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ABSTRACT 

 

Sindbis Virus (SINV), the prototype alphavirus, causes fatal encephalomyelitis in rodents 

similar to human disease. Antibody specific to SINV E2 glycoprotein can control virus 

replication in vivo and in mature neurons in vitro. Nanopore direct RNA sequencing (DRS) 

was used to sequence viral RNAs to investigate how anti-E2 antibody affects SINV RNA 

species. To study the mechanisms used by anti-E2 antibodies to control SINV replication, 

Illumina sequencing was used to sequence the transcriptome in SINV infected mature neurons 

followed by antibody treatment. In these studies, we found that anti-E2 antibody treatment 

can decrease SINV subgenomic RNA synthesis relative to genomic RNA, and decrease the 

nsP1 defective genome production to decrease SINV RNA capping efficiency. We also 

observed that anti-E2 antibody specifically upregulated cFOS and autophagy proteins in 

SINV-infected differentiated neuronal cells by real-time RT-PCR and western blotting. We 

further confirmed their importance by utilizing FOS and autophagy inhibitors to investigate 

their function in anti-E2 antibody mediated noncytolytic clearance of SINV. These studies 

highlight the complex host-pathogen interactions following SINV infection and provide 

insight into the mechanisms by which anti-E2 antibodies modulate responses to protect 

mature neurons from cell death induced by SINV infection. 
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Chapter 1 

General Introduction 

 

Viral encephalitis is the inflammation of the central nervous system (CNS) caused by virus 

infection which can result in long-term neurological complications or death. Viral encephalitis 

as a cause of significant global morbidity and mortality which is of public health concern. 

Although viral encephalitis has potentially long-term side effects, there are no targeted 

therapies available for the disease due to the incomplete understanding of immune 

mechanisms which mediate protection or clearance of viral infections 
1
. 

 

Alphaviruses are a group of positive-sense, single stranded enveloped RNA viruses vectored 

by mosquitoes and are a growing cause of concern due to expanded geographic range linked 

to globalization and climate change 
2
. Alphaviruses encompass Eastern equine encephalitis 

virus (EEEV), Western equine encephalitis virus (WEEV) and Chikungunya virus (CHINKV) which 

can cause encephalitis in human, while Sindbis virus (SINV) and Ross River virus are 

alphaviruses which can cause rash and arthritis in humans 
3
. However, SINV has been shown 

to be an effective in vivo model for human neurovirulent alphavirus disease 
4
. The RNA 

genome of SINV encodes polyproteins that are proteolytically processed to produce non-

structural proteins( nsP1, nsP2, nsP3 and nsP4) for viral replication and the structural proteins 

that are required for virus assembly which include the viral envelope glycoproteins E1, E2 and 

E3, protein 6K and the capsid protein 
5
.  
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In most viral infections, cell mediated cytolytic activity is predominantly used to clear virus 

from infected cells. However, due to the limited regenerative potential of mature neurons, 

cell-mediated cytotoxicity could be highly detrimental. Therefore, non-cytolytic clearance of 

virus from neurons is needed to recover from viral encephalitis. In vivo studies shown that 

antibody against to SINV E2 glycoprotein plays an important role in initial virus control and 

clearance from the CNS 
6,7

. Additional studies show that anti-E2 antibody treatment of SINV-

infected cells restores host cell transcription and translation, intracellular Na+/K+ ion levels 

to baseline levels, inhibits viral transcription and translation, inhibits viral budding and 

improve host cell survival 
6,8-10

. 

 

The age-dependent virulence of SINV strains in mice is reflected in infection of neural cells. 

The rat olfactory neuronal cell line (AP-7s) can be differentiated into differentiated/mature 

neurons (dAP-7s) by temperature shift. SINV infection in undifferentiated/cycling AP-7 cells 

(cAP-7) cells results in high levels of virus replication and cell death. SINV infection in dAP-7 

cells results in low levels of virus replication and cell survival. Therefore, AP-7 neurons are 

used as an in vitro model to study viral clearance from CNS
11
.  

 

Over the past century, the emergence and reemergence of arthropod borne zoonotic agents 

such as EEEV and WEEV, which posed significant risk to both animal and human health has 

been a growing public health concern 
12
 
13
. However, there are currently no approved vaccines 

or antiviral drugs for human use. In previous studies, anti-E2 antibody was shown to control 

virus replication both in vivo and in SINV infected neurons in vitro 
7
. Aspects of anti-E2 
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antibody induced suppression of SINV replication in the CNS and neurons require further 

understanding to provide the basis for the future development of therapeutic treatments. In 

this study, we test how anti-E2 antibody affects production of different SINV RNA species and 

SINV genome capping process based on previous analysis of full length sequencing of SINV 

RNAs. We also examine how anti-E2 antibody regulates host cell transcription based on the 

previous analysis of differentially expressed genes regulated by anti-E2 antibody in SINV-

infected dAP-7 cells.  
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Chapter 2 

Materials and Methods 

 

Cell culture 

The AP-7 rat olfactory sensory neuronal cell line is an olfactory neuron-derived cell line 

immortalized with a temperature-sensitive SV40 T antigen (original stock was a gift from Dale 

Hunter, Tufts University, Boston, MA). Cycling AP-7 cells were grown at 33°C and 7% CO2 in 

10% FBS-DMEM (Gibco) supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 2 mM glutamine (Gibco). At roughly 25% confluence, cells were shifted to the cultures at 

39°C and 5% CO2 for 7 days differentiation and supplementing 10% FBS-DMEM (Gibco) with 

100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamine (Gibco),1 μg/mL insulin, 

20 μM dopamine, and 100 μM ascorbic acid (Sigma).  

