian rotavirus infection in HT-29 and HCA-7 human
intestinal epithelial cell lines (Broquet, et al., 2011). However, a recent study
showed that the TLR3/TRIF pathway may also be important in protection against a
murine rotavirus strain (Pott, et al., 2012). To date, most of the cell lines that have
been studied do not respond strongly to viral dsRNA via TLR3-signaling. I therefore
wanted to find and utilize a cell line that could exhibit a strong TLR3-dependent

response, and to characterize the innate immune responses to rotavirus infection in



these cells by examining [FN-f induction and cellular apoptosis. A study conducted
by Taura, et al. showed that HCT-116 human colonic epithelial cell line strongly
expresses TLR3 in a p53-dependent manner and responds to extracellular poly(1:C)
stimulation (Taura, et al., 2008). The tumor suppressor protein binds to the p53-
binding domain in the TLR3 promoter, and subsequently enhances the expression of

TLR3, suggesting the HCT-116 cell line’s potential reliance on TLR3-signaling.



RESULTS

Type I Interferon induction in poly(I:C)-treated HT-29 and HCT-116 Cells

To compare the innate immune response to dsSRNA among different
intestinal epithelial cell lines, [ conducted a series of in vitro experiments using two
established human intestinal epithelial cell lines, HCT-116 cells and HT-29 cells, the
latter of which was used in previous studies conducted by the Kagnoff Laboratory
(Broquet, et al., 2011). I treated the respective cell lines with a low molecular
weight (LMW) poly(I:C), a synthetic dsSRNA with an average size of 300 bp, to
determine IFN-f induction levels in response to dsRNA. Poly(I:C) was either added
to cell culture media, or transfected into cells using a transfection reagent, and 2
biological replicates were performed for each cell type. When poly(1:C) was placed
into cell culture media, HCT-116 cells exhibited a 125-fold increase in [FN-3
induction following LMW poly(I:C) treatment, while in HT-29 cells, IFN-f3 was
increased by only 13-fold after LMW poly(I:C) treatment, respectively (Fig. 1A).
LMW poly(I:C) transfection yielded a nearly 3-fold greater level of IFN-[3 expression
in HT-29 than in HCT-116 cells (Fig. 1B) Therefore in sum, HT-29 responded
weakly to poly(I:C) present in the media, but produced a robust IFN-induction when
poly(I:C) was transfected. HCT-116 cells exhibited comparable levels of IFN-f3
induction when dsRNA was transfected into cells, whereas they demonstrated much
higher levels of IFN-3 induction in media-treated (extracellular dsRNA) conditions
compared to HT-29 cells. These data confirm that HCT-116 cells respond to both

extracellular and intracellular dsRNA stimulation. To rule out residual effects of the

10
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transfection reagent used, mock transfections were conducted without poly(I:C) and
resulted in no [FN-inductive effects. HCT-116 cells are therefore a promising cell
line to study viral pathogenesis, for which both TLR3/TRIF and RIG-I/Mda-5/MAVS
detection of dsRNA has been observed (Zhou, et al., 2007; Broquet, et al.,, 2011). Its
dependency on TLR3/TRIF signaling is useful for understanding whether detection
of extracellular dsSRNA would have any impact on rotavirus replication within the
mammalian host, and whether this detection could enhance the host’s ability to

clear virus upon infection.

Type I Interferon induction in poly(I:C)-treated and gene-silenced HCT-116 cells
In an effort to further characterize the signaling pathways involved in the
innate anti-viral response to dsRNA in HCT-116 cells, and to confirm the
requirement of TLR3 for extracellular dsSRNA sensing, TLR3 and MAVS gene
expression were knocked down using siRNA. Poly(1:C) was mixed with cell culture
media or transfected into host cells, following pretreatment of the cells with siRNA
(Fig. 2). TLR3-silencing suppressed IFN gene activation by 3-fold in response to
poly(I:C) in media. On the other hand, knockdown of MAVS generated a nearly 6-
fold higher level in IFN gene induction following dsRNA in the media. This
demonstrates the role of TLR3 in innate signaling for extracellular dsSRNA detection
in HCT-116 cells that is MAVS independent (Fig. 2A). Cells that were exposed to
intracellular dsRNA via transfection exhibited the opposite trend. MAVS-silenced

HCT-116 cells showed a 5-fold lower level in IFN-[3 response compared to cells
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treated with control-siRNA (Fig. 2B). This indicates that intracellular detection of

dsRNA depends on a RIG-1/Mda-5/MAVS pathway signaling.

PARP cleavage in poly(I:C)-treated HT-29 and HCT-116 cells

IEC apoptosis induced by dsRNA was assessed by detection of poly ADP-
ribose polymerase (PARP) cleavage via immunoblotting in HCT-116 and HT-29 cells
following poly(I:C)-treatment (Fig. 3). Once again, cells were exposed to dsRNA via
both extracellular or intracellular delivery in order to observe cellular responses to
different localization of dsRNA. Although cleaved PARP bands for HT-29 extract
samples were very faint, PARP-cleavage was observed for HT-29 cells transfected
(intracellular) with poly(I:C) (Fig. 3, Lane 3), while samples treated with poly(I:C)
culture media (extracellular) exhibited no observable cleavage (Fig. 3, Lane 2).
Poly(I:C)-treated HCT-116 cells, on the other hand, yielded similar levels of PARP
cleavage for both routes of poly(I:C) delivery (Fig. 3, Lane 5 & 6), consistent with
the hypothesized dual-dependency of extracellular TLR3 and intracellular RLR
signaling in this cell line. These trends in apoptosis as assessed by PARP cleavage

were similar to the type I IFN induction trends shown in figure 1.

