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Abstract

Viruses cause many human diseases including the flu (influenza A), liver cancer (hepatitis C),
and AIDS (HIV). A significant obstacle in developing treatments for viruses — particularly RNA
viruses — is that they mutate rapidly and are able to escape the inhibitory effects of anti-viral
drugs or vaccines. The resulting genetic diversity does not only allow viruses to escape
treatments at the whole organism level, but is also relevant at the cellular level. Viruses have
evolved a multitude of mechanisms to evade certain aspects of the innate immune response,
which has in turn developed into a multifaceted, highly regulated, and redundant system that

utilizes several pathogen recognition mechanisms.

The complexity of virus-host interactions is difficult to understand and characterize,
particularly because there is so much cell-to-cell variability that cannot be resolved using
standard population-based assays. Technological advances, particularly in live-cell microscopy
have allowed researchers to make single-cell measurements that capture this variability. Here, we
present one such method that utilizes a microwell based cell-culture environment, combined with
a dual-color reporter system, and also employs automated imaging and high-throughput image
processing and data analysis techniques to study isolated infections. Our system allows for
frequent, sensitive, and quantitative measurements that provide a good representation of the state

of infection and innate immune activation in isolated cells.

We employed these new methods to investigate the effects of the innate immune response and
the effects of DIP co-infections on VSV replication. Using these methods we found that a small,
but potentially important sub-population of cells became activated prior to our detection of
infection. These fast acting cells may be important for warning their neighbors of infection, and

we explored these affects by treating cells with IFN-fB before infection. Combining information



v
gathered from multiple measures on single-cells, we identified various ways ISGs may be
targeting VSV replication. Finally, by studying co-infections of single-cells with DIPs and viable
VSV, we found that most cells produced infectious virus although one DIP is considered

sufficient to eliminate infectious virus production. These results demonstrate that by harnessing

their natural heterogeneity, we can gain insight into the complexity of virus-host interactions.
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Chapter 1: Introduction

1.1 Motivation

Viruses are obligate intracellular parasites that have the ability to infect every form of life,
from bacteria to humans. The ability of viruses to affect so many different organisms is due to
the extraordinary diversity of virus species that includes both enveloped and non-enveloped
viruses, containing genomes composed of RNA or DNA, which can also be circular or linear,
segmented or non-segmented, and can range in size from as little as a few kilobases to more than
1 megabase (Garcia-Arenal 2001; Davidson 2008; Lang 2009). Interestingly, the complexity of
the virus is not correlated with the complexity of the organism it targets, nor is it predictive of
the pathogenicity of the virus. The heterogeneity in virus types and structure is exceeded,

however, by all the remarkable ways in which the virus and host interact.

Our particular interest is in the virus-host interactions of RNA viruses, which are best known
for having highly error-prone replication processes. The result of this error-prone replication is a
virus population with exceptional genetic diversity (Domingo 1985). RNA viruses cause many
diseases in humans, which range in severity from the mild common cold (human rhinovirus) to
more severe diseases like the flu (influenza A) and liver cancer (hepatitis C virus). Despite the
frequency and severity of RNA virus infections, few treatments exist. This is largely due to the
genetic variability of RNA virus populations that allows them to evolve very quickly, enabling
viruses to evade detection by their host’s adaptive immune system or become resistant to anti-
viral drug treatments. Influenza A is an excellent example of a virus that presents challenges in
the development of treatments. Influenza has pandemic potential and is a continual threat to

human health. Each year a new vaccine is required to protect against infection, and many of the



classes of drugs that have been developed to treat the flu are no longer effective against many

strains of the virus (Simonsen 2007; Hayden 2009; Martinez-Sobrido 2010).

Technological advances now allow us to better characterize the heterogeneity in virus
populations. Deep sequencing technologies have advanced so that virus populations can be
sequenced to measure the genetic diversity (Allen 2011). However, for most drug screening
applications, cell-based assays are of more use because they offer a more realistic biological
context for testing the drug and can also provide information about drug toxicity. Fluorescent or
bioluminescent reporters are invaluable for cell-based assays. Image based readouts are generally
much cheaper and quicker than other methods. Reporter genes have been added to the genomes
of many viruses for easy verification of infection, and can be used for cell-based drug screening
applications (Marschall 2000; Zuck 2004; Blair 2005; Towner 2005; Shaneyfelt 2006; Panchal
2010; Liu 2012). Some viral reporters have even been used to study spread of infection in vivo in
mice (Luker 2005; Raaben 2009). Fluorescent or bioluminescent reporters allow for easier
verification of anti-viral affect, but must be combined with some sort of microfluidic or
microwell system in order to be useful as a high-throughput screen. For a cell-based assay, the
limit, of course, is a one-cell environment. Single-cell assays have advantages beyond the small
volumes and compact devices that allow screening of many drugs. Single-cell assays also allow
one to analyze the variability in the virus population, and how the heterogeneity in cell

populations might affect virus growth.

1.2 Background
Researchers have been studying the heterogeneity in single-cell virus production for more
than eight decades. The first experiments attempting to measure the number of bacteriophage

produced by a single-cell were done by Burnet in 1929 (Burnet 1929). This work was improved



upon by Delbruck in 1945, who was able to measure the burst sizes from a sufficient number of
cells to determine the burst size distributions of three different bacteriophages when infecting E.
coli (Delbruck 1945). In obtaining these distributions, Delbruck was able to show that the burst
sizes was not directly related to the number of infecting particles, and that cell size alone could
not predict the variability in burst sizes. Later, Lwoff et al. measured the kinetics of plaque-
forming unit production for the first human virus, poliovirus, in 4 isolated monkey kidney cells
(Lwoff 1955). More recently, our group was able to measure the yield distribution from hundreds
of cells by infecting with a reporter virus encoding GFP and using FACS to isolate single-cells in
culture wells (Zhu 2009). We were also able to measure the complete kinetics of VSV
production from 12 isolated BHK cells (Timm 2012). The methods used in those two projects are
too limiting to really characterize the variability in virus-host systems. Cell sorting of infectious
materials presents several issues including cross-contamination of other samples and can also
present a biosafety hazard. The manual techniques used to gather the kinetics of VSV production
are too onerous and expensive to perform on large numbers of isolated single-cells. Hundreds or
thousands of cells are required to begin to characterize the heterogeneity in these systems; and so
new techniques and technologies are required to advance the cell-based methods for studying

virus-host interactions and variability.

Large numbers of individual cells can be analyzed in populations by using fluorescent
reporters or other staining methods. Our group and others have used in well cytometry methods,
using fluorescent microscopy to isolate the reporter signal from individual cells in order to obtain
flow-cytometry like results (Ecker 2004; Warrick 2013). One group was even able to correlate
these measures with bacteriophage production (De Paepe 2010). An advantage of this type of

analysis is that one also obtains spatial information. Snijder et al. used this type of analysis to



understand how viral endocytosis is affected by the location of a cell in a colony (Snijder 2009).
Our group has used spatial information to study the relationship between innate immunity and
plaque spread of viral infections (Swick, not published). Imaging cells in populations provides a
more natural context, but can complicate image analysis. Micro-patterning can be used to image
physically isolated cells (Chen 1997). Microwells take an additional step and permit the
detection or quantification of cell secretions (Choi 2011; Torres 2013). Other microwell
applications allow individual cells to be collected for further analysis, such as the collection of
B-cells producing certain monoclonal antibodies (Tokimitsu 2007; Ozawa 2009), or for the

development of clonal cell populations with desired properties (Lindstrom 2008).

The improvements to microfluidic devices for cell culture use, especially when combined
with fluorescent or bioluminescent reporters, have been very useful for screening applications
and for the study of virus-host heterogeneity. We believe that the methods described here
improve upon existing technologies. The microwell device we use was designed for easy pipette
based cell seeding and enables multiple experiments to be carried out on the same device. The
assay we have developed can be easily adopted into any lab that does any live-cell microscopy
and the methods of image analysis and quantification can be done using open source software.
The following sections provide details on commonly used methods developed by myself and my

collaborator, Jay Warrick, PhD (Warrick TBD).

1.2.1 Single-cell infection techniques
We are able to characterize a wide variety of virus-host behavior by studying the kinetics of
virus production in isolated single-cell infections. The following is the general protocol used to

perform these infections.



1.2.1.1 General Infection Protocol

Cultured cells grown in 75 cm? cell culture flasks are released with 2 ml 0.05%trypsin/0.53
mM EDTA (Cellgro) after washing with Dulbecco's phosphate buffered saline (DPBS, Gibco).
The trypsin is neutralized with 8 ml infection media and the cell suspension is placed in a 15 ml
conical tube. Both cell counts and the percentage of live cells are determined with the Bio-Rad
TC20 Cell Counter. The cell suspension is placed on ice, cooled virus solution is added, and the
suspension is mixed gently every 7 min over 30min to minimize cell aggregation and allow for
virus attachment to cells without entry. Performing the adsorption in the cold allows for
attachment of virions, but the infection does not proceed until the temperature is raised to 37°C

(Miller 1980). The cell suspension is then prepped for a specific experiment.

1.2.1.2 Determination of effective virus titer

The effective titer for a virus is determined by following a procedure similar to the general
infection protocol. Stock virus is added to a cell suspension at an approximate MOI of 1 based on
the titer found using monolayer based adsorption on the desired cell line. Adsorption to cells in
the cold is less efficient than a warm monolayer adsorption and the effective MOI will be less
than 1. The virus solution is added to a cell suspension on ice and mixed every 7 minutes during
the 30 minute incubation. This concentration is added to mimic the high multiplicity conditions
of the actual infections, but reduce the probability that single cells could be infected by multiple
virus particles. These cell suspensions are warmed for several minutes in a water bath set to 37
°C to allow attached virus to endocytose. The suspensions are then centrifuged at 1000 rpm for 4
min to pellet the cells. The supernatant containing any unattached virus is decanted and the
pellets are re-suspended, serially diluted in un-infected cell suspensions of the same density, then

added to wells of a 6-well plate. The cells are allowed 1 h to settle to attach to the bottom of the



well and then overlaid with an agar solution (0.6% Difco Agar Noble dissolved in sterile water
which makes up 10% of the total volume and 90% infection media by volume). At this time,
most of the cells are adhered. After incubating for 22 h, the agar gels were removed and the cells
were fixed with a paraformaldehyde (PFA) solution (4% Paraformaldehyde and 5% sucrose in
10mM phosphate buffered saline (PBS, Sigma)), rinsed twice with PBS, and stained with 0.1%
crystal violet in 20% ethanol. The plaques were counted and the effective titer of the original
stock solution was determined, taking into account all the serial dilutions and the initial amount
of virus added to the cell solution. Typically, for these experiments, the density of the cell
solution was about 10° cells/ml and the virus solution added is small so that the cell solution is

not diluted significantly when adding a high multiplicity of virus.

1.2.1.3 Manual single-cell infections

To obtain kinetics of virus production from single-cells, the general infection protocol is
followed and then the cell suspension is warmed to initiate an infection. The cell suspension is
centrifuged two or three times depending on the amount of virus estimated to remain in solution.
Infected cells are separated from this extra virus by centrifuging and re-suspending in fresh
media and then the cells are serially diluted and plated at a density of 1 cell/well in a 96-well
plate. Wells containing isolated cells are identified and sampled multiple times over the course of
the infection by gently removing and replacing the media. The virus contained in these samples

is quantified via plaque assay. A diagram of this procedure is shown in Figure 1.2-1.
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Figure 1.2-1: Workflow for manual single-cell infections and samplings. Cells are
synchronously infected in soltion, on ice then serially diluted to ~1 cell/well and plated. The
temperature of the culture plate is raised to 37°C to initiate infection. The single-cell wells
are identified and sampled by completing removing and replacing the media in the wells
several times over the course of the infection. The virus in the samples is quantified via
plaque assay and when summed over-time creates a ‘one-step’ infection curve (Timm
2012).

1.2.2 PDMS device fabrication and specifications

Our microwell devices are molded from a master created by soft-lithography using ~12 g of
polydimethylsiloxane (PDMS, Dow-Corning) (Xia 1998). The microwell device is a 2 x 6 array
of bull’s-eyes and is approximately the same size as a standard glass slide. Each bull’s-eye
contains ~2500 microwells that are approximately SO0um x 50pum x 50um with a 50um space in
between the edges of the microwells. The center-port and the moat of the bull’-eyes are recessed
(~0.4 mm) to allow for easy liquid manipulations by pipette. This allows multiple, separate

experiments on the same device. A diagram of the device is shown in Figure 1.2-2.

For experiments, cells are seeded into the device and then sandwiched between 2 standard
glass slides. For most experiments, we apply pressure to keep the device sealed using an
aluminum slide holder and clamp (Figure 1.2-3). To use this slide holder, we cut off 2 bull’s-
eyes to create a 2 x 5 array and center the PDMS device on a glass slide. The clamp, which has 8
holes slightly larger than the bull’s-eyes and spaced to cover the first and last four bull’s-eyes,
applies even pressure on the glass slide sealing the microwells. Running lengthwise down the
center of the clamp is a spine approximately 0.7 cm in height. To apply pressure a bar is placed
over the spine in the center secured with 2 screws that when tightened apply gradual pressure,
evenly over the glass slide by the clamp. The aluminum holder is too reflective for imaging, but

this is remedied by coating the surface with black ink. The slide holder is the same size as a



standard Omni Tray and fits into the environmental control stage-top chamber (Pathology

Devices) on the fluorescent microscope.
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Figure 1.2-2: Diagrams and images of the PDMS microwell device. The center picture is of
media droplets being pipetted onto a bull’s-eye and on the right is thresholded image of

nuclear stains representing cells. The dashed lines represent the boundaries of the
microwells.

Figure 1.2-3: Images of the aluminum holder for the PDMS device. The devices are
sandwiched between 2 glass slides and pressure is applied by screwing down the arm and
aluminum clamp. The clamp has 8 holes through which the bull’s-eyes are visible.
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1.2.3 Quantitative imaging

1.2.3.1 Image processing — background and illumination field corrections

To obtain quantitative measurements of fluorescent reporters in single-cells requires several
corrections. First, we collect bright-field and dark-field images to correct for camera noise and
variability in the illumination field. Before or after imaging, bright-field (BF) and dark-field
(DF) correction images are taken. For each correction image 25 2x2 image arrays are collected
under the following conditions: (BF) ~5 ms exposures of a standard fluorescent slide resulting in
a signal in the 14 bit range; (DF) exposures the same length as the longest exposure time
required by the experiment with the light source turned off. The BF images are of a fluorescent
standard that should have the same intensity at every location. By collecting images of this
standard we can correct for variance in the illumination field, which we have determined to be
approximately 40%. The DF images correct for the inherent noise in the CCD camera. The
correction image is obtained by determining the median image of the four images taken at every
time-point, and then averaging all the median images together. This is done for both the DF and
BF images and the final correction image is created by subtracting the DF from the BF image.
The methods for how this correction is applied to the microwell data are discussed in Section
1.2.3.2. The processing of the dark correction images and the illumination field correction

images is done in Je’Xperiment (JEX, http://sourceforge.net/projects/jextools/).

1.2.3.2 Image processing — cell identification and collection of measurements

Je’Xperiment (JEX) is an image processing and data-basing software package. Using this
program, our time-lapse images are sorted according to array location, color, and time. The
image processing steps are described below and the individual programs required to perform

these steps are listed in italics. The first step in collecting data from these images is an image
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registration (Image processing -> Register a Multi-color Image Set), which is generally done
using the phase contrast images. For the most efficient registration, a rectangular region of
interest (ROI) is drawn around one empty microwell at each image location. The registration
aligns this selected microwell at all time-points and outputs a cropped image set. Second, the
locations of all microwells are determined using a convolved image, which identifies the
microwells using the red channel (Single Cell Analysis -> Microwell Convolver). To obtain this
image we multiply the red channel images taken at the first time-point with a convolution kernel
that is a white square with a black background. When this kernel is aligned with the center of the
microwells, the resulting convolved images have a maxima at each microwell center. The
microwells are then identified based on the maxima locations and these locations are constrained
by designating the spacing between microwells, with some tolerance, and by designating a
minimum number of microwells that should be detected in a given area (Single Cell Analysis ->
Microwell Finder). The next step is to identify the cell locations, which is done by identifying
maxima in the blue channel (Single Cell Analysis -> Find Maxima in One Color). Finally,
programs in JEX specifically written for the analysis of microwell experiments, count the cells in
each microwell at all times, store the locations of these cells, and measure the Hoechst, RFP, and
GFP signals within a designated radius of the maxima found in each channel (Single Cell
Analysis -> Microwell Measurements). The two measurements used for single-cell analysis are
the mean intensity surrounding the maxima in each ROI and the mode of the signal in each ROL.
The mode is based on the signals collected in a 33 x 33 pixel area centered at each predetermined
microwell location. At this time, the maxima in each channel are found separately and so the
location of the RFP and GFP measurements are independent of the cell location found in the blue

channel. The data is stored in ARFF files, which can be exported (Table Tools -> Export Table
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Files). The data in these files can then be extracted by Matlab or used more directly in R for
analysis. I have used Matlab here, but these files could also be used in the open-source version

called Octave.

During data analysis in Matlab or R, several steps are required for background and
illumination variation (Figure 1.2-4). First, a local background subtraction is performed for all
empty-well and single-cell well data. The single-cell and empty well data is collected and the
background signal mode is subtracted from the measurement; recall that for each wavelength a
maxima is identified and an area around that maxima is identified, so a cell expressing a signal is
not required for a measurement. Next, the median of the average signal from all empty-wells in a
given array location, and at all times is determined. We call this the null signal (¢). The null
signal found for each position in the image array (4x3 array of images covers one bull’-eye) is
then subtracted from all the single-cell data at that same array location. Subtraction of the null
signal accounts for the background signal of the PDMS device. Finally, we perform the
illumination correction using the correction image described in Section 1.2.3.1. When imaging a
population of cells in culture, it is possible to make this correction on whole images. However, if
we did a whole image correction, the microwell borders would be distorted and create a source
of well-to-well variability. Instead, we use the cell location information found using JEX to make
this correction in Matlab or R by multiplying the measured signal for each cell by the normalized
signal intensity at the same x and y location on the correction image. The final step requires the
determination of a limit of detection (LOD), which is based on the corrected empty well
measurements. We find the median and standard deviation of the corrected empty well signals at
all times and at all locations (entire PDMS device), calculate the median plus 3 standard

deviations, and designate the highest value calculated at any location to be the LOD. Any
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measurement below the LOD is set to zero. A summary of the corrections and a cartoon of the

microwell device is shown in Figure 1.2-4.
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* M isthe median

* R equals the RFP signal from the area around the nucleus, which has a size
designatedin the JEX measurement function.

* Rgis the zeroed measurement function (accounts for PDMS background signal)

* R;is the final background corrected measurement

* m isthe mode of the RFP signal from inside the microwell (background signal) —
represented by the tan background

* @isthe detectionthreshold

* The same sequence of measurementsis taken for each fluorescent wavelength

Figure 1.2-4: Background and illumination corrections of single-cell microwell data. Blue
represents the nuclear stain and the pink surrounding the blue is the RFP signal emanating
from the cytoplasm. The blue nuclear stain is used to identify the cell count in each well.
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Chapter 2: A high-throughput platform for quantitative analysis of single-cell

infections

2.1 Introduction

In the battle between a virus and its host cell, early events often dictate the eventual winner
(Flint., 2009). Over time, host cells have evolved many mechanisms to protect themselves from
challenge by viral or bacterial attack. For example, pattern recognition receptors identify
‘foreign’ materials such as dsRNA, which once identified, initiate signaling cascades leading to
protective cytokine production. These innate defense mechanisms are countered by viruses,
which have also evolved numerous ways to evade or shut down host defenses. For example, the
virus studied in this work, vesicular stomatitis virus (VSV), uses its matrix protein to block
export of cellular mRNA from the nucleus, shutting down the cell’s ability to mount an immune
response. These early processes often begin with low copy numbers (e.g. a few viral genomes or
toll-like receptors), which need to be amplified in some manner to affect the outcomes of
infections. The dynamics of this amplification can be variable and can be thought of as stochastic
in nature (Elowitz 2002; Levin 2011; Rand 2012; Zhao 2012). Stochasticity in gene expression is
one source of variability, but there are many other causes of the phenotypic variability seen in
clonal cell populations such as cell-cell signaling and contact which can affect a variety of things
such as cell size and the cellular replication cycle. This type of variability has been shown to
affect the ability of a virus to infect a cell (Oliere 2008; Snijder 2009; Zhu 2009; He 2010) and
also affect cellular gene expression (Volfson 2006). Standard cell culture assays mask this
variability, which can have huge implications on how a virus is able to replicate and spread. For
example, by quantifying virus production from individual cells our group and others have shown

that there is actually a great deal of variability in per-cell virus yields (Delbruck 1945; Lwoff
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1955; Zhu 2009; Timm 2012). In order to better understand the effects of stochasticity and other
phenotypic variability in these virus-host systems, we have developed tools to study the

dynamics of single-cells infections.

