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ABSTRACT OF THE DISSERTATION 

 

Coxsackievirus Persistence in the Neonatal Central Nervous System:  

Investigating the Interplay between the Host Response and Viral Persistence in 

Neural Stem and Progenitor Cells 

 

by 

 

Ginger Tsueng 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego 2013 

San Diego State University 2013 

 

Professor Ralph Feuer, Chair 

 

 

Newborn infants are particularly vulnerable to neurotropic infections of 

coxsackievirus which can potentially cause serious central nervous system 

(CNS) diseases such as meningitis and encephalitis.  Coxsackievirus is also 

capable of persisting in the host CNS for extensive periods of time; however, 

the mechanism by which the virus evades clearance by the host remains 

unclear. In vivo models of Coxsackievirus infection have previously revealed 



 

xx 

that the virus isolated from persistent infection is not infectious, suggesting the 

evolution of the virus over the course of infection. In order to disaggregate the 

effects of the adaptive immune response and other complicating factors from 

the actual infection of the central nervous system, we therefore wish to 

develop and utilize an in vitro model of Coxsackievirus infection using Neural 

Progenitor and Stem Cells (NPSCs) and a recombinant Coxsackievirus B3 

expressing enhanced GFP (eGFP). In developing and utilizing this model we 

hope to explore the interaction between the host innate immune response 

and the virus and the impact of these interactions on the evolution of the virus 

and the development of disorders in the infected host CNS. 



 

1 

INTRODUCTION TO THE DISSERTATION 

Coxsackievirus is a small, positive-sense, RNA virus in the Enterovirus 

genus which is capable of causing inflammatory disease in the tissues it 

infects.  Different serotypes of Coxsackievirus have been demonstrated to 

have varying degrees of tropism for different tissue types (Hyypia et al., 1993).  

Coxsackievirus B3 (CVB3) has tropism for the heart, pancreas, and the central 

nervous system (CNS) (Cheung et al., 2005).  Because CVB3 is also capable of 

persisting in the host tissues, it has been associated with chronic diseases such 

as chronic myocarditis and dilated cardiomyopathy (Chapman and Kim, 

2008).  The persistence of the CVB3 in the heart is partially attributable to the 

immune response which creates selective pressures on the virus, causing 5’ 

UTR deletions, attenuating the cytolytic virus to a less cytolytic form (Kim et al., 

2008).  Although reduced in cytolytic capabilities, the presence of the virus 

may be sufficient to trigger an on-going inflammatory response resulting in the 

observed chronic myocarditis.   

CVB3 has also been observed to infect the central nervous system 

(CNS).  As the CNS is considered an immunoprivileged site, the immune 

response plays a very important role in modulating the course of infection in 

the CNS.  During acute infections in a neonatal mouse model, Coxsackievirus 

has been observed to induce the infiltration of immune cells into the CNS 

resulting in asceptic meningitis and encephalitis (Feuer et al., 2009).  However, 

the effects of persistent infection and chronic immune activation on the 

course of CNS development have not yet been fully explored.  Infants are 
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suspected to be particularly susceptible to infection and disease primarily 

because their NPSCs are in a higher proliferative state than those found in 

adults and also because their immune responses are not as adept at 

suppressing the virus. 

The Feuer lab utilizes an in vivo neonatal mouse model to examine the 

effects of Coxsackievirus infections in the neonatal CNS.  Using this model, the 

Feuer lab has demonstrated that CVB3 has tropism for actively proliferating 

cells and neural progenitors in the neonatal CNS (Feuer et al., 2005), and is 

capable of persisting for at least 90 days post-infection (Feuer et al., 2009).  

Interestingly enough, after 30 days post-infection, the virus is no longer 

detectable by plaque assay, and its presence must be determined using 

nested RT-PCR.  This suggests that the persisting virus is attenuated, and the 

attenuation of the virus may play an important role in enabling the virus to 

persist.  Further, the host innate immune response may play an important role 

in the attenuation of the virus and consequently, its persistence.   

 To decouple the course of CVB3 infection in the CNS from the adaptive 

immune response and other convoluting factors, we developed an in vitro 

infection model consisting of Neural Progenitor and Stem Cells (NPSCs) 

cultured from neonatal mice.  This model allows us to investigate how the host 

innate immune response affects the persistence of the virus and to examine 

how the infection affects CNS development in the host.  NPSCs are capable 

of proliferating for an indeterminant number of rounds, and can differentiate 

into the three lineages of the CNS: neurons, astrocytes, and oligodendrocytes.  
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In culture, they form spherical aggregates called neurospheres either by 

proliferation or migration (Mori et al., 2007).  The NPSCs which make up the 

neurospheres can be quite heterogeneous with variations in their sizes, 

viability, mitotic potential, differentiation, and apoptotic potentials (Bez et al., 

2003).   

While in vivo experiments have determined that proliferating cell types 

like NPSCs are preferentially infected by CVB3, our in vitro neurosphere model 

of infection will enable us to examine the susceptibility of more differentiated 

neural cell types to CVB3 infection.  By utilizing a recombinant coxsackievirus 

B3 expressing enhanced GFP (eGFP-CVB3), we can track the course of 

infection in real time and study how the virus interacts with the host cells of the 

CNS.  Furthermore, NPSCs have also been found to be responsive to 

interferon-β treatments, making our in vitro model of infection relevant and 

interesting.  At high doses (1000U/mL) of interferon-β, neural precursor 

proliferation appeared to be inhibited as determined by lower OD detection, 

and lack of apoptosis as determined by caspase 3/7 levels (Wellen et al., 

2009).  Additionally, Wellen et al. found that differentiation potential remained 

unchanged; however, the neurite outgrowth lengths were significantly shorter 

in differentiated cells derived from interferon-β treated neural precursor cells.  

Therefore, our hypothesis is that the host immune response creates selective 

pressures which alter the virus in the CNS.  This alteration allows for the 

persistence of the virus in the CNS, which in turn can affect the resident NPSC 

population, and lead to developmental disorders of the CNS.  



 

4 

CHAPTER 1:  Examining the susceptibility of different neural cell types to CVB3 

infection 



5 

 

 
Introduction 

 



6 

 

 
Materials and Methods 

Results



7 

 

 
Figure 1.1. Neurospheres grown in culture are highly susceptible to eGFP-CVB3 

infection.
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Figure 1.2. CVB3 preferentially infected nestin-positive and NG2+ cells within 

neurospheres.
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Figure 1.3. Virus replication and cytopathic effects in neurospheres inoculated 

from actin promoter-GFP ttransgenic mice and infected with DsRed-CVB3.
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Figure 1.4. Quantification of virus-induced cell death over time in 

neurospheres following infection with two recombinant coxsackieviruses.
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Figure 1.5. Differentiation of NPSCs following treatment with fetal bovine serum.
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Figure 1.6. Higher levels of viral protein expression and CPE were observed in 

NPSCs than in differentiated NPSCs.
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Figure 1.7. Higher levels of viral titers were observed in NPSCs than in 

differentiated NPSCs. 
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Figure 1.8. Reduction in CVB3 replication and viral protein expression in highly 

differentiated NPSCs expressing neural differentiaion markers and lacking 

nestin expression.
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Discussion
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Figure 1.9. CVB3 infection and alteration of hte NPSC differentiation pathway.
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CHAPTER II: Coxsackievirus B3 Hypervirulence Followed by Virus Attenuation 

Upon Establishment of Persistent Infection in Neural Progenitor and Stem Cells 
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Introduction 

 
Coxsackievirus targets neural stem and progenitor cells (NPSCs) during 

infections of the central nervous system (CNS), increasing the susceptibility of 

younger hosts over older ones (Feuer et al., 2005).  The ability of this enterovirus 

to persist and cause disease in the central nervous system may have profound 

developmental effects, making it a subject of significant research interest.  

Previous in vivo experiments in neonatal mouse models of infection with 

coxsackievirus B3 (CVB3) demonstrated that the viral genome could persist in 

the central nervous system for at least 90 days post-infection, even though 

infectious virus was not detectable by plaque assay (Feuer et al., 2009).  The 

persistence of the viral genome in spite of the lack of infectious particles 

suggests that the virus might be persisting at a low-level, attenuated form.   

The mechanisms of Coxsackievirus attenuation and persistence have 

been of interest due to its implications for chronic heart inflammation, and 

much of the work investigating alterations in the coxsackievirus genomes 

following infection and persistence has come from studies of cardiovirulent 

Coxsackievirus.  Deletions in cardiovirulent strains of Coxsackievirus have 

previously been observed to attenuate the virus in primary cell culture 

infection experiments (Kim et al., 2008).  Mutations in the Kozak’s sequence of 

CVB3 has been found to render the virus noninfectious (Harkins et al., 2005), 

and mutations in the VP2 have been found to attenuate cardiovirulent CVB3 

(Stadnick et al., 2004) (Knowlton et al., 1996).  The persistence of 



23 

 

Coxsackievirus in the CNS is likely to be accompanied by attenuating 

mutations the genomes of the persisting virus.   

In order to better understand the how the virus might be changing 

during persistent infection in vivo, we performed infection experiments on 

murine NPSCs in vitro.  Murine NPSCs were previously found to be highly 

susceptible to CVB3 infection (Tsueng et al., 2011), and can serve as a useful 

model for viral persistence in vitro.  Infecting with a recombinant CVB3 

expressing enhanced GFP, allows us to examine the progression of infection 

under fluorescent microscopy.  Utilizing this model of infection enables us to 

visualize the effects of CVB3 on the resident stem cell population of the 

central nervous system, and how persistence of CVB3 in a dynamic cell 

population can, in turn, affect the selection and persistence of the CVB3 

quasispecies population.   
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Materials & Methods 

 

Isolation and production of a recombinant coxsackievirus. The generation of 

a recombinant coxsackievirus expressing eGFP has been described 

previously5. Briefly, the CVB3 infectious clone (pH3) (obtained from Dr. Kirk 

Knowlton at University of California at San Diego) was engineered to contain 

a unique SfiI site which facilitates the insertion of any foreign sequence into 

the CVB3 genome. The generation of recombinant coxsackievirus expressing 

the enhanced green fluorescent protein (eGFP-CVB3) has been described 

previously (Feuer et al., 2002). Virus stocks were grown on HeLa RW cells. Virus 

titrations were carried out as described previously (Feuer et al., 2002a). Viral 

stocks were prepared on HeLa RW cells maintained in Dulbecco’s modified 

Eagle’s medium (DMEM; Invitrogen, Gaithersburg, MD) supplemented with 

10% fetal bovine serum. Viral stocks were diluted in DMEM before inoculation. 

 

Isolation, culture, and infection of neurospheres. Mouse experimentation 

conformed to the requirements of the San Diego State University Animal 

Research Committee and the National Institutes of Health.  BALB/c and 

C57BL/6 mice were obtained from the Scripps Research Institute animal 

facilities or Harlan Sprague Dawley (Harlan Laboratories, San Diego CA). 