Virus infection and antibody treatment assays 

SINV (strain TE) virus was generated from RNA which transcribed from cDNA, transfected into 

BHK cells to produce stock and virus by plaque assay in BHK-21 cells. dAP-7 cells were 

infected with SINV at BHK-21 cell multiplicity of infection (MOI) of 10 in DMEM-1%FBS for 

one hour and then washed with PBS to remove unbound virus and replace the media with 

DMEM-1%FBS. For anti-E2 antibody treatment, SV127 which is mouse monoclonal IgG3 

against the SINV E2 glycoprotein was used. Four hours after infection, cell cultures were 

washed with PBS to remove unbound virus and treated with 5μg/mL of anti-E2 antibody 

diluted in DMEM-1%FBS. Following 1 hour incubation, three more volumes of DMEM-1%FBS 

were added to dilute the antibody to 1.5μg/mL and maintained until sample collection. Cells 
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were harvested at 0.5hr, 4hr, 24hr, 48hr and 72hr post antibody treatment and stored in Trizol 

for RNA extraction. 

Nascent RNA labeling and qRT-PCR for viral gene expression. 

At the indicated times prior to infection, dAP-7 cells were incubated with DMEM containing 

5-ethynyl uridine(0.2mM) (ThermoFisher) at 39˚C for 15h. After infection and anti-E2 antibody 

treatment, Cellular lysates were collected with TRIzol and RNA purified following 

manufacturer’s instructions. RNA concentrations were determined by NanoDrop 

spectrophotometer. Isolate the nascent RNA using Click-iT® Nascent RNA Capture Kit. Using 

primers for the genomic (nsP2) and genomic plus subgenomic (E2) regions of the SINV 

genome, Viral RNA levels were quantified by qRT-PCR with EagleTaq Universal Master Mix 

(Roche). The sequence of primer and probe sequences were: SINV E2 (E2 8732F [5’-TGG GAC 

GAA GCG GAC GAT AA-3']; E2-8805R [5’-CTG CTC CGC TTT GGT CGT AT-3']; TaqMan probe 

E2 8750 [5′-6-FAM-CGC ATA CAG ACT TCC GCC CAG T-6-TAMRA-3′]). SINV nsP2 (nsP2 

3373F [5'-CCG CAA GTA TGG GTA CGA TCA – 3’]; nsP2 3454R [5’-GTG CCC TTC CCA GCT 

AGC T-3']; TaqMan probe nsP2 3317 [5’-6- 37 carboxyfluorescein (FAM)-CCA TTG CCG CCG 

AAC TCT CCC-6- carboxytetramethylrhodamine (TAMRA)-3’]). 

RNA transfection, and qRT-PCR for verification.  

1 x 10
6 
differentiated AP-7 cells in each well were transfected with 2.5μg RNA (synthesized by 

Genscript) and 10uL of Lipofectamine 2000 reagent (ThermoFisher Scientific). 24h post-

transfection, Cellular lysates were collected with TRIzol and RNA purified following 

manufacturer’s instructions. RNA was converted to cDNA using SuperScript™ III First-Strand 

Synthesis System (Inivtrogen). cDNA concentrations were measured by nanodrop before 
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useing in SYBR qPCR assays (GoTaq, Promega) with pre-designed primer assays from IDT: 

nsp1 and DVG2 

XRN-1 degradation assay.  

Extracellular virus particles were isolated from cell culture supernatant by Viraffinity
TM

- Virus 

and Viral Component Isolation kit (BSG). The virus pellet was lysed in TRIzol for RNA isolation 

according to manufacturer’s instructions. Following RNA purification, the RNAs were divided 

into two groups, one was treated with 5′ to 3′ exoribonuclease XRN-1 (New England BioLabs) 

to degrade noncapped RNAs, another was treated with water for 1 h at 37˚C. The RNAs were 

re-purified by TRIzol and reverse transcribed to cDNA with SuperScript™ III First-Strand 

Synthesis System (Inivtrogen). Using primers for the genomic (nsP2) and genomic plus 

subgenomic (E2) regions of the SINV genome, Viral RNA levels were quantified by qRT-PCR 

with EagleTaq Universal Master Mix (Roche). The primer and probe sequences were: SINV E2 

(E2 8732F [5’-TGG GAC GAA GCG GAC GAT AA-3']; E2-8805R [5’-CTG CTC CGC TTT GGT 

CGT AT-3']; TaqMan probe E2 8750 [5′-6-FAM-CGC ATA CAG ACT TCC GCC CAG T-6-

TAMRA-3′]). SINV nsP2 (nsP2 3373F [5'-CCG CAA GTA TGG GTA CGA TCA – 3’]; nsP2 3454R 

[5’-GTG CCC TTC CCA GCT AGC T-3']; TaqMan probe nsP2 3317 [5’-6- 37 carboxyfluorescein 

(FAM)-CCA TTG CCG CCG AAC TCT CCC-6- carboxytetramethylrhodamine (TAMRA)-3’]). 

qRT-PCR for host cell gene expression.  

For analysis of RNA expression, cells were harvested in Trizol. RNA from infection/treatment 

assays was converted to cDNA using superscript III (Invitrogen). Briefly, 1uL 10uM dNTPs was 

combined with 1uL Oligo dT and ~100ng RNA, up to 11uL in H20. Reactions were incubated 

at 65˚C for one minute then placed on ice before addition of cDNA synthesis master mix 
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(SuperScript III, invitrogen). cDNA was quality checked by nanodrop before using in SYBR 

qPCR assays (GoTaq, Promega) with pre-designed primer assays from IDT for transcripts of 

interest based on RNAseq: RAB7a (Rn.PT.58.46180156), c-Fos (Rn.PT.58.13000819). ActB 

(Rn.PT.39a.22214838.g) was used as a control. Using the delta delta Ct method calculated the 

relative abundance. 

