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JC polyomavirus (JCPyV) is a human-specific pathogen that infects 50-80% of the population, and
can cause a deadly, demyelinating disease, known as progressive multifocal leukoencephalopathy (PML).
In most of the population, JCPyV persistently infects the kidneys but during immunosuppression, it can
reactivate and spread to the central nervous system (CNS), causing PML. In the CNS, JCPyV targets two
cell types, astrocytes, and oligodendrocytes. Due to the hallmark pathology of oligodendrocyte lysis
observed in disease, oligodendrocytes were thought to be the main cell type involved during JCPyV
infection. However, recent evidence suggests that astrocytes are targeted by the virus and act as a
reservoir for JCPyV. From these findings and lack of a tractable model to study JCPyV infection, the
infectious cycle was characterized in primary human astrocytes (NHAs) compared to a well-studied but

immortalized glial cell line, SVGA cells (SVGAs). It was discovered that the JCPyV infectious cycle was

delayed in NHAs compared to SVGAs, contributed in part by the transformed properties of SVGAs.

To further define the mechanisms of JCPyV infection in NHAs, RNA sequencing (RNA-seq)
analysis was performed in both cell types at time points established to be important during the
infectious cycle. RNA-seq revealed a temporal difference in differential gene expression between

primary and immortalized cells. Through complementary cell-based assays, the involvement of the



mitogen-activated protein kinases/extracellular signal-regulated kinases (MAPK/ERK) pathway was
validated, and the phosphoinositide 3-kinase (PI3K)/AKT/mechanistic target of rapamycin (mTOR)
pathway was discovered to be involved in JCPyV infection in NHAs. Altogether, RNA-seq revealed and
confirmed pathways important for JCPyV in NHAs, yet infection and PML pathogenesis is a complex
composition of variation in viral genomic sequences, contributing to a quasispecies that can impact
infection and disease pathogenesis. A bioinformatic approach characterizing 181 sequences of a
hypervariable region of the JCPyV genome validated and further characterized how this region is diverse
from various locations in individuals and among patients with disease. Overall, this dissertation
addresses how astrocytes are involved during JCPyV infection and how the virus mutates, highlighting

the interplay of viral and host cell factors that contribute to pathogenesis of this deadly disease.



DEDICATION

Thank you to my family, especially my parents, for supporting me throughout my life.

Thank you to my partner, where none of this would be possible if it were not for you.



ACKNOWLEDGEMENTS
Thank you to everyone at the University of Maine who supported me throughout my graduate career
these past years. Especially to everyone in the Maginnis Lab, including Colleen Mayberry, Kashif
Mehmood, Jeanne DuShane, Avery Bond, and Mason Crocker. As well as Francesca Armstrong, Remi
Geohegan, Laura Horowitz, Lauren Cusson, and Aiden Pike, in which | had the opportunity to mentor
each one. | was fortunate enough to be surrounded by a team that facilitated my growth and made the

laboratory environment an enjoyable place to be in.

Thank you to Dr. Sally Molloy and Dr. Melody Neely, who were my unofficial mentors, helping me build

my skillset in teaching and allowing me to be part of numerous meetings. | would not have been able to

facilitate an active learning environment or even make it through my first semester in teaching a course
if it were not for the guidance of either of them, especially during the few months of the COVID-19

pandemic!

Thank you to all the professors in the Molecular and Biomedical Department, including Patricia Singer-
who saved me more than a few times with last-minute experiments, Tammy (Gosselin) Randall, and
Doreen Sanborn- who supported this Department. Also, thank you to the Graduate School, the Graduate
Student Government, and especially Scott Delcourt, who has facilitated my professional development

more than ever imagined.

Lastly, thank you to my mentor, Dr. Melissa Maginnis. You have helped me grow as a researcher,
teacher, and person. None of the accomplishments | had the opportunity to earn would have been
achieved if not for you. Knowing this from firsthand experience, every person has the potential to

succeed. Yet, the environment they are placed in makes all the difference.