Breeding pairs were checked every day. C57 mouse neural progenitor and 

stem cells (NPSCs) were isolated as previously described, vigorously triturated 

and resuspended in culture medium to a concentration of 105 cells/mL in a T-
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25 flask (BD falcon). The NPSC culture medium consisted of DMEM/F12 

supplemented with 2% B27 (Invitrogen), 20ng/mL EGF (Invitrogen), 20ng/mL 

bFGF (Preprotech), 5µg/mL Heparin (Sigma), and 0.5% pen/strep. The 

complete culture was inoculated with eGFP-CVB3 at an MOI = 1.0, and 

examined over time using fluorescence microscopy. After day nine post-

infection (PI), surviving NPSCs were pooled, centrifuged (4°C, 1200 rpm, 3min), 

washed once with 1x Phosphate Buffered Saline (PBS), centrifuged again, and 

resuspended in NPSC culture medium to allow the re-establishment of 

surviving NPSCs. The infection experiment was continued until 51 days PI. 

 

Cell counts. At each time point, 300µL aliquots of the infected NPSC cultures 

were obtained from each triplicate sample. Thereafter, the flask was 

replenished with 900µL NPSC culture media.  An additional 1.5 mL of culture 

was removed and replenished with media for time points spaced more than 

three days apart. Aliquots were triturated vigorously, and 250µL were 

transferred into a Eppendorf tube and frozen at -80°C for viral titrations. The 

remaining 50µL of each aliquot was trypsinized, and cell counts were 

obtained by mixing 10µL sample with 10µL trypan blue using a 

hemacytometer. 

 

Detection and isolation of viral variants. Viral isolates from plaque assay plates 

were purified from plaques or eGFP-expressing regions, by demarcating the 

plaque of interest, and then utilizing a wide-bore pipette to obtain an agar 
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plug containing the plaque of interest. The agar plugs were then placed onto 

fresh HeLa RW cell cultures and viral isolates were expanded.  For the Day 51 

isolates, two rounds of expansion in HeLa RW cell cultures were necessary in 

order to generate sufficient levels of virus, thus the Day 51 isolates may have 

mutations introduced from the additional passaging in HeLa RW cells.  For 

sequencing 50µL of the newly generated stocks of viral isolates were 

inoculated onto HeLa RW cells in T-150 flasks and subjected to freeze/thaw 

when cells reached ~80-90% cell death. 

 

Virus multi-step growth curves.  Hela RW cell cultures were plated and 

infected at an MOI of 0.01 with each viral isolate in a 24-well format.  At each 

time point, a plate of the infected cultures was carefully sealed with parafilm 

and then frozen at -80C.  At the last time point, the frozen plates were 

thawed. The lysate from each well was triturated vigorously and subsequently 

transferred into sterile, pre-labeled eppendorf tubes and stored at -80C until 

plaque assays could be performed. 

 

Examination of viral virulence by plaque assay. To minimize experimental 

variation, standard plaque assay was performed on all viral isolates on the 

same day. Plaque assay plates were scanned and analyzed using ImageJ to 

determine average plaque size per isolation time point.  Plaque size data 

obtained by ImageJ was then analyzed by ANOVA and Student’s t-test. 

 



27 

 

Differentiation and immunostaining.  Differentiation and immunostaining  of 

the cultures was performed as previously described (Tsueng et al., 2011), 

utilizing the same antibodies and antibody concentrations for GFAP, β-tubulin 

III, MBP, and Nestin.  All cultures were plated at 10^5 cells/mL in differentiation 

media.  The differentiation media consisted of DMEM supplemented with 1% 

FBS (Mediatech), 1x N1 supplement (Sigma), and 0.5% pen/strep.   

 

Fluorescence microscopy and ImageJ analysis. Live cultures were imaged 

using a Zeiss Axio Observer D.1 fluorescent microscope. Three to five 

representative images of the cultures were taken for each sampling time point 

at multiple magnifications.  For fixed cultures, six to nine representative images 

were taken for each marker, per condition, per experiment.  To examine 

relative fluorescent protein expression, black/white threshold images were 

generated for each channel of each image separately.  The quantifications 

of the marker were then divided by that of the corresponding DAPI channel to 

determine expression levels relative to cell number.   

 

Western blots.  To verify the results of the Immunostaining, Western blots were 

performed as previously described (Tabor-Godwin et al., 2012) using 

NuPAGE® Novex 4-12% Bis-Tris Gels (Invitrogen, NP0323Box) in an XCell 

SureLock® Mini-Cell CE (Invitrogen, EI0001). Separated proteins were 

transferred from the gel onto Invitrolon™ PVDF (Invitrogen, LC2005). Primary 

antibodies were added to the blots at the following concentrations and 
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incubated overnight in 0.5X BLOK-BSA solution (G-bioscience, 786-195): GFAP 

(1:6000), β-tubulin III (1:6000), Nestin (1:6000), and GapDH (1:6000).  

Membranes were rinsed with 1x TBSTx and then incubated for 1hr in HRP-

conjugated anti-rabbit antibody at (1:6000).  Membranes were, then treated 

with Novex® ECL Chemiluminescent Substrate Reagent Kit (Invitrogen, 

WP20005), and then exposed to Kodak® BioMax™ XAR Film (Sigma, F5888). 

 

Sequencing and analysis.  Three time points were selected to be the focus of 

genomic sequencing of the virus. Full length viral genomes were obtained for 

days 6, 27, and 48 PI. To obtain the sequence data, a reverse transcriptase 

polymerase chain reaction (RT-PCR) approach was taken. Eight overlapping 

primer pairs (Integrated DNA Technologies), each amplifying a 1.2 KB region, 

were designed using the Clone Manager Basic 9 software to anneal to the 

positive sense viral genome (Table 1) (Eppendorf Mastercycler - 94°C for 60 

seconds - 30 cycles of 94°C for 15 seconds, 51.2°C for 15 seconds, and 72°C 

for minute – 72°C for 10 minutes – 4°C hold. Initially, RNA was isolated from the 

viral supernatant samples taken at the three time points (QIAamp Viral RNA 

Minikit from Qiagen: 52904). Primer specific cDNA was then generated (50µM 

primer concentration) and used as the template for PCR (20µM primer 

concentration) (SuperScript Reverse Transcriptase III from Invitrogen: 18080-

044). Each of the 24 PCR products were then independently T/A cloned using 

the pETBlue-1 AccepTor Vector kit from Novagen: 70598-4DFRZ into a vector 

containing the M13 forward and M13 reverse primer binding sites flanking the 
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insert region. The inserts were subsequently sequenced using the M13 

forward/reverse primers (Retrogen). Sequence data was analyzed using the 

DNASTAR suite. Bioinformatic analysis of the viral sequences enabled the 

construction of three full length genomes from the 3 time points which was 

compared to the original eGFP-CVB3 sequence.  

 

Results 

Coxsackievirus B3 persists in cultured neural progenitor and stem cells. We 

recently described CVB3 persistence in the central nervous system (CNS) 

whereby viral RNA was detected for at least 90 days post-infection (PI) 

following neonatal infection (Feuer et al., 2009). The site of viral persistence in 

the CNS has not been identified. However, both neural progenitor cells and 

immature neurons were shown to be targets for infection. Lasting 

consequences of an early CVB3 infection in our pediatric model of infection 

included CNS development defects and astrogliosis. Furthermore, we have 

recently demonstrated that neural progenitor and stem cells (NPSCs) grown in 

culture were highly susceptible to CVB3 infection (Tsueng et al., 2011).  

CVB3 infection induced cytopathic effects (cpe) in NPSCs at early time 

points, yet these cells appeared to support a carrier-state infection at least up 

to 16 days PI if cultures were replenished with fresh complete media (Tsueng 

et al., 2011). We hypothesized that our model of NPSC infection might reveal 

similar mechanisms responsible for the establishment of CVB3 persistence in 

the CNS. To more clearly define potential target cells contributing to persistent 
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infection, NPSCs were infected with a recombinant CVB3 expressing eGFP 

(eGFP-CVB3; MOI = 0.1), and cultures were passaged for 51 days and 

inspected for viral protein expression by fluorescence microscopy. By Day 9 PI, 

remaining cells were washed, transferred, and replenished with complete 

media. Infected NPSCs were replenished by this methodology approximately 

every 3 days thereafter.  

Viral protein levels were high at early time points following infection 

(Figure 2.1; green – eGFP; also by virus greyscale). Signs of cpe and cellular 

debris were evident as early as day 3 PI, as determined previously (Tsueng et 

al., 2011). Intriguingly, viral protein expression remained at detectable levels as 

late as day 42 and day 51 PI (Figure 2.1; high magnification, white arrows), 

suggesting continuous viral replication or carrier-state infection in NPSCs. The 

stability of our recombinant CVB3 in NPSCs was evident by the continuous 

detection of eGFP as determined fluorescence microscopy. In addition, HeLa 

cells infected with day 51 supernatants collected from persistently-infected 

NPSCs continued to express high levels of viral protein expression (Figure 2.1; 

black arrow). These results demonstrated the stability of our recombinant 

CVB3 over the course of 51 days of carrier-state infection in NPSCs. 

 

Virus production over time in persistently-infected NPSCs. We quantified viral 

titers, cell viability, and interferon-β secretion over time in persistently-infected 

NPSCs. By trypan blue staining, a dramatic decline in cell viability (greater 

than 90%) was observed by day 3 PI Figure 2.2A; blue bars – dead cells, red 
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bars – live cells) which paralleled the visual observation of cpe by Hoffman 

Modulation Contrast (HMC) microscopy at this time point. However, infected 

NPSC cultures did not completely succumb to viral infection. Instead, NPSCs 

recovered and cell viability fluctuated inversely in near synchrony with viral 

titers over time although levels of cell death failed to reach the high levels 

observed at day 3 PI. Also, viral titers reached high levels early on, although 

these levels continuously decreased as cell viability increased over 51 days PI 

(Figure 2.2A; green line). 

We hypothesized that Type I interferon production in NPSCs might 

contribute to NPSC survival during carrier-state infection, although few studies 

have determined the ability of stem cells to produce Type I interferons 

following microbial infection (Wellen et al., 2009) (McLaren et al., 2001) 

(Arscott et al., 2011) (Hirsch et al., 2009). Therefore, interferon-β production 

was quantified by ELISA in infected NPSCs over time. As shown in Figure 2.2B, 

detectable levels of interferon-β were observed in NPSC supernatants from 

day 9 to day 13 PI (Figure 2.2B; pink lines). Additional peaks of interferon-β 

production were observed at day 23 and day 47 PI. Intriguingly, these peaks 

of production occurred prior to a decrease in viral titers and partial recovery 

in cell viability.  

These results suggest that interferon-β release in response to infection 

might be protective for NPSCs. However, the low levels of interferon-β were 

significantly delayed temporally, similar to the expression patterns of 

interferon-β seen in other cell types infected with CVB3 (Heim et al., 2000). The 
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delayed and low levels of interferon-β within these cultures may reflect recent 

results suggesting that CVB3 proteases may cleave critical proteins controlling 

efficient Type I interferon response in the host cell (Mukherjee et al., 2011). 