Immunoblot analysis of protein expression 

Monolayers of dAP-7 cells were washed with cold PBS twice, each well lysed in 30 μL 

radioimmunoprecipitation assay (RIPA) buffer (1 mM EDTA ,50 mM Tris-Cl [pH 8.0], 150 

mM NaCl, 1% NP-40, 0.1% SDS, 0.5% Na-deoxycholate), incubated for 10 minutes on ice, and 

cleared via centrifugation at 12,000 × g for 10 minutes to collect supernatant. DC assay kit 

(Bio-Rad) was used to determine protein concentrations. Ten micrograms of protein from 

each sample were separated by SDS-polyacrylamide gel electrophoresis (PAGE), and then 

electrophoretically transferred to a nitrocellulose membrane (Bio-Rad). 5% milk dissolved in 

Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBS-T) was used to block nitrocellulose 

membrane. The following antibodies were used for immunodetection as primary antibody 

diluted in 5% bovine serum albumin (BSA; Sigma) solved in TBS-T: anti-fos (1:1,000; catalog 

number: ab208942), anti-RAB7a (1:1,000; catalog number: No. 850401; Biolegend), polyclonal 

anti-SINV nsP2 (1:1,000); and monoclonal anti-β-actin (1:10,000; catalog number MAB1501; 

EMD Millipore). The following antibodies were used as secondary antibody for detection 

diluted in 1% milk which solved in TBS-T: goat anti-rabbit IgG (1:1,000; Cell Signaling 

Technology) and sheep anti-mouse IgG (1:1,000; GE Healthcare)  

Virus infection and inhibitor treatment.  
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SINV (strain TE) virus was generated from RNA which transcribed from cDNA, transfected into 

BHK cells to produce stock and virus tittered by plaque assay in BHK-21 cells. dAP-7 cells 

were infected with SINV at BHK-21 cell multiplicity of infection (MOI) of 10 in DMEM-1%FBS 

for one hour and then washed with PBS to remove unbound virus and replace the media with 

DMEM-1%FBS. For anti-E2 antibody treatment, SV127 which is mouse monoclonal IgG3 

against the SINV E2 glycoprotein was used. Four hours after infection, cell cultures were 

washed with PBS to remove unbound virus and treated with 5μg/mL of anti-E2 antibody 

diluted in DMEM-1%FBS. Following 1 hour incubation, three more volumes of DMEM-1%FBS 

were added to dilute the antibody to 1.5μg/mL and maintained until sample collection. For 

the inhibitor studies, media were supplemented with T-5224 which is a non-peptidic, small 

molecule and novel inhibitor of c-Fos/AP-1, chloroquine (Invivogen), bafilomycin (Cell 

Signalling) or an equal volume of DMSO. 

Statistical analysis.   

Data are expressed as means ± SD. Statistical analyses were performed in R studio on Johns 

Hopkins High Throughput Cluster with a p-value of <0.05 being considered significant.  

Comparisons between two groups were analyzed by unpaired, two-tailed Student’s t-test. 

Multiple comparisons among groups were analyzed using two-way ANOVA with Tukey’s 

post-test. 
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Chapter 3 

Anti-E2 antibody treatment alters synthesis of different 

Sindbis viral RNA species 

 

Introduction 

 

In mice, infectious SINV virion is cleared from brain and spinal cord neurons within eight days 

after infection, but viral RNA persists for months, which indicates the clearance of infectious 

virus and viral RNA are mediated by distinct mechanisms 
4,14

 . Previous studies in SCID (severe 

compromised immune-deficient) mice which lack functional adaptive immune responses 

revealed that antibody against SINV E2 glycoprotein, but not SINV E1 glycoprotein plays an 

important role in complete recovery from SINV infection in the CNS. Additional in vitro studies 

confirmed anti-E2 antibody protective and viral suppressive effects in SINV infected dAP-7 

cells and SINV infected primary rat dorsal root ganglia neurons but not in non-neuronal cell 

types 
10,15,16

. 

 

In the SINV life cycle, a total of three major viral RNAs are produced: 1)the full length positive-

sense genomic RNA which is eventually packaged into released infectious virions, 2) negative-

sense genomic RNA which acts as template for virus replication and 3) a shorter subgenomic 

RNA. (Fig. 3-1). Previous studies showed that anti-E2 antibody affects the levels of different 

SINV RNA species unevenly via Oxford Nanopore MinION sequencer (Fig. 3-2), but the 

quantitative comparison between the production of genomic and subgenomic SINV RNA 
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regulated by anti-E2 antibody has not been determined. In this study, we use 5-ethynyl 

uridine (0.2mM) to label the newly synthesized virus RNA after antibody addition and 

compare the subgenomic and genomic RNA ratio to evaluate the effect of anti-E2 antibody 

treatment on SINV RNA in SINV infected dAP-7 cells. 

 

In SINV infected dAP-7 cells, previous studies identified a truncated RNA containing the nsP1 

gene which resembles defective viral genomes (DVGs) based on the coverage plot which 

jumps in coverage at nsP1, 3′ UTR, and 5′ UTR (Fig. 3-2). In most RNA viruses, DVGs have 

been shown as key drivers of virus-host interaction which involved in interfering viral 

replication and viral production, triggering antiviral immunity and facilitating RNA virus 

persistence. For example, with dengue virus infection, defective viral genomes can only be 

detected in persistently infected cells which indicate the role of defective viral genome in the 

establishment and maintenance of persistent infections 
17
 

18
. Further study indicated that the 

antibody treatment suppressed nsP1 defective viral genome (DVG) production and cells 

released a higher proportion of virions with noncapped genomes (Fig. 3-3). We hypothesized 

that Anti-E2 antibody treatment decreases SINV genome capping by suppressing nsP1 DVG 

synthesis as nsP1 is primarily responsible for mRNA capping 
19
. To test the hypothesis, we 

transfected the dAP-7 cells with nsP1 DVG and measured if the expression of nsP1 DVG 

inhibits the decrease of SINV RNA capping efficiency mediated by anti-E2 antibody.  
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Fig. 3-1. SINV RNA forms. Schematic diagram of SINV RNA replication and the forms of 

different SINV RNA species (the full length positive-sense genomic RNA, the negative-sense 

genomic RNA and the shorter subgenomic RNA made from positive-sense genomic RNA and 

negative-sense genomic RNA template. Adapted from the article” Treatment of Sindbis Virus-

Infected Neurons with Antibody to E2 alters Synthesis of 1 Complete and nsP1-Expressing 

Defective Viral RNAs” by Jane X. Yeh et.al,. 
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Fig. 3-2. Comparison of Nanopore sequencing for SINV-infected differentiated AP-7 cells 

treated with or without anti-E2 antibody. SINV-infected (MOI=10) differentiated AP-7 cells 

were treated with mock or anti-E2 antibody (5μg/mL) after 4h infection. Total intracellular 

RNA was collected in triplicate at 24h, 48h, and 72h post infection, enriched for poly(A), 

directly sequenced via nanopore sequencing, and aligned to the SINV genome. Coverage 

plots indicate relative sequencing depth normalized to run yield across the SINV genome 

with (green) or without (orange) antibody treatment at 24h, 48h, and 72h after infection. 