Here, we introduce a high-throughput single-cell infection assay platform to study virus-host
interactions using the model RNA virus, vesicular stomatitis virus (VSV), and the immortalized
prostate cancer cell line, PC3. VSV is known for its broad cellular tropism, exceptionally fast
replication kinetics in permissive cell types, and its extreme sensitivity to interferon stimulated
genes (Fensterl 2012; Miiller 2013). PC3 cells have a robust innate immune response to infection
by VSV, largely due to the fact that these cells have an intact interferon pathway. This property
of PC3 cells is unlike many other immortalized cancer cell lines, and makes these cells a very
useful tool in the study of the innate immune response to viral infections. The extent of PC3
resistance to infection by VSV has been characterized (Carey 2008). For both the virus and the
host, we utilize previously developed fluorescent reporter strains. Fluorescent protein genes can
be incorporated into viruses or cell lines in order to report on the state of virus infection or the
expression of certain cellular genes. These reporters can be valuable tools to study the dynamics
of virus-host interactions in situ, especially when combined with microfluidics. The high-
throughput single-cell infection assay platform that we have developed allows us to study the
variability inherent in virus-host systems. We are able to study hundreds of isolated single-cells
in a uniform cell culture environment, and in the absence of cell-cell signaling. We demonstrate
here that the biology reflected by the dual-color reporter system is in agreement with what has
been described in the literature and that we have developed a tool capable of providing new

biological insights.
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2.2 Materials and Methods

2.2.1 Cell and virus culture

BHK (baby hamster kidney), PC3 (prostate cancer) and PC3-IFIT2-ZsGreenl-DR (PC3-
IFIT2) reporter cells were used in this work. The generation of the PC3-IFIT2 reporter cell line
was described in Swick et al. (Swick n.d.). Briefly, a ZsGreen1-DR gene controlled by an IFIT2
promoter was stably transduced into PC3 cells. Activation of innate immune pathways that leads
to production of the interferon stimulated gene, IFIT2, in PC3 reporter cells, also leads to the

production of the ZSGreen protein.

BHK cells were passaged every 2-3 days and grown in MEM (Cellgro) supplemented with
10% FBS (Atlanta Biologicals) and 2mM GlutaMAX (Gibco) and the PC3 and PC3-IFIT2 cells
were passaged every 3-4 days and grown in RPMI 1640 (Gibco) supplemented with 10% FBS.
Infections of the cells lines were done in the same media, but with the FBS content reduced to
2%. The viruses used in this study were recombinant strains of VSV encoding the gene for
DSRed-Express protein in the fifth position of the genome, after the glycoprotein gene and
before the polymerase gene. By placing the reporter gene in this position, attenuation caused by
adding an additional gene is limited, but virus replication still results in a strong fluorescent
signal (Swick n.d.). Both a wild-type (N1-DSRedEx) and mutant form (M51R-DSRedEx) were
used and both stocked on BHK cells. The M5IR strain has a methionine to arginine point
mutation in the matrix protein. This mutation prevents the matrix protein from functioning

properly in its role to block nuclear export (Ahmed 1997).
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2.2.2 Population one-step infection assay

One day before infection, PC3 cells were plated in 12-well plates at a density of 1.8 x 10°
cells/well. PC3 cells are highly resistant to infection by VSV, so to achieve a synchronous
infection 200ul of stock virus (N1-DSRed) was added directly to cell monolayers and allowed to
adsorb for one-hour in an incubator, rocking plates every 20 minutes. The virus was titered on
PC3 cell monolayers, and based on this number the effective MOI, was approximately 15 (~3500
MOI on permissive BHK cells). After adsorption, the stock solution was removed and the cells
were rinsed with sterile PBS and overlaid with 1 ml PC3 infection media. Two other 12 well
plates were used for infected and un-infected monolayer controls. At various time-points, these
plates were imaged with a Typhoon FLA 9000 (GE) and then one-well at each time-point was
sacrificed to sample for virus production. The infected and un-infected controls were used to
normalize the RFP fluorescent signal from the Typhoon scanner. Images and samples were taken
at the times designated in the figures. The host GFP signal could not be resolved using the

Typhoon scanner due to a very high background signal.

2.2.3 Typhoon image analysis

Analysis of the typhoon image data was done with ImageJ. An ellipse was drawn covering the
majority of each well of a 12-well plate. Signals from un-infected control cells were subtracted
from the average of all un-sampled control wells. At different sampling times, the background
signals changed. To normalize the measurements taken at different times, the signal at each time
point was divided by the ratio of the background signal at that time point and the maximum
background signal. The signals were also normalized according to position. There was a very

regular gradient in the signal from the top left well, to the bottom right well that was observed in
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the uninfected control plate. This gradient was likely due to uneven illumination of the cell-

culture plates.

2.2.4 Nuclear labeling and VSV infections for microwell experiments

PC-3 IFIT2 reporter cells were infected in solution with either the M5S1R-DSRed or the N1-
DSRed virus strains at stock virus concentrations. However, due partially to the inefficiency of
cold adsorption on PC3 cells, viral infection was detected in only 1/3 of cells. The methods for
performing the in solution infections have been previously described (Timm 2012, Chapter 1).
Following the virus adsorption period, the temperatures of the virus-cell solutions were raised to
37°C in a water bath for 7 minutes to allow for internalization of the attached virus. To remove
any excess virus, the cell solutions were centrifuged (1000 rpm, 4 min), the infection media
decanted, and the infected cell pellet re-suspended in fresh media three times. With the final re-
suspension, the cell density was adjusted to the optimal density for microwell seeding (1-2 x 10
cells/ml). The re-suspension infection media contained Hoechst 33342 (AnaSpec, 1uM) and
HEPES (Sigma-Aldrich, 25mM). Hoechst 33342 is a live-cell nucleic acid stain that can be used
to identify the location and number of cells in microwells. HEPES is a buffer commonly used in

microfluidics applications to protect cells in systems with sub-optimal gas exchange.
2.2.5 Bull’s-eye device seeding and assembly

2.2.5.1 Device preparation

Approximately 1 hour before beginning the infection procedure, the PDMS device was placed
under a UV lamp for sterilization. (A description of the dimensions of the Bull’s-eye device is
described in Section 1.2.2. Also included in Section 1.2.2 are the methods used to make the

devices). After 20-30 minutes, the device was moved to a vacuum chamber for de-gassing. This
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step is critical, as it allows liquid to readily fill the wells instead of trapping air underneath the
liquid layer. After 20 minutes in the vacuum chamber, 100ul droplets of infection media
(containing HEPES and Hoechst) were placed on each bull’s-eye to wet the device. There is
sufficient surface tension to keep droplets from spilling into the moats. It is necessary to ensure
that all wells are covered with fluid, as empty wells will speed up drying later in the infection.
The PDMS device was placed in an incubator, with the droplets in place before beginning the
infection procedure. The device was in this humid environment for approximately 1 hour before

cell seeding began.

2.2.5.2 Cell seeding

To seed the infected cells into the microwell device, the existing droplets were removed and
replaced with 70-80ul droplets of the infected cell solution (1-2 x 10° cells/ml). After 30-60
seconds, the droplets were removed swiftly by placing the pipette tip in the recessed center and
replaced quickly, but gently with fresh media. The swift removal of the droplets sweeps cells off
the top surface of the device, but does not disturb the cells that have settled into microwells. It is
necessary to keep the pipette vertical and not pipette from an angle. The bull’s-eyes were washed
with fresh media twice more in the same manner. It is important not to overload the wells with
cells, as they are difficult to wash away once seeded and overloading will cause cells to become
trapped outside the wells and crushed during sealing. The nuclear stain of these cells will still be

visible and will interfere with image analysis.

2.2.5.3 Device sealing
The device was sealed by quickly removing the droplets from all bull’s-eyes and gently
covering with a glass slide (top side treated with 0.1% Tween 20). It is important not to add and

then release pressure to the microwells as this causes bubbles to form and displaces cells. The
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Tween is applied by pipetting on ~ 1 ml of 0.1% Tween, then before sealing, removing all but a
thin layer of the solution. Tween 20 (Fisher Scientific) is a surfactant that prevents condensation
droplets from forming on the top side of the sandwich device when inside the humid microscope
chamber — instead, an even layer of liquid forms. The liquid layer does not affect fluorescent
imaging, and an even liquid layer instead of droplets allows for better topside phase contrast
images. Pressure is applied to maintain the sealing as described in Section 1.2.2. Pressure was
applied to enable complete sealing of the microwells, but without permitting glass slides to

break.

In this experiment, two bull’s-eyes were seeded with un-infected cells to determine cell
viability after 24 hours of imaging, three bull’s-eyes were seeded with M51R-infected cells, and
three bull’s-eyes were seeded with Nl-infected cells. The viability measurements were
inconclusive, but the method appears to keep cells relatively healthy because we observe viral

protein production long into imaging.

2.2.6 Time-lapse imaging

As described in Section 1.2.3.1, correction images were taken before beginning the time-lapse
to correct for uneven light intensity. The exposure time for the illumination correction images
was 5Sms and the exposure time for the dark field correction images was 1500ms (or the longest

exposure time used).

The aluminum device holder containing the bull’s-eye device and several DPBS soaked
Kimwipes (Kimberley Clark) was placed on the automated microscope stage, using an Omni
Trey bottom for a lid. The DPBS soaked Kimwipes help provide a humid environment for the

PDMS device. Fluorescent time-lapse imaging was done on a Nikon Eclipse TE300 microscope,
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using an EXI Aqua camera (Q Imaging). The environmental conditions were controlled by an
outer warming chamber encompassing the microscope and a stage-top incubator chamber
(Pathology Devices) set to 37°C, 5% CO;, and approximately 85% RH. Once the system had
equilibrated to the correct temperature, the center locations of the bull’s-eyes were identified and
memorized and the stage was focused to the Hoechst 33342 stained nuclei. Images were taken in
a 4 x 3 array around the center of each bull’s-eye in the following order: bright-field (5ms
exposure), blue channel (20ms exposure), red channel (1500ms exposure) and green channel
(1500ms exposure) using a Sedat quad cube. Imaging the entire array required approximately 18

minutes, and was looped at a 30 minute interval for 22 hours beginning 1.42 hpi.

2.2.7 Image processing workflow and data analysis

Image organization and processing was done in JEX as described in Section 1.2.3.2. Briefly,
the images were sorted according to location, time, and color and then registered to correct for
any small shifts in the device location. For this work, registration was done based on the phase
contrast images. Following registration, a convolution image was created using the first red
channel image (taken before any detectable signal from cells) and a convolution kernel.
Microwell locations were located and numbered based on the convolution image. The maxima in
the blue channel (# of nuclei) were located and the number in each microwell determined.
Finally, a cell radius was chosen and measurements were taken in each fluorescent color at all
times (method for determining correct radius are included in Section 2.2.7.1). The measurement

and cell count data tables are exported and analyzed in Matlab.

2.2.7.1 Cell radius determination
The microwell measurements function in JEX works by searching each ROI (microwell) for a

maximum signal and then drawing a circle with a designated pixel radius around that maximum
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and measuring the average intensity of that area. In general, I use a radius of 13 for PC3 cells and
9 for BHK cells; however, the right radius might change based on experimental conditions. The
radius should be large enough to encompass each cell accounting for variability in cell size, but
not so large that cells in neighboring wells are detected in the analysis. The smallest size that
surrounds the cells should be chosen for added sensitivity. I choose a size by taking
measurements with a range of different designated radii and creating parity plots from the

measurements. An example is shown in Figure 2.2-1
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Figure 2.2-1: Parity plots of various cell radii compared to a radius of 13.



26

2.2.7.2 Matlab analysis

The code used to analyze the microwell data can be found on the Yin lab’s shared server in
Past Group Members\Andrea\MatlabCode\Chapter2. In order to perform the analysis in Matlab,
the ARFF files exported by JEX must be converted into a format readable by Matlab. This is
done with the Matlab Weka Interface. The file names of various scripts necessary for each step

are written in italics.

Step 1: Extract cell counts and cell location information

Run  CellCountDriver.m =2 requires CellCountFunction, loadARFF,

weka2matlab, convertIndex, and wekaPathCheck scripts

Step 2: Extract measurements

Run MeasuresDriver.m =2 requires MeasuresFunction, loadARFF, weka2matlab,

covertlndex, and wekaPathCheck scripts

Wells that contained zero or one cell were identified and the measurements corresponding to
those wells collected and organized according to image location for easier analysis. After this
data extraction step, the data must be cleaned. Cleaning of the data entails sorting through the
images taken at each color and excluding microwell locations that contained fluorescent debris,
bubbles, or other factors that might result in an incorrect measurement. A log of the errors is

created, and those microwells are excluded from Matlab data tables.

Step 3: Create error log



27

Fill in ErrorLogCreator.m script file with the microwell numbers that must be
eliminated from analysis. Run ErrorLogCreator, then run ClearListsDriver 2

requires CleanROILists

The empty wells were used to determine the signal from the PDMS (@ signal) and the
measurement threshold. The mode from the single-cell wells was subtracted from the cell signal
at each time point. The mode is essentially the background signal at each well location. Finally,
the measurement error was determined and found to be negligible until values drop below

approximately 10 au (CV ~ 10%), near the limit of detection (details found in Section 2.2.7.4).

Step 4: Run AnalysisDriver.m

- loads time information, loads cleaned ROI lists, loads measurements, loads
cleaned cell locations, loads illumination correction image and runs
measureBackground, measureThreshold, illuminationCorrection, and

thresholdData.

At this point the cleaned, thresholded data is complete and is saved for more specific analysis. It
is necessary at this point to check the maximum threshold used on all the data. Occasionally, a
cell will not retain the nuclear stain and a well designated as empty will have a positive reporter
signal. A positive signal in an ‘empty’ well will artificially raise the limit of detection. The
individual thresholds for each image location should be checked for similarity. If one or more of
the individual thresholds are too high, we identify the problem microwell, add that microwell

number to the ErrorLogCreator and run through Steps 3 and 4 again.

Step 5: For the reporter cell data collected in this work, specific functions were created to

identify and collect data from cells that were RFP+GFP+, RFP+GFP-, or RFP-GFP+,
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plot reporter trajectories for these single-cell populations, and extract the desired kinetic

parameters.

-2 RFP _GFPData and Delay RFPDeath 2 requires fit _expo fun,
find RSquared, expo objfun, expofun (fitting functions written primarily by

Ankur Gupta)

2.2.7.3 Data fitting
To obtain a rate approximation we have fit the following exponential equation to the first four

positive data points:

Equation 2.2-1

Intensity = A -exp (a - time )

The first four time-points can vary greatly in intensity. In order to fit the data correctly, we must
account for the changing noise levels spanning different magnitudes of intensity. The majority of
the noise is Poisson distributed and is a function of the number of photons detected (Waters
2009). The maximum variance is equivalent to the square root of the total number of detected

photons, which is determined using the following equation:

Equation 2.2-2

photons = [ ) 4 J (i-o0) (Waters 2009)

where f'is the full well capacity of the camera, i, is the maximum intensity value possible based
on the detector, 7 is the measured intensity, and o is the detector offset. According to QImaging,
the specifications of our 14-bit CCD camera are f'= 18,000 electrons and i,,,, = 16,384 au. The

offset term is eliminated during our image processing steps by subtracting the dark-field images,
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which correct for camera noise. Finally, we assume the quantum efficiency, or number of
photons required to release one electron, is 0.6 electron/photon. The measurements we collect are
the average intensity over a circle area encompassing the cells, so we must also adjust for that

number of pixels. Our equation for variance is now:

Equation 2.2-3

signal 18,000 signal
o = ;-i = A 28 = X8 o= 0.059 +/signal
QE : imax QE : imax

Ty 0.6-16,384 7 -13

2

and we weight each data point using the factor of 1/o° and use a non-linear least squares fitting

algorithm in Matlab to fit the exponential curve to each individual RFP and GFP trajectory.

2.2.7.4 Determination of measurement error

BHK cells were co-infected with two strains of VSV, one encoding a red fluorescent protein
and another encoding a green fluorescent protein. A 4 row by 3 column image array was taken
of infected BHK cells late in infection so that most cells were expressing both RFP and GFP.
The images in the array had large overlapping sections so that the same microwells were imaged
up to 4 times. An example of overlapping regions is shown in Figure 2.2-2 below. Using 5
regions of 4 overlapping images per region, we collected 4 replicate measurements of many
isolated cells. Using this data we were able to approximate the error in reporter expression
measurements over a range of intensities for both the viral (RFP) and viral (GFP) reporters. The
error profiles are shown in Figure 2.2-3, where we plot the logl0 of the coefficient of variation

against the log10 of intensities.
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Figure 2.2-2: (top left) Four images from a 4x3 image array with large overlapping regions.
These overlapping areas correspond to different areas of light exposure (top right).
(bottom) Magnified image of the overlapping array showing the microwells common to the
four images.
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Figure 2.2-3: (left) Error profile for the GFP data (right) Error profile for the RFP data

2.3 Results

Microwells provide identical environments for each cell, creating a significantly more
uniform context in which to quantify cell behavior compared to standard population level
experiments. Isolation of each target cell enables very clean and robust data collection at
multiple wavelengths and with no need for cell tracking or discrimination between the
fluorescent signals of adjacent cells. The data collected is much like flow cytometry data, but
with two primary advantages: first, the infected cells are sealed in the device throughout
imaging, eliminating the risk associated with running infectious materials through a flow
cytometer; and second, kinetic single-cell microscopy data can be collected with ease, while
obtaining such data with a flow-cytometer would require multiple parallel experiments. Using
the VSV-PC3 cell reporter system, we will demonstrate the advantages of this type of data and

the novel results one can acquire using single-cell techniques.
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2.3.1 Very high MOI necessary to synchronize infections in resistant PC3 cells

PC3 cells, a prostate cancer cell line known to be resistant to VSV infections (Carey 2008),
were infected with N1-DSRed at two MOIs. The lower MOI corresponds to an MOI of 50 on
VSV permissive cells and the higher MOI corresponds to an MOI of over 3000 on these same
permissive cells. If we titer this virus on PC3 cells, the effective MOIs are approximately 0.2
PFU/cell and 15 PFU/cell. These titers are based on plaque growth on cell monolayers. The low
efficiency of plaque formation is likely due to a combination of effects, including the immune
response of the cells, which might slow virus spread enough to prevent macroscopic plaque
formation, and non-replicating viruses trapped in cells. VSV particles internalized by PC3 cells

often become trapped in endosomes and fail to initiate replication processes (Carey 2008).

N1-DSRed replication kinetics after infection at the high MOI were similar to the kinetics of
this same virus on permissive BHK cells; however, when PC3 cells were infected at a much
lower MOI, virus production was significantly delayed, likely because replication was occurring
in more than 1 round of replication (Figure 2.3-1). While virus production occurred more slowly
at the lower MOI, this cell population eventually produced about the same overall yield as the
population infected at the higher MOI. For all subsequent experiments, we will use the higher
MOI in an attempt to synchronize the virus infection in all cells. Virus yields of the high MOI
infection of PC3 cells appear to produce infectious virus at the first time-point; however, this is
like virus that was not washed away after adsorption. It is our convention to plot this amount of

virus so that we can observe the change in production between the first two time-points.
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Figure 2.3-1: Synchronized VSV infections of resistant PC3 cells have yields similar to VSV
infections of the permissive BHK cells. (a)High (~3500) and low (50) MOI infections on PC3
cells. (b)Synchronized VSV infections on PC3 (MOI ~ 3500) and BHK cells (MOI 10).

2.3.2 Viral reporter protein kinetics and yields are a reasonable indicator of virus

production kinetics and yields

Fluorescent reporter proteins can be used for real-time readouts of what is happening in a
biological system. The viruses used in these experiments all encode the gene for DSRed-Express
in the fifth position of the VSV genome. As intracellular virus replication proceeds, the reporter
gene is transcribed and translated into protein along with the other viral genes. VSV transcription
is initiated from a single-promoter and at each intergenic junction the polymerase can continue
and transcribe the next gene, or fall off causing an attenuation in gene expression that increases
from the nucleoprotein gene to the polymerase gene (Barr 1997; Lyles 2007). This is the method

by which VSV regulates its protein production. The rate of mRNA production has been shown to
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be linearly related to number of genomes (Timm 2013). Based on these two pieces of
information, our hypothesis is that fluorescent reporter protein production will generally be
proportional to genome production and viral yields.