Type I Interferon induction in rotavirus-infected HCT-116 cells
In order to better simulate in vivo viral pathogenesis in an in vitro system, |
compared the effect of rotavirus infection on IFN-f8 induction levels in HCT-116 cells

with the effect of poly(I:C) treatments in HCT-116 cells (Figs. 1 & 2). To accomplish
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this, SA11-4F and SA11-5S rotavirus strains were used to infect TLR3 and MAVS
gene-silenced HCT-116 cells. In the absence of siRNA, IFN-[3 gene fold induction
levels were significantly higher in SA11-5S-infected cells compared to in SA11-4F-
infected cells (Fig. 4). This was consistent with the previously reported inhibitory
effect by the SA11-4F NSP1 on type I IFN production in the Caco-2 colon epithelial
cell line (Barro & Patton, 2007). MAVS-silenced cells had noticeably lower levels of
IFN-3 expression following SA11-4F- and SA11-5S-infection than control- and TLR3-
siRNA treated samples (Figs. 5A & 5B). Consistent with previous observations for
poly(I:C)-treatment, TLR3-silencing enhanced IFN-[3 induction following SA11-4F-

and SA11-5S-infection (Figs. 5A & 5B).

SA11-4F NSP1 prevents IRF-3-phosphorylation in HCT-116 cells

In a 2005 study conducted by M. Barro and ]. T. Patton, NSP1 was shown to
degrade IRF-3, resulting in a drop in IRF-3 dimerization and nuclear translocation
levels, as well as an overall decrease in type I IFN production (Barro & Patton,
2005). To explore whether NSP1 could be responsible for the differential effects of
[FN-$ induction observed in figure 4, I looked for IRF-3-phosphorylation levels in
rotavirus-infected and poly(I:C)-treated HCT-116 sample protein extracts, as well as
for signs of IRF-3 degradation or inhibition via immunoblot analysis. Through
several experiments, | observed IRF-3-phosphorylation in SA11-5S rotavirus-
infected intestinal epithelial cells (Fig. 6, Lanes 5-8), but interestingly, no IRF-3-

phosphorylation in SA11-4F rotavirus-infected cells (Fig. 6, Lanes 1-4). After re-
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probing the nitrocellulose membranes with total-IRF-3 antibody, IRF-3 levels were
similar for SA11-4F- and SA11-5S-treated samples.

The similarity in total-IRF-3 levels observed between SA11-4F- and SA11-5S-
infected HCT-116 cells (Fig. 6), suggests that SA11-4F NSP1 may selectively degrade
phosphorylated-IRF-3. The other possibility that explains similar total-IRF-3 levels
between the two strains is that SA11-4F NSP1 could prevent IRF-3 phosphorylation
in another manner. While total-IRF-3 levels were reduced following control-siRNA
and MAVS-siRNA treatment (Fig. 6, Lanes 6 & 8), IRF-3 phosphorylation still
occurred in the control-siRNA-treated sample (Fig. 6, Lane 6). However, I observed
a significant reduction in the phosphorylation levels of IRF-3 protein in MAVS-
silenced SA11-5S-infected HCT-116 cells (Fig. 6, Lane 8), compared to SA11-5S-
infected HCT-116 cells that had been transfected with no siRNA, control-siRNA, or
TLR3-siRNA (Fig. 6, Lanes 5-7), supporting a role for MAVS in activation of IRF-3-

dependent IFN-signaling by SA11-5S rotavirus.

Knockdown of TLR3 prevents reduction in MAVS, following SA11-5S Infection
When TLR3 was silenced, HCT-116 cells exhibited increased levels of IFN-[3
induction compared to cells transfected with control-siRNA, possibly suggesting a
suppressive activity of TLR3 on MAVS-dependent innate immune signaling (Figures
5B & 5C). To test this hypothesis, I utilized a rabbit anti-MAVS antibody to analyze
differences in MAVS protein-levels in rotavirus-infected HCT-116 cells. Anti-MAVS

probing revealed noticeably reduced levels of MAVS protein in SA11-5S-infected
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HCT-116 cells (Fig. 7A, Lanes 4 & 8), but not in poly(I:C)-treated or SA11-4F-
infected cells in control conditions (Fig. 7A, Lanes 2-3 & 6-7). Conversely, in the
absence of TLR3, SA11-5S-infected cells did not yield a reduction in MAVS (Fig. 7B,
Lane 4). This suggests that the presence of TLR3 during SA11-5S-infection may
somehow reduce levels of MAVS, therefore possibly explaining the IFN induction

trends observed after TLR3 silencing in SA11-5S-infected cells (Figs. 5B & 5C).

PARP cleavage in rotavirus-infected HCT-116 cells

The increased IFN-f induction seen following TLR3 knockdown may be
explained by a TLR3-dependent activation of apoptosis in HCT-116 cells following
SA11-5S infection, which would result in the decrease in MAVS protein levels that
we observed. I began analyzing this possibility by observing PARP-cleavage in
SA11-4F- and SA11-5S-infected, gene-silenced HCT-116 cells. A significant
difference in PARP-cleavage was not observed when comparing the differences in
PARP-cleavage between the control samples and the SA11-4F- and SA11-5S-infected
cells (Fig. 8). Itis likely that given the HCT-116 cells were harvested 36-hours post-
infection, the samples had already yielded significant levels of cell death as observed
in mock-treated (no siRNA) wells (Fig. 8A, Lane 1). This inherent cell death may
have masked any differences in levels of PARP-cleavage caused by NSP1 anti-
apoptotic effects. However, under all treatment conditions, which included no
treatment, poly(I:C)-treatment, SA11-4F-infection, and SA11-5S-infection, PARP-

cleavage was consistently higher in HCT-116 cells pre-treated with control-siRNA
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and MAVS-siRNA (Fig. 8A, Lanes 2 & 4), while PARP-cleavage was consistently

reduced in TLR3-silenced HCT-116 cells (Fig. 8A, Lane 3).