 

Changes in CVB3 plaque size observed over time in supernatants sampled 

from infected NPSC cultures. Upon inspecting plaque sizes from viral 

supernatants sampled from infected NPSCs described in Figure2.2A, we 

discerned an initial increase in plaque size at early time points (day 6 PI), 

followed by a continuous reduction in plaque size over time (data not shown). 

We also examined the presence of the eGFP insert within our recombinant 

virus over time by counting the number of eGFP+ plaques. Using this 

technique, we observed that the eGFP insert remained within the 

recombinant viral population until at least day 21 PI (data not shown). 

Therefore, the observed plaque size increase in day 6 PI NPSC supernatants 

was not a reflection of any loss of the eGFP insert in recombinant CVB3, which 

might be expected to increase CVB3 replication kinetics thereby leading to 

greater plaque sizes. 

Thereafter, the percentage of plaques expressing eGFP dropped 

continuously. By day 35 PI, no eGFP+ plaques were identified in viral plaque 

assays taken from infected NPSC supernatants. This was unexpected, 

considering viral protein expression (as measured by eGFP signal) continued 

to be observed in NPSCs by fluorescence microscopy throughout 51 days of 

infection. With this in mind, we re-examined some of the later time-point NPSC 
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supernatant samples by plaque assay. However instead of searching for viral 

plaques, we scanned the plates for GFP expression. Using this methodology, 

we observed ‘patches’ of eGFP+ cells in samples obtained from Day 27 and 

Day 30 PI supernatants. These eGFP-expressing ‘patches’ did not appear to 

be forming plaques, further suggesting the presence of attenuated viral 

variants expressing the eGFP transgene. Also, the lack of eGFP in plaques from 

later time point NPSC supernatant samples (Day 35 and beyond) suggested 

the loss of the eGFP insert in viral populations retaining the ability to form 

plaques. 

To better characterize the progressive attenuation of eGFP-CVB3, three 

viral isolates were plaque-purified from the supernatants of infected NPSCs 

from each of the following time points: day 6, day 14, day 27, day 48, and day 

51 PI. All virus isolates, except day 48 PI isolates, were obtained from eGFP-

expressing plaques or eGFP-expressing ‘patches’ on HeLa cell monolayers at 

24 hours. Two viral isolates from day 48 PI supernatants were obtained from 

extremely small plaques which failed to express eGFP on HeLa cell monolayers 

at 48 hours. Virus isolates were then titered by standard plaque assay, and the 

size of the plaques obtained on HeLa cell monolayers were compared for 

each isolate (Figure 2.3). Similar to our preliminary observations for day 6 

supernatant samples, day 6 viral isolates were consistently larger in plaque size 

as compared to our original eGFP-CVB3 stock (Figure 2.3A), indicating a 

possible increased virulence in viral variants obtained from infected NPSC 

cultures at this early time point. In contrast, day 14 viral isolates showed 
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consistently reduced plaque sizes which became progressively smaller for day 

27 and day 48 viral isolates. These results suggested the presence of 

attenuated viral variants obtained from infected NPSC cultures at later time 

points which remained consistent with regards to plaque phenotype. ImageJ 

quantification of the plaque sizes confirmed the visually-observed changes in 

plaque size in a stepwise progression over time (Figure 2.3B). Average plaque 

sizes (in pixels) for day 6 viral isolates were significantly larger as compared the 

original eGFP-CVB3 stock. However, day 14 viral isolates showed significantly 

smaller plaque sizes, as compared to day 6 viral isolates or the original viral 

stock. Also, plaque sizes continuously declined for day 27 and day 48 viral 

isolates, respectively. 

 

Multistep growth curve for viral isolates obtained from persistently-infected 

NPSCs. To determine whether the differences in plaque sizes observed in viral 

isolates obtained from persistently-infected NPSCs over time were due to 

differences in viral growth kinetics, we performed a multi-step growth curve. 

We hypothesized that a multi-step growth curve, as opposed to a one-step 

growth curve, may discriminate small changes in virulence or attenuation 

which may be dependent upon cell spread (as might be reflected by an 

increase or decrease in viral plaque sizes). As a comparison, we evaluated a 

multi-step growth curve for our original eGFP-CVB3 stock and an additional 

recombinant CVB3 expressing dsRED protein (dsRED-CVB3) (Tabor-Godwin et 

al., 2010). 
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As shown in Figure 2.4 both eGFP-CVB3 (green squares) and dsRED-

CVB3 (red diamonds) stocks showed similar viral growth kinetics over 56 hours 

PI. In contrast, the day 6 viral isolate (dark blue circles) displayed enhanced 

viral growth kinetics reaching a peak viral titer near 1012 pfu/ml at 48 hours. 

Few studies have described CVB3 samples from any culture methodology 

exhibiting such elevated viral titers. Furthermore, a stepwise decrease in viral 

growth kinetics was observed for day 14 (blue circles), day 27 (light blue 

circles), and day 48 isolates (lighter blue circles) over 56 hours PI. The day 51 

isolate showed slightly increased viral growth kinetics, as compared to the day 

48 isolate. Nonetheless, the day 51 isolate (lightest blue circles) also showed 

decreased viral growth kinetics, as compared to the original eGFP-CVB3 

stock. Taken together, the data suggested that the phenotype reflected by 

viral plaque size for each isolate paralleled the results obtained from the multi-

step growth curves. 

 

Sequence analysis of viral isolates from persistently-infected NPSCs. We 

wished to identify genomic alterations associated with increased virulence or 

attenuation in our viral isolates. Eight sets of primers were designed to amplify 

overlapping viral fragments by RT-PCR (Table 2.1). These fragments were 

cloned and sequenced for each viral isolate (Figure 2.5). Fluorescence 

images illustrated the plaque size after 24 hours, the presence (day 6 and 27 

viral isolate) or absence (day 48 viral isolate) of eGFP (green) within each viral 

plaque, and the eventual expansion of each viral isolate in HeLa cells (Figure 
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2.5A). Day 6 and 27 viral isolates continued to express eGFP during expansion 

in HeLa cells, while the day 48 viral isolate failed to express eGFP in HeLa cells - 

as reflected by the lack of eGFP within the 24 hour plaque for the day 48 viral 

isolate. 

Compared to our original eGFP-CVB3 sequence, genomic sequence 

analysis identified 8 mutations for the day 6 viral isolate, 18 mutations for the 

day 27 viral isolate, and 10 mutations for the day 48 viral isolate (Figure 2.5B). 

These mutations occurred in both structural and nonstructural viral proteins 

and represented both silent (blue symbols) and missense mutations (red 

symbols). Also, some mutations became fixed in the viral isolates over time 

(blue and red dashed arrows). Possible ‘hot spots” of fixed mutations were 

observed in the 2C and 3A regions of the genome (including amino acid 

changes), suggesting the contribution of these mutations to the establishment 

of carrier-state infection in NPSCs. A single nucleotide mutation was observed 

in the non-coding region of the day 27 viral isolate. Also, partial deletion of the 

eGFP transgene was observed for all sequenced isolates. While the 5’ end of 

the transgene was deleted, the 3’ end remained within the viral genome. The 

eGFP deletion consisted of approximately 75% of the transgene, although the 

ORF of the virus was maintained. Although eGFP expression was observed for 

both day 6 and day 27 during viral expansion in HeLa cells, we suggest that 

the partial deletion of the eGFP transgene determined for these viral isolates 

represents genetic alterations occurring during significant expansion in HeLa 

cells. Also, PCR amplification may preferentially amplify smaller fragments 
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representing partial eGFP transgene deletions which may predominate in 

these expansion cultures over time. 

A summation of all mutations in table form is shown in Figure 2.5C. 

Unique amino acid substitutions were observed for both the day 27 and day 

48 viral isolates, although these substitutions did not overlap for both isolates. 

Nevertheless, unique amino acid changes found in day 27 and day 48 viral 

isolates may independently lead to attenuation. Also, no unique amino acid 

mutations were observed in the day 6 viral isolate which may identify changes 

affecting CVB3 virulence. However, silent mutations may hypothetically 

influence CVB3 replication and cytopathicity. Alternatively, amino acid 

mutations associated with virulence in the day 6 viral isolate may also remain 

within the attenuated viral isolates in the presence of additional dominant 

amino acid mutations contributing to attenuation. Hence, the identification 

mutations in viral isolates obtained from infected NPSCs over time may reveal 

modified viral proteins affecting virulence or attenuation.  

 

Persistently-infected NPSCs continue to express of nestin and other markers of 

neural cell lineage differentiation.  To verify that persistently infected NPSCs 

continue to comprise neural progenitor cells, nestin staining was done day 48 

PI.  As a control, high passage NPSCs were simultaneously stained.  As seen in 

Figure 2.6A, Nestin was still expressed in the persistently infected NPSCs, with 

no apparent change in cellular localization.  To determine whether or not 

persistent infection biased the differentiation of the NPSC population towards 
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a specific lineage, multiple rounds of differentiation experiments were carried 

out with the persistently infected and uninfected NPSCs and then stained with 

lineage markers such as GFAP, β-tubulin III, and MBP.  Cell counts were then 

performed for the differentiated cell types, revealing no apparent differences 

between persistently infected cultures and uninfected cultures (Figure 2.6B).  

This suggests that the virus does not alter the differentiation pathway of the 

cells it infects, and that during persistent infection, there is no apparent bias in 

the lineages that are likely to survive infection.  Western blots were carried out 

on some of these cultures in order to verify the results of the cell counts (Figure 

2.6C).  ImageJ analysis of the western blots revealed no significant differences 

between the protein levels observed for the persistently infected and the 

uninfected NPSCs (Figure 2.6D). 

 

Persistently-infected NPSCs have an increased propensity to spontaneously 

differentiate under normal culturing conditions.  Although we did not observe 

differences in differentiation potentials between uninfected and persistently-

infected NPSCs, we did notice that persistently-infected NPSCs had the 

tendency to stick to the culture flask during normal culture conditions.  This led 

us to suspect that persistently-infected NPSCs might be more likely to 

spontaneously differentiate than uninfected NPSCs even if they did not 

appear to be biased towards a particular lineage type after differentiating.  

To test this suspicion, cultures were plated in 6-well plates and observed daily 

for up to three days after plating in normal NPSCs media.  Confirming our 



39 

 

previous observations, the persistently infected NPSCs spontaneously adhered 

to the bottom of the well (Figure 2.7A).  ImageJ quantification of the 

flattened, adherent (spontaneously differentiating) cells in both cultures 

revealed a significantly higher number of spontaneously differentiating cells in 

the persistently-infected cultures than in the uninfected cultures (Figure 2.7B). 