To determine if virus production and reporter expression were related, we performed
population one-step infections and simultaneously measured the viral RFP expression. If we
compare viral production kinetics and reporter protein kinetics, we find that they are correlated
and can be used as a reasonable indicator of virus production. Figure 2.3-2 shows how well the
RFP signal from infected cells correlates with virus production kinetics at a population level. In
Figure 2.3-2a, the delay-time in RFP production between the high and low multiplicity infections
is similar to the delay between initial virus production in these experiments. In the case of the
PC3-IFIT2 cells infected with N1-DSRed or M51R-DSRed, the RFP production kinetics are very
similar to each other and to the virus production kinetics. Throughout the infection process the
relative kinetics (infection delay, rise-time, and yield) of virus production and RFP production

were conserved.
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Figure 2.3-2: Viral RFP reporter is reasonable indicator of virus replication kinetics and
yields. (a)High and low MOI N1-DSRed infections of PC3 cells, virus production (black)
and fluorescent protein Kkinetics (red). (b)High MOI NI1-DSRed and MS51R-DSRed
infections of PC3 cells, virus production (black) and fluorescent protein Kinetics (red).
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2.3.3 Proportions of infected and IFIT2 activated cells in N1 and MSIR single-cell

microwell infections

Population level measures of fluorescent reporter protein and virus production indicate that
the reporter protein signal is a reasonable indicator of virus production kinetics. In addition, other
work from our group has shown that the ZSGreen signal emanating from our immune activated
IFIT2 reporter PC3 cell line also correlates with some indicators of anti-viral activity (Swick
n.d.), including similar kinetics and levels for ZSGreen and IFIT2 mRNA in infected cells and an
increase in Mx1 protein levels. Further, by placing either one of these two fluorescent reporters
(ZSGreen or DSRed Express) in the same viral backbone, it was shown that these two reporters
have very similar translation and maturation kinetics. Therefore, the IFIT2 and viral reporter

protein kinetics can be directly compared to each other (Swick n.d.).

PC3-IFIT2 cells were infected in solution with either N1-DSRed virus or M51R-DSRed virus.
These infected reporter cells were seeded into a PDMS microwell device and imaged over the
next 25 hours. Approximately 1000 isolated single-cells were imaged at each virus condition and
about one-third of that population became infected (as indicated by a positive virus-reporter
signal). Figure 2.3-3 is a representation of the number of infected, activated, and infected-
activated cells in both populations. In general, IFIT2 production was not detected in RFP+ PC3-
IFIT2 cells infected with N1-DSRed, while most cells infected with the M51R strain did appear
to mount an immune response. These results are consistent with population level studies of PC3-
IFIT2 cells infected with these two virus strains. Note also that the cell population infected with
MS51R virus had a higher percentage of cells that were only positive for the host GFP than did the
population infected with N1 (5.2% - M51R, 2.8% - N1, p=0.04). The basal level of GFP positive

PC3-IFIT2 cells in a population is usually ~1%.
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Figure 2.3-3: Counts of cells infected with either N1-DSRed (black) or MS1R-DSRed (grey)
that are positive for both RFP and GFP, RFP only, or GFP only.

2.3.4 Definitions of kinetic parameters

We plotted fluorescence intensity versus time of both the RFP (viral protein) and GFP (IFIT2
activation) data from each individual cell. Figure 2.3-4 illustrates the different measures and
fitted parameters that were extracted from each single-cell trajectory. In general, the trajectories
of both the virus and IFIT2 reporters are similar; beginning with a period of no detection that
includes the time between the initial infection and initial protein production and then an
additional delay while the reporter protein is accumulating, but is not yet detectable. Once the
reporter protein is detected, a rapid growth phase follows, which eventually slows and levels off
to a plateau. We found that an exponential function (Intensity = Ae”"™) fit the early time points

well, and we only used the results when the R* value was > 0.9 (88% of RFP+ cells, 86% of
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GFP+ cells). We extracted an estimated production rate parameter, alpha, from the fluorescent
intensity signal for both viral RFP and cellular GFP. We were able to extract several other
kinetic parameters from both the virus and the innate immune reporters, including a delay-time
to detection, a maximum intensity, and a rise-time for each individual cell (Figure 2.3-4).
Finally, a lysis-time was extracted for cells that lysed before the end of the experiment. To obtain
the results presented below, only single-cells that expressed both the virus and IFIT2 reporter

were considered unless otherwise specified.
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Figure 2.3-4: Illustration of the different kinetic parameters that are extracted from
reporter trajectories. The inset figure magnifies the RFP and GFP trajectories near their
respective limits of detection.
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2.3.5 Immune activation affects virus reporter kinetics

We begin our analysis by investigating how the parameters of time (i.e., rise-time) and
production rate (i.e., ) from the exponential function are related to virus reporter production.
The rise-time encompasses the majority of the detectable reporter protein production time, and
varies greatly from less than 30 minutes to nearly 15.5 hours (Figure 2.3-5). Two other key
parameters are the production rate (alpha) and the maximum reporter intensity. Both the
production rate and max intensity vary more than two orders of magnitude for both reporter
proteins, demonstrating the incredible variability in these virus-host systems. We wished to
determine if a relationship exists between these kinetic parameters of rise-time and production
rate and the maximum intensity, so we plotted the maximum intensity on a natural log-scale
versus the rise-time, the production rate, and a combination of the rise-time and production rate
(Figure 2.3-5). Each data point on these plots represents kinetic parameters extracted from the
virus reporter trajectories of a single-infected cell. We have also separated these data into lysed
(red circles) and intact (black circles) cell populations to determine if any of these factors are

more correlated with cell lysis events.

2.3.5.1 GFP+RFP+ cells

In these M51R-DSRed infections of resistant PC3 cells we find that in cells expressing both
the virus and IFIT2 reporters (74% of cells), the rise-time (R? = 0.41) is actually a better
predictor of virus reporter expression yields than is the production rate (R* = 0.24) (Figure 2.3-5a
& b). Further, the multiplication of these two parameters is more predictive still with an R* value
of 0.53 (Figure 2.3-5¢). This result is somewhat intuitive — the production rate multiplied by the
production time should be linearly related to the log of the yield. However, this relationship

would depend upon the production rate and the rise-time being independent, so we have also
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plotted this relationship. Figure 2.3-5d shows that the virus reporter production rates appear to be
constant over the range of rise-times.

One of the advantages of imaging single-cells in microwells is that we can very easily see
instances of cell lysis or any leaking of reporter signal from the cell into the surrounding media.
We were interested in any correlations that might exist between cell lysis events and any of the
kinetic parameters we measured. An examination of the lysed (red circles) and intact (black
circles) populations revealed only one significant difference, a higher average viral reporter
production rate in the lysed population (a0 = 1.34) compared to the intact population (a = 1.22)
(Mann-Whitney, p = 0.004). Because the higher production rate is correlated with lysis, we
might have expected the rise-times to be shorter in the lysed cell population; however, we have
already shown that these two parameters are independent and the same statistical tests show that

the average rise-time is not significantly reduced in the lysed cell population.

2.3.5.2 GFP-RFP+ cells

The same series of plots was created using the population of M51R infected cells in which we
did not detect a GFP signal (22% of RFP positive cells). The relationship between the maximum
reporter intensity and the rise-time and production rate (alpha) parameters differed in this
population of cells, which are either weakly activated or un-activated. Here we find that the
production rate (R? = 0.72), not the combination of production rate and rise-time (R* = 0.61), is
the best predictor of reporter protein yield. It also appears that the rise-time and production rate

parameters might not be independent.
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Figure 2.3-5: Relationship between maximum viral reporter intensities and the parameters
of rate and time. (top, left to right) Virus reporter parameters from RFP and GFP positive
cells, natural log of the maximum reporter intensity plotted against rise time, production
rate, and the product of the rise-time and rates. Last plot is the production rate plotted

against the rise-time. (bottom) Same series of figures for the RFP positive, GFP negative
cells population.

2.3.6 Correlations between parameters of IFIT2 activation

2.3.6.1 GFP+RFP+ cells

We compiled the same series of figures for the host using parameters extracted from the
IFIT2 reporter trajectories to determine if the relationships between the various kinetic properties
were similar. Plotting the log of the maximum IFIT2 reporter expression versus the rise-time, the
production rate, or the combination of the two revealed different results compared to the virus
reporter. Unlike the virus reporter result, the maximum expression level is most correlated with
the production rate (R* = 0.54) (Figure 2.3-6b), whereas the yields appear to depend very little on

the rise-times (R* = 0.14) (Figure 2.3-6a). A comparison of the rise-time and production rate
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suggests an answer (Figure 2.3-6d). The IFIT2 reporter rise-time distribution is narrower than
that of the virus reporter, with a median time of 3.5 h (compared to 6.5 h for the virus) and with
75% of cells having a rise-time of 6 hours or less. There are no significant differences in the

kinetic parameters of the IFIT2 reporter when comparing the lysed and intact cell populations.

2.3.6.2 GFP+RFP- cells

There were generally too few examples of cells that were GFP positive and RFP negative and
so we did not perform an analysis similar to that performed for the virus reporter parameters in
section 2.3.5. However, in this small population we observed that the percentage of cells that are

GFP+ and RFP- is higher in the M51R-infected population than in the N1-infected population.
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Figure 2.3-6: Relationship between the maximum IFIT2 reporter intensity and the
parameters of rate and time. (Left to right) Natural log of maximum IFIT2 expression

plotted against the rise-time, production rate approximation, and production of rise-time
and production rate. Last plot is the production rate vs. the rise-time.

2.3.7 Relative reporter detection times influence resource allocation

Up to this point, our analysis has focused primarily on how one kinetic parameter relates to
another within a single color - either the virus reporter or the innate immune reporter, but not
both. The greatest strength of this new single-cell infection platform, however, is our ability to

directly compare the virus and host state in isolated single-cells.
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We have studied how detection times for both the virus and IFIT2 reporters relate to the
fluorescent outcomes of these infections. The delay-time comparison plot shown in Figure 2.3-7¢
shows that detection of the IFIT2 reporter generally follows detection of the virus reporter (80%
of cells). The IFIT2 median delay-time is 8.4 hpi, while the median delay-time for the virus
reporter is 6.4 hpi. More thorough examinations of the delay-time distributions for the virus and
IFIT2 reporters are shown in Figure 2.3-7a and b. Note there is a population of cells which
express GFP well before any virus reporter is ever detected.

The delay-time comparison plot of IFIT2 and virus delays shows that the difference in
detection times between the virus and IFIT2 reporter is highly variable. To determine how this
might affect infection outcomes, we plotted the ratio of the virus and IFIT2 maximum intensity
levels against the difference in delay-times (Figure 2.3-7d). The results appeared to show three
different scenarios: when the delay-times are very similar, there is a lot of variability in the
ratios, indicating competition between the virus and the host, but if the IFIT2 reporter is detected
long after the virus reporter or if the virus reporter is detected long after the IFIT2 reporter, either
the virus or the host cell appears to gain an advantage. To investigate these three potential
populations further, we fit the following piecewise equation to this data:

Equation 2.3-1

(yl X < X, ]
y y
y = 2 1-(xfl)+y2 X, <x<x,

The results of this fit showed that if the IFIT2 reporter was detected more than 4.7 hours before

the virus reporter, the protein production resources appeared to shift in favor of the innate
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immune response. If however, the virus reporter was detected more than 6 hours before the
IFIT2 reporter, we observed the opposite result, and protein production resources appeared to
shift in favor the virus.

Instead of comparing to relative max-intensities, we can also compare delay-times to absolute
max intensities directly. A variety of factors, will affect the production capacity of a given cell,
and so there is no fixed magnitude of reporter protein production that must be shared between the
virus and host. Therefore, we next plotted the magnitudes of IFIT2 reporter expression when the
virus reporter was detected first (Figure 2.3-7f) and the magnitudes of virus reporter expression
when the IFIT2 reporter was detected first (Figure 2.3-7¢). There is a great deal of variability in
the max-intensity magnitudes, but as the time advantage increases for either the virus or the

IFIT2 reporter, the range of potential max-intensity values decreases.

2.3.8 IFIT2 response depends on infection but not virus replication processes

It is clear from the delay-time results that the IFIT2 reporter generally responds to some virus
infection process. The PC3-IFIT2 cell detects the virus and responds, and that response results in
the production of IFIT2 and the IFIT2 reporter protein. We noted in Figure 2.3-7 that the timing
of this response is very important to the infection outcome. We wanted to evaluate the kinetic
data further, and determine if the host continues to respond to virus replication processes, or if
the rates and magnitudes of IFIT2 production act independently of viral processes after the initial
activation. The way in which IFIT2 kinetic parameters were related to the virus production rate
was of particular interest because of our finding that a higher average virus reporter production

rate was correlated with lysis. Therefore, we have plotted all IFIT2 kinetic parameters against the
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Figure 2.3-7: Relative delay-times to detection of the virus and IFIT2 reporters affect the
outcomes of M51R-DSRed infections of PC3 cells. (a) Histogram of virus reporter delay-
times. (b) Histogram of IFIT2 reporter delay-times. (¢) Comparison plot of the virus and
IFIT2 delay-times for each individual RFP and GFP positive cell. (d) Ratio of virus and
IFIT2 maximum intensities plotted against the Relative time of host activation, which is
equal to (IFIT2 delay-time — the virus reporter delay-time) (¢) Maximum virus intensity
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plotted against the relative time of host activation when the cell has the time advantage. (f)
Maximum IFIT2 reporter intensity plotted against the relative time of host activation for
when the virus has the advantage.

virus production rate in Figure 2.3-8. In every case we found that these parameters appeared to
be independent - the production rates, magnitudes, delay-times and rise-times of IFIT2

production are not correlated to the rate of virus reporter production.
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Figure 2.3-8: IFIT2 expression occurs in response to infection, but not specific viral
replication processes. (Left to right) Natural log of maximum IFIT2 reporter intensity,
IFIT2 production rate, IFIT2 rise-time, and IFIT2 delay-time all plotted against the virus
reporter production rate.

2.4 Discussion

Virus-host interactions are complex, both in the myriad strategies viruses have evolved to
infect cells and evade their innate immune systems to replicate and spread, and in the way host
cells have evolved to detect and suppress virus infection, while warning neighboring cells of
potential danger. In order to gain a better understanding of such interactions we have developed
new tools that allow us to study single-cell behaviors in a high-throughput manner. Our high-

throughput platform for studying single-cell virus infections includes a PDMS microwell device,
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an automated live-cell imaging system, image processing and data-basing software (JEX), and
computational tools for analyzing large data sets. Utilizing a dual-color reporter system, which
was previously developed in our lab (Swick n.d.), and combining this system with our new
platform for high-throughput single-cell analysis, we are able to analyze hundreds or thousands

of isolated single-cells, under multiple conditions, in parallel.

Vital to this work is the reporter cell system used to demonstrate the type of data that we can
acquire using our assay and to suggest potential applications using these single-cell tools.
Biological tools such as reporter cell lines and viruses have become an invaluable research
instruments and this type of simple, non-destructive image-based readout is very important for
high-throughput technology. Properly designed reporter systems can provide so much more
information than a simple indicator, and have the potential to become quantitative, kinetic
readouts when used properly. Every test of the dual-color reporter system used in this work has
suggested that both the virus and innate immune reporters are accurately relating the state of
intracellular virus and host activity, both in population and single-cell experiments. Examples
include the population level reporter kinetics, which correlate with virus production kinetics
(Figure 2.3-2) and activation of the IFIT2 reporter, which is much more prevalent in M51R
infections than in N1 infections where such activation should be suppressed (Figure 2.3-3). This
reporter system is potentially powerful in enabling quantitative characterization of VSV
infections of PC3 cells in real time. However, more work must be done to determine if the
production rates, yields, or other kinetic parameters of these reporters can be quantitatively
connected to infectious virus yields and anti-viral activity.

In addition to indicating a relationship between the viral RFP and yields, the population level

one-step infections showed that in order to achieve a synchronized infection in resistant PC3
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cells, a very high MOI is required (Figure 2.3-1, Figure 2.3-2). Additionally, PC3 cells infected
with a high multiplicity of either N1-DSRed or the mutant strain, M51R-DSRed, produce
thousands of infectious virus particles per cell, with less than a 2-fold decrease in yields between
the N1 virus and the mutant M51R that is unable to shut down the host immune response (9200
PFU/cell — N1, 6200 PFU/cell — M51R). These similar yields indicate one of two things — either
the high MOI is sufficient to overwhelm the host innate immune response or resistance requires
forewarning of infection, which cannot occur in a synchronized infection. Without perturbing the
system further, this is the limit of information that we can gather from these experiments. We
cannot detect that heterogeneity we know exists using standard cell culture methods. Single-cell
infections allow us to observe a range of different scenarios on both the virus and host side, all
beginning with the same experimental conditions.

We have previously studied the kinetics of VSV production from isolated BHK cells. These
results, however, were collected from only 12 isolated single-cells because we were limited by
the 96-well format and the time consuming plaque assays required to quantify virus production.
Here we use the fluorescent reporter as a proxy for virus production and by doing so, we can
increase the throughput and study hundreds or thousands of cells under different conditions and
in parallel. Our previous work in the permissive BHK cells was used as a benchmark for analysis
of this new data. For example, measuring the kinetics of infectious WT-VSV production in
single-cells showed that the maximum rate of virus production was highly correlated to virus
yields in infections of BHK cells (Timm 2012). We also determined that the yields could vary
greatly, more than 2 orders of magnitude, while the delay-times were quite uniform, varying less
than 2-fold from the earliest to latest delay-time. In contrast, these M51R-DSRed infections of

resistant PC3 cells showed that the virus reporter production rate was not as correlated with
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maximum virus reporter intensities as the production rate combined with the rise-time. Also,
other parameters varied greatly, including the delay-time to detection of infection, which varied
from ~ 3 hpi to more than 22 hpi. In cells without a detectable immune response (GFP-), our
results were more similar to WT-VSV infections of BHK cells in that the production rate was
most correlated with the maximum virus reporter intensity. Table 2.4-1 shows how the other
parameters compare between GFP+ and GFP- M51R infected cells. Initially, the lower virus
reporter production rates (1.09 vs. 1.24) and maximum intensities (378 vs. 854) extracted from
the virus reporter trajectories might suggest that cell health was compromised in cells that did not

express detectable levels of the IFIT2 reporter (GFP-).

Table 2.4-1: Virus reporter parameter comparison between the GFP positive and GFP
negative populations of M51R infected cells. The mean, mean adjusted deviation, and
standard deviation of these parameters are shown.

GFP Positive GFP Negative
Parameter Mean Mad hta!?dgrd Mean Mad .‘:Iar?da?rd
Dewiation Dewviation
Delay-Time 7.1 1.48 2.1 9.6 3.71 313
i 854 569 753 378 154 634
ntensity
Rise-Time 6.84 2.97 3.23 3.12 3.71 3.63
Alpha 1.24 20 21 1.09 21 28
Lysis Rate 12% 4.9%

However, the range of all these kinetic parameters is very similar, and the data is generally more

uniform with better correlations (see Figure 2.3-5). Furthermore, the lysis rates are higher in
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GFP+ cells than in GFP- cells (p=0.01). We would not expect to see more uniform behavior, and
lower lysis rates in less healthy cells. These results do not indicate that cell health is the issue,
but instead indicate some relationship between IFIT2 activation and production of the viral

reporter.

We are aware of two aspects of IFIT2 activation that may relate to anti-viral activity, and
potentially affect virus reporter production. First, IFIT2 is known to be an indicator of a pro-
apoptotic environment (Stawowczyk 2011; Reich 2013), and second IFIT2 has been implicated
as a suppressor of translation through an interaction with elF3 (Terenzi 2006). When comparing
the GFP+ and GFP- populations, we noted a higher lysis rate in GFP+ cells infected with M51R
(12% vs. 5 %, p=0.01). This higher lysis rate may be caused by the anti-viral response in GFP+
PC3-IFIT2 cells. We looked for indications of this by analyzing the rise-time data, which may be
shortened by lysis based on its definition. We found that the rise-time affected maximum virus
reporter intensities more in GFP+ cells than in GFP- cells (Figure 2.3-5). We also found, that the
virus reporter production rate was the only parameter that was significantly different when
comparing lysed and intact cell populations (lysed a=1.34, intact a=1.22, p=0.004). While we
know from our delay-time results that IFIT2 reporter activation usually occurs as a response to
virus infection (Figure 2.3-7c), we were not sure if IFIT2 production would continue to be
influenced by viral replication processes. The correlation between virus reporter production rates
and lysis indicated that this viral process might be affecting IFIT2 production. We tested this
hypothesis by looking for correlations between the virus reporter production rate and all IFIT2
reporter kinetic parameters and found no correlations existed. These results suggest that IFIT2
production occurs in response to virus infection, but that the duration and kinetics of IFIT2

production do not continue to respond to virus replication processes.
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IFIT2 affects viral infections by inhibiting translation through interaction with eIF3 (Terenzi
2006). We expected to find higher IFIT2 reporter expression associated with lower virus reporter
production rates or maximum intensities, but we did not observe a reduction in either parameter
with any increase in IFIT2 reporter production. We did observe that the relative delay-times of
IFIT2 and virus detection were important to infection outcomes. Three general infection
phenotypes, or subpopulations, could be distinguished based on the delay-time results. When the
host-cell has a delay-time advantage (relative time to host activation is negative), the max
intensity ratio appears to shift in the host’s advantage (Figure 2.3-7d). Likewise, when the virus
seems to have a delay-time advantage, we observe that the max-intensity ratio shifts in favor of
the virus. The shifting ratios are in agreement with a role for IFIT2 in suppression of viral
translation when IFIT2 has a head start. It is also possible that some other ISG with similar
activation kinetics is affecting VSV replication, and our IFIT2 reporter is acting as a general
representative of the cellular immune response. The shifting ratios indicate that resources might
be allocated depending on the relative timing of events in cells. We next plotted the magnitudes
of maximum reporter intensities against the relative time of host activation. We observe a lot of
variability initially in the virus reporter expression, but as the host’s time advantage increases,
we observe a significant limitation on the amount of virus reporter protein produced (Figure
2.3-7e). The relationship is the same when the virus reporter has a time advantage and we plot
the IFIT2 reporter maximum intensities. Notably, an analysis of the relative kinetics of IFIT2 and
virus reporters allows us to see that the timing of events is just as important as the events

themselves. Endpoint or population level measures would mask these results.