SA11-5S rotavirus titers for HCT-116 samples

To confirm that the differences in IFN-f3 induction observed following SA11-
5S infection were biologically relevant, supernatant from infected HCT-116 cells
was collected in order to determine the viral burden in the various treatment
conditions. We focused on determining viral titers for SA11-5S rotavirus because it
resulted in overall higher levels of type I IFN induction in HCT-116 cells than in
SA11-4F rotavirus. HCT-116 cells were infected with a SA11-5S viral stock
concentration of 3 x 108 virus particles/mL. A plaque assay on MA104 cells revealed
that viral supernatant collected from TLR3-silenced rotavirus-infected HCT-116
cells yielded 1.55 x 106 PFU/mL, which is approximately half the amount of plaque-
forming units (PFU) compared to that of viral supernatant collected from samples
with no siRNA at 3.35 x 106 PFU/mL, siRNA-Control at 3.0 x 10¢ PFU/mL, and
siRNA-MAVS at 3.0 x 106 PFU/mL respectively (Fig. 9). This correlates to the type I
IFN induction results presented in figure 5. TLR3-silenced HCT-116 cells
consistently yielded the highest levels of IFN-[3 induction, which suggests that the
lower PFU observed here for TLR3-silenced samples may be due to a type I IFN-
production difference. Conversely, MAVS-silenced samples did not result in a fewer
number of plaques. This observation corresponds to the suppressed IFN-induction

trends observed for MAVS-deficient samples in figure 5.
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Figure 1. IFN-B induction in poly(I:C)-treated HT-29 and HCT-116 cells.

Low molecular weight (LMW) poly(I:C) was used as synthetic dsRNA for activating
innate signaling pathways in HCT-116 cells. dsRNA treatment was conducted by
mixing poly(I:C) with cell culture media (10pg/mL), or by transfecting into cells
(2ug). RNA samples were harvested 6 hours post-treatment, and IFN-[3 gene
induction levels were compared against baseline GAPDH gene expression levels by
quantitative real-time PCR analysis. Values are mean = s. d. from 3 experimental
replicates per treatment.

(A) IFN-3 gene induction in HT-29 and HCT-116 cells, treated with LMW
poly(I:C).

(B) IFN- gene induction in HT-29 and HCT-116 cells, transfected with LMW
poly(I:C).
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Figure 2. IFN-f3 gene induction in poly(I:C)-treated and gene-silenced HCT-116
cells. Cells were pre-treated with siRNA (75 nM) to achieve gene-silencing for TLR3
and MAVS. IFN-f3 gene induction was measured via quantitative real-time PCR
analysis and compared to baseline GAPDH gene expression levels. All samples were
normalized to mock-treated HCT-116 cells with no siRNA pre-treatment. Poly(I:C)
was prepared at a concentration of 10pg/mL for culture media treatment, and at a
concentration of 2ug for transfection. All RNA samples were harvested 6 hours
post-poly(I:C)-treatment. Differential levels of induction were observed for TLR3-
deficient and MAVS-deficient cells. Values are mean # s.d. from 3 experimental
replicates per treatment.

(A)IFN-f gene induction in poly(I:C)-treated, gene-silenced HCT-116 samples.
Poly(I:C) [10pg/mL] was mixed into cell culture media to simulate the
presence of extracellular dsRNA.

(B)IFN-B gene induction in poly(I:C)-treated, gene-silenced HCT-116 samples.
Poly(I:C) [2pg] was transfected into HCT-116 cells using Lipofectamine 2000
(Invitrogen) to mimic the presence of intracellular dsRNA.
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Figure 3. PARP-cleavage in poly(I:C)-treated HT-29 and HCT-116 cells. HT-29
and HCT-116 cell lines were treated with LMW poly(I:C) prepared at 10pg/mL for
culture media treatment (extracellular) and at 2pg for transfection (intracellular).
All protein extract samples were harvested 24 h post-treatment. Nitrocellulose
membrane was probed with mouse anti-PARP primary antibody overnight, washed
3 times with PBS-0.05% Tween* 20 (Fisher Scientific) after which goat anti-mouse
secondary antibody was added for 2 h. Western blot was visualized using a LI-COR
Odyssey imager, and is representative of 2 independent experiments. *NS: Non-
specific.
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Figure 4. Differential IFN-f8 induction levels in SA11-4F- and SA11-5S-infected
HCT-116 cells. HCT-116 cells were infected with both SA11-4F and SA11-5S
rotavirus strains at an MOI of 5. HCT-116 samples were not pre-treated with siRNA
to achieve gene knockdown, and all RNA samples were harvested 18-hours post-
infection, and IFN-f3 gene induction levels were measured using quantitative real-
time PCR analysis. IFN-f8 induction was compared against baseline GAPDH gene
expression levels. Values are mean # s.d. from 2 independent experiments
conducted in triplicates.
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Figure 5. IFN-f gene induction in rotavirus-infected, gene-silenced HCT-116
cells. Cells were pre-treated with siRNA (75 nM) to achieve gene-knockdown in
TLR3 and MAVS. HCT-116 cells were infected with SA11-4F and SA11-5S rotavirus
strains at an MOI of 5. All RNA samples were harvested 18 hours post-infection.
IFN-3 gene induction levels were measured by quantitative real-time PCR analysis
and were compared to baseline GAPDH gene expression levels. All samples were
normalized to mock HCT-116 cells with no siRNA pre-treatment. Values are mean +
s.d. from 2 independent experiments conducted in triplicates.