Coverage data represent the average of three biological replicates. Abundance ratios for 

each species were calculated as a proportion of total SINV reads for each sample. Each 

point represents one biological replicate, and horizontal lines indicate the mean of three 

biological replicates. **p<0.01, ***p<0.001, ****p<0.0001. Adapted from the article” 

Treatment of Sindbis Virus-Infected Neurons with Antibody to E2 alters Synthesis of 1 

Complete and nsP1-Expressing Defective Viral RNAs” by Jane X. Yeh et.al,. 
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Fig. 3-3. Antibody treatment decreases nsP1 defective viral genome RNA levels and is 

associated with decreased SINV RNA capping efficiency in differentiated AP-7 cells (A) 

Semi-quantitative PCR for SINV genomic RNA (gRNA) and nsP1 defective viral genome 

(DVG). SINV-infected (MOI=10) differentiated AP-7 cells were treated with media (mock) or 

anti-E2 antibody (5μg/mL) after 4h infection. At indicated time points, cells were lysed in 

TRIzol for RNA extraction and detected by Semi-quantitative PCR. (B)Proportion of capped 

SINV RNA in virus particles released from anti-E2 antibody treated and untreated SINV-

infected differentiated AP-7 cells. SINV-infected (MOI=10) differentiated AP-7 cells were 

treated with media (mock) or anti-E2 antibody (5μg/mL) after 4h infection. 24 hours post 

infection, virus particles were purified from supernatant by Viraffinity Kit, and lysed in TRIzol 

for RNA extraction. The isolated RNA was treated with XRN-1 exoribonuclease to degrade 
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noncapped RNAs or left untreated. Following treatment, the RNA was repurified and 

reversed transcribed to cDNA, and assessed by qRT-PCR for SINV nsP2 and E2 transcript 

level. The y- axis indicates the ratio of copy numbers of nsP2 or E2 transcripts in XRN-1-

treated versus untreated groups. Data significance shown based on Student’s t test where 

**p<0.01, ***p<0.001. Adapted from the article” Treatment of Sindbis Virus-Infected 

Neurons with Antibody to E2 alters Synthesis of 1 Complete and nsP1-Expressing Defective 

Viral RNAs” by Jane X. Yeh et.al,. 
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Results  

 

Comparison of production of SINV subgenomic RNA relative to genomic RNA in infected 

differentiated AP-7 cells by qRT-PCR. 

The nanopore sequencing data indicate that anti-E2 antibody treatment decreased overall 

SINV RNA and altered the relative abundance of different SINV RNA species. The analysis of 

pulse labeling of viral RNAs from SINV infected dAP-7 mature neurons treated with anti-E2 

antibody showed that anti-E2 antibody treatment decreased the production of subgenomic 

RNA relative to genomic RNA. To determine the effect of anti-E2 antibody on viral RNA 

production quantitatively, dAP-7 cells were labeled by 5-ethynyl uridine (0.2mM) in 

preparation for labeling newly synthesized RNA. 15 hours post labeling, dAP-7 cells were 

infected with SINV (MOI=10) and treated with mock (media) or 5ug/ml anti-E2 antibody 4 

hour post infection. At 0, 12, 24, 36 and 48 hour after antibody addition, Whole cells were 

lysed in Trizol for RNA collection and isolation.  

E2 primers were used to detect subgenomic RNA, nsp2 primers were used to detect genomic 

RNA. Due to the purification process, only newly synthesized RNA was used for comparison 

by qRT-PCR. With the increase of infection time from 0 hour to 48-hour post infection, the 

newly synthesized RNA were increased, including both genomic SINV RNA (Fig. 3-4A) and 

subgenomic RNA (Fig. 3-4B). To evaluate the relative proportions of different viral RNA 

species being synthesized, the ratio of subgenomic RNA to genomic RNA were used to 

compare between SINV infected differentiated AP-7 neurons with mock treatment and anti-

E2 antibody treatment. At early time points from 0 hour to 36-hour post antibody addition, 



 

16 
 

there is no significant differences. While at later time points, 48hr post antibody addition, the 

result showed that anti-E2 antibody treatment decreased the production of subgenomic RNA 

relative to genomic RNA compared with mock treatment (Fig. 3-4C). These data confirm the 

trends observed in the Nanopore sequencing result and analysis for pulse labeling viral RNAs 

that antibody treatment would decrease the production of subgenomic RNA production 

relative to genomic RNA, which support the hypothesis that antibody treatment impairs the 

shift from genomic RNA to subgenomic RNA during SINV infection. 
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Fig. 3-4. Anti-E2 antibody treatment decreases the production of subgenomic RNA relative 

to genomic RNA. SINV (MOI=10) infected differentiated AP-7 cells were treated with or 

without anti-E2 antibody (5μg/mL) at 4h post infection. Newly synthesized viral RNA was 

labelled by 5-ethynyl uridine(0.2mM). 0, 12, 24, 36, 48 hours post antibody addition, cells are 

collected in TRIzol for RNA extraction. the nascent RNA was purified from isolated RNA using 

Click-iT® Nascent RNA Capture Kit. Viral RNA levels were quantified by qRT-PCR A) Relative 

subgenomic RNA expression quantified by qRT-PCR. (B) Relative genomic RNA expression 

quantified by qRT-PCR. (C) Ratio of subgenomic RNA relative to genomic RNA. Data 

significance shown based on Student’s t test where *p<0.05, **p<0.01, ***p<0.001, 

****p<0.001. 
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Anti-E2 antibody treatment decreases SINV genome capping efficiency by 

suppressing nsP1 DVG synthesis. 