 

mCAR expression levels in NPSCs vary depending on differentiation status, but 

are not entirely suppressed in persistently-infected NPSCs. What might 

contribute to CVB3 attenuation in NPSCs? Previous studies describing CVB3 

carrier state infection in cardiac cell lines describing the downregulation of 

mCAR, a critical receptor for viral entry. Therefore, we inspected the level of 

mCAR expression on both uninfected and persistently-infected NPSCs by 

western blot and quantified by ImageJ analysis (Figure 2.8). Uninfected NPSCs 

expressed detectable levels of mCAR, although these levels were greatly 

reduced in NPSCs differentiated for 5 days in the presence of fetal bovine 

serum (Supplementary Figure 2.1). As expected, differentiated NPSCs also 

downregulated the expression levels of nestin. Surprisingly, mCAR expression 

was still observed in persistently-infected NPSCs. However, mCAR expression 

levels varied substantially, and tended to trend together with the levels of 

nestin.  If nestin was high in a sample, mCAR would likely be high as well; when 

nestin was low, mCAR was also low.  The handling of the cultures prior to use in 

the experiment could affect the expression levels of nestin and CAR, as 

cultures grown for longer may experience higher levels of spontaneous 
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differentiation (Supplementary Figure 2.1).  Taken together, persistent infection 

of NPSCs may downregulate mCAR which, in turn triggers spontaneous 

differentiation, or the persistent infection may be triggering spontaneous 

differentiation, which in turn offers some resistance to CVB3 entry. 

 

Discussion 

The highly virulent virus may have contributed to the massive cell death 

observed during initial infection. However, the loss of highly-susceptible target 

cells in the NPSC culture may have contributed to the ultimate selection of 

attenuated viral variants which remained in the recovered cultures. NPSC 

cultures, or neurospheres, are composed of a heterogenic mixture neural stem 

and progenitor cells, and more differentiated neuronal or glial precursor cells. 

Each progenitor and stem cell may differentially support CVB3 infection 

(Tsueng et al., 2011), thereby potential leading to dynamic cycles of virus 

replication, cpe, and eventual recovery of the culture. 

Previous experiments from our lab have shown that neural progenitor 

and stem cells (NPSCs) are highly susceptible to infection by eGFP-CVB3 in 

vitro (Tsueng et al., 2011). Following the initial acute phase of infection, a 

carrier state of infection is induced within NSPCs. This carrier state is 

characterized by persistence of the virus at low levels. Previous studies have 

described a carrier-state infection of myocardial fibroblasts in culture (Heim et 

al., 1997) (Schmidtke et al., 2000). Our interest in infected NPSCs stems from 

the fact that this population of cells may potentially serve as a site for long 
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term viral persistence of the virus within the CNS. Furthermore, the persistence 

of the virus in these cells could potentially perturb their function, subsequently 

contributing to developmental disorders. Finally, we were interested in 

documenting if viral evolution was occurring following cellular infection and 

passage. Viral mutation in general, is a well documented phenomenon and 

has been associated with drug resistance and increases in virulence. RNA 

viruses are especially prone to mutation due to the low fidelity of the RNA 

dependent RNA polymerase, which lacks a proofreading mechanism. 

Therefore, we were interested in documenting any mutations associated with 

persistence and virulence that occurred during infection of NPSCs with eGFP-

CVB3. Our central hypothesis surmised that the virus establishes a persistent 

state of infection via genomic mutations that generate an attenuated form of 

the virus. 

Initially, we observed some isolates in the quasispecies to become 

hypervirulent.  While it is arguable that the observed increase in virulence 

could be associated with the deletion of the eGFP transgene, the GFP 

expression exhibited by the Day 6, hypervirulent isolates, suggested that this 

was not the case.  In contrast, the Day 48 isolates were picked from small, 

non-GFP expressing plaques, demonstrating that even without the GFP 

transgene, the virus could still more attenuated than the original stock 

containing the GFP transgene.  Interestingly enough, these hypervirulent 

isolates did not persist in the culture in spite of their apparent increased fitness 

suggesting the presence of selective pressures against the hypervirulent 
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quasispecies, and in favor of attenuation.  This attenuation occurred in spite of 

the loss of the transgene, as the Day 48 isolates were picked from small, non-

GFP expressing plaques.  Even without the GFP transgene, the virus could still 

more attenuated than the original stock containing the GFP transgene.  Our 

results implicate the presence of a functional innate immune response.  This 

immune response in stem cells may protect the cells from virally-induced cell 

death, as well as generate selective pressures in favor of attenuated virions.  

We are currently investigating the role of the innate immune response in CVB3 

persistence in NPSCs and the CNS. 
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Figure 2.1. CVB3 persists as a carrier-state infection in cultured NPSCs. 

Cultured neural progenitor and stem cells (NPSCs) were infected with eGFP-

CVB3 (MOI = 1.0), and viral protein expression was determined by 

fluorescence microscopy over time. Detectable levels of viral protein 

expression (eGFP - green) were continuously observed in NPSCs, including at 

day 42 and day 51 PI (High Mag; white arrows). Viral protein expression levels 

are made clear by single channel greyscale images below each dual 

channel image.  The highest levels of viral protein expression were observed in 

undifferentiated or free-floating neurospheres, as shown previously (Tsueng et 

al., 2011). Little to no viral protein expression was observed in more 

differentiated cells in culture adhering to the surface. HeLa cells infected with 

supernatants from day 51 infected NPSC cultures continued to express high 

levels of viral protein (eGFP) at 24 hours PI. All images were captured at 50x 

total magnification; except High Mag images - an additional four-fold digital 

magnification). 
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Figure 2.2. Quantification of viral titers, viable cells, and interferon-β 

production over time in persistently-infected NPSCs. 

(A) NPSCs were infected with eGFP-CVB3 (MOI = 1.0), and cell viability was 

quantified by trypan blue staining. At day 9 post-infection (PI), infected 

cultures were washed twice in 1x PBS to remove extracellular virus and dead 

cells. Surviving NPSCs were allowed to expand in fresh complete media, and 

cell survival was quantified over a total period of 51 days PI. Bars indicate the 

percentage of live (red bar) and dead (blue bar) cells and the line graph 

(green) shows viral titer levels over time. Viral titers peaked following a 

precipitous drop in the number of viable cells at multiple time points during 

the experiment. However, total viral titers slowly decreased over 51 days. (B) 

Interferon-β production in supernatants from infected NPSCs (pink line) was 

quantified by ELISA over time. 
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Figure 2.3. Viral isolates obtained at different time points during the 

establishment of persistent infection in NPSCs exhibited an initial increase, 

followed by a gradual reduction in plaque size. 

Viral isolates were plaque-purified from infected NPSCs supernatants sampled 

at Day 6, 14, 27, and 48 PI. (A) Day 6 isolates generated larger plaques in 

comparison to our original eGFP-CVB3 stock. Day 14 isolates generated 

plaques slightly smaller in size compared to our original viral stock. Day 27 and 

Day 48 isolates showed a stepwise decrease in plaque size. (B) Plaque sizes 

from viral isolates were quantified by ImageJ analysis. Day 6 isolates showed 

statistically significant larger plaque sizes than those generated by our original 

viral stock. Day 14 isolates plaque sizes were not significantly different from our 

original viral stock, although significantly smaller than the Day 6 isolates. Day 

27 and Day 48 isolates showed significantly smaller plaque sizes than those 

generated by our original viral stock. ANOVA and Student’s t-test was utilized 

for statistical analysis.   
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Figure 2.4. Viral isolates obtained temporally from persistently-infected NPSCs 

showed an initial increase, followed by a step-wise reduction in growth curve 

kinetics. 

Hela cells were infected at an MOI of 0.01 with each of the viral isolates.  At 

each time point, the cultures were frozen and stored for plaque assays.  The 

plaque assays were performed for the different samples simultaneously.  

Triplicate samples were taken for each time point.  Displayed are the average 

titers for each viral isolate at each time point.  As seen in dark green, the Day 

6 isolates reached higher titers than the original eGFP-CVB3 stock.  In contrast, 

the Day 48 isolates reached lower titers (dark blue line).  The Day 14 isolate 

and Day 27 isolate appeared to have similar growth rates as the eGFP-CVB3 

stock, as did the dsRed-CVB3 viral stock.  The Day 51 isolates appeared to 

reach higher titers than the Day 48 isolates, but this may have been due to the 

changes induced by the serial passaging necessary in order to generate the 

D51 viral isolate stock. 
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Table 2.1. Primer sequences utilized for viral genome amplification and 

sequence analysis for hypervirulent and attenuated viral isolates. 

 

Primer Pair Forward Sequence Reverse Sequence

Primer Pair #1 5’ TTAAAACAGCCTGTGGGTTGATCCC 3’ 5’ CTCCGGCCCCCATTTTGTTG 3’ 

Primer Pair #2 5’ GTTGGATTTATACCACTTAGCTTGAGAGAGG 3’ 5’ CGTGTAGTGAATAATGGAATTGCCGCTAG 3’

Primer Pair #3 5’ GTATCAACGCAAAAGACTGGGGC 3’ 5’ CGCTTCCATGGAGTTGACCTTCTCTCC 3’

Primer Pair #4 5’ GATGAGGATACCTGGTGAGGTGAAGAAC 3’ 5’ CCCCGTTCCTGGAAAATTCAGACC 3’

Primer Pair #5 5’ CCGTACCGTTTTTGAGCATTGGC 3’ 5’ GGGGGAGCTGTTTGAGTCTGTTCAG 3’

Primer Pair #6 5’ GGATAGCCATTAAGATTCAGAAATTCATTGAG 3’ 5’ CCTTGGGCTTCTGGTTGGGTATTC 3’ 

Primer Pair #7 5’ CTACGTTTGTGTCAGTAGCTGGAATCATC 3’ 5’ CAGAGTCATTCAAACTGGACGGGTC 3’

Primer Pair #8 5’ GAAAGACGAACTCAGATCTGCAGAGAAG 3’ 5’ CCGCACCGAATGCGGAGAATTTAC 3’ 
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Figure 2.5. Unique mutations observed in viral isolates derived from 

persistently-infected NPSCs. 

 

Figures 
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Figure 2.5 continued. Unique mutations observed in viral isolates derived from 

persistently-infected NPSCs. 

 (A) Following passage within NPSCs, eGFP-CVB3 genomic isolates were 

obtained at days 6, 27, and 48 PI.  (B) Sequencing of the viral isolates 

identified post silent (blue) and missense mutations (red). Each symbol 

represents a unique nucleotide mutation present in the isolates. Both fixed and 

isolate specific mutations were identified. Symbols occurring in more than one 

isolate indicate fixed mutations. Partial deletion of the eGFP transgene 

occurred within all isolates. The conserved eGFP deletion consisted of 

approximately 75% of the transgene, with the deletion maintaining the ORF of 

the virus. While the 5’ end of the transgene was deleted, the 3’ end remained 

within the viral genome. Mutations occurred in both the structural and 

nonstructural proteins of the virus. The 2C and 3A regions of the genome 

represent ‘hot spots’ of fixed mutation due to the fact that a total of 5 

mutations are conserved within these areas. Throughout the time course of 

the experiment, genomic mutation rate peaked at day 27, with the isolate 

containing a total of 18 mutations. In contrast, the day 6 isolate included 8 

mutations, while the day 48 isolate had 10 mutations.   (C) Column 1 illustrates 

the isolates containing the genomic mutation. Column 2 indicates the specific 

viral protein mutated. Column 3 shows the specific nucleotide substitution and 

the location of the mutation within the genome based upon the Woodruff 

strain of CVB3 (genomic ID: CXU57056). Column 4 demonstrates the specific 

amino acid substitution resulting from the genomic mutation. 
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Figure 2.6. Persistently-infected NPSCs differentiate into the three downstream 

neural cell lineages similar to uninfected NPSCs. 