One of the more surprising results of this work showed that the GFP+ cell population had a

higher overall RFP intensity than the GFP- cell population. Additionally, the rate of virus
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production (alpha) was higher in the GFP+ population than in the GFP- population. The decrease
in intensity and rate in the GFP- population is not related to cell health, but instead seems to
indicate that the anti-viral response can actually favor VSV production in the short term. In
contrast, the delay-time data suggests that cells activated earlier, generally produced less viral
protein (Figure 2.3-7). We know that activating a cell’s innate immune response, perhaps with
IFN treatments, before infection reduces viral yields (Trottier 2005). It is well known that the
paracrine signaling resulting from activation of the type I interferon pathway slows the spread of
VSV infection (Lam 2005). Therefore, if we consider this virus-host system in the more natural
context of a spreading rather than a synchronized infection, the host might be best served to ramp
up transcriptional and translational activity in the cells in order to signal uninfected neighboring
cells of a potential threat. Evolutionarily, the virus must then meet that challenge by inhibiting
cellular processes or out-competing the innate immune system. Two things VSV does to
overwhelm the innate immunity of its host are block nuclear export of mRNA (wt only, not
MS51R) and replicate very fast and to very high titers. Therefore, we hypothesize that PC3 cells
that initiate an immune response and successfully warn their uninfected neighbors, are also in a
highly productive state that allows greater production of VSV (as evidence by the higher rates
and intensities of the GFP+ single-cell population), but that given a sufficient time advantage the
innate immune response of the cells can suppress virus production (delay-time results). This
hypothesis, which is based on the data collected from hundreds of single-cells in one experiment,
demonstrates the depth of information that can be gained from analyzing the heterogeneity in a

biological system rather than average outcomes.
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Chapter 3: IFN-B pre-treatments shift advantage toward cells in competitive

infections using a mechanism largely independent of IFIT2

3.1 Introduction

The parasitic relationship viruses have with their hosts is complex. In the simple case of a
virus infecting a single cell in culture, the virus must be able to commandeer the host’s resources,
while either avoiding detection or suppressing the host’s innate immune response. The cell must
use its many detection methods and anti-viral signaling pathways to detect and suppress virus
replication processes. Often, the outcome of the competition between a virus and its host depends

on which side, the virus or the host, is able to ‘win’ early.

The interactions between viruses and their hosts is not nearly as simplistic as one virus
infecting one host cell; this competition takes place over many scales that increase in complexity.
However, the infection process must always begin with virus particles infecting individual cells
in a tissue and spreading from there. The outcomes of isolated infections are variable in tissues
and in the cell cultures used for scientific research. In Chapter 2, we discussed the development
of methods that allow us to analyze this competition through the use of a virus-host system that
contains fluorescent reporter genes. The PC3-IFIT2 reporter cell expresses ZSGreen when the
IFIT2 gene becomes transcriptionally active, and the virus encodes the gene for DSRed-Express
and this gene is transcribed along with all other viral genes during virus replication processes.
The design of this reporter system was done by other members of the Yin lab and has been
previously described and validated (Swick n.d., Chapter 2). We have shown that the relative
reporter detection times appear to predict the infection outcomes. For example, when the IFIT2

reporter is detected long before the viral reporter in M51R-DSRed infected cells, the overall
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intensity of the viral reporter is reduce compared to the average. Likewise, infections of cells in
which we detect the virus reporter long before the IFIT2 reporter usually result in a lower overall
level of the cellular GFP (Chapter 2). Another key finding from our previous work indicated that
cells expressing the virus reporter, but not expressing the IFIT2 reporter, generally had lower
average maximum intensities and slower production rates. Finally, we found that the lysis rates
were higher in cells expressing both the viral RFP and cellular GFP, compared to the cells only

expressing the viral RFP.

Based on these results, we hypothesized that in the more natural context of a spreading
infection, it might be advantageous for infected cells to ramp up transcriptional activity in order
to produce large quantities of anti-viral cytokines. VSV is known to be particularly sensitive to
IFN treatments, and so secreted interferons activating an anti-viral response in un-infected
peripheral cells could stall infection spread. Previous work has shown that treatment of a cell
cultures with interferons slows the spread of a virus infection, and also shows that adding
antibody against IFNs allows greater spread of virus infection than an untreated control sample
(Lam 2005). An initial cell quickly producing cytokines that diffuse faster than the virus gives
neighboring un-infected cells sufficient time to suppress a subsequent infection. Our hypothesis
is in agreement with the higher levels of virus reporter protein in immune activated cells and the
delay-time results (Chapter 2). Additionally, the higher lysis rates in immune activated cells may
be a way to limit the amount of virus produced, while allowing higher amounts of viral protein

(Chapter 2). We will explore this hypothesis further in this work.

Our goal here was to perturb the virus-host interaction by pre-treating the host-cells with IFN-
B at different time intervals before infection. The PC3-IFIT2 cell line produces IFIT2 and

ZSGreen when transcription of IFIT2 is stimulated. This activation is possible either through
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activation of the IFN- pathway or more directly after detection of viral infection (Terenzi 2006;
Perwitasari 2011; Reich 2013). Using the IFN-B pretreatments, we hope to manipulate the delay-
time distributions and investigate how this perturbation affects the activation of IFIT2 and the

kinetics of the viral reporter protein production.

3.2 Materials and Methods

3.2.1 Cell and virus culture

BHK (baby hamster kidney), PC3 (prostate cancer) and PC3-IFIT2-ZsGreenl-DR (PC3-
IFIT2) reporter cells were used in this work. The generation of the PC3-IFIT2 reporter cell line is
described in Swick et al. (Swick n.d.). Briefly, a ZsGreenl-DR gene controlled by an IFIT2
promoter was stably transduced into PC3 cells. Activation of innate immune pathways that lead

to production of IFIT2 in PC3 reporter cells, also lead to the production of the ZSGreen protein.

BHK cells were passaged every 2-3 days and grown in MEM (Cellgro) supplemented with
10% FBS (Atlanta Biologicals) and 2mM GlutaMAX (Gibco) and the PC3 and PC3-IFIT2 cells
were passaged every 3-4 days and grown in RPMI 1640 (Gibco) supplemented with 10% FBS.
Infections of the cells lines were done in the same media, but with the FBS content reduced to
2%. The viruses used are recombinant strains of vesicular stomatitis virus (VSV) encoding the
gene for DSRed-Express protein in the fifth position of the genome, after the glycoprotein gene
and before the polymerase gene. By placing the reporter gene in this position, attenuation caused
by adding an additional gene is limited, but virus replication still results in a strong fluorescent
signal. Both a wild-type (N1-DSRedEx) and mutant form (M51R-DSRedEx) were used and both

stocked on BHK cells. The M51R strain has a methionine to arginine point mutation in the
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matrix protein. This mutation prevents the matrix protein from functioning properly in its role to

block nuclear export (Ahmed 1997).

3.2.2 Infections for mRNA Kinetics and population one-step infections

The IFIT2 and IFN-B mRNA kinetics from IFN-B treated, M51R infected, or mock treated
cells were determined using the following methods. PC3-IFIT2 cells were plated in four 12-well
plates. Wells of one plate were used to determine a cell count for MOI calculations. Each of the
other three plates were treated and sampled at multiple times to determine IFN- and IFIT2
mRNA quantities. [FN- was diluted in 2% FBS RPMI to 1000 units/well and this solution was
added to the PC3-IFIT2 cell monolayers at the same time as virus was added to the M51R treated
wells. Cell monolayers in 12 other wells were infected with an approximate MOI of 12 with
MS51R-VSV, and the remaining 10 wells were mock treated with 2% FBS RPMI. At times
indicated on the plots, two wells at each condition were sampled by trypsinizing cells,
neutralized with FBS-containing media, pelleted, and then re-suspended in RNAprotect Cell
Reagent (Qiagen) for later use. These samples were frozen at -20°C. Immediately before the
samples were collected, one plate was imaged using a Nikon Eclipse TE300 microscope to

compare [FIT2 reporter expression to the mRNA kinetics.

3.2.3 RNA extraction, reverse transcription, and qPCR

Cell-associated RNA samples frozen in RNAprotect were thawed and the RNA extracted
using the RNeasy Mini Kit (Qiagen). RNA extraction was followed immediately by reverse
transcription using the GoScript Reverse Transcriptase system (Promega) and random priming.
3.15ul of undiluted RNA was mixed with 2ul of 10uM random primers (0.223ug/ul) and

incubated at 70°C for 5 min, then immediately transferred to a frozen tray. After 10 min, 1.85ul
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of 25 mM MgCl,, 0.5ul nucleotides (0.5mM each), and 0.5ul GoScript Reverse Transcriptase

was added to a final volume of 10ul.

Total RNA content after RNA extraction was measured for each sample with the NanoDrop
and this information was used to normalize the various samples to total RNA content after gPCR,
which was performed using the cDNA product of the reverse transcription, SsoFast Supermix
(BioRad), and primer sets for the following genes: IFIT2, IFN-B, IFITM3, CH25H, and PARP12.
All primers were purchased from IDT. The IFIT2 and IFN-f primers have been used in Swick et
al. (Swick n.d.). Sequences of the other primers are listed below. Prior to qPCR, the cDNA
product was diluted 1:5 and then 2pul of these samples were added to 8ul of a reaction master
mix. The master mix contained 5ul SsoFast Supermix, 1.2pl of 5uM each primer mix, and 1.8ul
RNase free water. Serial dilutions of the sample containing highest predicted mRNA amounts
were used to make a standard curve. Measurements were compared to the mock-treated sample

taken at the first time-point.

IFITM3 primer 1: 5 -CGTGCACTTTATTGAATGCCA-3’
IFITM3 primer 2: 5’-CGTACTCCAACTTCCATTCCTC-3’

CH25H primer 1: 5-TGTGTAAAGTACGGAGCGAAG-3’
CH25H primer 2: 5’-CTTGGTCCACTCACAGACTG-3’

PARPI12 primer 1: 5-CTTCTCCACGTCGCTACTG-3’
PARP12 primer2: 5’-CCTCCACACTTCATCCTCAC-3’



62
3.2.4 Bull’s-eye device seeding and assembly

3.2.4.1 Device preparation

Approximately 1 hour before beginning the infection procedure, the PDMS device was placed
under a UV lamp for sterilization. (A thorough description of the dimensions of the Bull’s-eye
device is described in Section 1.2.2. Also included in Section 1.2.2 are the methods used to make
the devices). After 20-30 minutes, the device was moved to a vacuum chamber for de-gassing.
This step is critical, as it allows liquid to readily fill the wells instead of trapping air underneath
the liquid layer. After 20 minutes in the vacuum chamber, 100ul droplets of infection media
(containing HEPES and Hoechst) were placed on each bull’s-eye to wet the device. There is
sufficient surface tension to keep droplets from spilling into the moats. It is necessary to ensure
that all wells are covered with fluid, as empty wells will speed up drying later in the infection.
The PDMS device was placed in an incubator, with the droplets in place before beginning the
infection procedure. The device was in this humid environment for approximately 1 hour before

cell seeding began.

3.2.4.2 Cell seeding

To seed the infected cells into the microwell device, the existing droplets were removed and
replaced with 70-80pl droplets of the infected cell solution (1-2 x 10° cells/ml). After 30-60
seconds, the droplets were removed swiftly by placing the pipette tip in the recessed center and
replaced quickly, but gently with fresh media. The swift removal of the droplets sweeps cells off
the top surface of the device, but does not disturb the cells that have settled into the microwells.
It is necessary to keep the pipette vertical and not pipette from an angle. The bull’s-eyes were
washed with fresh media twice more in the same manner. It is important not to overload the

wells with cells, as they are difficult to wash away once seeded and overloading will cause cells
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to become trapped outside the wells and crushed during sealing. The nuclear stain of these cells

will still be visible and will interfere with image analysis.

3.2.4.3 Device sealing

The device was sealed by quickly removing the droplets from all bull’s-eyes and gently
covering with a glass slide (top side treated with 0.1% Tween 20). It is important not to add and
then release pressure to the microwells as this causes bubbles to form and displaces cells. The
tween is applied by pipetting on ~ 1 ml of 0.1% tween, then before sealing, removing all but a
thin layer of the solution. Tween 20 (Fisher Scientific) is a surfactant that prevents condensation
droplets from forming on the top side of the sandwich device when inside the humid microscope
chamber; instead, an even layer of liquid forms. The liquid layer does not affect fluorescence,
and an even liquid layer instead of droplets allows for better topside phase contrast images.
Pressure is applied to maintain the sealing as described in Section 1.2.2. Pressure was applied to

enable complete sealing of the microwells, but without permitting glass slides to break.

In this experiment, two bull’s-eyes were seeded with un-infected cells to determine cell
viability after 24 hours of imaging, three bull’s-eyes were seeded with M51R-infected cells
pretreated with IFN-B for 6-hours, three were seeded with M51R-infected cells pretreated with
IFN-B for 3-hours, and two were seeded with M51R-infected cells that received a mock pre-

treatment of fresh 10% FBS media.

3.2.5 Time-lapse imaging
As described in Section 1.2.3.1, correction images were taken before beginning the time-

lapse to correct for uneven light intensity. The exposure times for the illumination correction
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images was Sms and the exposure time for the dark field correction images was 2000ms (or the

longest exposure time used).

The aluminum device holder containing the bull’s-eye device and several DPBS soaked Kim-
wipes was placed on the automated microscope stage. The DPBS soaked Kim-wipes help
provide a humid environment for the PDMS device. Fluorescent time-lapse imaging was done on
a Nikon Eclipse TE300 microscope, using an EXI aqua camera (Q Imaging). The environmental
conditions were controlled by an outer warming chamber encompassing the microscope and a
stage-top incubator chamber (Pathology Devices) set to 37°C, 5% CO,, and approximately 85%
RH. Once the system had equilibrated to the correct temperature, the center locations of the
bull’s-eyes were identified and memorized and the stage was focused to the Hoechst 33342
stained nuclei. The distance in the z-direction between average bright-field, IFIT2 reporter
(GFP), and Hoechst was memorized and the stage height adjusted before each individual image.
It was assumed that the virus reporter (RFP) would have a very similar focus point to the GFP.
Images were taken in a 4 x 3 array around the center of each bull’s-eye in the following order:
bright-field (5ms exposure), blue channel (15ms exposure), red channel (2000ms exposure) and
green channel (20000ms exposure) using a Sedat quad filter cube. Imaging the entire array
required approximately 18 minutes, and was looped at a 30 minute interval for about 28 hours

beginning 2.58 hpi.

3.2.6 Image processing workflow and data analysis

Image organization and processing was done in JEX as described in Section 1.2.3.2. Briefly,
the images were sorted according to location, time, and color and then registered to correct for
any small shifts in the device location. For this work, registration was done based on the phase

contrast images. Following registration, the first red channel image (taken before any detectable
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signal from cells) was convolved using a kernel to identify microwell locations, and then a
function was run to locate and number the microwell locations based on the convolution. The
maxima in the blue channel (# of nuclei) were located and the number in each microwell
determined. Finally, a cell radius was chosen (11 pixels) and measurements were taken in each
fluorescent color at all times (method for determining correct radius are included in Section

2.2.7.1). The measurement and cell count data tables are exported and analyzed in Matlab.

The code used to analyze the microwell data can be found on the Yin lab’s shared server in
Past Group Members\Andrea\MatlabCode\Chapter3. In order to perform the analysis in Matlab,
the ARFF files exported by JEX must be converted into a format readable by Matlab. This is
done with the Matlab Weka Interface. The sequence for processing this data is identical to

sequence described in Chapter 2.

3.3 Results

Interferons trigger massive signaling cascades involving hundreds of genes (Garcia-Sastre
2006). Vesicular stomatitis virus growth has been shown many times to be inhibited in cells
capable of a robust anti-viral response, specifically by an interferon mediate response (Trottier
2005; Carey 2008). In fact, a significant amount of work has been done studying how specific
type-1 interferon stimulated genes, or ISGs, affect VSV replication, including at the stages of
endocytosis, transcription, translation, and virion release (Staecheli 1991; Schwemmle 1995;
Trottier 2005; Weidner 2010; Fensterl 2012; Liu 2012). One ISG that is specifically known to act
on VSV replication is IFIT2. We have previously shown that there is a relationship between the
timing of IFIT2 induction and virus replication and that this relationship affects virus production
in VSV-resistant PC3 cells (Chapter 2). The following results demonstrate how IFN-$ pre-

treatments affect IFIT2 reporter kinetics and overall virus replication.
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3.3.1 IFN-p pre-treated and un-treated one-step infections

PC3-IFIT2 reporter cells were infected with either the N1-DSRed or M51R-DSRed strains of
VSV using a multiplicity of infection (MOI) high enough to obtain a synchronous infection
(Effective MOI ~ 15). Six hours before infection, cell monolayers were either pre-treated with
IFN-B (~200 units/well) or mock treated. Infectious virus production was determined at multiple
time points and plotted together with viral protein production (RFP) (Figure 3.3-1). The viral
RFP signal was measured on the Typhoon FLA 9000. This instrument is ideal for measuring
large areas, but lacks the sensitivity of a fluorescent microscope, explaining why we cannot
detect early RFP production in the IFN pre-treated condition, M51R infected cells. However, by
comparing the RFP and PFU measurements of the four conditions we do observe that there is
fidelity of relative time delays, production rates, and yields between the virus reporter signal and
the virus particle production at the various conditions. The two measurements also spanned
similar scales. Although we do not show a direct correlation here, these results indicate that the

virus reporter protein is a reasonable indicator of the infection state in cells.

When comparing the one-step virus production kinetics, we found that the anti-viral state
created with IFN- pre-treatments reduced the yields of both N1-DSRed and M51R-DSRed. The
six-hour IFN-f pre-treatment caused yields of N1-DSRed to decrease 3.4-fold, even though this
strain is able to block nuclear export of cellular mRNA, and in general, shut down the immune
response of the host. The decrease in M51R yields with IFN-B pre-treatments was greater than
the decrease in N1-DSRed yields (~4.9-fold). The larger decrease is likely owing to the mutated
matrix protein in M51R that cannot block mRNA export. Notably, these M51R infected cells still

produced over 1000 PFU per cell after IFN-B pre-treatments.
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Figure 3.3-1: IFN pre-treated and un-treated N1-VSV and M51R-VSV one-step infections.
(top) IFN pre-treatments have a protective effect against both, but the decrease in viral
yields is larger with M5S1R infections (4.9-fold decrease vs. 3.4-fold decrease). (bottom)
Viral reporter expression kinetics determined with Typhoon imaging. While the Typhoon
scanner is not as sensitive as a fluorescent microscope, we are able to determine that the
relative RFP trajectories have fidelity of relative time delays, relative production rates, and
relative yields for all 4 conditions compared to virus production.
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3.3.2 Mechanisms for IFIT2 activation

We are aware of two mechanisms for transcriptional activation of the IFIT2 gene. Simplified
versions of these two mechanisms are shown in Figure 3.3-2. The first mechanism, shown on the
left side of Figure 3.3-2 depends on the detection of a viral infection. In this case, VSV infection
is likely detected by a cytoplasmic sensor such as RIG-I, leading to phosphorylation of IRF-3,
which then binds to the interferon-sensitive response element (ISRE) of IFIT2 and also binds the
positive regulatory domain (PRD) of IFN-B (Sen G.C. 2007). In our reporter cells, activated IRF-
3 would, therefore, also lead directly to transcription of the ZSGreen gene. The second
mechanism, pictured on the right side of Figure 3.3-2, requires activation of the Jak/Stat pathway
through binding of type-I IFNs to their receptor. In the context of cell culture experiments, this
activation can occur in three ways: first, through binding of exogenous IFN-f to the type-I
interferon receptor; second, through autocrine IFN-f signaling instigated by detection of virus by
RIG-I leading to phosphorylation of IRF-7 (Kato 2006); or third, through paracrine signaling of
IFN-B secreting cells to neighboring cells (Rand 2012). Once the type-I interferon receptor is
bound, activation of the Jak/Stat pathway leads to transcriptional activation of IFIT2 and

ZSGreen.