To investigate whether antibody treatment affects viral genome capping, exoribonuclease 

degradation was used to selectively degrade non-capped RNAs with the XRN-1 enzyme. 

dAP-7 cells were transfected with nsP1 DVG plasmid, nsP1 plasmid (positive control) and 

media (negative control) using Lipofectamine. qRT-PCR was used to assess the expression of 

nsP1 DVG. Viral particles were collected from supernatant of SINV-infected transfected dAP-

7 cells treated with or without anti-E2 antibody 24 hours after infection by Viraffinity Kit. 

Isolated viral particles were lysed in TRIzol reagent for RNA extraction. Extracted RNA was 

divided into two pools of ~200ng RNA where one was treated with XRN-1 for 1h at 37˚C to 

degrade non-capped RNAs and other was treated with nuclease free water for 1h at 37˚C. 

The remaining RNAs (capped RNAs) were repurified by TRIzol, and reverse transcribed into 

cDNA for qRT-PCR analysis. We compared the ratio of SINV nsP2 and E2 gene expression 

with and without XRN-1 treatment (Fig. 3-5). RNA from SINV infected cells without E2 

antibody treatment or plasmid transfection had amounts of nsP2 and E2 transcripts were not 

affected by XRN-1 degradation, (ratio of XRN-1 treated to untreated samples ~1). In contrast, 

with anti-E2 antibody treatment, viral RNA was susceptible to XRN-1 treatment, suggesting 

that there are packaged SINV RNAs which were not capped at 24h after infection in cells 

treated with anti-E2 antibody. While for the cells transfected with nsP1 DVG plasmid which 

expressed nsP1 DVG, viral RNA was not affected by XRN-1 degradation, suggesting that anti-

E2 antibody treatment decreases the viral RNA capping efficiency by suppressing nsP1 DVG 
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production. 

 

 

Fig. 3-5. Anti-E2 antibody treatment decreases SINV genome capping efficiency by 

suppressing nsP1 DVG synthesis. (A.B.) proportion of capped RNA transcripts in released virus 

particles from untreated (left) and antibody treated (right) SINV infected differentiated AP-7 

cells. Differentiated AP-7 cells were transfected with nsP1, nsP1 DVG and media (mock) 

plasmids, infected with SINV (MOI 10) 24 hours post transfection, treated with or without anti-

E2 antibody (5μg/mL) 4 hours after infection. 24 hours post infection, virus particles were 

purified from supernatant by Viraffinity Kit, and lysed in TRIzol for RNA extracton. The isolated 

RNA were treated with XRN-1 exoribonuclease to degrade noncapped RNAs or left untreated. 
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Following treatment, the RNA was repurified and reversed transcribed to cDNA, and assessed 

by qRT-PCR for SINV E2 (A) and nsP2 (B) transcript level. The y- axis indicates the ratio of 

copy numbers of nsP2 or E2 transcripts in XRN-1-treated versus untreated groups. Data 

significance shown based on Student’s t test where *p<0.5, **p<0.01. 
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Discussion 

 

Anti-E2 antibody treatment of SINV infected neuronal cells initiates a signaling cascade that 

restores cellular functions of host cells, inhibits virus replication and release to improve neuron 

viability 
10,15,20

. Oxford nanopore MinION direct RNA sequencing was used to study the effect 

of antibody treatment on different RNA species of SINV. Anti-E2 antibody treatment altered 

the proportions of different SINV RNAs including a decrease in the production of subgenomic 

RNA relative to genomic RNA, consistent with a previous study which shows that antibody 

can mediate the inhibition of structural protein synthesis 
21
. Assessment of proportion of non-

capped RNAs in released virus particles with exoribonuclease degradation assay revealed that 

after 24 hours infection in differentiated AP-7 cells, the majority of virus RNA are capped. 

Anti-E2 antibody treatment decreases the proportion of capped RNA in released virus 

particles. The data indicate that anti-E2 antibody decreases viral RNA capping efficiency. With 

nsP1 DVG plasmid transfection, the majority of virus RNA are capped from SINV infected 

differentiated AP-7 cells treated with anti-E2 antibody, suggesting that anti-E2 antibody 

treatment decrease the virus RNA capping efficiency by suppressing nsP1 DVG production.  

 

Anti-E2 antibody binds to the surface of infected cells triggering a multifactorial downstream 

intracellular signaling cascade to suppress viral RNA replication and restore host cellular 

transcription and translation. SINV infection inhibits host cell Na
+
K

+
ATPase activity which leads 

to loss of membrane potential, shutoff host cell protein synthesis partially due to RNA-

dependent protein kinase (PKR) activation and apoptotic cell death induction 
22,23

. Anti-E2 
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antibody inhibits these effects by restoring host protein synthesis and intracellular cation 

concentrations. Because the interaction of viral nsP4 RNA polymerase with genomic and 

subgenomic promoters are affected by intracellular Na+ and K+ concentrations, host protein 

synthesis can be restored by restoration of intracellular cation concentrations 
6
. In addition, 

one pathway used by anti-E2 antibody to protect cells from SINV infection have been 

identified is that anti-E2 antibody binds to SINV E2 protein on the surface of infected cells to 

induce the activation of NF-kB and a STAT3 signaling cascade which initiates a cellular 

response to inhibit amplification of early virus replication complexes 
7,21

. 

 

Not all viral RNAs were affected by anti-E2 antibody treatment similarly. Synthesis of viral 

genomic RNA was improved relative to subgenomic RNA with anti-E2 antibody treatment. 

Same machinery and regulation used for cellular mRNAs translation were required for viral 

genomic RNA translation. Maintaining host protein synthesis would prolong the synthesis of 

viral negative stand templates for genomic RNA replication 
24
, since production of 

unprocessed nonstructural polyprotein is required for synthesis of negative stand genomic 

RNA template 
25
. Host antiviral factors are produced by restoration of host protein synthesis 

with anti-E2 antibody treatment. These factors decrease the efficiency of viral transcription, 

especially from the subgenomic promoter. Studies show that hundreds of mammalian 

proteins are able to bind to SINV RNA to regulate transcription and translation 
26,27

. 