(A) IFN-B gene induction in SA11-4F-infected (MOI 5), gene-silenced HCT-116
samples.

(B) IFN-B gene induction in SA11-5S-infected (MOI 5), gene-silenced HCT-116
samples.
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Figure 6. IRF-3 phosphorylation in rotavirus-infected HCT-116 cells. Cells
were pre-treated with siRNA (75 nM) to achieve gene-silencing in TLR3 and MAVS.
SA11-4F and SA11-5S rotavirus strains were used to infect HCT-116 cells at an MOI
of 5. Protein extract samples were harvested 36 hours post-infection for western
blot analysis. Total- and phosphorylated-IRF3 levels in rotavirus-infected HCT-116
samples are shown. [3-actin, a housekeeping gene, was used as a loading control and
showed consistent loading of samples. Western blot was visualized using a LI-COR
Odyssey imager, and is representative of 2 independent experiments.
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Figure 7. MAVS protein levels in various treatment conditions for HCT-116
cells. Gene-knockdown for TLR3 and MAVS was achieved using 75 nM of TLR3-
siRNA and MAVS-siRNA, respectively. LMW Poly(I:C) was prepared at 10pug/mL and
mixed with culture media, and SA11-4F and SA11-5S strains of rotavirus were used
for infection at an MOI of 5. All samples, including rotavirus-infected and poly(I:C)-
treated, were harvested 36-hours post-treatment. Goat anti-rabbit IgG antibody
was used to detect MAVS via western blot. 3-Actin, a housekeeping gene, was used
as a loading control and showed consistent loading of samples. Western blot was
visualized using a LI-COR Odyssey imager, and is representative of 2 independent
experiments. *NS: Non-specific.

(A) MAVS protein levels in control HCT-116 protein extract samples (no siRNA
and control-siRNA).

(B) MAVS protein levels in TLR3- and MAVS-deficient HCT-116 protein extract
samples.



27

(A)

Control-siRNA

No siRNA

—

pe}odjuI-SG-LLVS

paodjul-4y-LLVS

[qw/6rigL] (o:)Alod

pajeaqjun

——
—

PalodUI-SG-LLVS

poldul-4y-1LLVS

[w/BroL] (O:)Alod

pejeanun
(

(ax) 1eppe

2
z
2
2
HAH

<«— B-Actin

1

Lane #:

(B)

e ———

MAVS-siRNA

—
—

TLR3-siRNA

~——

Ladder

polduI-SG-LLVS

PojoRJUI-4y-LLVS

[w/Bro L] (O:1)Alod

pajealjun

Po1OdjuI-SG-LLVS

PojoRJUI-4y-LLVS

[w/Bro ] (0:1)Al0d

pajeanun

kD

250
150

100

75

2
z
=
2
HAH

50

<«— B-Actin

37

1

Lane #:



28

Figure 8. PARP-cleavage in rotavirus-infected and poly(I:C)-treated HCT-116
cells. Gene-knockdown was achieved using 75 nM of TLR3-siRNA and MAVS-siRNA
for TLR3 and MAVS, respectively. LMW Poly(1:C) was prepared at 10 ug/mL for
mixing with culture media, and SA11-4F and SA11-5S strains of rotavirus were used
for infection at an MOI of 5. All samples, including rotavirus-infected and poly(I:C)-
treated, were harvested 36-hours post-treatment. [3-Actin, a housekeeping gene,
was used as a loading control and showed consistent loading of samples. Western
blot was visualized using a LI-COR Odyssey imager, and is representative of 2
independent experiments. *NS: Non-Specific.
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Figure 9. Plaque assay with MA104 cells, using viral supernatant from SA11-
5S-infected HCT-116 cells. A plaque assay was performed with MA104 cells using
viral supernatant obtained from SA11-5S rotavirus-infected HCT-116 cells pre-
treated with no siRNA, control-siRNA, TLR3-siRNA or MAVS-siRNA at 75 nM.
Plaques were counted for each respective treatment condition, 48 hours post-
infection.

(A) Visualization of plaques for the respective treatment conditions, including no
siRNA, control-siRNA, TLR3-siRNA, and MAVS-siRNA, respectively.

(B) Quantification of plaque formation in SA11-5S rotavirus-infected MA104
cells for no siRNA, control-siRNA, TLR3-siRNA, and MAVS-siRNA conditions.
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DISCUSSION

Extracellular & intracellular dual-dependent signaling in HCT-116 cells

A previous study conducted by the Kagnoff Laboratory found that HT-29 and
HCA-7 cell lines relied on intracellular signaling via the RIG-1/Mda-5/MAVS pathway
to respond to rotavirus (Broquet, et al., 2011). Recently another group showed that
TLR3-signaling is also important in vivo for murine rotavirus-infected mice (Pott, et
al, 2012). Previous research conducted on Influenza A virus (IAV) has suggested
important roles for both TLR3-dependent and MAVS-dependent signaling in
eliciting innate immune responses in IAV-infected human respiratory epithelial cells
(Le Goffic, et al., 2007). This points to the potential importance of both signaling
pathways in generating an innate immune response in IECs as well. However, dual-
reliance on both RLR- and TLR3-signaling for IFN-expression in rotavirus-infected
[ECs has not been clearly demonstrated in vitro or in vivo. We have now
demonstrated that HCT-116 cells have the ability to generate an innate immune
response through both the extracellular, TLR3-dependent, and intracellular, MAVS-

dependent, pathways.