IFIT2 gene expression levels may vary depending on the mode of transcriptional activation.
We measured the fold-increase over mock of IFIT2 mRNA production when our PC3-IFIT2
reporter cells are stimulated with high doses of IFN-f (~1000 units/well) or infected at a high
MOI with M51R-DSRed. The IFN-B and IFIT2 mRNA production kinetics, after stimulation
with IFN-f3 or M51R infection, are shown in Figure 3.3-3. Virus infection resulted in large fold-
changes in both IFN-B and IFIT2 transcripts, and fold-increases for both species of ~25 were

detected as early as 3 hours after infection. Imaging of the infected PC3-IFIT2 cells showed that



69

the expression of the IFIT2 reporter gene was also detected at high levels several hours post
infection (Figure 3.3-3 a. right). Treatment of cells with a high dose of IFN- did not result in
similar levels of IFIT2 and IFN-f induction. After IFN-f stimulation, IFIT2 transcripts increased
a much more modest 7-fold over mock, while IFN- transcripts did not appear to increase at all.
ZSGreen expression in PC3-IFIT2 cells was barely detectable after IFN-f treatment. IFN-f does
not appear to lead to autocrine signaling without the contribution of other factors, such as
detection of virus. Others in our lab have observed this behavior as well. It is likely a method of

regulation to control the anti-viral signaling system.
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Figure 3.3-2: Simplified diagram of two mechanisms for IFIT2 transcriptional activation.
(left) VSV is detected, likely by RIG-I, leading to phosphorylation of IRF-3, which binds to
the ISRE of IFIT2 and causes transcription. In our reporter cells, ZSGreen transcription is
also activated. (right) VSV detection leads to secretion of IFN-B and subsequent autocrine
signaling leads to activation of the Jak/Stat pathway (addition of exogenous IFN-B can also
activate this pathway) and transcriptional activation of both IFIT2 and ZSGreen.
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Figure 3.3-3: IFN-f and IFIT2 mRNA production Kinetics after stimulation with either
IFN-B or infection with virus. The images to the right of the plots are PC3-IFIT2 cells
expressing the ZSGreen after stimulation with either virus or IFN-B. The images are
representative of each condition and are at similar cell densities and were taken ~7 hours
post stimulation.
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3.3.3 Effects of IFN-B pre-treatments on the relative detection of IFIT2 and viral

reporters in M5S1R infected cells

Cell monolayers were either mock-treated 3 hours before infection or treated with 200
units/ml IFN-B 6 hours or 3 hours before the monolayers were trypsinized and infected in-
solution. The infected cells were seeded into microwells and imaged over time. Figure 3.3-4
shows the percentages of the total ‘single-cell’ population that were positive for either the virus
or IFIT2 reporter or positive for both reporters at some point during imaging. The relative
proportions of RFP+, GFP+, and RFP+GFP+ cells in the mock treated population were similar to
what we have seen previously (Chapter 2) and are similar to monolayer culture (Swick n.d.).
There is not much difference between the 3-hour pre-treatment results and the mock-treated
results, but we did observe an increase in RFP-GFP+ cells. After 6-hours pre-treatment, the
signaling trends changed and more cells were GFP+ than were positive for both the IFIT2
reporter and the virus reporter. Notably, the total percentage of RFP-GFP+ cells and RFP+GFP-
cells decreased with 3-hours IFN-B pre-treatment and decreased further with 6-hour IFN-B pre-
treatment (Figure 3.3-4 right panel). The IFN-B pre-treatments are affecting the number of

detectable infections, but perhaps not because of IFN-induced IFIT2 expression.

To investigate the relationship between the virus and IFIT2 reporters in depth, we have
defined several parameters to characterize the reporter kinetics. The parameters of delay-time,
production rate, rise-time, and maximum intensity were also described in Chapter 2. The delay-
time is defined as the first time at which the reporter signal crosses a limit of detection (the LOD

is calculated based on the empty well signal at both wavelengths). The production rate is an
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Figure 3.3-4: Fraction of total single-cell population that are positive for either the virus
reporter protein, the IFIT2 reporter, or positive for both reporters. The table or the right
indicates the percentages of cells expressing a signal that are RFP or GFP positive under
the three IFN-B pre-treatment conditions.

approximation of the maximum rate of reporter expression and is based on an exponential fit
(Equation 3.3-1) of the first 4 time-points above the LOD. We use the parameters, o, as an

approximate production rate.

Equation 3.3-1

Intensity = A -exp (a - time )

The maximum intensity is simply the highest measurement taken from a single-cell, and finally,
the rise-time is the period between the delay-time and the time at which 85% of the maximum
intensity is reached. This time represents the majority of the reporter production time for a given

cell.
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We have previously demonstrated that these parameters are useful for characterizing the
kinetics of our viral and cellular reporter proteins. We have shown that the relative delays to
detection of the IFIT2 and virus reporter are important to the outcome of the infection (Chapter
2). In our previous experiments, we found that IFIT2 reporter detection usually followed
detection of the virus reporter by 2 hours. In this work we found that the median delay-times for
the IFIT2 and virus reporters in RFP+GFP+ cells in the mock-treated population are 8.1 and 6.1
hpi, respectively — also a 2 hour difference. We hoped to perturb this relationship by pre-treating
the cells with IFN-B, and we do observe a decrease in the difference between median delay-
times. When PC3-IFIT2 cells are pre-treated with IFN-B for 3 hours the virus reporter only has a
1 hour advantage in median times (6.6 hpi vs. 7.6 hpi) and when cells are pre-treated with IFN-3
for 6 hours, the median delay-times for both reporters are 9.6 hpi (Table 3.3-1, Table 3.3-2). The
perturbation of the delay-times with IFN-f appears to increase the delay-time to detection of the
virus reporter rather than speed up detection of the IFIT2 reporter. Distributions of both the viral
and IFIT2 delay-times are shown in the first two rows of Figure 3.3-5 and both the mean and
median delay-times at each condition are summarized in Table 3.3-1 and Table 3.3-2. The
histograms in Figure 3.3-5 show that the delay-time distributions are broad and become broader
with longer IFN-B pre-treatments. The bottom row of Figure 3.3-5 are comparison plots of the
IFIT2 and virus reporter delay-times for each isolated cell at each pre-treatment condition, and

clearly show a shift in the relative detection times.
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Figure 3.3-5: Delay-time distributions and relative delay-times for single-cell populations at
the three IFN-B pre-treatment conditions. (top) Virus reporter delay-time histograms
(middle) IFIT2 reporter delay-time histograms (bottom) Comparison plots of the virus and
IFIT2 reporter protein delay-times from individual cells for (a.) mock, (b.) 3 hour, and (c.)

6 hour pre-treatments.
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3.3.4 IFN-p pre-treatments significantly affect all viral reporter kinetics parameters

Our delay-time results indicate that the perturbation of the relative detections of the IFIT2 and
virus reporters with IFN-f is caused by longer virus reporter delay-times, rather than shorter
IFIT2 delay-times. The IFN-B pre-treatments affected all viral kinetic parameters significantly.
We have prepared boxplots for the rise-time, production rate (alpha), and maximum intensity
parameters of the viral RFP (Figure 3.3-6), and in general we found that at longer IFN-f3 pre-
treatment times, the rise-times became much shorter, the production rates decreased, and the
maximum intensities dropped. The means and medians of the RFP+GFP+ population are
summarized in Table 3.3-1 (top). There was no significant difference between the production
rates at the mock and 3 hour pre-treatment conditions (p=0.79), but every other pair of

parameters did test as significant using the Mann-Whitney test (all p-values < 0.05).

We have previously shown that the maximum intensities are often correlated with the
production rate, the rise-time, and the product of these two parameters (Chapter 2). The changes
in these parameter distributions that occur as IFN-f3 pre-treatment times increase may suggest at
what point in the virus replication cycle VSV is being targeted with ISGs. For example, the rise-
time parameter characterizes the length of time viral protein is produced and can be shortened
due to premature cell death. Some ISGs, including IFIT2, are known to be related to apoptosis
(Stawowcezyk 2011; Reich 2013). To determine if or how lysis, which is easily detectable in
microwells, affects the reporter kinetics, we have divided the data into intact and lysed
populations. The rise-times are shorter in the lysed population compared to the intact population
at each pre-treatment condition (Mock: 11.1 h = 8.0 h, 3-hour: 9.0 h = 6.9 h), and are
statistically different at the mock (p = 0.00) and 3-hour conditions (p=0.00). We did not perform

significance tests on the 6-hour populations due to the small sample size of lysed cells. The



76

delay-times from mock treated cells were significantly lower in lysed compared to intact cells (p

= 0.01). Also, the production rate at 3-hours pre-treatment was significantly higher in lysed cells

than in intact cells (p = 0.02).
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Figure 3.3-6: Boxplots of the virus delay-time, production rate, and max-intensity
parameters. The plots on the left represent the population of cells that appeared to remain
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during imaging.



77

One of the more interesting results of our previous work (Chapter 2) was the finding that
RFP+, but GFP- cells had lower average maximum intensities and also lower production rates.
To determine if this result was repeatable, we have analyzed the kinetic parameters of the

RFP+GFP- population. The means and medians of these parameters are included in Table 3.3-1.

Table 3.3-1: Virus kinetic parameters for cells that are RFP+GFP+ (top) and cells that are
RFP+GFP- (bottom). In both cases delay-times are longer when cells are pre-treated with
IFN-B. In all cases delay-times are longer, reporter production is slower, rise-times are
shorter, and yields are lower in cells that are GFP-.

RFP+GFP+ R parameters: n=700

IFN Pre-treatment Time Alpha Rise Time Max Intensity
Condition Delay (hpi) (1/h) (h) (au)
Mock 6.5/6.1 1.20/1.21 10.5/10.5 1108/ 950
3 hours 1.7/ 6.6 1.20/1.19 8.5/8.0 895/728
6 hours 12.1/9.6 1.12/1.16 5.0/4.3 394 /265

RFP+GFP- R parameters: n=286

IFN Pre-treatment Time Alpha Rise Time  Max Intensity
Condition Delay (hpi) (1/h) (h) (au)
Mock 7.8/6.1 1.15/1.15 9.0/8.5 696 / 558
3 hours 9.3/7.6 1.16/1.18 8.1/8.0 616 /453

6 hours 12.8/9.6 1.10/1.10 5.4/4.0 412/ 180
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The experimental conditions of the mock pre-treatment case and the work in Chapter 2 were
nearly identical, and the results of these experiments are very similar. In the mock pre-treatment
population, both the average production rate and average maximum yield were lower in cells that
did not produce a detectable level of the cellular GFP compared to the population that did
produce detectable GFP. The average viral reporter production rates and maximum yields were
also lower in the GFP- population of 3-hour pre-treated cells. There was no statistical difference

between the 6 hour GFP+ and GFP- populations.

3.3.5 [IFIT2 Kkinetic parameter distributions in lysed and intact cells

The qPCR results (Figure 3.3-3) and the delay-time results (Figure 3.3-5) show that
transcriptional activation of the IFIT2 reporter occurs primarily as a response to detection of
virus. In comparison, IFN-f pre-treatments are a fairly weak inducer of the IFIT2 transcription. It
is important to note that we have observed no correlations between the rates and magnitudes of
IFIT2 induction and the virus reporter parameters, other than delay-time (Chapter 2). The same
was true of the parameters extracted from this data set (results not shown). While our results
indicated that IFIT2 reporter production does not continue to respond to viral infection after
initial activation, we did observe very clear correlations between the relative delay-time to
detection of the two reporters and either IFIT2 or viral reporter maximum intensities (Chapter 2).
Continuing with our analysis of the IFIT2 parameters, we have prepared boxplots of the rise-
time, production rate, and max intensity parameters for the intact and lysed cell populations
(Figure 3.3-7). Unlike the viral reporter parameter distributions, there are no clear trends
observed in the same IFIT2 reporter parameters. Rise-times do decrease at long IFN-B pre-
treatment times, perhaps due to increases in the rates of cell lysis as we discussed in Section

3.3.4. The only statistically significant difference between the lysed and intact parameters is in
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the 3-hour pre-treatment delay-times (Mann-Whitney, p-0.003). The means and medians of all

the IFIT2 kinetic parameters are summarized in Table 3.3-2. We have not included information
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Figure 3.3-7: Boxplots of the IFIT2 delay-time, production rate, and max-intensity
parameters. The plots on the left represent the population of cells that appeared to remain
intact, and the plots on the right represent the population of cells that appeared to lyse
during imaging.
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regarding the RFP-GFP+ population because there was not a large enough sample size to obtain

statistically relevant results.

Table 3.3-2: IFIT2 kinetic parameters for cells that are RFP+GFP+.

IFN Pre-treatment Time Alpha Rise Time  Max Intensity
Condition Delay (hpi) (1/h) (h) (au)
Mock 8.9/81 0.92/0.91 4.9/4.5 136/ 85
3 hours 8.6/7.6 1.04/1.06 4.8/4.5 231/ 127
6 hours 11.1/9.6 0.95/0.97 4.0/3.5 144/73

3.3.6 IFN-p pre-treatments shift advantage toward the host-cell in high-multiplicity

infections

As the duration of IFN-B pre-treatments increase, we find that the relative delay-times of the
IFIT2 reporter and the viral reporter shift closer together. The median delay-times of the two
reporters are actually equal after 6 hours of IFN-3 exposure (Figure 3.3-5). The results in Figure
3.3-8 show how this shift in delay-times affects the maximum virus reporter intensity (left) and
maximum [FIT2 reporter intensity (right). We have plotted either the maximum intensity of the
virus or IFIT2 reporter against the difference in delay-times ([IFIT2] delay-time — [Virus] delay-
time). The data included in these plots is limited to the PC3-IFIT2 cells that expressed detectable
levels of both the virus and IFIT2 reporters. There are two inset, example plots representing the
relative timing of the virus and IFIT2 kinetics. All points to the left of the dashed line on all plots
represent cells expressing detectable levels of IFIT2 reporter protein before the virus reporter

protein, similar to the inset plot on the left. All points to the right of the dashed line represent
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cells that expressed detectable levels of the virus reporter before the IFIT2 reporter. We see two
shifts in the viral max intensities as the duration of the IFN-f pre-treatment increases. First, the
virus reporter intensities decrease at longer pre-treatment times, implying less virus production
from cells treated with IFN-B, suggesting an innate immune response is limiting virus reporter
production. Second, more cells begin to express the IFIT2 reporter before the virus reporter
protein at longer pre-treatment times. At mock pre-treatment conditions less than 8% of cells
appear to produce the IFIT2 reporter before the virus reporter, while we detect the viral reporter
first in ~ 87% of cells. When infecting after 3-hours of IFN-f exposure, those percentages shift
and we detect the cellular GFP first in 26% of cells and the viral RFP first in 64% of cells. After
pre-treating cells with IFN-B for 6-hours before infecting, there appears to be a critical shift and
the IFIT2 reporter is detected first in the more cells than the viral reporter (GFP first: 47%, RFP

first: 43%).

The trends in the IFIT2 reporter maximums are different and perhaps more complex. The
average IFIT2 signal increases with a 3 hours pre-treatment, but then decreases at the longer 6
hour IFN-B pre-treatment. At every condition, we observe a limitation on the amount of IFIT2
reporter that may be produced when the viral reporter is detected before the IFIT2 reporter. Our
results indicate that IFN-f pre-treatments delay viral reporter protein production compared to the
control case, but have little effect on the IFIT2 reporter kinetics. IFN- treatments potentially
activate hundreds of ISGs that have any number of effects on virus replication. The following
sections include preliminary results that suggest the mechanism of interference in virus

replication in our individual cell trajectories.
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Figure 3.3-8: Maximum virus or IFIT2 reporter intensities plotted against the relative first
detection times of these two reporter proteins. (a, ¢, ¢) Maximum virus reporter intensities
plotted against the relative detection times with increasing IFN-f pre-treatment durations.
(b, d, f) Maximum IFIT2 reporter intensities plotted against the relative detection times
with increasing IFN-f duration times. In all plots the data to the left of the dashed line
represents isolated single-cells in which the IFIT2 reporter was detected before the viral
reporter. All points to the right of the dashed line represent isolated single-cells in which
the viral reporter was detected before the viral reporter.
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3.3.7 Potential mechanisms of ISG inhibition of virus replication

Much work has been done to investigate how the hundreds of ISGs may interact with
different viral species. This work is complicated by the large number of ISGs coupled with the
fact that gene expression can vary based on cell type and other factors. We have taken a few
simple steps to explore how VSV protein production is affected by IFN-f pre-treatments. Our
high-throughput single-cell methods provide us with a unique platform with which to perform

these analyses.

The single-cell viral RFP trajectories show that delay-times increase with longer IFN-f pre-
treatment durations. In PC3 cells, VSV often becomes trapped in endosomes and incapable of
replication. It is unclear by what mechanism VSV becomes trapped, but certain ISGs are capable
of preventing viral envelope fusion (Weidner 2010; Liu 2013). Other ISGs target endocytosis
(Whitaker-Dowling 1983; Bukholm 1990). After infection, certain ISGs are known to degrade
viral mRNA (Atasheva 2012), and still others suppress translation (Perwitasari 2011) and or
inhibit release of viral particles (Weidner 2010). Our delay-time measurements lump together the
time required to perform several early virus replication processes, including endocytosis, fusion,
primary transcription, and translation. Some amount of translation needs to occur for the mature
RFP protein to accumulate enough for detection. The rate of protein production is one small part
of this process, but can determine how important this rate is in determining the detection time by
plotting the delay-times against the viral production rates. In Figure 3.3-9 we have plotted viral
reporter delay-times against production rates for each of the IFN-f pre-treatment conditions.
These results show that some cells appear to have slower production rates and longer delay-

times, but as a whole, the correlation is very weak.
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Figure 3.3-9: Single-cell viral reporter delay-times plotting against the viral reporter
production rates at each IFN-p pre-treatment condition.

IFN-B also stimulates activation of some ISGs that are pro-apoptotic. Cell death can be a
defense mechanism to limit virus production. We are able to easily detect such events in the
microwells, and we observe apoptosis or lysis even more clearly at higher magnification, low-
throughput experiments. PC3-IFIT2 cells or normal PC3 cells were infected in solution with N1-
DSRed virus. Before infection some cells were exposed to IFN- for either 3 or 6 hours. These
cells were plated in multiple 96-well plates and one plate was chosen for imaging. The
normalized per-cell virus production is plotted against the normalized maximum viral reporter
signal for these cells in Figure 3.3-10. Similar to the parameter data shown in Sections 3.3.4 and
3.3.5, we have separated the cells that remained intact (filled circles) throughout imaging from
those that appeared to lyse or apoptose (open circles). The normalized virus production was well
correlated with the normalized RFP intensities with a Pearson correlation coefficient of 0.84.
Three of the lysed cells produced less virus than we would have predicted based on the amount

of viral RFP produced in these cells.
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Figure 3.3-10: Normalized virus yield vs. normalized max intensity for 17 isolated cells.
Filled circles represent cells that appeared to remain intact during imaging and open
circles represent cells that appeared to lyse or apoptose during imaging.

In all, we were able to measure the amount of virus produced by 20 mock pre-treated, 19 cells
pre-treated with IFN-B for 3-hours, and 21 cells pre-treated for 6-hours. The average yields for
the cells producing detectable levels of virus dropped from 1719 PFU/cell at mock conditions to
897 PFU/cell and 440 PFU/cell at 3-hours and 6-hours of IFN-f pre-treatment, respectively.
Compared to mock conditions, the percentage of cells that did not produce detectable virus
output was 26% at 3 hours pre-treatment and 43% at 6 hours pre-treatment. Cells infected in
solution at the 3 IFN-B pre-treatment conditions, were also plated at near population levels (7500
cells/well) in 96-well plates. The average population level yields taken from 2 wells at each
condition were 2598, 815, and 278 PFU/cell at mock, 3-hours, and 6-hours pre-treatment,

respectively.
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Pre-treating PC3 cells with interferon before infection clearly results in an anti-viral state in
cells. 3-hour pre-treatments lead to reductions in viral protein production and overall yields, but
after 6-hours of interferon exposure, the protective effect is much stronger. There is evidence in
this work and other work that the ISGs activated by interferons affect VSV replication at
multiple stages. However, our delay-time results indicate that overall viral protein production is
extremely sensitive to early events. We have chosen a few targets that were identified in Liu et
al. as ISGs that likely have direct anti-viral effects that could cause the changes we observe in
our viral reporter kinetics (Liu 2012). The first is IFITM3, which is an interferon induced
transmembrane protein that has been shown to inhibit VSV production at a replication step after
endocytosis, but prior to primary transcription in (Weidner 2010; Liu 2012). The second is
cholesterol-25-hydroxylase (CH25H), which has been shown to broadly inhibit a variety of viral
species including VSV by preventing fusion of the viral and cellular envelopes (Liu 2012; Liu
2013). The last target is PARP12, a member of the PARP superfamily that is not well
characterized, but known to have anti-viral effects against alphaviruses in particular and also
other viruses such as VSV, encephalomyocarditis virus, and Rift Valley fever virus (Atasheva
2012; Liu 2012). PARP12 has several structural similarities to PARP13, which inhibits virus

growth by degrading viral RNA.