Therefore, changes in these RNA binding proteins expression induced by antibody 

treatment would be a valuable area for future investigation 
26,27

. 
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nsP1 binds to the plasma membrane with its amphipathic peptide, where it induces 

spherules formation that organize replication complexes for viral RNA synthesis. nsP1 forms 

a dodecameric ring at the neck of the spherules via oligomerizing, which is responsible for 

capping RNAs as they are exported 
19,28

. Capped genomic RNA is needed for nonstructural 

polyprotein translation, replication complexes formation and protection form degradation. 

Therefore, virions without capped genomes are not infectious. However, there may be 

functions for noncapped RNAs as the study showed that nsP1 mutants with increased 

capping efficiency decreased virus replication in BHK cells by impairing virion production. 

 

Previously unrecognized DVGs consisting of the SINV nsP1 gene, sometimes a portion of 

nsP2 gene, the 3′ UTR, and a poly-A tail, are identified by sequencing data in SINV infected 

differentiated AP-7 cells. Similar DVGs were found in many families of RNA viruses including 

alphaviruses 
29-32

. DVGs are products of error in viral transcription process and generally 

inhibit wild type virus replication due to activation of host immune response and 

competition for resources. However, for some viruses, DVGs facilitate virus infection or 

persistence 
31
. During hepatitis C virus infection, co-expression of wild type virus and DVGs 

lead to increased viral replication, which suggests a important biological role for DVG
33
. 

Since the nsP1 DVG contains SINV nsP1 gene, we tested its role in genome capping. In our 

study, we show that nsP1 DVGs are selectively replicated which may enhance SINV 

replication in neurons by increasing SINV RNA capping. Anti-E2 antibody treatment 

decreases SINV RNA capping by inhibiting the production of nsP1 DVGs. 
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In addition, nsP1 can induce filopodia to facilitate cell to cell virus transmission highlighting 

the potential for transsynaptic neuronal spread 
34-36

, interfere with interferon induction and 

signaling to affect virulence 
37,38

, and increase capping efficiency which is associated with 

decreased production of inflammatory cytokines responsible for neurovirulence 
39,40

. In vivo, 

infectious SINV is cleared from brain and spinal cord neurons of mice by antibody within 

eight days after infection, but it takes longer time to eliminate viral RNA 
4,14

. It would be 

interesting to determine whether the nsP1 DVG is produced in vivo and whether is 

regulated by antibody within the CNS. 
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Chapter 4 

Profiling of Sindbis virus-infected mature neurons 

 

Introduction 

 

Previous studies indicate that activation of the NF-κB/LIF/STAT3 signaling cascades involved 

in inducing antibody-mediated viral suppression 
21
(Fig. 4-1). To address the potential 

mediators and effectors of NF-κB signaling, total RNA sequencing (RNAseq) was utilized on 

the Illumina platform to identify transcriptional changes after antibody treatment of SINV-

infected neurons and analyze differentially expressed genes (DEGs) that may contribute to 

the downstream effects of anti-E2 antibody-mediated noncytolytic clearance. Pathways 

related to autophagy, transcription and translation were differentially regulated in SINV-

infected neurons treated with anti-E2 antibody compared to SINV-infected neurons that were 

not treated. 

 

Immediate early response (IER) genes can response to regulatory changes rapidly. Fos and 

Jun are two well characterized IEGs which can be induced quickly and transiently by cytokines, 

growth factors and double stranded RNA. Fos plays an important role in cell proliferation, 

differentiation and survival 
41,42

. The proto-oncogene Fos encodes a nuclear DNA binding 

phosphoprotein which forms heterodimer complexes, transcription factor AP-1 (activator 

protein 1), with members of Jun-family proteins 
43,44

. The expression of Fos can be regulated 

by NF-kB which is the key transcription factor that was previously identified as involved in 
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inducing anti-E2 antibody-mediated viral suppression, suggesting that Fos may serve as an 

effector induced by NF-κB activation 
21
 

45,46
. DEG analysis of Illumina sequencing results 

showed that Fos was upregulated in anti-E2 antibody treated dAP-7 cells infected with SINV 

compared to untreated cells at 30 minutes post antibody addition. We used qRT-PCR and 

western blotting to measure the expression of Fos in SINV-infected differentiated AP-7 cells 

and then investigated the function of Fos by inhibiting Fos signaling with AP-1 inhibitor. 

 

Autophagy is a highly conserved degradation pathway utilized by cells that target aggregated 

proteins and damaged organelles as well as implicated in viral infections including influenza 

A and immunodeficiency virus-1 
47,48

. Autophagy can promote or restrict viral replication 

depending on the virus. Others have shown that p62-mediated selective autophagy targets 

SINV capsid for viral protein clearance 
49
. Based on previous gene enrichment analysis of DEGs, 

autophagy pathway was identified as an upregulated pathway in SINV-infected differentiated 

AP-7 cells treated with anti-E2 antibody compared with untreated cells. Both Rab7a and 

ubiquitin-related genes (which contribute to autophagy) were identified as upregulated in 

anti-E2 antibody treated or untreated SINV-infected dAP-7 cells. Ras-related protein Rab7a 

is one of the small Rab GTPases that localize to the membranes of endosomes, phagosomes, 

autophagosomes and lysosomes 
50
. Rab7a which is the key regulator of the autophagy 

pathway, plays an important role in intracellular vesicle formation and transport, including 

endosome to trans-Golgi transport, lysosome acidification, retrograde transport of signaling 

endosome and intracellular transport, maturation and fusion 
51-53

. Rab7a is of great interest 

due to its multi-functional role during virus infection. Studies have shown that Rab7a and 
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related proteins mediate autophagosome-lysosome fusion to degrade hepatitis B virus 
54
, and 