Comparable PARP-cleavage levels for extracellular & intracellular signaling
The HCT-116 cell line could help elucidate the importance of This observed

dual-dependency in HCT-116 cells was seen for IFN-8 induction and further

supported PARP-cleavage analysis for apoptosis, where introduction of both

extracellular and intracellular dsRNA resulted in comparable levels of PARP-
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cleavage. Conversely, such a dual-dependency was not observed in HT-29 cells, in
which PARP-cleavage was only observed for samples exposed to intracellular
dsRNA [transfected poly(I:C)]. Moreover, PARP cleavage levels were much lower in
poly(I:C)-treated HT-29 cells compared to poly(I:C)-treated HCT-116 cells overall,
possibly suggesting the requirement for a longer poly(I:C) incubation period for HT-

29 cells.

MAVS and TLR3 dependency in rotavirus-infected HCT-116 cells

Rotavirus-infected HCT-116 cells yielded trends consistent to poly(I:C)-
treated HCT-116 cells in IFN-f induction, but also provided more interesting results.
The two rotavirus strains that [ used, SA11-4F and SA11-5S, differ in their encoded
NSP1 proteins, with SA11-4F NSP1 being a wild-type version and SA11-5S NSP1
being a C-terminal truncated version. Though SA11-5S rotavirus yielded more
overall IFN-f3 induction, consistent induction trends were observed for IFN-f3
induction between SA11-4F- and SA11-5S-infected HCT-116 cells upon TLR3- or
MAVS-silencing. MAVS-silencing for both SA11-4F- and SA11-5S-infected HCT-116
cells resulted in significantly suppressed IFN-f induction levels. This demonstrated
a MAVS-dependency in IFN-8 induction. Further, MAVS-silenced samples yielded no
IRF-3-phosphorylation when levels of IRF-3 activation in SA11-5S-infected HCT-116
cells were analyzed.

On the other hand, TLR3-silencing in SA11-5S-infected HCT-116 cells yielded

nearly 2.5-fold more in IFN-f response, compared to SA11-5S-infected control-
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siRNA-treated samples. Moreover, TLR3-silenced HCT-116 cells also exhibited
higher levels of IRF-3-phosphorylation than samples treated with control-siRNA.
These observations suggest that TLR3-signaling may negatively regulate MAVS-
dependent signaling. Interestingly, along with the robust IFN-3 response observed
in TLR3-silenced HCT-116 cells upon SA11-5S rotavirus infection, there appeared to
be higher MAVS protein levels as well. When comparing MAVS levels among SA11-
5S-infected HCT-116 cells, samples pre-treated with TLR3-siRNA resulted in no
reduction in MAVS, whereas samples pre-treated with no siRNA, control-siRNA or
MAVS-siRNA, yielded noticeably lower levels of MAVS. Because this reduction in
MAVS could be due to cell death, we analyzed apoptosis in SA11-5S-infected HCT-
116 cells and found that the increase in IFN-f3 induction following TLR3-knockdown
coincided with reduced levels of PARP-cleavage.

Loss of TLR3 in SA11-5S-infected HCT-116 cells yielded increased levels of
[FN- induction, increased levels of IRF-3-phosphorylation, less apoptosis, as well as
higher levels of MAVS. Furthermore, a plaque assay performed in MA104 cells, by
using viral supernatant obtained from SA11-5S-infected HCT-116 cells, resulted in
approximately half the number of plaques in TLR3-silenced samples, indicating a
biological effect of TLR3 knockdown on viral replication. This correlates to the
observations made in a prior in vivo study performed in murine rotavirus-infected
mice. The group showed that upon rotavirus infection, TLR3-signaling resulted in

severe small intestinal damage and disruption to mucosal homeostasis (Zhou, et al.,

2007).
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Despite our observations, there seems to be various limitations to the
apoptosis assay with rotavirus that was conducted. Mainly, while utilizing siRNA to
achieve gene-silencing, high PARP-cleavage background was consistently observed
for cells transfected with no siRNA, control-siRNA and MAVS-siRNA. PARP-cleavage
data obtained from rotavirus-infected HCT-116 cells was therefore equivocal in
comparison to the PARP-cleavage data obtained from poly(I:C)-treated HCT-116
cells. Furthermore, SA11-4F- and SA11-5S-infected cells did not result in significant
differential levels in PARP-cleavage. In future studies, an annexin V and propidium
iodide assay will be used to provide a more robust approach to studying apoptosis,
which will allow for the identification of cells at different stages of apoptosis and
necrosis.

If in fact it remains true that there is no difference between SA11-4F and SA11-
5S apoptosis induction after using another assay for cell death, there are several
potential explanations. As mentioned before, activated IRF-3 has been
demonstrated to harbor a dual-functionality; in addition to IRF-3’s ability to
translocate into the nucleus to influence expression of antiviral genes, it also
mediates a mitochondrial-dependent apoptotic response that is entirely separate
from its role as a transcription factor (Chattopadhyay, et al., 2010). The
mitochondrial signaling downstream of IRF-3 is mediated by Bcl-2-associated X
protein (Bax), which aids activated-IRF-3 in its translocation to the mitochondria,
leading to a subsequent release of Cytochrome C to initiate the apoptotic process

(Chattopadhyay, et al., 2010). A recent study suggested that the inhibitory effects of
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NSP1 could be partially responsible for preventing apoptotic effects observed in
intestinal epithelial cells following rotavirus infection (Bagchi, et al., 2010). This
would therein help encourage rotavirus proliferation within the host upon infection.
Therefore, we expected more PARP-cleavage to occur in SA11-5S-infected HCT-116
samples than in SA11-4F-infected HCT-116 samples because we suspected the
truncated SA11-5S NSP1 would not be able to engage in IRF-3 inhibition. However,
since SA11-5S NSP1 is only missing 17 amino acids on its C-terminus, it may still
harbor some interactive capabilities with IRF-3, as well as some anti-apoptotic
effects. This would explain the similar levels of PARP-cleavage that I observed
between SA11-4F- and SA11-5S-infected HCT-116 cells, as opposed to more PARP-
cleavage in SA11-5S-infected samples. While it was previously reported that the
entire NSP1 IRF-3 binding domain is needed to prevent IRF-3 nuclear translocation,
which is required for it to act as a transcription factor (Barro & Patton, 2005), it
remains possible that the entire NSP1 IRF-3 binding domain may not be needed for
it to prevent IRF-3 interaction with Bax.