PC3-IFIT2 cells were stimulated with either a high multiplicity of M51R-DSRed or a high
dose of IFN-B (1000 units/well — not removed). The mRNA kinetics were compared to a mock
stimulation and the results are shown in Figure 3.3-11. Open circles represent the infected cells
and filled circles represent the IFN- stimulated cells. The results of the IFN-f and IFIT2 mRNA
kinetic measurements from Section 3.3.2 are re-plotted here. The ISGs IFITM3 and PARP12 are

up-regulated to a greater extent with IFN-B stimulation compared to virus infection, while
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transcription of IFIT2 and CH25H mRNA is up-regulated primarily by the virus. We are not
aware of any work that has shown these gene products to have direct anti-viral activity against
VSV infections in PC3 cells, nor have we done the experiments to investigate any possible
interaction; what we do see in the mRNA Kkinetics is that up-regulation of PARP12 and IFITM3
occurs on similar time-scales to both IFN-f and M51R stimulated IFIT2 production. PARP12
and IFIT2 both reach near maximum or maximum levels, by the 7-hour time-point. The
magnitudes of the fold-changes for these two genes post IFN- stimulation are similar, though
the fold-change in IFIT2 production is much greater after virus infection. Notably, CH25H was
only up-regulated after M51R infection and not after IFN-f stimulation. Several groups have
observed that transcription of some ISGs and IFN-f itself cannot be activated only with addition

of exogenous interferon, but require detection of a pathogen (Nakaya 2001; Ank 2006).
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Figure 3.3-11: Transcriptional Kkinetics of IFN-pf and various ISGs. Open circles represent
the fold-change over mock after stimulation with MS1R-DSRed infection and the closed
circles represent the fold-change over mock after stimulation with IFN-f.

3.4 Discussion

The innate immune response to viral infection is the result of a complex mixture of redundant
pathways designed to inhibit viral replication processes at every stage. The response to a viral
infection is not uniform throughout an entire population of cells. There are many potential
sources of variability including differences in gene expression, cellular resources, and ability of
virus to suppress the innate immune response (Elowitz 2002; Levin 2011; Snijder 2011; Rand
2012). Local environmental factors such as degree of cell-cell contact also influence variability
(Snijder 2009). The methods we developed reduce the effects of local environmental factors;
however, the cells studied have a history from growing in a population. We still observe
variability in cell size for example. Related work by our group explores spatial effects on the

innate immune response in spreading infections (Swick, TBD).

The experiments presented here were performed using heterogeneous VSV and PC3-IFIT2
cell populations. We did not make any specific effort to reduce the heterogeneity other than
using cold adsorption to synchronize the time of infection. We had previously found that there
was a great deal of variability both in the kinetics of the viral RFP and cellular GFP production
and that the early events controlling detection times were very important; we believe that the
sub-population of cells producing the cellular GFP before the viral RFP may be important in
controlling virus spread (Chapter 2). At this time, we only have indirect evidence that our
reporters are proportional to the species they represent (viral protein, IFIT2 protein), but all

results thus far indicate that they are accurately reporting on the state of infection and IFIT2
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activation within a cell. Work is ongoing in the lab to measure protein levels using mass
spectrometry, but this work is not complete. In order to verify our previous results and add
further evidence supporting the accuracy of the reporter system, we aimed to perturb the system
in a way that had predictable results. We added a new source of variability by pre-treating with
IFN-fB at different times before infection. IFN-f is known to inhibit VSV production and we
verified this with population one-step infections with and without IFN-f pre-treatments (Figure
3.3-1). Although IFN- is a weak inducer of IFIT2 production compared to M51R infection, we
expected that IFN-B pre-treatments would still affect the relative detection times of the two
reporters Figure 3.3-3. In fact we did observe a shift in the relative delay-times so that after 3
hours of IFN-f pre-treatment the time advantage of the virus was generally cut in half, and after
6 hours of IFN- pre-treatments, we detected the IFIT2 reporter before the virus reporter in most

cells.

This shift in relative delay-times is due principally to longer viral delays (Table 3.3-1 & Table
3.3-2). Several steps in the viral replication cycle must be completed before we can detect the
viral reporter protein. ISGs produced after binding of IFN-f to the type-I interferon receptor can
affect each one of those replication steps including endocytosis, fusion, transcription, and
translation. We performed qPCR on several representative ISGs known to have direct anti-viral
effects in order to get a sense of the timing required for induction (Figure 3.3-11). We did not
observe any increase in CH25H mRNA levels after treatment with IFN-f, but IFIT2, PARP12,
and IFITM3 mRNA levels all increased compared to mock three hours into the IFN-f treatment.
PARPI12 and IFIT2 reached near maximum or maximum fold-change levels by the 7 hour time-
point. The length of time required for full transcriptional activation of these ISGs helps to

explain why we observe such drastic differences in RFP kinetic parameters at 3-hours IFN- pre-
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treatment compared to 6-hours IFN-} pre-treatment. To put these results in the context of VSV
mRNA production, Timm et al. measured that the delay to secondary viral transcription was
approximately 3 hours in PC3 cells and varied slightly based on MOI (2.7-3.3 hpi) and further
determined that a high dose of IFN-3 one-hour prior to infection delayed secondary transcription
slightly (2.9-3.8 hpi) (Timm 2013). The ISGs we chose to target are all thought to affect virus

replication at or before translation of viral protein.

On average, we see significant differences between the IFN-f pre-treated cells and the un-
treated cells. However, within these populations there is still a significant amount of variability.
This variability is evident when examining the boxplots of the various kinetic parameters (Figure
3.3-6 & Figure 3.3-7) and when looking at the maximum reporter intensity versus relative delay-
time plots in Figure 3.3-8. With the exception of the rise-times perhaps, none of the distributions
appear to narrow with longer IFN- B pre-treatment times. The response to an interferon stimulus
has been shown many times to be stochastic in nature, even when comparing sister cells after

division (Hu 2011).

Multiple measures of viral and cellular activity are best to characterize the variability in virus-
host interactions. We are able to obtain a great deal of information using just two reporters
including the relative activation and infection times, maximum protein levels and production
rates, and lysis times. With more manual single-cell experiments, we are also able to quantify
virus yields from isolated infected cells. Using these various measures, we are able to identify
several areas of VSV replication that are affected by IFN-f pre-treatments. For example, an ISG
that targets fusion might delay detection of the viral reporter, but would not necessarily slow the
rate of reporter production. The overall reduction of RFP+ cells in the 6-hour pre-treatment

population compared to the other populations might indicate that an ISG is inhibiting
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endocytosis. A slow rate of reporter protein production might indicate inhibition of translation or
degradation of mRNA. Finally, ISGs that target late processes such as virus assembly or budding
might register to us as cells that produced fewer viral particles than would be projected based on
the maximum viral reporter intensity. These examples all demonstrate that the ability to obtain
kinetic information is extremely important. Likewise, the addition of the IFIT2 reporter provides
us with an important measure of the state of immune activation in cells, although IFIT2 itself is
much more strongly induced by the virus compared to interferon. The parameters that we can
currently measure give us a good picture of the heterogeneity in this virus-host system and how
that system is affected when the type-I interferon pathway is activated. We are actively
developing methods that will allow us to quantify virus production in the context of our
microwell platform and that additional information will help us complete this picture. In
addition, methods are being developed to perform PCR using our microwell system and so we
could potentially measure interferon stimulated genes and viral genes in single-cells. Advances
in cell-coding and other labeling techniques may allow us to obtain even more detailed
information from isolated cells. We are limited in the number of wavelengths that can be
differentiated using our fluorescent microscope, but this method could be adapted to utilize a

different light source capable of distinguishing many more colors.

In conclusion, we have developed a technology that allows us to collect very quantitative and
sensitive kinetic measurements of viral and cellular reporter proteins. When combined with other
information including qPCR measurements of ISG induction and manual measurements of virus

quantification we are able to infer what anti-viral activities are occurring in cells.
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Chapter 4: Single-cell analysis of DIP inhibition of virus production

4.1 Introduction

The replication of RNA viruses, such as vesicular stomatitis virus (VSV), is highly error
prone and results in heterogeneous virus populations. Adding to this variability are sub-
populations of many viruses called defective viral particles. These particles have the same
composition as the infectious virus they were created from (i.e. viral proteins, lipid envelope),
but the genetic material contained within these particles is incomplete. Defective viral particles
often contain genomes missing several essential genes and those deletions make these defective
particles incapable of self-replication. Some defective particles, however, have the ability to
interfere with the replication of infectious virus. These defective interfering particles (DIPs) are
essentially parasites of infectious virus, and interfere with normal virus replication by ‘stealing’

the viral polymerase and structural proteins for their own replication and assembly.

Defective interfering particles have been found in cultured lab strains of many DNA and
RNA viruses, including VSV (Huang 1970; Lazzarini 1981). It was long thought that the
production of these particles was the result of cell culture conditions, but in the last few years,
defective interfering particles have been found in natural systems, specifically in people infected
with Dengue virus (Li 2011) and birds infected with West Nile Virus (Pesko 2012). Several
theories exist as to why DIPs might be produced during infections, including a way of naturally
attenuating virus replication so that the host remains mobile, but contagious, making that host
able to spread the virus more effectively (Li 2011). Another theory suggests a role for DIPs in
the development of persistent viral infections (Holland 1974) and DIPs for various viruses

including West Nile virus (Brinton 1982), Murray Valley encephalitis virus (Lancaster 1998),
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and Japanese encephalitis virus (Schmaljohn 1977; Tsai 2007) have been isolated in persistently

infected cell cultures.

The ability of DIPs to interfere with infections in culture has been well established and has
given rise to the idea that DIPs could potentially be used in anti-viral therapies. The principal
challenge in developing treatments for viruses, particularly fast evolving RNA viruses, is that
these viruses adapt too quickly to new drugs and vaccines. Defective interfering particles,
however, contain the highly conserved promoter regions necessary for virus replication.
Therefore, the hypothesis is that RNA viruses would not be able to evolve to escape treatment

with DIPs (Szathmary 1993; Kirkwood 1994).

DIPs are of great research interest because of their potential role in natural infections and
possible therapeutic value. Despite the importance of DIPs, the exact mechanisms by which they
interfere with viral infections are not well understood. Additionally, the established predator-
prey relationship between DIPs and infectious particles makes the dosage of DIPs required to
suppress an infection a complicated question. Co-infections, in both cell cultures and mice
infected with VSV, can result in a cyclic pattern of virus production, and often lower DIP doses
are more effective (Cave 1985). We believe we can gain insight into the interference
mechanisms of DIPs and their effects on virus spread by studying co-infections of DIPs and
infectious virus particles in isolated single-cells. Previous work by Sekellick and Marcus
quantified the infections VSV production from Vero cells infected in monolayers and then
isolated cells by aspirating with a micropipette (Sekellick 1980). Their results showed that the
majority of cells co-infected with a multiplicity of DIPs of 1 or 16 produced no viral particles,
but that some cells still had relatively high yields. We will perform similar experiments using

single-cell methods that have been previously described (Timm 2012), and expand on that work
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by utilizing a recombinant strain of vesicular stomatitis virus encoding an RFP gene, DSRed-
Express (VSV-DSRed) and a stock of DIPs created from this reporter virus strain (Chapter 2).
Using this reporter virus we can quantify both viral yields and the kinetics of a reporter of viral

protein production.
4.2 Materials and Methods

4.2.1 Cell and virus culture

Baby hamster kidney cells (BHK) were passaged every 2-3 days and grown in MEM
(Cellgro) supplemented with 10% FBS (Atlanta Biologicals) and 2mM GlutaMAX (Gibco).
Infections were done in the same media, but with the FBS content reduced to 2%. The virus used
in this study was a recombinant strain of vesicular stomatitis virus (VSV-DSRed) encoding the
gene for DSRed-Express protein in the fifth position of the genome, after the glycoprotein gene
and before the polymerase gene. By placing the reporter gene in this position, attenuation caused
by adding an additional gene is limited, but virus replication still results in a strong fluorescent

signal. The DIPs were created from our VSV-DSRed stock.

4.2.2 DIP production and stocking

The procedures for preparing the DIP stock virus have been previously described (Akpinar).
DIPs were produced by high multiplicity serial infections (passages) using N1-DSRed virus. The
passage with the highest DIP concentration (2.3x10® interfering units/ml) was stored at -80°C for

later infections. No RFP expression was observed in only DIP infected cells.
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Figure 4.2-1: DIP structure. (top) VSV genome. (bottom) DIP genome. The VSV
polymerase initiates either transcription or anti-genome production at the negative-sense
Leader sequence and initiates genome replication at the positive-sense, Trailer sequence on
the anti-genome. The 3' end of the DIP genome (negative-sense) contains the positive-sense,
or complement of the 5° Trailer, which is the genomic replication start site. This is a
panhandle type DI genome (Lazzarini 1981; Whelan 1997).

4.2.3 DIP adsorption experiment

BHK cells were infected in solution with an N1-DSRed MOI of 10, and varying amounts of
DIPs that were approximately 140, 14, 1.4, and 0 DIPs per cell. The virus-cell solution was
incubated on ice for 30 minutes to allow adsorption of virus and DIPs, warmed for 5 minutes in
an incubator to internalize attached particles, and then centrifuged 3x to pellet cells and remove
supernatants containing excess virus. The infected-cell solution was then diluted in a cell
suspension of equal density and plated in 6-well plates. Based on the cell count in the infected-
cell population, we expected 62 infected cells to be plated in the most dilute infected-cell
solution. After 1.5 hours, the supernatant covering the new cell monolayers was removed and
replaced with an agar solution. At 20 hpi, the plates were scanned on the Typhoon FLA 9000 and
RFP positive plaques were identified. ImageJ was used to estimate the relative size of the RFP

plaques in the Typhoon images.
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4.2.4 Manual single-cell yield experiments

The in-solution infection procedures are the same as described above although the
multiplicities of DIPs (MO-DIPs) used in this experiment were approximately 10, 1, 0.1, and 0
for these experiments. After the centrifugation and re-suspension was done three times for this
experiment to increase the likelihood that all the DIPs were removed from the infected cell
suspension, the cell suspensions were added to wells of 4 96-well plates at densities of
approximately 13400 cells per well (control) or 1 cell per well. The plates were manually
scanned to locate wells containing just one cell. High density wells and single-cell wells were
sampled at 24 hpi and quantified via plaque assay. One plate was used for time-lapse imaging to
acquire RFP kinetics from the DIP co-infected cells. These images were taken at 10x

magnification and were analyzed using a macro written in ImageJ.

4.2.5 Cell density experiments

BHK cells were infected in-solution at an MOI of 5 with VSV and plated at 5 different
densities spanning 4 orders of magnitude. Single-cell wells were manually identified and cells in
wells containing ~10 cells/well were counted for accuracy. It was assumed that the three higher
densities were 10, 100, and 1000 fold higher than the average of the ~10 cell/well average.
Samples were collected from 10 wells at each density, 24 hpi. The virus produced by the cells in

these wells was quantified with a plaque assay.

4.2.6 Nuclear labeling and VSV-DIP co-infections for microwell experiments

BHK cells were infected in-solution at an MOI of 10 with N1-DSRed and co-infected with

varying amounts of DIPs. The methods for performing the in-solution infections have been
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previously described (Timm 2012). Following the virus adsorption period, the temperatures of
the virus-cell solutions were raised to 37°C in a water bath for 5 minutes to allow for
internalization of the attached virus. To remove any excess virus, the cell solutions were
centrifuged (1000 rpm, 4 min), the infection media decanted, and the infected cell pellet re-
suspended in fresh media. This procedure was repeated 3x to eliminate excess virus and DIP in
the cell suspension, which was adjusted in density to approximately 1-2 x 10> cells/ml. The re-
suspension media contained Hoechst 33342 (AnaSpec, 1uM) and HEPES (Sigma-Aldrich,
25mM). Hoechst 33342 is a live-cell nucleic acid stain that can be used to identify the location
and number of cells in microwells. HEPES is a buffer commonly used in microfluidics

applications to protect the cells in systems with sub-optimal gas exchange.

4.2.7 Bull’s-eye device seeding and assembly

4.2.7.1 Microwell device prep

One hour prior to the infection the microwell device was placed on a clean glass slide in the
aluminum device holder (Section 1.2.2) and placed under a UV lamp for 30 minutes for
sterilization. After UV treatment, the device was moved to a vacuum chamber to de-gas the
PDMS microwell device for 30 minutes. Once the device was de-gassed, media droplets
containing Hoechst 33342 (AnaSpec, 1uM) and HEPES (Sigma-Aldrich, 25mM) were placed on
each bull’s-eye and placed in a humidified incubator until cell seeding (~ 1 hour). Pre-wetting
the device is necessary for good cell seeding and ‘humidifying’ the PDMS helps with overall cell

health.



103

4.2.7.2 Cell Seeding

To seed the infected cells into the microwell device, the existing droplets were removed and
replaced with 70-80ul droplets of the infected cell solution (1-2 x 10° cells/ml). After 30-60
seconds, the droplets were removed swiftly by placing the pipette tip in the recessed center and
replaced quickly, but gently with fresh media. The swift removal of the droplets sweeps cells off
the top surface of the device, but does not disturb the cells that have settled into the microwells.
It is necessary to keep the pipette vertical and not pipette from an angle. The bull’s-eyes were
washed with fresh media twice more in the same manner. It is important not to overload the
wells with cells, as they are difficult to wash away once seeded and overloading will cause cells
to become trapped outside the wells and crushed during sealing. The nuclear stain of these cells

will still be visible and will interfere with image analysis.

4.2.7.3 Device sealing

The device was sealed by quickly removing the droplets from all bull’s-eyes and gently
covering with a glass slide (top side treated with 0.1% tween). It is important not to add and then
release pressure to the microwells as this causes bubbles to form and displaces cells. The tween
is applied by pipetting on ~1 ml of 0.1% tween, then before sealing, removing all but a thin layer
of the solution. Tween is a surfactant that prevents condensation droplets from forming on the
top side of the sandwich device when inside the humid microscope chamber; instead, an even
layer of liquid forms. The liquid layer does not affect fluorescence, and an even liquid layer
instead of droplets allows for better topside phase contrast images. Pressure is applied to

maintain the sealing as described in Section 1.2.2. Pressure was applied to enable complete
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sealing of the microwells, but without permitting glass slides to break. In this experiment two

bull’s-eyes each were seeded with cells co-infected at one of the four MO-DIP conditions.

4.2.8 Time-lapse imaging

As described in Section 1.2.3.1, correction images were taken before beginning the time-lapse
to correct for uneven light intensity. The exposure times for the illumination correction images
was 5Sms and the exposure time for the dark field correction images was 1500ms (or the longest

exposure time used). All images for microwell experiments were taken at 4x magnification.

The aluminum device holder containing the bull’s-eye device and several DPBS soaked Kim-
wipes was placed on the automated microscope stage. The DPBS soaked Kim-wipes help
provide a humid environment for the PDMS device. Fluorescent time-lapse imaging was done on
a Nikon Eclipse TE300 microscope, using an EXI aqua camera (Q Imaging). The environmental
conditions were controlled by an outer warming chamber encompassing the microscope and a
stage-top incubator chamber (Pathology Devices) set to 37°C, 5% CO,, and approximately 85%
RH. Once the system had equilibrated to the correct temperature, the center locations of the
bull’s-eyes were identified and memorized and the stage was focused to the Hoechst 33342
stained nuclei. Images were taken in a 4 x 3 array around the center of each bull’s-eye in the
following order: bright-field (5ms exposure), blue channel (20ms exposure), red channel
(1500ms exposure) using a Sedat quad cube. Imaging the entire array required approximately 7

minutes, and was looped at a 20 minute interval for 22 hours beginning 1.58 hpi.

4.2.9 Image processing workflow and data analysis

Image organization and processing was done in JEX as described previously (Warrick

TBD). Briefly, the images were sorted according to location, time, and color and then registered
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to correct for any small shifts in the device location. For this work, registration was done based
on the phase contrast images. Following registration, the microwell locations were identified and
numbered using JEX scripts. The maxima in the blue channel (# of nuclei) were located and the
number in each microwell determined. Finally, an appropriate value for the cell radius was
chosen and measurements were taken about the maximum signal in each single-cell well using a
standard area based on this radius. The measurement and cell count data tables are exported and

analyzed in Matlab.