Rab7a is required for efficient production of infectious HIV-1 
55
. In this study, we verified the 

upregulation of Rab7a expression in anti-E2 antibody treated SINV-infected dAP7 cells with 

qRT-PCR and western blotting and investigated the role of autophagy pathway in anti-E2 

antibody mediated suppression of viral replication with autophagy inhibitors, chloroquine and 

bafilomycin.  
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Fig. 4-1.  Model of anti-E2 antibody induced intracellular signaling that leads to antiviral 

response of mature neurons. High concentrations of SINV E2 glycoprotein is present on the 

surface of infected neurons due to budding of SINV from plasma membrane. Cross-linking 

of E2 molecules caused by bivalent antibody binding of SINV E2 induces Transient canonical 

NF-κB pathway activation. NF-κB activation induces LIF cytokine production, which in turn 

induced STAT3 pathway activation. Antibody crosslinking E2 also induces aggregation of LIFR 

on the neurons surface, which associate with LIF to induce STAT3 activation. Adapted from 

the article “The NF-κB/leukimia inhibitory factor/STAT3 signaling pathway in antibody-

mediated suppression of sindbis virus replication in neurons” by Jane X. Yeh et.al,. 
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Results 

 

The Role of FOS in Antibody-Mediated Suppression of Sindbis Virus Replication 

in Mature Neurons   

 

To validate the differentially regulated gene FOS and assess temporal changes we performed 

qRT-PCR and western blotting. We observed a sustained increase in FOS at a transcriptional 

level in anti-E2 antibody treated cells compared with cells alone and SINV infection alone at 

all timepoints except 4 hours post antibody treatment. A rare short isoform of FOS protein 

(c-Fos) was significantly upregulated in anti-E2 antibody treated cells at 4-, 24- and 48-hour 

post antibody addition (Fig. 4-2A, B). 

 

To further investigate the function of FOS in anti-E2 antibody induced protection of neurons 

from SINV infection, AP-1 inhibitor was used to treat the SINV-infected dAP-7 cells as the 

AP-1 complex can be formed by Fos and Jun. 24 hours after antibody addition, cells were 

collected for RNA and protein isolation. qRT-PCR and western blotting were used to assess 

the SINV replication at RNA level (SINV primer) and protein level (anti-nsp2 protein). With 

different concentrations of AP-1 inhibitor treatment, viral load were not altered significantly 

in anti-E2 antibody treated dAP-7 cells infected with SINV. However, at high concentration 

of AP-1 inhibitor treatment (100uM), SINV detection was significantly reduced in dAP-7 cells 

infected with SINV (Fig. 4-3A,B). To compare the similarity between the sequence of SINV 

genome with transcription factors binding sites, Geneious software was used, and found that 
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SINV genome shares sequence similarity with most transcription factors binding motifs. (Fig. 

4-3C) 
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Fig. 4-2. qRT-PCR and western blotting analysis for cFOS (A) Expression of cFOS mRNA 

assessed by qRT–PCR in SINV infected d-AP7 cells treated with or without anti-E2 

antibodies from 0.5hr to 72hr.  (B) western blotting for FOS gene in SINV infected d-AP7 

cells treated with or without anti-E2 antibodies from 0.5hr to 48hr.  
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Fig. 4-3. SINV replication was inhibited by high concentration of AP-1 inhibitor and the 

sequence of SINV genome share similarity with binding motifs of transcription factors.  (A) 

Western blotting for SINV nsp2 following different concentration of AP-1 inhibitor treatment 

in SINV infected dAP-7 cells treated with or without anti-E2 antibodies. SINV infected (MOI 

10)  differentiated AP-7 cells were treated with or without anti-E2 antibody (5μg/mL) 4 hours 

after infection. At the same time, differentiated AP-7 cells were treated with 10μL DMSO or 1

μM, 5μM, 10μM, 100μM AP-1 inhibitor 4 hours post infection. 24 hours post antibody 

addition, cells are collected in RIPA buffer for protein extraction. The purified protein assessed 

by western blotting (B) Expression of SINV mRNA assessed by qRT–PCR following different 

concentration of AP-1 inhibitor treatment in SINV infected dAP-7 cells treated with or without 
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anti-E2 antibodies. SINV infected (MOI 10)  differentiated AP-7 cells were treated with or 

without anti-E2 antibody (5μg/mL) 4 hours after infection. At the same time, differentiated 

AP-7 cells were treated with media (0 dmso), 10μL DMSO (10 dmso) or 1μM (1ap), 5μM (5ap), 

10μM (10ap), 100μM (100ap) AP-1 inhibitor 4 hours post infection. 24 hours post antibody 

addition, cells are collected in TRIzol for RNA extraction. The isolated RNAs were reverse 

transcribed to cDNA and assessed by qRT-PCR for SINV RNA. (C) Sequence alignment 

between SINV genome and transcription factors binding motifs. 
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The Role of Autophagy pathway in Antibody-Mediated Suppression of Sindbis 

Virus Replication in Mature Neurons   

 

To study the expression of differentially expressed genes identified from Illumina sequencing 

related to autophagy, we conducted a time course evaluation of transcript and protein 

production. Rab7a as a key regulator of the autophagy pathway was selected to be measured 

by qRT-PCR and western blotting. Rab7a gene at mRNA is significantly increased in both 

infected and treated cells at 4 hours and 24 hours post antibody addition, while stably 

upregulated at 48hr and 72hr in anti-E2 antibody treated cells at protein level (Fig. 4-4A,B).  