Evidence from another research group has shown that NSP1 is important for
countering apoptosis during infection in other IEC lines, such as Caco-2 (Barro &
Patton, 2007), and there is potential for it being the case in the HCT-116 cell line as
well. In hopes of clarifying these ambiguities, [ have utilized DNA cloning strategies
to construct recombinant plasmids containing the NSP1 gene for SA11-4F rotavirus
and RRV rotavirus, engineered into recombinant plasmids containing an Anti-Xpress

epitope tag for future experimental analysis. Moreover, previous studies have
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shown that NSP1 degrades IRF-3 by inhibition of proteasomes (Barro & Patton,
2005; Barro & Patton, 2007; Graff, et al., 2009). By introducing these NSP1 plasmids
into mammalian cells via transfection to assay NSP1’s effect on dsRNA-induced cell
death, we will hopefully be able to better understand whether NSP1 modulates cell

death during rotavirus infection.

Limitations Surrounding HCT-116 Cells for understanding IECs

Although interesting results were achieved through these series of
experiments in the HCT-116 cell line, there may be certain limitations in HCT-116’s
relevance to small intestinal epithelial cell studies. For one, the HCT-116 cell line is
derived from the colon as opposed to the small intestine, and secondly, it is a poorly
differentiated in vitro cell line (Hoosein, et al., 1989). However, it shows promise in
being a useful in vitro model for understanding IEC dual-dependency in dsRNA-
signaling because it exhibits TLR3-dependency, which is not commonly observed in
well-differentiated IEC lines. HCT-116 cells also express wild-type p53, another
atypically observed feature among differentiated colorectal carcinoma IEC lines (EI-
Deiry, et al., 1994; Take, et al., 1996). The relevance of the HCT-116 cell line to
functional small intestinal epithelial cell lines thus remains equivocal and warrants

ongoing investigations.

Future Directions
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Through my work as part of this Master’s project, I observed HCT-116’s
potential reliance in both extracellular and intracellular dsRNA signaling through
the TLR3/TRIF and RIG-I/Mda-5/MAVS pathways. To better characterize this dual-
dependency in generating an IFN-response, it would be important for future HCT-
116 in vitro studies to be carried out in parallel with a control IEC line, such as HCA-
7 (Broquet, et al.,, 2011), a well-characterized in vitro IEC cell line.

Analysis of the TRIF adaptor protein could help elucidate the role of
extracellular dsRNA-signaling via TLR3 in HCT-116 cells. By achieving TRIF
knockdown via siRNA gene-silencing approaches, TRIF’s role in inducing [FN-
expression, as well as its importance in dsRNA signaling relative to its TLR3
counterpart, may be determined via RNA isolation and quantitative real-time PCR
(qPCR) analysis. Additionally, ELISA protein assays may also be conducted to
analyze differences in IFN protein expression levels for various gene knockdown
conditions that include MAVS-silenced, TLR3-silenced, and TRIF-silenced HCT-116
cells. In addition to these future HCT-116 in vitro studies, in vivo approaches
towards characterizing the extracellular and intracellular signaling pathways in
[ECs can also be performed. TLR3-, TRIF-, and MAVS-knockout mice can be infected
with different strains of murine rotaviruses, which would allow us to further
understand the relevancy of the extracellular (TLR3/TRIF-dependent) and
intracellular (RIG-1/Mda-5/MAVS-dependent) signaling pathways for summoning

innate immune responses in [ECs.



MATERIALS AND METHODS

Culturing and Seeding HT-29 & HCT-116 Cells

The two human small intestinal cell lines used, HT-29 and HCT-116, were
grown in RPMI-1640 cell culture media supplemented with 10% heat-inactivated
FBS supplemented with 2ZmM L-glutamine, and 1% penicillin/streptomycin
antibiotic. IECs were incubated in a 95% air/5% CO; environment at a constant
temperature of 37° C. The cells were cultured in 75 cm? flasks (Corning), and were
trypsinized with 0.25% Trypsin (with EDTA) upon reaching 80% confluency. Cells
were subsequently seeded at a density of 7.0 x 10> cells/mL into 24-well
commercially conditioned plates (Corning), and allowed to grow overnight

(approximately 24 hours) in a humidified 95% air/5% CO2 incubator at 37°C.

Gene-silencing in HCT-116 Cells via siRNA

DharmaFECT transfection reagent, purchased through Thermo Scientific, was
used to introduce small interfering RNA (siRNA) into HCT-116 cells to knockdown
the TLR3 and MAVS (IPS-I) genes. Control-siRNA, TLR3-siRNA, and MAVS-siRNA
oligonucleotides were purchased commercially through Dharmacon and were used
as described previously (Hirata, et al., 2007). Prior to siRNA transfection, wells
were pre-incubated with 200 pl of RPMI-1640 media, containing 10% heat-
inactivated FBS and 2mM L-glutamine without penicillin/streptomycin. The
DharmaFect transfection protocol was followed after preparing 75 nM

concentration of siRNA for transfection. siRNA transfection complexes were
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allowed to form for 20 minutes, and 100 pl of media containing transfection
complex was placed drop-wise onto each well. The transfected cells were allowed
to incubate in a humidified 95% air/5% CO2 environment at 37°C for 48 hours

before the desired poly(I:C) treatments or rotavirus infections were conducted.