(A) Top: Nestin staining (red) and Dapi (blue) in High passage (passage 60), 

uninfected NPSCs (left) and Persistently infected NPSCs (right) images taken at 

200x total magnification.  Digitally enhanced images placed below to show 

detail.  Differentiated NPSCs stained for β-tubulin, GFAP, and MBP (all markers 

in red) from the middle to bottom.  All images taken at 200x.  (B) Cell counts 

performed on 50-80 Images (600-700 cells counted) per stain.  Analysis by 

student T-test revealed no significant differences between the ratios obtained 

for the persistently infected and uninfected NPSCs.  (C) Western blots were 

performed for 3 samples for each of the following markers: GFAP, β-tubulin, 

and Nestin to confirm the results of the immunostaining; GapDH (for 

normalization).  Representative Images of the blots are shown.  (D) Each of the 

3 samples from C were analyzed with ImageJ and the quantifications 

normalized to the GapDH signal.  Analysis of the quantifications using the 

Student T-test revealed no significant differences between marker expression 

in persistently infected and uninfected NPSCs. 
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Figure 2.7. Persistently-infected NPSCs have an altered propensity to 

spontaneously differentiate. 

Persistently infected NPSCs and uninfected NPSCs were plated in 6-well plates 

in fresh NPSCs media.  For three days, the cultures were gently swirled to re-

suspend non-adherent cells and imaged while focusing on the bottom of the 

well as seen in the representative images (A).  Six images per condition per 

day were taken and counted for flattened, adherent (partially differentiated) 

cells.  In the uninfected NPSCs, few such cells were observed and counted as 

compared to the persistently infected cultures, in which an increasing number 

of such cells were seen over the three days (B).   
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Figure 2.8. mCAR levels fluctuate in persistently-infected NPSCs, and are not 

necessarily suppressed. 

Protein extracts were isolated from lysed uninfected or persistently infected 

NPSCs (survivors or surv) grown in NPSCs media.  (A) Expression levels for nestin 

and mCAR was determined by Western blot. Protein loading was determined 

by endogenous GAPDH levels. The relative intensity of nestin or mCAR 

expression levels was determined relative to GAPDH and quantified using 

Image J software. (B) mCAR levels were observed to trend closely to nestin 

levels; however, mCAR was not entirely suppressed in persistently-infected 

NPSCs. 
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Supplementary Figure 2.1.  mCAR levels fluctuate in persistently-infected 

NPSCs, and are not necessarily suppressed. 

Protein extracts were isolated from lysed uninfected NPSCs grown in NPSC or 

differentiation media.  Expression levels of mCAR and nestin were determined 

by Western blot.  Protein loading was determined by endogenous GAPDH 

levels. The relative intensity of nestin or mCAR expression levels was 

determined relative to GAPDH and quantified using Image J software.  mCAR 

was significantly reduced upon differentiation.  Protein extracts were also 

isolated from lysed persistently-infected (survivor or surv) NPSCs from either a 

late or early split.  The early split exhibited higher levels of mCAR as compared 

to the late split potentially due to the propensity of the persistently-infected 

cultures to spontaneously differentiate. 
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CHAPTER III: The role of Type I Interferons in Establishing a Carrier‐‐‐‐State 

Infection and Selecting for Attenuated Viral Variants Following Coxsackievirus 

Infection in Neural Stem Cell Cultures 
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Introduction 

 
Newborn infants are particularly vulnerable to neurotropic infections of 

coxsackievirus which can potentially cause serious central nervous system 

(CNS) diseases such as meningitis and encephalitis. We previously described 

the susceptibility of murine neural progenitor and stem cells (NPSCs) grown in 

culture to a recombinant coxsackievirus B3 expressing the enhanced green 

fluorescence protein (eGFP-CVB3)  (Tsueng et al., 2011).  Utilizing this model, 

we determined that CVB3 mutates in the host enabling its persistence 

(chapter 2).  The persistence of the virus in turn, can trigger an ongoing 

inflammatory response in the central nervous system, which may have 

important developmental implications for the host, and also raises questions 

as to how the persistent host response affects the virus.   

RNA viruses like coxsackievirus have high rates of mutation and readily 

generate quasispecies dynamics. (Domingo et al., 2008)  Host factors released 

in response to the initial and ongoing infection may generate selective 

pressures for the attenuation of the viral population during persistent infection.  

For example, a bottle-neck was observed to restrict the variability of the 

quasispecies during the spread of the virus from initial inoculation sites to the 

brain, in an artificial poliovirus quasispecies model (Pfeiffer and Kirkegaard, 

2006).  This bottle-neck was attributed to the innate immune response, rather 

than to an actual physical barrier.  Similarly, the innate immune response of 

infected host tissues may generate selective pressure for the attenuation of 

CVB3 during persistent infection in vivo. 
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Type I interferons are key members of the antiviral innate immune 

response and play an important role in controlling the pathology associated 

with chronic coxsackievirus infection in the heart.  In addition to its inhibitory 

effects on CVB3 replication in cultured cardiomyocytes (Kandolf et al., 1985), 

type I interferons can also affect the generation of CVB3 T-cell epitopes (Jakel 

et al., 2009).  Mice deficient in type I interferons have a higher morbidity 

following myocardial infections by coxsackievirus than wild-type mice 

(Deonarain et al., 2004), illustrating the importance of type I interferons and 

interferon-β has been successfully used to treat chronic viral myocarditis (Kuhl 

et al., 2003).  While coxsackievirus has been found to suppress interferon-β 

transcript levels during the first 48hrs post-infection (Richtsteiger et al., 2003), it 

was also previously found to be induced at 5 and 10 days post-infection in the 

CNS (Feuer et al., 2009).  At 30 days post-infection, interferon-β levels were 

similar to those of control—demonstrating how dynamic the expression of type 

I interferons is in response to persistent viral activity.  
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Materials & Methods 

 
Isolation and production of a recombinant coxsackievirus. The generation of 

a recombinant coxsackievirus expressing eGFP has been described previously. 

Briefly, the CVB3 infectious clone (pH3) (obtained from Dr. Kirk Knowlton at 

University of California at San Diego) was engineered to contain a unique SfiI 

site which facilitates the insertion of any foreign sequence into the CVB3 

genome. The generation of recombinant coxsackievirus expressing the 

enhanced green fluorescent protein (eGFP-CVB3) has been described 

previously (Feuer et al., 2002). Virus stocks were grown on HeLa RW cells. Virus 

titrations were carried out as described previously (Feuer et al., 2002a). Viral 

stocks were prepared on HeLa RW cells maintained in Dulbecco’s modified 

Eagle’s medium (DMEM; Invitrogen, Gaithersburg, MD) supplemented with 

10% fetal bovine serum. Viral stocks were diluted in DMEM before inoculation.  

GFP-VSV was provided by Dr. Jacques Perrault at San Diego State University. 

 

Isolation, culture, and infection of neurospheres. Mouse experimentation 

conformed to the requirements of the San Diego State University Animal 

Research Committee and the National Institutes of Health.  BALB/c, C57BL/6, 

GFP-actin, IFN α/β R k/o mice were obtained from the Scripps Research 

Institute animal facilities or Harlan Sprague Dawley (Harlan Laboratories, San 

Diego CA). Breeding pairs were checked every day. C57 mouse neural 

progenitor and stem cells (NPSCs) were isolated and cultured as previously 

described (Tsueng et al., 2011).  Fresh cortical NPSCs were isolated from 1 day 
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old IFN α/β R k/o and C57BL/6 mouse pups utilizing the Miltenyl MACS Neural 

stem cell isolation kit (Mitenyl Biotec, Inc; cat #130-090-312 [kit], #130-092-333 

[beads], #130-092-628 [dissociation kit]). The NPSC culture medium consisted 

of DMEM/F12 supplemented with 2% B12 (Invitrogen), 20ng/mL EGF 

(Invitrogen), 20ng/mL bFGF (Preprotech), 5µg/mL Heparin (Sigma), and 0.5% 

pen/strep.   

 

Superinfection infection of uninfected or persistently-infected C57BL/6 NPSCs. 

NPSCs surviving eGFP-CVB3 infection (carrier cultures) were harvested at day 

23 PI, washed once in 1xPBS, and re-suspended in fresh media at a 

concentration of 105 cells/mL. Uninfected NPSCs of similar passage were 

subject to the same treatment in parallel. The cultures were then mock-

infected or infected with dsRed-CVB3 at an MOI of 1.0. Trypan blue counting 

was performed to determine live / dead cell ratios. Fluorescent microscopic 

images were taken using a Zeiss Axio Observer D.1 fluorescent microscope.  

Images were analyzed by ImageJ to quantify the level of primary infection 

(green or red) or super-infection (yellow).  Carrier cultures were also passaged 

until green fluorescence could no longer be observed and the CVB3 

superinfection experiment repeated with eGFP CVB3.  Carrier cultures no 

longer exhibiting GFP fluorescence and unifected C57 NPSCs of similar 

passage were also infected with LCMV or GFP-VSV at low MOIs and examine 

for superinfection based on fluorescence with or without immunostaining 

(LCMV and VSV respectively). 
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Interferon β treatment.  C57BL/6 NPSCs were plated at a concentration of 105 

cells/ml in T-25 flasks.  Recombinant mouse Interferon β (Millipore; cat # IF011) 

was used to treat the NPSCs at a concentration of 100U/ml or mock treated 

with media.  Cultures were then infected with eGFP-CVB3 at an MOI of 1 and 

then examined for green fluorescence and sampled for viral titering.  

Alternatively, 106 cells/mL of GFP-actin NPSCs were treated with Interferon β 

for two hours, while 106 cells/mL of C57BL/6 NPSCs were treated with 106 

pfu/ml of dsRed-CVB3.  Next, 2.5 x105 cells of dsRed-CVB3 NPSCs were mixed 

with 2.5 x 105 cells of GFP-actin NPSCs which were either treated with media 

(mock), treated with Interferon β for 2hrs (IFN), or treated with interferon β for 

2hrs and then washed to remove the interferon β.  Cultures were imaged for 

fluorescent protein expression, and sampled for viral titering and cell counts. 

 

Detection of Endogenous Interferon β. Samples taken from infected and 

uninfected NPSCs cultures were analyzed for endogenous interferon β using 

the Mouse Interferon β ELISA kit by PBL Biomedical Laboratories sold via R&D 

systems (R&D systems; cat# 42400-1) following the manufacturers instructions.  

Readouts were performed using a Beckman-Coulter DTX-880 multimode plate 

reader and then compared with the standard curve to determine the actual 

concentration of endogenous interferon β present in each sample. 
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Plaque Assays and Plaque Size Determination. Plaque Assays were performed 

as previously described. Plaque assay plates were scanned and each well 

containing distinct plaques was analyzed for plaque size using ImageJ.  

Plaque size data was analyzed for differences using the ANOVA and the 

student t test. 