 

To further investigate the role of the autophagy pathway in anti-E2 antibody induced neuron 

protection from SINV infection, we used two inhibitors and gauged viability, SINV production 

and antibody efficacy. Chloroquine can block endocytosis by inhibition of vesicle acidification, 

and bafilomycin inhibits both autophagosome-lysosome fusion and V-ATPase dependent 

acidification 
56-58

. 24 hours after antibody addition, cells were lysed in Trizol for RNA 

purification, and qRT-PCR performed to assess SINV transcription. Anti-E2 antibody 

treatment decreased SINV expression in dAP7s regardless of inhibitor compared with dAP7s 

without antibody treatment, however, treatment with bafilomycin or bafilomycin and 

chloroquine partially reduced the efficacy of anti-E2 antibody (Fig. 4-5A, B). Autophagy has 

been shown to functionally synergize with TGFβ during bafilomycin treatment 
59,60

. In addition, 

TGFβ plays an important role in the SINV infection process 
61
. Therefore, we want to test the 

role of TGFβ in the autophagy pathway induced by anti-E2 antibody. The same samples 
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treated with inhibitors were used to detect TGFβ expression. We found that with bafilomycin 

treatment, TGFβ mRNA level were decreased in anti-E2 antibody treated cells compared to 

the cells without inhibitor treatment (Fig. 4-5C). 
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Fig. 4-4. qPT-PCR and western blotting analysis for Rab7a (A) Expression of Rab7a mRNA 

assessed by qRT–PCR in SINV infected dAP-7 cells treated with or without anti-E2 antibodies 

from 0.5hr to 72hr.  (B) western blotting for Rab7a gene in SINV infected dAP-7 cells treated 

with or without anti-E2 antibodies from 0.5hr to 48hr. Data significance shown based on 

Student’s t test where *p<0.05. 
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Fig. 4-5. qPT-PCR for SINV and TGFβ after chloroquine and bafilomycin treatment  

SINV infected (MOI 10) differentiated AP-7 cells were treated with or without anti-E2 antibody 

(5μg/mL) 4 hours after infection. At the same time, differentiated AP-7 cells were treated with 

media (none), 0.5μM chloroquine (chl), 0.5μM bafilomycin (baf) or 0.5μM chloroquine and 0.5

μM bafilomycin (both). 24 hours post antibody addition, cells are collected in TRIzol for RNA 

extraction. The isolated RNA were reverse transcribed to cDNA and assessed by qRT-PCR (A) 

Expression of SINV mRNA assessed by qRT–PCR following chloroquine or bafilomycin 

treatment in SINV infected dAP-7 cells treated with or without anti-E1 or E2 antibodies 24 

hours post antibody addition.  (B) Expression of SINV mRNA assessed by qRT–PCR following 

chloroquine or bafilomycin treatment in SINV infected dAP-7 cells treated with anti-E2 

antibody (C) Expression of TGFβ mRNA assessed by qRT–PCR following chloroquine or 

bafilomycin treatment in SINV infected dAP-7 cells treated with or without anti-E1 or E2 

antibodies 24 hours post antibody addition. Data significance shown based on two-way 

ANOVA with Tukey’s post-test where *p<0.05, **p<0.01. LFC = log fold change 
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Discussion  

 

Anti-E2 antibody can restore transcription and translation in SINV-infected dAP-7 cells to 

inhibit virus replication by triggering intracellular signaling cascades including the NF-κB and 

STAT3 signaling cascades 
21
. More in-depth studies on SINV-host-anti-E2 antibody 

interactions will be of great importance in elucidating the mechanisms underlying the non-

cytolytic clearance of virus in the central nervous system mediated by antibodies. Illumina 

sequencing was used to compare the transcriptional landscape between anti-E2 antibody 

treatment and mock treated SINV-infected d-AP7 neurons. Several pathways were identified 

as differentially regulated, including endocytosis, autophagy, transcription and translation. In 

this study, we confirmed the upregulation of Fos as an early signal induced by anti-E2 

antibody in SINV infected dAP-7 cells treated with antibody by qRT–PCR and western blotting. 

Using a high concentration of AP-1 inhibitor, virus replication was inhibited in infected cells 

with inhibition of AP-1 transcription factor. In addition, we confirmed that Rab7a was 

upregulated in SINV infected differentiated AP-7 cells treated with anti-E2 antibody by qRT–

PCR and western blotting, We also showed that inhibition of autophagy with bafilomycin can 

partially block the ability of anti-E2 antibody to inhibit virus replication.  

 

Fos plays an important role in cell proliferation, differentiation and survival 
41,42

. Upregulation 

of Fos in SINV-infected dAP-7 cells induced by anti-E2 antibody indicates its role in antibody 

mediated virus suppression. However, inhibition of AP-1 complex which is formed by Fos and 

Jun can suppress virus replication, indicating indirect effect of Fos on virus replication. Studies 
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show that virus encoded proteins share sequence similarity with Fos in the c-jun DNA binding 

domain and can bind to consensus AP-1 site for virus replication 
62-64

. We discovered that 

SINV genome share sequence similarity with most transcription factors including Fos (Fig. 4-

3C). Therefore, we hypothesized that upregulated Fos induced by anti-E2 antibody may 

compete with virus genome to bind Jun and form AP-1 transcription factor to promote the 

antiviral response.  

 

Endocytosis and autophagy pathways were differentially modulated by antibody treatment. 

Endocytosis pathway is utilized by SINV to complete its life cycle during infection, while 

autophagy pathway is used by host cell to inhibit the virus replication by degradation 
65,66

. 

Inhibition of the endocytosis and autophagy pathways by chloroquine and bafilomycin shows 

the partial inhibition of anti-E2 antibody function, which further support that endocytosis 

pathway and autophagy pathway are shared by both virus and host cell for their own survival. 

In addition, studies have shown that bafilomycin can inhibit TGFβ signaling by blocking the 

autophagy pathway 
67,68

. With bafilomycin treatment, SINV gene expression was increased in 

anti-E2 antibody treated cells compared to without bafilomycin treatment, which suggests 

that bafilomycin decreases TGFβ expression by inhibiting the autophagy pathway. Rab7a is a 

key regulator for the endocytosis pathway and autophagy pathway, responsible for lysosomal 

biogenesis, positioning and functions, maturation of autophagosomes and endosomes, and 

degradation of several signaling receptors 
69,70

. Rab7a proteins are significantly upregulated 

in antibody treated cells compared to mock treated SINV infected dAP7 neurons and 

reconfirms the result that the endocytosis and autophagy pathways are involve in the 
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mechanism of anti-E2 mediated non-cytolytic clearance of SINV in mature neurons. Further 

studies of functions of Rab7a by knock down of the specific genes would be of interest.  
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