Rotavirus Infection of HCT-116 Cells

Rotavirus SA11-5S and SA11-4F strains were used as part of this study
(Patton, et al., 2001). Viruses were activated in 0.2 pg/ml diluted trypsin for 1 hour
at 37° C. After trypsin activation, viruses were diluted to the desired volume, and
500 pl of virus solution was placed drop-wise onto fully confluent wells of HCT-116
cells to achieve infection at an MOI of 5. Samples were allowed to incubate for 1 h in
95% air/5% CO2 at 37° C. Virus supernatant was removed, and 500 pl of fresh
RPMI-1640 media (containing no FBS and no penicillin/streptomycin) was added to

each respective well for 24- or 36-hour incubations.

Poly(I:C)-Treatment of HCT-116 Cells via Cell Culture Media

Cultured cells were allowed to grow to 90% confluency in preparation for
synthetic dsRNA treatment. Low molecular weight (LMW) and high molecular
weight (HMW) polyinosidylic-polycytidylic acid [poly(I:C)] [InvivoGen] were
prepared at a concentration of 10pug/mL using serum-free RPMI media without

antibiotics. For in media treatment (extracellular introduction of dsRNA), 500 pl of
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diluted poly(I:C) was placed drop-wise onto each well, and poly(I:C) treatment

lasted 6 hours for RNA samples, and 18 hours for protein lysate samples.

Poly(I:C)-Treatment of HCT-116 Cells via Transfection

Cultured cells were allowed to grow to 90% confluency in preparation for
synthetic dsRNA treatment. 200 pl of new RPMI-1640 media was placed into each
cell culture well prior to application of poly(I:C)-transfection complexes. LMW and
HMW poly(1:C) [InvivoGen] were prepared at a concentration of 2 pg for
transfection (intracellular dsRNA introduction). Lipofectamine 2000 (Invitrogen)
transfection reagent and serum-free RPMI-1640 media without antibiotics were
used. For each well reaction, 2 pg of poly(I:C) was mixed in 100 pl of transfectaGRO
Reduced Serum Medium (Cellgro, Corning) and allowed to sit for 5 min at room
temperature. 3 pl of Lipofectamine 2000 was mixed with 100 pl of transfectaGRO
Reduced Serum Medium (Cellgro, Corning) and allowed to sit for 5 min at room
temperature. The 2 mixtures were subsequently combined, and gently pipetted up
and down to mix, followed by a 30-min room temperature incubation period to
allow formation of transfection complexes. Following complex formation, 200 pl of
complexes were added drop-wise onto each cell culture well. Transfection was
allowed to occur for 6 hours prior to removal of transfection media, and
supplementation of 400 pl of fresh RPMI-1640 media to each transfection complex-
treated well. RNA samples were isolated 18 hours post-treatment, and protein

samples were harvested 24 hours post-treatment.
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RNA Extraction and Quantitative Real-time PCR Analysis

RNA was harvested from the rotavirus-infected HCT-116 cells at an 18 hour
time-point, and purified using an RNeasy Mini Kit from Qiagen (Valencia, CA).
Likewise, RNA from poly(I:C)-treated HCT-116 cells was purified using an RNeasy
Mini Kit (Qiagen), but instead was harvested from the cells at a 6 hour time-point.
The RNeasy Mini Kit protocol provided by Qiagen was followed and the optional on-
column DNase I (Qiagen) treatment was also performed. Sample absorbances for
isolated RNA samples were subsequently taken using a NanoDrop 2000c apparatus
(Thermo Scientific) to determine nucleic acid concentration. Utilizing an iScript
Reverse Transcription kit from BioRad, 1 pg of purified RNA was used to synthesize
complementary DNA (cDNA). To measure gene induction, quantitative real-time
PCR analysis was carried out by mixing reverse-transcribed cDNA with respective
forward and reverse primers for the gene of interest (ie. IFN-), and with 2 X SYBR
green Master mix from Applied Biosystems (Foster City, CA). The GAPDH gene, a
housekeeping gene in mammalian cells, was used as a control for comparing IFN-3
gene fold induction to GAPDH gene baseline expression levels. The real-time PCR
cycles were carried out in an ABI Prism 7000 Sequence Detection System from
Applied Biosystems, and were allotted 5 minutes at 95° C for denaturation, followed

by 40 cycles of DNA amplification with 30 seconds at 95° C, and 30 seconds at 60° C.