4.2.9.1 Matlab analysis

The code used to analyze the microwell data can be found on the Yin lab’s shared server in
Past Group Members\Andrea\MatlabCode\Chapter4. In order to perform the analysis in Matlab,
the ARFF files exported by JEX must be converted into a format readable by Matlab. This is
done with the Matlab Weka Interface. The file names of various scripts necessary for each step
are written in italics. The procedure, which is repeated here, is the same as the procedure
described in Chapter 2, however several scripts require one to input that there is no GFP data in

these experiments. That adjustment is clearly marked in the script files.

Step 1: Extract cell counts and cell location information

Run  CellCountDriver.m =2 requires CellCountFunction, loadARFF,

weka2matlab, convertlndex, and wekaPathCheck scripts

Step 2: Extract measurements
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Run MeasuresDriver.m 2 requires MeasuresFunction, loadARFF, weka2matlab,

covertlndex, and wekaPathCheck scripts

Wells that contained zero or one cell were identified and the measurements corresponding to
those wells collected and organized according to image location for easier analysis. After this
data extraction step, the data must be cleaned. Cleaning of the data entails sorting through the
images taken at each color, and excluding microwell locations that contained fluorescent debris,
bubbles, or other factors that might result in an incorrect measurement. A log of the errors is

created, and those microwells are excluded from Matlab data tables.

Step 3: Create error log

Fill in ErrorLogCreator.m script file with the microwell numbers that must be
eliminated from analysis. Run ErrorLogCreator, then run ClearListsDriver 2

requires CleanROILists

The empty wells were used to determine the signal from the PDMS (O signal) and the
measurement threshold. The mode from the single-cell wells was subtracted from the cell signal
at each time point. The mode is essentially the background signal at each well location. Finally,
the measurement error was determined and found to be negligible until values drop below

approximately 10 au (CV ~ 10%), near the limit of detection (Section 2.2.7.4).

Step 4: Run AnalysisDriver.m

- loads time information, loads cleaned ROI lists, loads measurements, loads

cleaned cell locations, loads illumination correction image and runs
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measureBackground, measureThreshold, illuminationCorrection, and

thresholdData.

At this point the cleaned, thresholded data is complete and is saved for more specific analysis. It
is necessary at this point to check the maximum threshold used on all the data. Occasionally, a
cell will not retain the nuclear stain and a well designated as empty will have a positive reporter
signal and this will artificially raise our limit of detection. The individual thresholds for each
image location should be checked for similarity. If one or more of the individual thresholds are
too high, we identify the problem microwell, add that microwell number to the ErrorLogCreator

and run through Steps 3 and 4 again.

Step 5: For the virus reporter data collected in this work, specific functions were created
to identify and collect data from cells that were RFP+, plot reporter trajectories for these

infected single-cell, and extract the desired kinetic parameters.

-2 RFP GFPData and Delay RFPDeath = requires fit expo_fun,
find RSquared, expo objfun, expofun (fitting functions written primarily by

Ankur Gupta)

4.3 Results

The effects of co-infections with DIPs and infectious virus are generally quantified with an
interference assay, which is performed by serially diluting an unknown number of DIPs in
solutions of infectious virus stock and then determining what dilution is required to eliminate
interference. The interference assay assumes that only one DIP is required to interfere with virus

production, and is based on population level yields (Bellett 1959). Here we develop single-cell



108

infection techniques that enable more direct measures of infections virus and DIP production

from co-infected cells.

4.3.1 DIPs reduce number of productive infections and inhibit spread of infection

DIP particles are composed of viral envelope and structural proteins identical to those of an
infectious virus particle. Therefore, we expect no significant difference in binding affinity to
BHK cells in solution. By infecting cells in solution with different dilutions of DIPs, we
expected to find a gradient in productive infections based on the multiplicity of DIPs (Mo-DIP).
The interference was measured relative to the infection performed in the absence of DIPs (Figure
4.3-1). Adding an MO-DIP of ~1.4 to cells infected at an MOI of 10 with N1-DSRed reduces the
number of productive infections ~75% and adding 10, and 100-fold more DIPs reduces virus
production to less than 1% of the maximum infectivity. The Poisson distribution is often used to
approximate the distribution of virus particles adsorbed by cells at various MOIs (Adang 2006;
Stauffer Thompson 2009; Zhu 2009). According to the Poisson distribution, the probability that
cells exposed to an MO-DIP of 14 will not internalize a DIP is negligible (less than 10). The
number of plaque forming infected cells at MO-DIP 14, and 140 was very low (less than 1% of
MO-DIP 0 control), but it was not zero so these co-infected cells are able to produce infectious
virus. The decrease in virus production observed with increased MO-DIP suggests that DIPs

adsorbed efficiently to BHK cells.
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Figure 4.3-1: Plaque reduction with increasing MO-DIP. Plaque counts are normalized
relative to the no DIP case. Plaque counts were reduced with the addition of DIP co-
infections, and reduced significantly (less than 1% of max) when the DIP concentration
added was enough for every cell to be co-infected with DIPs (MO-DIP 14, 140) and virus
based on a Poisson distribution.

The results shown in Figure 4.3-1 indicate that DIPs very effectively shut down virus
replication in co-infected cells. However, a plaque assay does not just measure the number of
infectious viral particles. The formation of a plaque requires that the initial infection spreads to
neighboring cells and spreads far enough to be visible on a macroscopic level. It is possible for a
DIP co-infected cell to produce both DIPs and infectious virus, and it is possible that the
production of DIPs from that initial infected cell is able to halt spread of infection enough to
prevent formation of a visible plaque. To better understand the effects of DIPs on VSV
replication and spread we analyzed the size of the plaques produced at each MO-DIP. The
plaques were measured at 2 different time-points (22 and 27 hpi). At the later time, more plaques
were visible at MO-DIPs 1.4, 14, and 140, implying plaque growth resulting from these co-

infections could be slower. Example images of RFP+ plaques scanned at the early time-point are
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shown in Figure 4.3-2 a-d. Plaque size was quantified using ImageJ at the early and late times
and the average normalized plaque size for each MO-DIP condition is plotted in Figure 4.3-2 e.
Using the plaques analyzed at both time-points we estimated the plaque growth rate at each
condition (Figure 4.3-2 e¢). Compared to the no DIP condition, plaque sizes are smaller and

growth rates are slower and more variable when cells are co-infected with DIPs.

4.3.2 DIPs reduce viral yields and viral protein production, but do not completely inhibit

production

We have strong evidence that even at high MO-DIPs, VSV infections are not completely
suppressed (Figure 4.3-1). We have also shown that the plaque growth is more variable at high
MO-DIP infections (Figure 4.3-2). We would now like to better characterize this system by

studying infectious virus yields from single-cells

The reporter virus, which encodes the red fluorescent protein DSRed-Express, has been
shown to accurately report on virus replication kinetics and virus production (Chapter 2). For
infections of BHK cells, the RFP expression has similar kinetics and spans similar orders of

magnitude as the virus production kinetics (Figure 4.3-3).
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Figure 4.3-2: Plaque growth slower, more variable at high MO-DIPs. (a. & b.) Images of
RFP+ plaques from MO-DIP 0 and MO-DIP 1.4 co-infections. (c. & d.) Images of RFP+
plaques from MO-DIP 14 and MO-DIP 140. (e.) Normalized plaque size comparisons of the
four MO-DIP conditions measured at 22 hpi, and five hours later at 27 hpi. (f.) The growth
rate is approximated by measuring the same plaques at the two different time-points.

BHK cells were infected in solution with a high MOI of N1-DSRed, sufficient to infect every
cell, and varying MO-DIPs. Wells containing single-cells were identified and sampled 24 hpi.

The amount of infectious virus produced from these isolated cells was quantified with plaque
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assays and the yields from those cells are shown in Figure 4.3-4 (black circles). The average viral
yields from isolated cells co-infected at MO-DIP 0, 0.1, 1, and 10 were 1758, 2005, 144, and 23,
respectively. Virus production at MO-DIPs 0 and 0.1 were not statistically different (Mann-
Whitney, p=.44), but virus production at MO-DIP 1 (p=0.00) and MO-DIP 10 (p=00) were
significantly reduced. Notably, only 4 cells (1 cell at MO-DIP 1 and 3 cells at MO-DIP 10)
produced no detectable infectious virions (LOD at ~2, with high error). Wells containing a high-
density of infected cells (~13,400 cells/well) were also sampled at 24 hpi. The average yields
from 3 wells per MO-DIP condition are shown in Figure 4.3-4 (red squares). The average per-
cell yield from the population level infections was higher than the single-cell averages at each
condition, but the yields decreased with each increase in MO-DIP from 7640 PFU/cell at MO-

DIP 0 to 87 PFU/cell at MO-DIP 10.
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Figure 4.3-3: RFP intensity can be used to approximate virus production kinetics and
yields.
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We measured the virus production from ~ 70 isolated single-cell infections co-infected at
different MO-DIP conditions. We were also able to track the RFP kinetics for all the isolated
single-cells contained in one 96-well plate (21 cells) also co-infected at different MO-DIP
conditions. We wished to determine how the RFP production kinetics might be related to
infectious virus yields in single-cells. Due to the small number of samples at MO-DIP 0.1, it is
unlikely that any of these cells were infected with a DIP, therefore, we have combined these cells
with the cells at MO-DIP 0 and plotted the infectious virus yield of those cells plotted against the
maximum measured RFP intensity. The maximum RFP intensity was correlated with yields (R?
= 0.83) using this population of single-cells. However, if we compare cells unlikely to be co-
infected with DIPs with those likely to be co-infected with DIPs (MO-DIP 1, 10) we observe a
different relationship between the maximum viral reporter intensity and the infectious virus
yields from these cells — one that predicts higher infectious virus yields than are observed. The
viral proteins represented by the reporter signal are used for DIP replication as well as infectious
virus replication, and also for DIP assembly. The table in Figure 4.3-4 d summarizes the average
yields and max intensities at each MO-DIP condition and also suggests estimated amounts of
DIP production assuming 2 DIPs can be made using the protein resources required for 1
infectious particle. We estimate 2 DIPs because of sequencing data that shows the DIP genomes
in our stocks are composed of a large part of the L gene only, which is less than half the length of

a full length genome (Timm n.d.).
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Figure 4.3-4: Single-cell and population yields from co-infected cells. (a) Black circles
represent the single-cell yields from each cell samples (three cells producing 0 PFU not
shown). Red squares represent the per cell yields from high density wells. (b) Correlation of
MO-DIP 0 and MO-DIP 0.1.

4.3.3 Increasing cell density, increases VSV per cell yields
BHK cells were infected in-solution with N1-VSV and plated at the densities indicated in

Figure 4.3-5. The average virus produced per cell was plotted against the cell density. As the cell
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density approaches the density of a confluent monolayer, the per-cell virus yields increase. The
difference between the lower density and higher density yields is nearly 5-fold. This difference is
similar to measured differences between the population yields and single-cell yields of the DIP

co-infections (> 4-fold).

15000 T

12000

92000 + -

6000 + %

3000 + ® %

Virus vields (pfu/ cell)

0 # } i + |
0.1 1 10 100 1000 10000
Cells/well

Figure 4.3-5: Viral yields increase with cell density. There is a greater than 4-fold increase
in virus production per cell when infected BHK cells are plated at increasing densities from
an average of 1.6 cells/well to ~6700 cells/well.

4.3.4 Microwell virus reporter kinetics from DIP-infectious virus co-infections

We are able to determine the yields of infectious virus produced from single-cells co-infected
with DIPs, but we would like to investigate how the kinetics of viral protein production are

changed by DIP co-infections. We use recombinant virus strains encoding fluorescent reporter
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proteins to study virus replication inside of host cells. The use of these fluorescent reporter
viruses allow us to increase our sample size significantly when combined with microfluidics and
high-throughput imaging and data analysis. We are able to obtain similar trajectories to those
shown in Figure 4.3-3 from individual cells by imaging isolated infected cells in microwells over
the course of an infection. To characterize the virus reporter protein trajectories, we have defined
several terms including the delay-time, the production rate, the rise-time, and the maximum
intensity. These parameters have been previously described (Chapter 2). Briefly, the delay-time
is the time at which the reporter signal first crosses our limit of detection. The rise-time is the
period between the delay-time and the time at which 85% of the maximum intensity is reached.
To approximate the production rate, we fit an exponential curve to the first four detectable data

points and designate the exponential, alpha, as the approximate production rate (Equation 4.3-1)

Equation 4.3-1

Intensity = A - exp (a - time )

BHK cells were co-infected, in-solution with the N1-DSRed virus (MOI 10) and various
amounts of DIPs and seeded in a microwell device. These infected cells were imaged every 20
minutes from ~1.5 hpi to ~24 hpi. Using the no DIP case as the theoretical maximum, we found
that the number of infected cells in which we detected the viral reporter decreased with MO-DIP
as indicated in Table 4.3-1. The maximum measured intensities also decreased significantly with
each increase in MO-DIP (p=0), as did the distributions of those intensities (Figure 4.3-6).
Finally, the reporter production rates (alphas) also decreased significantly as the MO-DIP was
increased (p=0). We were only able to extract production rate information for a very few cells at

MO-DIP 10 because most of the fits were not very good (criteria R* > 0.9). The bad fits were
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usually due to the cells reaching a maximum in production very shortly (within 1.5 hours) of

exceeding the limit of detection.

Table 4.3-1: Comparison of the percentage of RFP positive cells, maximum intensity
means, and production rate means for the 4 MO-DIP conditions.

-
0 100% 163 172
01 100% 199 151
' 76% 83 118
10 30% 14 0.48

We noted in Section 4.3.1 that the speed of infection spread at higher MO-DIPs seemed
significantly slower, and the plaque sizes were highly variable. Plaque growth can be slowed by
lower yields, but also by a slower virus replication. We examined the effects of DIPs on the
production of the viral reporter protein and have prepared boxplots of the delay-times and rise-
times for each MO-DIP condition. The increases in delay-times as the MO-DIP was increased
were striking. We have noted before that the initial detection of progeny virus from VSV
infections of BHK cells occurs in a very narrow window (Timm 2012). Furthermore, at MO-DIP
0 the distribution in detection times is extremely narrow with an average value of 4.3 hpi. In
contrast, the average delay-time at MO-DIP 10 was nearly 12 hpi. To put this number in context,
VSV infections of BHK cells are usually complete and have resulted in death of the cell around

12-14 hpi.
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Figure 4.3-6: Maximum intensity and production rate data for each MO-DIP condition.
(top) Maximum intensity data, cells that did not lyse or reach a plateau before the end of
imaging were excluded from this analysis. (bottom) Production rate data, only good fits
(defined as R > 0.9) were included in this analysis. Both maximum intensities and rates of
reporter production decreased at higher MO-DIPs.
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Figure 4.3-7: Delay-time and rise-time data for each MO-DIP condition. (top) Delay-time
data, the delay to detection of the RFP reporter increased significantly at higher MO-DIPs.
(bottom) Rise-time data, cells that did not lyse or reach a plateau before the end of imaging
were excluded from this analysis.
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4.3.5 Longer delay-times likely due to slower protein production

Our analysis of the various viral reporter kinetic parameters clearly shows that increasing the
MO-DIP causes significant decreases in the maximum intensities and production rates, and also
causes significant delays in detection time. The delay-time represent a series of early viral
infection steps all lumped together including endocytosis, fusion of the viral and cellular
membranes and release of the viral genome, primary transcription, and translation of viral
protein. It is probable that genome replication, and secondary transcription and protein
translation are also required before we reach detectable levels of viral reporter protein.
Therefore, the delay-time we measure is dependent on the rate of protein production (alpha)
among many other factors. We plotted the production rate against the delay-time to determine
the degree to which the delay depends on the production rate (Figure 4.3-8). We observe in
Figure 4.3-8a, as we also saw in Figure 4.3-7 top, that the delay-time distribution at MO-DIP 0 is
narrow and not greatly influenced by the production rate. However, at MO-DIP 0.1 and 1, longer

delay-times do appear to be related to lower production rates.
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Figure 4.3-8: Longer delay-times associated with lower production rates at MO-DIP 1 and
10.
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4.4 Discussion

Defective interfering particles are interesting subjects of research due to their potential use as
anti-viral therapies and their recently discovered role in natural infections (Li 2011; Pesko 2012).
DIPs are attractive possibilities for use as anti-viral therapies due to the fact that they contain the
highly conserved primer regions of the virus they originated from, and so it would be difficult for
that virus to evolve away and escape treatment with DIPs. Much work is already being done to
developed vaccines based on interference (Noble 2004; Mann 2006; Marriott 2010).The
similarities that DIPs share with viruses also present challenges to their detection, quantification,
and determination of anti-viral activity. The single-cell analysis and non-traditional detection
methods presented in this paper represent steps forward in the characterization of DIP

quantification and interference activity.

Previous work was done by Sekellick and Marcus to quantify infectious VSV production
from single-cells (Sekellick 1980). There were similarities, but also significant differences
between their work and ours. First, we used similar MOIs (Sekellick — 8.5; Timm — 10), and
similar MO-DIPs (Sekellick: 0, 1, 15; Timm: 0, 0.1, 1, and 10), but the maximum yield we
observed at MO-DIP 10 was 136 and Sekellick and Marcus observed many cells at MO-DIP 16
producing thousands of infectious particles. Additionally, they also observed many cells, both at
MO-DIP 1 and MO-DIP 16 that produced no detectable virions (> 40%) and our rate of non-
producers was much lower (~10%). We should note that their sample size was much larger than
our low-throughput single-cell yield measurements (n = 180 at MO-DIP 16, n = 160 at MO-DIP
1 vs. n = 19 at both MO-DIP 1, and 10); however, we believe the differences in non-producer

ratios are due to the infection procedure rather than a difference in sampling. The in-solution
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methods we use to co-infect cells with infectious virus and DIPs likely result in much more
uniform particle distributions. Both the single-cell yield and plaque growth results strongly
indicate that a single DIP or even 10 DIPs are rarely able to completely shut down virus
production, but that infectious virus production is significantly and fairly uniformly reduced.
Unlike the results of Sekellick and Marcus, we do not see indications of viruses that are able to

escape the effects of the DIPs (i.e. outliers producing average amounts of virus).

The decrease in maximum viral reporter intensities mirrors the decrease we see in viral
yields. Unlike our infectious virus yields, we detect a much higher percentage of cells that appear
to be ‘non-producers’ based on viral protein expression. Seventy percent of cells co-infected with
infectious virus and an MO-DIP of 10 did not produce detectable levels of viral reporter protein
in microwell experiments (Table 4.3-1). Based on our single-cell virus yield experiments, we
expect that viral reporter protein is produced, but the small amounts necessary to produce viral
particles on the order of 10s is not detectable at 4x magnification. We did not observe any RFP-

cells when imaging the isolated single-cells in 96-well plates at 10x magnification.

In addition to the nearly 2 order of magnitude drop in average maximum intensities that
occurs between MO-DIP 0 and MO-DIP 10, we also observe significant changes in viral protein
production rates and delay-times. While there is a great deal of variability in single-cell virus
kinetics, we noted during our analysis that the general shape of the reporter protein trajectories
changed depending on the MO-DIP, from very fast kinetics with short rise-times at MO-DIP 0 to
longer and slower reporter production kinetics at the higher MO-DIPs. To demonstrate this

difference, we have compiled the average trajectories from the single-cell ‘populations’ (Figure
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4.4-1). Co-infection with DIPs clearly disrupts the normal pattern of VSV replication in BHK

cells.
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Figure 4.4-1: ‘Single-cell’ population reporter expression kinetics. The limit of detection
shown does not apply to these averages, which have already been thresholded — the LOD is
just shown to demonstrate where we would begin to detect the signal if these average
trajectories had been from a single-cell.

The primary differences between infections in the absence of DIPs and high MO-DIP
infections appears to be the delay-times and maximum intensities; however, we showed in Figure
4.3-8 that the lower protein production rates in MO-DIP 1 and 10 influence the delay-times.
While the exact mechanisms of DIP interference are not known, the primary theory states that DI
genomes take the viral replication resources and structural protein resources away from the
replication of infectious virus genomes. Robust VSV mRNA transcription and protein translation
does not occur until enough nucleoprotein is created to switch to genome replication. More

genomes and polymerases are required to produce the level of viral protein and genomes
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characteristic of this rapidly growing virus. Therefore, we suggest that the majority of infectious
virions are produced shortly after the switch to replication, but then the majority of protein
resources produced is soon shifted to produce the DI genomes and particles. When comparing
the reporter protein produced in isolated single cells with the infectious virus produced, we see
that DIP co-infected cells follow a different pattern than cells infected only with wild-type VSV
(Figure 4.3-4). The DIP co-infected cells produce less infectious virus than would be predicted
by the maximum RFP signal quantified from these cells. We have approximated the number of
DIPs produced by assuming two DIPs can be formed using the protein resources of one full
length particle. To approximate the DIP production, we must assume that the viral RFP remains
a reliable indicator of viral protein production in individual cells even when co-infected with
DIPs. We believe this assumption is valid for two reasons: first, the DIPs in our stocks should
not be transcriptionally active based on their structure; and second, there is no mechanism we are
aware of that would regulate translation of the RFP gene. The approximate amount of DIPs and
full length particles produced by cells co-infected at MO-DIP 10 was on average less than 100
total particles, while the total particle count at MO-DIP 1 was nearly 1000 particles per cell. The
reason for this difference interests us because previous work in our group has shown that the
total particle count remains fairly constant, except at very high DIPs (~ 100 DIP/cell) (Akpinar
n.d.). This property of DIP co-infections appears to hold at lower MO-DIPs, but at MO-DIP 10
the amount of viral protein produced based on the reporter signal appears to be insufficient to
produce large numbers of DIP particles. While self-interference of DIPs is generally thought to
occur at much higher DIP to infectious virus ratios, we suggest that DIP production is limited at
MO-DIP 10 in the work presented here and further suggest that the source of the limitation is the

limited number of transcriptionally active genomes available to make viral mRNA and thus
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protein. More work needs to be done to measure the total particle production from single-cells
co-infected with DIPs and to determine the source of what appears to be limiting protein

production.