 

Priming of the Innate Immune Response in NPSCs.  C57BL/6 NPSCs were grown 

to high density and centrifuged at 1200 rpm for 3 min. The supernatant was 

discarded and the pellet was resuspended in 6ml of fresh NPSCs media.  The 

resuspended cultures were then subjected to 3 cycles of freeze/thaw in a -

80C ethanol bath.  The cell lysate was centrifuged at 3000 rpm for 10 min to 

pellet the cell debris, and the supernatant removed to be used as ‘cell lysate 

priming media’.  5x104 cells/mL of C57BL/6 NPSCs were plated in T-25 flasks 

containing fresh NPSCs media (no priming), 5mL of cell lysate priming media 

(priming with cell lysate), 5mL of media with Poly I:C at a concentration of 

10µg/ml, or 5ml of media containing 105 pfu of dsRed-CVB3 that was 

subjected to uv-inactivation. After priming the cultures for 2 days, the primed 

cultures were plated at 105 cells/ml and infected with eGFP-CVB3 at an MOI 

of 1.  Cultures were then examined daily for GFP expression (as well as dsRed 

protein expression in the UV-inactived CVB3 primed condition), and sampled 

for viral titering.   
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Results 

 
CVB3-infected NPSCs are less susceptible to new CVB3 infections.  We have 

observed that persistence can be established in culture and that the viral 

population is evolving over the course of infection (chapter 2), but we did not 

understand how the host was responding to the infection.  To examine the 

how persistent infection affects the susceptibility of NPSCs to new infection, 

Day 20 post-eGFP-CVB3-infection NPSCs were washed once and infected 

with dsRed-CVB3 at an MOI of 1 or mock-infected with DMEM.  Cultures were 

imaged (Figure 3.1A), and sampled for cell counts (Figure 3.1B) and viral 

titering up to 10 days post-infection.  Additionally, uninfected C57 NPSCs of 

similar passage were infected with dsRed or mock infected with DMEM in 

parallel.   

Similar to previous infection studies, the newly infected C57 NPSCs 

experienced a 90% cell death by 8 days post-infection.  In contrast, the eGFP-

CVB3 Day 20 infection survivors did not appear to be affected by secondary 

infection with dsRed-CVB3.  Consistent with their percent survivor profile, the 

cultures expressed eGFP rather than dsRed, indicating that the expression of 

the secondary infection virus was inhibited.  Percent survival also dropped 

abruptly between day 5 and day 7 post-infection for the mock-infected 

cultures due to nutrient depletion in the medium caused by the uninhibited 

cell proliferation in that condition.  Image J quantification fluorescent protein 

expression from three to five representative images of each condition and 
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each time point demonstrated the lack of dsred production in eGFP-CVB3 

infection survivors (Figure 3.1C & D).   

DsRed is known to be relatively more toxic than eGFP due to the 

oligomerization of the dsRed protein that’s needed for the fluorescence to be 

readily detected.  To address the possibility that the lack of observable 

superinfection is due to the toxicity of the dsRed protein killing superinfected 

cultures, we passaged the persistently-infected cultures long enough for the 

GFP to be deleted from the viral genome.  Concurrently, we continued to 

passage uninfected cultures to high passages in order to address the 

possibility that observed differences were due to the age of the cultures.  

These high passage, persistently-infected cultures, and high passage 

uninfected cultures were then subjected to infection by eGFP-CVB3, and the 

course of the infection examined by fluorescence using a multimode plate 

reader.  In this manner, we observed that our high passage NPSCs infected for 

the first time by eGFP-CVB3 exhibited an increase in GFP fluorescence over 

the course of infection (Supplementary Figure 3.1).  In contrast, persistently-

infected NPSCs which were no longer expressing GFP and then subjected to a 

fresh infection by eGFP-CVB3 expressed similar levels of GFP as their mock-

infected counterparts.  Taken together, it is clear that persistently-infected 

cultures are protected from superinfection by CVB3.   

To determine if the observed protection from superinfection is a 

general phenomena associated with CVB3 infections or a phenomena 

specific to persistent CVB3 infections, we performed concurrent infection of 
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NPSCs using both eGFP-CVB3 and dsRed-CVB3.  As seen in Figure 3.2A, 

superinfection could be observed based on the co-localization of eGFP and 

dsRed expression.  ImageJ analysis of the red and green fluorescent signal per 

field revealed little background as red fluorescence was observed in dsRed-

CVB3, but not eGFP-CVB3 infected cultures (Figure 3.2B), while green signal, 

but not red was observed in eGFP-CVB3 but not dsRed-CVB3 infected 

cultures.  Although a slight difference was observed in terms of expression 

levels at 2 days post-infection, both viruses exhibited similar expression levels 

thereafter.  Upon simultaneous infection of the cultures with both viruses at an 

MOI of 0.5, superinfection occurred in 20 to 40% of the NPSCs (Figure 3.2C), as 

compared to the 10 to 15% of the NPSCs infected by both viruses at an MOI of 

1(Figure 3.2D).   

Statistical analysis using Jmp verified that superinfection rates in NPSCs 

simultaneously by eGFP and dsRed CVB3 was significantly different from that 

of eGFP-CVB3-Persistently-infected cells later infected with dsRed-CVB3.  This 

experiment was also performed in Hela RW cells as an additional comparison 

(data not shown).  Interestingly enough, when Hela RW cells were infected 

with dsRed-CVB3 at an MOI of 1 and then subsequently infected 24hrs later 

with eGFP-CVB3 at an MOI 1, little/no superinfection with the secondary virus 

was observed.  This confirms the finding that a previous infection is somehow 

protective against subsequent infection resulting in strong limitations on 

CVB3’s ability to superinfect cells. 
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NPSCs are capable of producing Type I Interferons.  Wellen et al. previously 

described the presence of Type I interferon receptors on NPSCs and the ability 

of NPSCs to respond to the presence of interferon (IFN β) (Wellen et al., 2009); 

however, whether or not NPSCs produced interferons endogenously was still 

unclear.  Additionally, coxsackievirus has previously been reported to 

downregulate the transcription of interferons in other cell types (Richtsteiger et 

al., 2003).  To determine whether or not NPSCs could produce type I 

interferons, NPSCs were infected by VSV, which is known to increase the 

production of type I interferons within a few hours.  Using an Elisa kit for IFN β, 

we determined that NPSCs are capable of producing IFN β (Figure 3.3A).  

Consistent with Richtsteiger et al’s observations on CVB3 downregulation of 

IFN β mRNA in MRC5 fibroblast cells, we also did not detect the production of 

IFN β within the first 48 hrs of infection in NPSCs by ELISA.  To determine whether 

or not type I interferons are produced at all during the course of persistent 

CVB3 infection in NPSCs we performed the IFN β Elisa on the samples from the 

persistent-infection experiment.  As seen in Figure 3.3B, IFN β is transiently 

produced during the course of persistent CVB3 infection. 

 

The type I interferon response is protective against CVB3 in NPSCs.  

Type I interferons have been found to play an important role in 

cardioprotection during CVB3 infection in an in vivo murine model of CVB3-

induced myocarditis (Wang et al., 2007).  To determine whether or not Type I 

interferons were protective against CVB3 in NPSCs, NPSCs were infected with 
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eGFP-CVB3 at an MOI of 1 and then incubated in media or media containing 

100U/mL of Interferon β.  As seen in Figure 3.4, infected cultures treated with 

IFN β retained neurosphere morphology and did not exhibit observable 

cytopathic effects as untreated cultures at the same time point (Figure 3.4A).  

Furthermore, expression of the virus as determined by GFP expression was 

inhibited in the treated cultures as compared to the untreated cultures (Figure 

3.4B).  Viral titers in the treated cultures were also lower than that of the 

untreated cultures (Figure 3.4C); however, these differences were transient 

and depended on continued presence of IFN β.  When the media was 

changed with fresh media between day 4 and day 5 post-infection, the 

differences between the treated and untreated cultures diminished.  This 

experiment demonstrated that IFN β was protective in NPSCs cultures, but did 

not disaggregate the effect of the Type I interferon response from possible 

direct effects of IFN β on the virus itself.  

To further examine the protective effects of the Type I interferon 

response, NPSCs isolated from actin-GFP transgenic mice were subjected to 

one of three treatments and then mixed with NPSCs isolated from C57 black 

mice which were infected for 1 hour with dsRed-CVB3.  The GFP NPSCs were 

treated with 100U/mL IFN β and then mixed with equal parts dsRed-CVB3-

infected C57 NPSCs (Figure 3.5A); treated with 100U/mL IFN β, then washed of 

the IFN β, and mixed with equal parts dsRed-CVB3-infected C57 NPSCs (Figure 

3.5B); or left untreated and mixed with equal parts dsRed-CVB3-infected C57 

NPSCs (Figure 3.5C).  The cultures were then examined for red fluorescence, 
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green fluorescence, or both; as well as, stained with Trypan blue for live/dead 

counts.  As seen in Figure 3.5C, treatment with IFN β suppressed viral protein 

expression (lack of red fluorescence), as well as the cell death associated with 

acute infections.  In the condition where the GFP NPSCs were treated with IFN 

β for two hours, and then washed of IFN β prior to mixing with dsRed-CVB3-

infected NPSCs, transient protection of both the GFP and C57 NPSCs is 

observed at day two post-infection.  This is evident from the decreased 

expression of red fluorescence in figure 6B on day 2 pi as compared to the red 

fluorescence in figure 6A at the same time point.  Additionally, the 

percentage of cell death in the IFN β-treated condition is also lower at the 

same time point than in the untreated condition.  Taken together, this 

demonstrates that the Type I interferon response is transiently protective in the 

absence of exogenous Interferon β. 

Finally, to ensure that the type I interferon response could be induced in 

the absence of exogenous IFN β, and to demonstrate that this induction could 

be transiently protective, we pre-treated NPSCs isolated from C57 black mice 

with media (no treatment), NPSC cell lysate, 10µg/mL Poly I:C, or UV-

inactivated dsRed-CVB3.  These cultures were then infected with eGFP-CVB3 

at an MOI of 1, and the course of infection examined by GFP expression and 

plaque assay for viral titers (Figure 3.6A).  Priming the cultures corresponded to 

lower levels of GFP expression at 1 day post-infection, suggesting a delay 

(protective effect) in the infection of the primed cultures; however by 2 days 

post-infection, the GFP expression was actually higher than that of the 
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unprimed cultures (Figure 3.6B).  This higher GFP expression may be due to the 

transient protection of the primed cells against the cytopathic effects of the 

virus, which improves their ability to survive the first day of infection, increasing 

the number of GFP-expressing cells at 2 days post-infection.  By day 3 post-

infection, only the cultures primed with cell lysate had significantly different 

GFP expression.  In terms of viral titers, only cultures primed with Poly I:C (a 

known inducer of the Type I Interferon response) exhibited lower titers 

throughout the duration of the experiment (Figure 3.6C).  This data suggests 

that the type I interferon response can be induced without exogenous IFN β, 

and this response may be transiently protective.  