Immunoblot Analysis
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HCT-116 cells in 12-well plates were washed with PBS, and were harvested
36 hours post-treatment with 100 pl of protein lysis buffer (50mM Tris HCI, pH 8.0,
1% Nonidet P40, 150 mM NaCL, 100 mg/ml leupeptin, 1 mM PMSF, 5 mM NaVOy4)
containing protease inhibitor. Cell lysates were spun at 10,000 RPM for 5 min at
4°C. Each aliquotted sample was mixed with 4X SDS loading buffer (containing
DTT), boiled for 5 minutes, and loaded on a 12% Mini-PROTEAN TGX Precast Gel
(BioRad) at constant 200V for 30 minutes. Running buffer was prepared using 100
mL of a 10X TG-SDS Running Buffer (LI-COR), mixed with 900 mL of Millipore-
purified water. Transfer Buffer was prepared using 100 mL of a 10X TG Transfer
Buffer (LI-COR), plus 100 mL of methanol, and 800 mL of Millipore-purified water.
Separated proteins were transferred onto Odyssey Nitrocellulose Membranes (LI-
COR) at 120V, and were subsequently blocked for 2 hours using Odyssey Blocking
Buffer (LI-COR). Primary antibodies for PARP (Cell Signaling Technology), P-IRF-3
(Cell Signaling Technology), as well as (3-actin (Sigma-Aldrich), were incubated with
the nitrocellulose overnight. Anti-MAVS (Bethyl Laboratories) was also used as a
primary antibody for some nitrocellulose membranes as part of this project.
Following primary antibody incubation, nitrocellulose membranes were washed 3
times, 10 min each, with 1X PBS containing 0.05% Tween* 20 (Fisher Scientific),
followed by one 10-min wash with 1X PBS, and a 10-min Odyssey Blocking Buffer
(LI-COR) wash. Blots were subsequently probed with secondary antibodies, IRDye
680RD goat anti-mouse IgG antibody, as well as IRDye 800CW goat anti-rabbit IgG

antibody, both obtained from LI-COR. After secondary antibody incubation, three
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10-min PBS-Tween washes were performed, followed by another 10-min PBS wash.
Western blots were subsequently visualized using a LI-COR Odyssey Infrared

Imaging System.

Viral Plaque Assay

Plaque assay was performed with using MA104 cultured cells for each plaque
assay according to the protocol of Arnold et al., 2009. MA104 cells were pre-
cultured in 150 cm? flasks (Corning), and placed into a 37°C, 5% CO2, humidified
incubator until full-confluency was achieved. MA104 cells were seeded into four 6-
well plates (Corning) at a density of 3.0 x 105 cells/well and were allowed to grow
for 4 days in the humidified incubator. Viral media obtained from SA11-5S
rotavirus-infected HCT-116 cells were saved, and were activated by adding 4 ul of
0.5 mg/mL trypsin to 100 pl of viral media. Virus was subsequently placed into a
37°C water bath for 1 hour. After virus activation, serial dilutions were completed
by adding 900 pl of 1X 199 media, containing no serum, into the first dilution tube,
followed by 1080 ul of media into six other dilution tubes. 100 pl of activated virus
was added to the first dilution tube, and 120 pl of the diluted first tube, was
transferred to the second, and so forth in order to achieve an endpoint of 10-7.
Following that, 1 mL of each completed serial dilution was placed into one of each of
the 6-well plates. Each plate was subsequently left in the humidified incubator and
left for incubation for 1 hour, with gentle rocking every 15 minutes. For each plaque

assay, an agarose overlay was prepared by warming 12 mL of 2X 199 media with no



45

serum, with 0.18 g of Agarose LE filled to 15 mL of autoclaved water. The mixture
was boiled, and temporarily stored in a 42°C water bath. Pancreatin facilitator was
prepared at 5 mg/mL, while DEAE dextran facilitator was prepared at 10 mg/mL.
39 ul of Pancreatin and 30 ul DEAE was added to 12mL 2X 199 media, and was
subsequently stored at 42°C as well. After the 1 h-long incubation, virus was
removed from wells in the order of most dilute to most concentrated. 12 mL of
agarose was combined with 12 mL of media containing facilitators, followed by a
quick mix. Immediately following this, 3 mL of agarose/medium overlay was
applied via the side of each plaque assay well. Agarose/medium layer was allowed
to cool at room temperature, and was left inverted in the humidified incubator
overnight. A second overlay was likewise prepared in a 1:1 ratio for agarose and
medium, but containing 50 mg/mL of neutral red. 7.5 mL of agarose was mixed
with 7.5 mL 2X 199 media containing neutral red, and 2 mL of agarose/medium
overlay was then distributed into each plaque assay well. Plaques were allowed to
form for 3 days in the humidified incubator after application of the second overlay

and prior to visualization on a light box.

Synthesis of NSP1 Recombinant Plasmids

MA104 rhesus monkey kidney cells were first cultured as described by
Arnold, et al.,, 2009. Confluent MA104 cells were infected with the respective strains
of rotavirus (SA11-4F and SA11-5S) for 4 days to allow rotavirus amplification.

Viral media was subsequently freeze-thawed a total of 3 times, and then spun down
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twice for 10 minutes each at 10,000 RPM on a table-top centrifuge (Sorvall RT
6000B). Samples were subsequently spun down using a high-speed ultra-centrifuge
(Beckman L7-65) for 3 hours at 25,000 RPM after which RNA was isolated from
rotaviral supernatant using TriZol RNA extraction. Reverse transcription reactions
were performed using an Omniscript Reverse Transcription kit (Qiagen) to obtain
cDNA products. High-fidelity PCR reactions (Finnzymes Phusion kit, Thermo
Scientific) were subsequently carried out. The NSP1 gene was amplified with NSP1
forward (5’ TAC TGG TAC CAT GGC TAC TTT TAA AGA TGC ATG C 3’) and reverse
primers (5 TAG TTC TAG ATC AAA TTC CAG AAT TCT TCATTT C 3’) [ValueGene
Inc.] with engineered Kpn-I and Xba-I sticky ends respectively. Kpn-I and Xba-I
restriction enzymes were used to cleave the amplified NSP1 gene fragment as well
as the multiple cloning site (MCS) of pcDNA3.1A DNA plasmid (Invitrogen). These
insert and vector samples were subsequently run on a 1% agarose gel, and gel
purified using a DNA Gel Extraction kit from Qiagen. A ligation was performed
overnight with the amplified and restriction enzyme-digested NSP1 genes and
plasmids. Following this, recombinant plasmids were sequenced by Eton

BioSequencing (San Diego, CA).
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