Single-cell techniques have the unique ability to characterize the variability in infectious virus
and DIP co-infections and connect parameters such as protein kinetics with viral and DIP yields.
It is vital to be able to completely characterize the mechanism of DIP production and
interference to better understand how these particles can be used in the formation of vaccines and

also to better understand the role of DIPs in naturally occurring infections.
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Chapter 5: Suggestions for Future Projects

5.1 Summary of accomplished work

In the first few chapters new methods were detailed describing techniques used to study virus
infections in isolated single cells. A few examples of the types of information one can obtain
using our high-throughput single-cell platform were discussed. We demonstrated in Chapters 2
and 3 that using single-cell analyses, one can take advantage of the naturally occurring
heterogeneity in virus-host systems to understand the importance of the relative timing of
immune activation and virus replication processes. We have evidence based on our IFIT2
reporter protein that the extent of anti-viral cytokine production may be limited when VSV
replication processes start very quickly, even when the strain of VSV used is a mutant that is not
able to shut down the host-response. Likewise, we demonstrated that host immune activation can
limit viral protein production and likely inhibits virus production at many stages during the
infection processes. Using interferon pre-treatments, we showed that a few hours of forewarning
before infection hugely affects virus production. We observed decreases in virus protein
production with 3-hours of IFN-B pre-treatment, but the anti-viral effects were much more
extensive when the cells were exposed to IFN-B for 6 hours before infection. Some of this
information can be gathered using traditional population level measures, but much more
information can be gathered using single-cell techniques. For example, we can distinguish
potentially important sub-populations of cells that are strongly activated and activated before we
detect virus replication. We observed many cells that produced viral reporter intensities far
exceeding the average at the mock IFN-f pre-treatment conditions, showing that activation of the

type-1 interferon pathway does not uniformly affect virus production. We further observed that
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those IFN-P pre-treated cells producing high amounts of viral reporter protein were usually in the
population of cells in which we detected the viral reporter before the cellular reporter. At that
duration of IFN-B exposure, those cells expressing the viral RFP before the cellular GFP were in

the minority.

Another application for our high-throughput single-cell infection platform was discussed in
Chapter 4. Defective interfering particles (DIPs) are viral sub-species, created by many different
types of viruses during replication. DIPs are formed due to some error during virus replication,
and are nearly identical to the viruses they were created from in structure, but their genomes are
defective, often missing several genes required for replication. These defective particles are
called interfering particles because when they co-infect a cell containing infectious virus, the
protein and replication resources created by the infectious virus are effectively stolen away by
defective genomes for their own replication. The result is a decrease or elimination of infectious
virus production from those co-infected cells. Historically, for the purposes of DIP quantification
via the interference assay, it has been assumed that a single DIP is sufficient to prevent infectious
virus production. Previous work measuring infectious virus from cells believed to be infected
with a high multiplicity of DIPs showed that infectious virus could in fact be produced from DIP
co-infected cells; however, these results showed that DIP co-infected cells were capable of
producing thousands of infections virus particles (Sekellick 1980). Our results contradict those
made by Sekellick and Marcus. We have confirmed that DIP co-infected cells are capable of
infectious virus production, and we actually observe at least some infectious virus production in
nearly every DIP co-infected cell. However, we did not observe any cells that produced average
amounts of VSV (~1000 — 10,000 PFU/cell). The highest producing cell infected at a high MO-

DIP produced less than 200 infectious units. Further, our high-throughput microwell results
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showed that co-infected cells only produced low levels of viral RFP. These results strongly
suggest that DIP co-infections of VSV in BHK cells always inhibit virus production, but rarely
eliminate virus production. We are not assuming this relationship holds for DIPs of other forms,
or DIPs created from other viruses, but our methods may be useful for more thorough

characterization of DIP interference.

Single-cell analyses allow us to obtain unique information. The methods we have developed
thus far have one very important limitation and that is that we cannot efficiently quantify virus
yields from a large number of isolated cells. We are able to quantify virus production from
single-cells using the low-throughput, manual experimental techniques, but we are limited in the
number of cells that can be analyzed for two reasons. First, the cells must be manually identified,
which requires a lot of time and must be done within a few hours of infection while the cells are
still adherent. The second limitation is the method of quantification, which is the plaque assay.
For large sample numbers, plaque assays become extremely time consuming and also quite
expensive for the amount of information they provide. While we have shown that our virus
reporter is a very good estimate of actual virus production, we have also shown that there are
reasons for a mismatch between maximum virus reporter expression and virus yields. The results
of the IFN-B treated PC3 cells showed that cells that undergo lysis often produce fewer virus
particles than would be predicted by the viral RFP expression. We also found that DIP co-
infections altered the ratio of RFP intensity to yields because the viral protein resources are being
shared between infectious particles, which are counted during a plaque assay, and DIP particles
which are not. Therefore, the next priority of this project is a fast and inexpensive method of
virus quantification for single-cells. The following sections detail our plan to accomplish this

goal and demonstrate the applications of such an improvement.
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5.2 High-throughput virus quantification

The ability to quantify actual virus yields is the most important component of any high-
throughput cell based viral assay; however, this is a very difficult feat to accomplish. There are
several high-throughput methods for virus quantification including flow-cytometry, qPCR, and
some Coulter Counter type devices such as the qViro. These methods all have certain advantages
and disadvantages, but the primary limitation shared by all these methods is that quantification
can only be done using high total numbers of virus particles. The lower limit of detection for
these methods is simply too high to apply to the single-cell measures we are interested in
(Joelsson 2010; Grigorov 2011). There have been many advances in single-cell gPCR, but these
assays are made to target intracellular species (Li 2009; McWilliam Leitch 2013). We are not
aware of any single-cell qPCR techniques that can accurately quantify virus production from

single-cells in a high-throughput way.

There is a need for methods that can detect very dilute concentrations of virus. We hope to
apply these techniques to our assay, but they were originally developed for bio-defense purposes.
Biosensors are needed to quantify minute amounts of highly pathogenic biological agents in our
environment. Professor Selim Unlu’s group at Boston University has developed an extremely
sensitive, optical, label-free sensing technique which they have called interferometric reflectance
imaging sensor, or IRIS. The most well know optical, label-free sensing technology is surface
plasmon resonance (SPR). IRIS is a different type of technology, but has similar sensitivity to

SPR (Ozkumur 2008).
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We have worked with Professor Unlu’s group to adapt their technology to work with our
high-throughput, single-cell infection platform. The following sections describe the protocols
that we have developed and show some preliminary results. Briefly, we are provided with silicon
oxide wafers spotted with covalently bound anti-VSV antibody and use these wafers to seal our
microwell devices instead of using a glass slide. Virus is produced by infected cells in the
microwells, diffuses up to the surface, and binds the antibody. At the end of infection, we
separate the wafer from the PDMS device, proceed through a washing protocol, and then ship the
wafers to our collaborators in Boston for analysis. The device setup with and without the wafer is

shown in Figure 5.2-1.

Figure 5.2-1: Device setup for single-cell virus quantification experiments. (top) PDMS
device sandwiched between two glass slides and held together with binder clips. (middle)
PDMS device sealed with the silicon oxide wafer and sandwiched between two glass slides.
(bottom) The arms of the binder clips raise the imaging plain too high for our automated
stage. Removing the arms makes automated imaging possible and provides a more stable
base so that the devices do not shift as the stage moves.
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5.2.1 Interferometry virus quantification

5.2.1.1 Wafer functionalization

The preparation of the silicon oxide wafers used in these experiments have been described
(Cretich 2004; Pirri 2004). Briefly, the wafers used in these experiments are made by thermally
growing a completely uniform, smooth, and flat silicon dioxide layer on a silicon wafer. A
copolymer composed of (N,N-dimethylacrylamid (DMA)-acryloyloxysuccinimide (NAS))-
3(trimethoxysilyl)-propyl methacrylate (MAPS) is adsorbed to the silicon dioxide surface. Two
of the components, DMA and MAPS, ensure good adsorption and stability, while the NAS
component allows for covalent attachment of antibody through primary amine groups. Anti-VSV
antibody is spotted in an array on the wafer, which was left in a humid chamber overnight, and

then washed and sonicated (Lopez 2011).

5.2.1.2 Experimental Setup

The infection procedures are the similar to those described in the previous three chapters, but
the microwells of the device are sealed with a silicon oxide wafer. Additionally, the dark
background of the silicon oxide wafer makes it impossible to locate the microwells using phase
contrast images. Therefore, we use a FITC-labeled dextran for this purpose and for image
registration. The FITC-dextran is added to media (~0.6 pl/ml) and is used for the post-seeding
washing steps. The device ‘sandwich’ is composed of a glass slide base, the PDMS microwell
device, the silicon oxide wafer, and another glass slide. Pressure is applied using two binder clips
(Figure 5.2-1). After sealing of the device, the arms of the binder clips are removed and the

device sandwich placed in an Omni Trey surrounded by sterile PBS soaked Kimwipes
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(Kimberley Clark). It is extremely important that the sandwich device is never inverted once
sealed. The device is imaged as described in previous chapters, but instead of collecting phase

contrast images, we collect green channel image to visualize the FITC-Dextran filled wells.

5.2.1.3 Silicon-oxide wafer washing and shipment preparations

After the infection period is complete, the antibody-coated silicon-oxide wafer must be
washed and prepped for shipment to our collaborators at Boston University. The arms are re-
inserted into the binder clips, then the device is submerged in PDMS before the pressure is
released and the wafer is separated from the PDMS device. To ensure a clean wafer with no
cross-contamination, it is necessary for the wafer to remain wet throughout the washing steps.
Three PBS washes of 3 minutes each are performed, then a one minute wash in 10% PBS,
followed by a rinse in sterile Milli-Q water before drying. Any excess water droplets left on the
wafer are immediately removed using a can of compressed gas (3M) inside the bio-safety
cabinet. The wafers are exposed to UV light for 60 minutes to inactivate the virus adsorbed to the

silicon-oxide wafer so that they are safe for shipping.

5.2.1.4 Virus quantification

The general detection method is based on the quantification of a change in wafer thickness.
IRIS uses three LED illumination wavelengths of 450, 525, and 635 nm and a 50x NA=0.9
objective. The light is scattered by bound particles and reflected back, providing a signal that can
be used to detect individual particles and also estimate the aspect ratio of those particles. Prior to
the high magnification virus quantification, low magnification scans of the silicon wafers are

performed. An example is shown in Figure 5.2-2. The wafers are spotted with anti-VSV antibody
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prior to experiments. The array of antibody spots is easily seen in Figure 5.2-2. Where these
spots cover microwells containing infected cells, we are able to see clear evidence of antibody
bound virus particles. By aligning the mirror image of the wafer with our fluorescent images, we
are able to match up microwells in which we detect a positive viral RFP signal and a positive
virus particle signal. That alignment is shown in Figure 5.2-2. In this manner, we can identify
microwells containing isolated single-cells and microwells containing no cells to scan at high
magnification for analysis. The process of quantifying the virus produced in this experiment is
ongoing. Also in progress is a method to align, or register the signal from these two

measurements in an unbiased way (5.2.2.1).

The experiment shown in Figure 5.2-2 is of BHK cells infected with N1-DSRed or co-
infected with N1-DSRed and DIPs (Chapter 4). IRIS is capable of distinguishing individual virus
particles and by using interference patterns from targets exposed to three wavelengths of LED
light, our collaborators are able to determine the aspect ratio of the particle. We have provided
Professor Unlu’s group with inactivated stocks of our N1-DSRed virus and corresponding DIPs
and they have successfully been able to differentiate the two types of particles (data not shown).
Preliminary work indicates that their ability to accurately quantify the size of these particles is
concentration dependent. It may be possible to identify single-cell wells that have produced

particles of different sizes characteristic of either DIPs or infectious particles.
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Figure 5.2-2: Fluorescent image data and virus production data. On the left is a stitched
overlay image of a bull’s-eye seeded with N1-DSRed infected BHK cells. The green signal is
from a FITC-labeled dextran we use to visualize the microwells when phase contrast
images cannot be acquired. On the right is a low magnification scan of the silicon-oxide
wafer that sealed the bull’s-eye for 24 hours. Notice the residue left by the PDMS that
allows us to visualize the microwell locations. The array of circles observed in the wafer
image is the antibody spot array. Antibody arrayed wafer image provided by George
Daaboul, PhD.

5.2.2 Future device and protocol improvements

5.2.2.1 Device registration

Currently, it is necessary to scan large sections of the silicon wafer at a low magnification so
that we can recognize patterns in the PDMS residue and in detection of virus production. These

scans take a lot of time and are not use for virus quantification. After the scans are finished, areas
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of interest can be identified and measured using higher magnification detection. To eliminate the
low magnification scan, we will introduce modifications to the PDMS device so that the
detection location can be identified more readily at high magnification. A pattern of rotated

microwells will be introduced in a variable manner through-out each bull’s-eye (Figure 5.2-3).
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Figure 5.2-3: Example pattern to be introduced into microwell array.

Preliminary experiments have shown that the amount of virus often produced in VSV infections
saturates the IRIS signal. Some work has been done to modulate virus production over a wide
range in order to determine the upper limit of detection. We are considering increasing the

microwell size to limit of the frequency of saturation.

5.2.2.2 Clamping mechanism

The binder clips that add pressure to keep the device sealed are an ideal size for the smaller
devices used in these experiments. We place these devices in an Omni Trey for imaging, and
using small binder clips we are just barely able to bring the cells into focus. Using the automated

stage at this focal plane often results in errors during the time-lapse. The automated stage simply
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does not handle this stress well, and so a new clamping mechanism or recessed holder for the

binder clip system needs to be devised for future experiments.

5.2.2.3 Kinetic measures of virus particle production

Professor Unlu’s group is working on a method to perform IRIS analyses using a clear
substrate instead of the opaque silicon oxide wafer. If they are successful, it will be possible to
measure virus attaching to a surface over-time. They believe the only instrument requirements
will be an LED or laser based light source and a perfect focus system that can automatically
focus to the desired surface. Our lab has access to a fluorescent microscope with these properties

and so we may soon be able to perform these experiments.

5.3 Application for high-throughput single-cell infection assay

Thus far we have demonstrated the type of data we can obtain using our single-cell infection
assay including effects of innate immunity on virus-host interactions and effects of DIP co-
infections on viral protein production. The microwell based platform makes our assay very
adaptable for general cell-based screening assays as well. Our microwell device has an advantage
over most in that it is separated into different bull’s-eye sections, which allow one to perform
analyses on cell populations treated under different conditions. These different experiments can

be performed in parallel without risk of cross-contamination.

5.3.1 Drug resistance

RNA viruses mutant very rapidly, often developing resistance to anti-viral drug treatments.

Deep sequencing techniques can be used to characterize the genetic variability in a virus
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population, but quantifying virus production from infections is the best way to determine
inhibitory effects of anti-viral drugs. It is estimated that rate of mutation during VSV replication

is equivalent to ~ 1 mutation per genome (Drake 1999).

5.3.1.1 Proof of concept experiments

The frequency at which we are able to detect phenotypic mutants in our single-cell infections
implies that we may more easily be able to find desired mutants than would be possible through
population level selection. Our group has used the mutagens 5-fluorouracil and Ribavirin in the
development of drug-susceptibility assays (Zhu 2007; Zhu 2009a; Lindsay 2011). These drugs
are used as broad-spectrum anti-virals in research and function by inducing error catastrophe in
the already error prone replication of RNA viruses. Published protocols for selecting for drug
resistant VSV mutants to these mutagens suggest that months of passaging under selection
pressure might be required to create such a stock (Cuevas 2005; Sierra 2007). Creating drug-
resistant stocks is necessary for proof of concept experiments to show our assay can identify
drug resistant mutants. I believe that by performing low-throughput, low cell-density infections
under a high-dose of drug, finding resistant mutants may be relatively fast and easy compared to

selection through passaging.

Once a drug-resistant stock is created, we can combine this stock with our normal virus
stocks in different ratios to infect cells in solution. The infections will proceed in microwells
under high doses of the drug. The result of drug-screens using the microwell system will result
on the mode of action of the drug. With these mutagens, the effects may vary greatly. Mutations

acquired by nascent genomes may be sufficient to reduce secondary transcription and affect
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protein production noticeably. However, the effect may not be evident without spread of the
infection. We have attempted infection spread experiments previously by mixing infected cells
with un-infected cells, but we could not distinguish the cell populations because of cell staining
issues. Improvements in cell labeling methods will make these experiments, and many others

possible (Yamanaka 2012).

5.4 Cell-signaling and virus protein production and yields

In Chapter 2 we suggested that immune activation of PC3 cells might initially be beneficial
for VSV replication due to increased transcriptional and translation activity within the cell. In
Chapter 4 we presented data showing that viral yields increase as a function of cell density, and it
has been previously shown by our group and others that VSV replication is cell-cycle dependent
(Oliere 2008; Zhu 2009b). Cell-cell contact or cell-cell signaling appears to affect VSV protein
production and replication, perhaps in many ways. The following is a simple proposal describing
methods to elucidate the effects of cell-cell contact and signaling using methods commonly used

in our lab.

Recent results indicate that correlations exist between the fluorescent signals emitted from
infected cells and the amount of virus produced from those cells. We can see this correlation
with N1-DSRed infections of PC3 cells (Figure 5.4-1). The yields from infected cells that
reached a plateau in RFP signal correlated very well with the maximum level of RFP expression
from each cell. It would be beneficial to know if this correlation remains at population levels

where cell-cell signaling has been shown to affect the outcome of virus infections (Figure 4.3-5).
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Figure 5.4-1: Maximum virus reporter correlation with viral single-cell yields: This data
was shown in part in Chapter 3. Single cells in which the RFP signal from the reporter
virus reached a plateau are indicated by black circles. Cells that did not reach a plateau
before the end of the experiment and cells that died before reaching a signal plateau are
indicated by red circles.

We may be able to explore the effects of cell signaling to a greater extent by using nuclear stains
to determine approximate cell state and by studying infections at various cell densities using
reporter PC3 cells and the M51R virus. The goal would be to determine if the fluorescent signal
from reporter viruses is still correlated to yields at population densities and to explore how cell
culture geometry affects virus-host systems (Figure 5.4-3). The techniques that will be used are

described below.
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Figure 5.4-2: Average yield per cell vs. cell density. N1-DSRed VSV infections of PC3 cells
show increasing yields and decreasing variability as cell density increases. This pattern is
the same when using VSV to infect BHK cells (Chapter 4). Number listed above the error
bar is the coefficient of variation.

5.4.1 Use in-solution infection technique to control infection parameters in patterned

devices.

In previous cell patterning work done by our lab, cells were infected after seeding on
patterned slides. This method makes it difficult to control the multiplicity of infection and
synchronize the infection. We gain more control over the infection process by performing the
infection in solution before adding to patterns. The low-throughput, single-PC3 cells experiments
we have done suggests that binding of the newly infected cells to the patterns should not be an

1SSue.
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5.4.2 Normalize RFP signal to purified protein standard and correlate RFP expression to

yields

In order to compare the viral RFP signal across different experiments, we must normalize the
reporter signal to a protein standard. Serial dilutions of known concentrations of purified
fluorescent protein stock confined in a space with equal height to an average cell can be used to
determine a signal to protein molecule standard (Wells 2008). Our current commercial protein

stock is not concentrated enough for this assay, but there may be other sources.

We will set up these experiments so that the supernatants can be collected and quantified.
Through a collaboration with Professor Unlu’s group at Boston University, we should soon be
able to quantify virus production from cells in microwells. Isolated single-cell results may also
be obtained via low-throughput experiments, by seeding individual cells in wells of 96-well
plates. Figure 5.4-1 shows us that there might be multiple correlations depending on the

phenotype of the infection.
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Figure 5.4-3: Diagram of various cell culture environments. Microwells isolate both cells
and cell signals; the single-cell pattern eliminate cell-cell contact, but permits cell-cell
signaling; the multi-cell pattern allows both cell-cell contact and signaling and is similar to
a normal cell culture plate.
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