 

The decreased susceptibility to superinfection in Persistently-infected NPSCs is 

specific to CVB3.  Since the Type I interferon response is a generalized, innate 

immune system response, we designed infection experiments to examine 

whether or not this protection from superinfection was specific for CVB3 or 

could be generalized to other viruses. C57 NPSCs or NPSCs Persistently-

infected with CVB3 were infected with eGFP-CVB3, LCMV, or both at a total 

MOI of 0.1 (Supplementary Figure 3.1A).  Immunocytochemistry was 

performed to determine if CVB3-infected cells (green) could be superinfected 

by LCMV (red).  Cultures infected by LCMV had a tendency to stick down 

and differentiate (either due to the virus or the vehicle), and the Survivor 

cultures which do not appear to get superinfected by CVB3 (no green 

expression), exhibited the same differentiating morphology, suggesting 
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superinfection by LCMV.  Immunostaining confirmed the superinfection of 

NPSCs upon co-infection (simultaneous infection) of the NPSCs by both viruses. 

The ability of naïve NPSCs and CVB3-persistenly-infected NPSCs to get 

superinfected by a virus other than CVB3 was tested with a second virus: VSV.  

C57 and Survivors were treated either with media (mock infection), dsRed-

CVB3, or GFP-VSV at an MOI of 0.1.  Again, no superinfection by CVB3 was 

observed in the eGFP-CVB3 persistently-infected cultures as determined by 

fluorescence microscopy (Figure 3.7A) and by a multi-mode plate reader 

(Figure 3.7B).  Both naïve and CVB3-persistently-infected NPSCs were treated 

with 100U/mL exogenous interferon-β prior to infection with GFP-VSV at an MOI 

of 0.1.  While GFP fluorescence in these cultures was below the detection limit 

of the plate reader due to the high background of the media in the green 

channel (data not shown), a delayed expression of GFP could be observed 

by fluorescence microscopy (Figure 3.7A), indicating that the type I interferon 

response could transiently inhibit the expression of VSV viral proteins. 

Finally, eGFP-VSV infected and killed all the cultures irrespective of 

whether or not the NPSCs had previously been survived an eGFP-CVB3 

infection.  This suggests that the strong protection against superinfection 

exhibited by CVB3-persistently-infected cultures is specific to CVB3.  However, 

the GFP-VSV reached its highest level of expression sooner in naïve NPSCs as 

compared to CVB3-persistently-infected NPSCs suggesting that there may be 

a low level of generalized antiviral activity occurring in CVB3-persistently-

infected cultures (Figure 3.7A and C).  Additionally, CVB3-persistently-infected 
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NPSCs reached higher levels of GFP expression later on than naïve NPSCs 

suggesting that these persistently-infected NPSCs were hardier than their naïve 

counterparts.  The persistently-infected NPSCs appeared better able to 

withstand the cytopathic effects of VSV, allowing them to survive for longer 

and express higher levels of GFP-VSV (Figure 3.7C).  This data suggests that the 

type I IFN response may confer some protection against the cell death 

mediated by superinfection by VSV, even if it is unable to protect against 

superinfection by VSV.       

 

The lack of a functional Type I interferon response affects the ability of the virus 

to evolve and persist.  We previously observed the evolution of the CVB3 in 

the course of persistent infection and suspected that the type I interferon 

response played an important role in the attenuation of the virus, which 

enabled its persistence.  To examine the role of the type I interferon response 

in the evolution of the virus, we isolated NPSCs from Interferon α/β receptor 

knock out mice (IFN α/β r k/o) as well as from C57/BLK6 mice, and then 

performed infections in these newly isolated NPSCs.  As seen in Figure 3.8A, 

CVB3-infected NPSCs isolated from C57 mice exhibited shrinking viral plaque 

sizes over time.  In contrast, CVB3-infected NPSCs isolated from IFN α/β r k/o 

mice did not exhibit shrinking viral plaque sizes at the same time points.  The 

average plaque size was quantified using ImageJ and found to be 

significantly different at the later time points (Figure 3.8B).   
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Viral titers of both types of NPSCs were found to peak at day 3 post 

infection, though the NPSCs derived from C57 mice were found to support a 

lower viral titer overall as compared to NPSCs derived from IFN α/β r k/o mice.  

To verify that IFN α/β r k/o NPSCs did not respond to interferon treatment, both 

C57 and IFN α/β r k/o derived NPSCs were treated with exogenous interferon 

β and then infected.  While viral titers could not always be observed in the 

cultures derived from C57 mice (viral suppression occurring), the presence of 

the exogenous interferon did not drastically alter the viral titers in the NPSCs 

derived from IFN α/β r k/o mice.  Taken together this data confirms that the 

NPSCs derived from IFN α/β r k/o mice have a defective type I interferon 

response, and that this interferon response is important for the evolution and 

consequently the persistence of the virus in NPSCs.  

 

Discussion 

 
We have previously demonstrated that the differentiation status of 

NPSCs affects their susceptibility to CVB3 infection (Tsueng et al., 2011), and 

observed that CVB3 evolves in its host in order to persist in neural progenitor 

and stem cells.  These observations led us to investigate the selective pressures 

in the environment which triggered the evolution of the virus—in particular, the 

host cell innate immune response.  Type I interferons have been established as 

an important survival factor in cardiotropic infections of CVB3 (Deonarain et 

al., 2004).  We therefore expected the Type I interferon response to play an 

important role in neurotropic infections by CVB3 and the establishment of viral 



72 

 

persistence.  The interferon response of NPSCs has recently been investigated 

in the context of demyelization diseases such as Multiple Sclerosis.   

While it is known that exogenous Type I interferons can help ameliorate 

some of the symptoms of MS, the mechanism by which this effect occurs is still 

under investigation.  The addition of exogenous Interferon-β has been found 

to reduce apoptosis (Hirsch et al., 2009), and may be somewhat anti-

proliferative—arresting NPSCs in the G1 phase of the cell cycle in mice (Lum et 

al., 2009).  Our findings that NPSCs stimulated to produce interferons with Poly 

I:C or cell lysate were able to withstand CVB3 infection longer, could be 

attributed to this anti-apoptotic effect, which could be beneficial to the virus 

as it allows for longer production of virus on a per cell basis. 

The Type I interferons are important in modulating dendritic cell 

differentiation and viruses have been found to manipulate the type I 

interferon response in order to modulate dendritic cell differentiation and 

evade the immune system (Hahm B).  Different subtypes of type I interferons 

can induce differentiation of dendritic cells with different characteristics 

specific to the subtype of the interferon inducer (Garcin et al., 2013), thus type 

I interferons play an extremely important role in differentiation during an 

immune response, but what about differentiation in the central nervous 

system?  Modified interferon-β (betaseron) has been found to induce 

proliferation at high doses, as well as induce differentiation of human NPSCs in 

a dose-dependent fashion  (Arscott et al., 2011).   
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We also previously observed an increased propensity to differentiate in 

these cultures, though we did not observe any changes in proliferation.  Here 

we demonstrated that NPSCs are capable of producing and are responsive 

to interferon-β in the context of coxsackievirus infection.  While we detected 

only low levels of interferon-β globally, the local concentrations might be 

sufficiently high to protect individual clusters of cells from the harmful effects of 

the virus.   

The chronic exposure of the NPSCs to endogenous type I interferons may be 

increasing the propensity of the NPSCs to spontaneously differentiate as 

differentiation may confer increased survivability of these cells in the context 

of CVB3 infection.  Not only do more differentiated neural cell types express 

lower levels of the Coxsackievirus and Adenovirus Receptor (CAR) thus limiting 

the ability of the virus to enter the cell (Ahn et al., 2008), but differentiation 

may increase the type I interferon response to stimulation (Farmer et al., 2013).  

The induction of the type I interferon response and the increased propensity of 

CVB3-persistently-infected NPSCs to differentiate contributes to the selective 

pressures that drive the evolution of the virus.  Taken together, the type I 

interferon response plays an important role in protecting the host during 

neurotropic infections; but this protection comes at a potential cost as this 

protective response is the very one that forces the virus to evolve, enabling its 

persistence in the host.  Furthermore, premature differentiation of the NPSCs is 

a potential consequence of the chronic exposure to type I interferons due to 
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the ongoing presence of the virus, and this can have serious implications in 

the development of the neurological diseases.  
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Figure 3.1. Persistently-infected cells are resistant to superinfection. 

NPSCs, and NPSCs Persistently-infected with GFP-CVB3 (carrier-state/survivors) 

are Infected with media (mock) or dsRed-CVB3 and examined for 

superinfection.  Representative images (A) reveal red fluorescence upon 

infection in NPSCs, but not upon infection in carrier-state NPSCs. (B) Infected 

and mock infected NPSCs and carrier-state NPSCs were examined for viability, 

and a reduced viability was observed in the NPSCs infected by dsRed.  

Viability of the NPSCs in the mock-infected condition dropped precipitously 

after 5 days in culture due to overgrowth and subsequent exhaustion of the 

media.  ImageJ analysis of representative images shows that GFP is only 

observed in the carrier-state cultures (C), and dsRed is not observed in carrier-

state NPSCs in spite of dsRed-CVB3 inoculation into both uninfected and 

carrier-state NPSCs (D). 

 

Figures
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Figure 3.2. Superinfection occurs in naïve NPSCs upon concurrent inoculation. 

Representative images (A) of NPSCs upon infection with eGFP-CVB3 at an 

MOI of 1, dsRed-CVVB3 at an MOI of 1, both viruses at an MOI of 0.5, or both 

viruses at an MOI of 1 reveal that alone, each virus reaches similar expression 

levels after two days post-infection, with little background signal (B).  

Furthermore, slightly higher levels of superinfection can be observed upon 

simultaneous infection at an MOI of 0.5 (C), than at an MOI of 1 (D). 
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Figure 3.3. Interferon is produced during the course of infection. 

Interferon β production is observed within 2 days post-infection in VSV-

infected, but not CVB3-infected or Mock-infected cultures (A).  Interferon β is 

produced in mock-infected cultures after prolonged culturing as cell viability 

decreases due to overgrowth and media exhaustion (B).  During 

prolonged/persistent infection, interferon β is observed to spike periodically 

(C), generally following a spike in viral titer, and subsequently followed by a 

decrease in viral titers.  The infected NPSCs exhibit robust cycles of 

proliferation and cell death, with viability increasing slightly after each spike in 

endogenous interferon β (D).  
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Figure 3.4. Interferon β treatment inhibits viral protein expression. 

The addition of 100u/ml severely inhibits viral protein expression as seen by the 

lack of green fluorescence in the representative images of IFN-treated 

cultures vs untreated cultures (A).  When quantified by ImageJ (B), the 

differences in green fluorescence in the untreated cultures was significantly 

lower than those of IFN treated cultures up until the media was changed (and 

the exogenous interferon washed out).  Viral titers (C) mirror the GFP 

expression. 
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Figure 3.5. The induction of the type I interferon response is transiently 

protective in the absence of exogenous interferons. 

NPSCs derived from GFP-actin transgenic mice were treated with media or 

exogenous interferon β for two hours while C57-derived NPSCs were 

incubated with dsRed-CVB3.  The equal parts of the untreated GFP-actin 

NPSCs were then mixed with the dsRed-CVB3 infected NPSCs and co-cultured 

(A), revealing the course of a normal infection.  The interferon-treated GFP-

actin derived NPSCs was mixed with dsRed-CVB3 infected C57 NPSCs and co-

cultured to reveal the effects of the prolonged presence of interferon (C), or 

the interferon-treated NPSCs were washed prior to co-culturing with dsRed-

CVB3 infected C57 NPSCs to reveal the stimulation of protective factors which 

offer transient protection to the cultures in the absence of exogenous 

interferon β (B). 
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Figure 3.6. Priming the innate immune response may protect cells from virus-

induced CPE. 

NPSCs were primed with nothing (mock/unprimed),  lysate, Poly I:C, or UV-

irradiated dsRed-CVB3 and then infected with eGFP-CVB3 and imaged over 

the course of 7 days (A).  ImageJ analysis revealed significantly higher GFP 

expression levels in the untreated cultures at 1 day post-infection as 

compared to the primed cultures, suggesting that priming of the innate 

immune response may be protective (B).  At 2 days post-infection and 

beyond, primed cultures exhibited higher GFP expression levels, suggesting 

that priming the cultures allows them to survive better, thus allowing for 

greater viral protein expression.  Viral titers in the Poly I:C primed cultures (C) 

were consistently lower than any of the other conditions. 
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Figure 3.7. Persistently-infected NPSCs are still vulnerable to superinfection by 

VSV. 

Again, persistently-infected NPSCs do not exhibit successful infection by dsred-

CVB3 as compared to naïve/uninfected C57 NPSCs (A and B).  Both naïve 

and survivor NPSCs exhibit green fluorescence upon infection with eGFP-VSV 

(A), although the green fluorescence peaked earlier in the naïve cultures and 

did not reach the levels exhibited by the persistently-infected cultures as 

determined by a multi-mode plate reader (C).  This suggests that NPSCs 

previously infected by CVB3 may survive slightly better than naïve NPSCs 

when infected with VSV. 
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Figure 3.8. The type I interferons are important for CVB3 evolution. 

Plaque assays for viral titers reveal that infectious virus from NPSCs derived 

from C57 mice change over time as compared to those infecting NPSCs 

derived from Interferon α/β r k/o transgenic mice (A).  ImageJ analysis of the 

plaque size reveals that the decrease in plaque size in the cells with the type I 

interferon response intact is significant at the later time points (B), and that the 

viral titers are higher in the cultures with the type I interferon response knocked 

out (C). 
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Supplementary Figure 3.1. Persistently-infected NPSCs do not exhibit 

superinfection by CVB3. 

Cultures previously infected by GFP-CVB3 (survivors/carrier-state cultures) 

were passaged until GFP could no longer be detected by microscopy.  

Survivor cultures and similar passage NPSCs were then infected with GFP-CVB3 

and examined for green fluorescence using a plate reader, confirming the 

lack of green fluorescence in the mock-infected carrier-state cultures (GFP is 

really gone), and the lack of green fluorescence in the re-infected carrier-

state cultures (ie- lack of superinfection) as compared to the freshly infected 

naïve NPSCs. 
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Supplementary Figure 3.2. Infected and persistently-infected NPSCs can still 

be superinfected by LCMV. 

Again, carrier-state/survivor NPSCs do not exhibit successful infection by CVB3 

as compared to naïve/uninfected C57 NPSCs.  Both naïve and persistently-

infected NPSCs exhibit differentiating morphology when infected by LCMV 

(A).  Immunostaining of the cultures reveals that LCMV can superinfect CVB3-

infected cultures (B). 
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CONCLUSION OF THE DISSERTATION 

 

CVB3 can cause encephalitis and meningitis upon acute infection of 

the central nervous system.  CVB3 targets proliferating neural stem and 

progenitor cells in the CNS (Feuer et al., 2005) has been found to persist for at 

least 90 days in a neonatal mouse model of infection (Feuer et al., 2009).  

CVB3 infection of the CNS has been correlated with several long-term 

neurological disorders such as learning disorders (Chamberlain et al., 1983), 

schizophrenia (Dalman et al., 2008) (Koponen et al., 2004) (Rantakallio et al., 

1997), and demyelinating diseases (Berger et al., 2009) (Agin et al., 2010) 

(Verboon-Maciolek et al., 2006).  Although the initial targets of infection have 

been identified, it is unclear which cells harbor the virus long-term, how the 

virus is able to persist in the CNS, and how the persistence of the virus affects 

the development of neurological disorders.  In order to better understand the 

tropism and susceptibility of neural targets in the CNS, we developed an in 

vitro model of acute CNS infection using cultured mouse neural progenitor 

and stem cells (NPSCs) (chapter 1).   

Using this model, we determined that more differentiated cell types 

were less susceptible to infection than less differentiated cell types in the CNS.  

We also observed blebbing the infected cells which we initially attributed to 

apoptosis.  Further studies with a recombinant CVB3 containing a timer protein 

have elucidated these blebs to be infectious microvessicles which are being 

shed through the autophagic pathway (data not shown).  In this manner, the 
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normally cytolytic CVB3 may be spread to uninfected cells without destruction 

of the host cell.  We also observed that we could potentially extend this model 

from acute CNS infection to persistent CNS infection and that stem cells could 

potentially serve as a reservoir for the virus during viral persistence. 

We next extended this model to understand previously observed CVB3 

persistence in vivo through the development of carrier-state cultures in vitro 

(chapter 2).  While no alterations in the gross differentiation and proliferation 

potentials were observed in these carrier-state cultures, a propensity to 

spontaneously differentiate was observed.  Additional studies are needed to 

determine if carrier-state NPSCs are altered in terms of functional 

differentiation.  Although we have demonstrated no bias in the propensity of 

the NPSCs to differentiate towards oligodendrocytes, neurons and astrocytes; 

there may be alterations in the differentiation potential towards a particular 

type of neuron or astrocyte.  Are the NPSCs biased to differentiate into Type I 

vs Type II astrocytes?  Are they more likely to differentiate towards 

glutamanergic vs dopaminergic neurons?  Even if there is no bias, are neurons 

from differentiated carrier-state cultures even functional?   

Mutations in the GABA (A) receptor has been associated with autism 

(Pizzarelli and Cherubini, 2011), but a deficiency in the development of 

functional gabanergic signaling may be the culprit (Kang and Barnes, 2013).  

Furthermore, differentiating NPSCs migrate from the site of neurogenesis, and 

alterations in differentiation propensity could affect the proper migration of 

these cells resulting in neurological disorders.  IL-6 induced alterations of neural 
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migration in the cerebellum is thought to be at least partially responsible for 

the pathogenesis of autism (Wei et al., 2011).  Levels of neural progenitors in 

the hippocampal region have been associated with memory impairment and 

addictive behavior (Recinto et al., 2012).  If CVB3 preferentially targets the 

neurogenic region of the brain and CVB3-infected NPSCs have an increased 

propensity to differentiate, then the net effect could be similar to neural 

precursor depletion.  CVB3-induced alterations in differentiation propensity 

and functional differentiation could have an important impact on the 

development of neurological diseases following persistent CNS infection.   

In examining the virus receptor levels in differentiated and 

undifferentiated cultures, we learned that the previously observed decrease 

susceptibility of differentiated NPSCs could be attributed to the decreased 

CAR expression levels in differentiated NPSCs as compared to the 

undifferentiated counterpart.  Thus, the increased propensity to spontaneously 

differentiate may help to reduce the susceptibility of the NPSCs to the virus.  

This observed increase in propensity of carrier-state NPSCs to differentiate may 

be attributed to the selective advantage of these cells over ones that do not.  

Further work is needed to clarify whether the host downregulation of the CAR 

receptor is responsible for the observed increase in spontaneous 

differentiation, or if the spontaneous differentiation triggers the down-

regulation of the CAR receptor.  

While the downregulation of CAR contributes to the decreased 

susceptibility to infection, it is only one part of the story.  Differentiation status 
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can have profound effects on autophagy (Tabor-Godwin et al., 2012), 

proliferation/cell cycle status (Salomoni and Calegari, 2010), and vice versa—

all of which may contribute to the decreased susceptibility of carrier-state 

NPSCs to infection by CVB3.  Current comparative studies of cortical and 

cerebellar NPSCs from neonatal and adult mice implicate proliferative status 

as an important factor in NPSC susceptibility to CVB3 infection.  The 

decreased proliferative status of NPSCs in the adult CNS may contribute to the 

decreased susceptibility of the adult CNS to infection as compared to that of 

the neonate (Feuer et al., 2004), and the decreased susceptibility of the 

cerebellar regions as compared to the cortical regions (Gauntt et al., 1984).  

Cell cycle status is known to affect CVB3 replication (Feuer et al., 2002b) and 

has been proposed to be a potential regulatory mechanism for CVB3 

persistence (Feuer et al., 2004) as CVB3 replicates best in the G1 and G1/S 

phase.  The length of the G1 phase is suspected to directly influence the 

differentiation of neural precursors (Salomoni and Calegari, 2010).  Taken 

together, differentiation can affect susceptibility to infection, and infection 

can affect propensity to differentiate.  Additional studies are currently 

underway to understand how neonatal infections affect the NPSCs 

populations after the neonate has developed into an adult. 

Using our carrier-state model, we also confirmed the previous in vivo 

observation that persistent virus was different from the virus from the initial 

infection.  We isolated and sequenced virus from the carrier-state cultures to 

understand how the virus was changing over the course of infection.  We not 
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only observed mutations in the VP2 capsid proteins which could affect the 

ability of the virus to bind to the CAR receptor and affect its ability to infect 

new cells, we also observed mutations in the 2C and 3A proteins which can 

affect CVB3’s ability to replicate (van Ooij et al., 2006) (van der Schaar et al., 

2012).  The mutations in the 3A protein also have implications for the formation 

of replication complexes in the host cell (Wessels et al., 2005), which may be 

linked to the aforementioned formation and release of infectious extracellular 

microvessicles.  Current studies are underway to elucidate the ability of these 

infectious extracellular microvessicles as a new mechanism of infection and a 

potential method for evading the antibody response in the host.  Future work 

is needed to confirm that the mutations observed in our carrier-state cultures 

are similar to those in the persistently-infected mice. 

 Finally, to understand the selection pressures that encouraged the 

evolution of this cytolytic virus into a non-cytolytic one, we utilized our in vitro 

of persistent infection to investigate the ability of NPSCs to produce type I 

interferons and the effects of the type I interferon response on CVB3 infections 

in the CNS.  Not only were NPSCs capable of producing type I interferons like 

interferon-β, but NPSCs were also protected by the type I interferon response 

in the context of CVB3 infection.  Additional studies are needed to understand 

the effects of chronic exposure to type I interferons on NPSC behavior.  This 

transient protection offered a mechanism by which highly susceptible NPSCs 

could evade CVB3-induced cytopathic effects, and allow for not only the 

survival of NPSCs, but also the evolution of CVB3.  To confirm the importance 
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of the type I interferon response in the evolution of the virus, we infected 

NPSCs isolated from transgenic knock out mice lacking the interferon a/β 

receptors.  Taken together, the type I interferon is important for the survival of 

the host during CVB3 infections, and also the evolution of the virus and its 

persistence in the host CNS.   
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