TABLE OF CONTENTS

DEDICATION ...ceiiiiiiiiiteietetttetetete ettt ettt ettt ettt ettt e etetee e ettt tete e et e ee e et e ae s et et et et et e e et et et e e e e e e e ee e e e e e e e e aeae e e e e e e eeeeeeeeenenenenanes ii

ACKNOWLED GEMENTS L. e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaeaaaeeens iii

I Y O] 7Y 2 P PPRPPPPPPPPPPPNY X

LIST OF EQUATIONS ...ttt ettt ettt et ettt sb e e sht e sate st eeteesbeesheesatesatesabeeabe e bt esbeesaeesatesateenbeanbeesaeesanenas xi

LIST OF FIGURES. ... ettt ettt ettt sh e st st et e bt e bt e sbeesate st e e b e e bt e bt e beesmeesaeeenteenseens Xii
Chapter

1. INTRODUCTION ...ciiiiiititieitte sttt sttt sb e e s bt et st e b e e s bt e s bt e satesabesabeeabe e bt e beesbeesaeeeateenbeenbeesbeesanesas 1

Viruses and the Balance of Life and KNOWIEAZE ........ccuveiieiiiii et 1

Epidemiology Of JC POIYOMAVITUS .....cccociiiieicieee ettt et e e et e e e e bt e e e e e bte e e e enaeeeeeanes 3

Progressive Multifocal Leukoencephalopathy.......c.eoiiiiiiiiciiie e 4

@ YAV A [ o] =T d o TU R G o] L= PSPPSR 6

N1 N 7

JCPYV T Antigen and SVAD T ANTIZEN ..oouiiiiiciiee ettt ettt e e e e e sr e e e aaa e e ssaaeeeean 8

Cell CyClin REGUIATION. ...cci ittt e e e sbae e e e eabee e e e s bee e e enaseeas 9

Late GENE EXPIrOSSION. ... i aa s e s aaasaaasannnannnnnnnas 10

Astrocytes and JCPYV INTECLION .......cei ittt e et e e e e tre e e e e are e e e ebteeeeebreeeeennes 11

ASTrocytes and HOSt DEfENSE......c.uuiiiiciiie ettt e et e e e ata e e e e ata e e e e easaeaaean 11

Astrocytes in JCPYV iNTECTION ..occcuiiiiiciee ettt tr e e e et e e e esaraeeaeas 13

Animal Models and Primary Cell Models to Study PIML .........coooccuiiieieiiiee ettt 14

NGS and other Bioinformatic Tools to Study Virus Infection.........ccceeveciieieiiiiieeccieee e 15

Cellular Pathways Targeted DY JCPYV ...ttt et e e e aae e e 16

The MAPK/ERK PEERWAY ..eccuviiiieiieieeiieecteectee ettt este st e steeseveenveebeesteestnsesneenseenbeesseessessnneens 17

The PIBK/AKT/MTOr PALRWAY ...iccviiiieiiiecieeciee ettt eete et e eveebeesteesteeetaeeaveenbeesbeestaesaneens 18



Consequences of Immortalization on Signaling Pathways and JCPyV infection ................... 19
Crosstalk between MAPK/ERK and PI3K/AKT/mTOR Signaling Pathways........c...ccceeeveeenee.. 20
SUMIMIANY i e e e e e e e e e e e e e e e e e e aeaaaaaeas 20

2. JCPOLYOMAVIRUS INFECTION REVEALS DELAYED PROGRESSION OF THE INFECTIOUS CYCLE IN

NORMAL HUMAN ASTROGCYTES ....cceiiiiiiitiiitititieteteteteteteeeeeteteeeteteeeteteseteteeeeeteeeteaeeeeeteteeeeeeseeeeeeeeesesesereresenenes 22
T 1 ageTe [V 4 Te] o HA TPV PTOPPROPPI 22
Materials anNd MEthOGS.......ccouiiiiiieie et e s e e ae e e sbe e sneeesreeeaee 26

Cells, plasmids, AN VIFUSES .......cccuuriiiieieeecccciieeeeee e e ettt e e e e e eetrrre e e e e e e e e aabbaaeeeeeeeenansaaaeeeas 26
@ YAV T o] =T ot o o SRR 28
Indirect immunofluorescence staining and quantitation of JCPyV infection......................... 28
In-Cell Western assay and host protein quantification ..........cccceeeeiiiei e e, 29
Host-cell and viral protein expression by confocal microscopy. .....cccceeeeveeeeeciieeeeccieeeeeeen. 30
Image J quantification of host-cell and virus protein .........ccccccvveeeiiiee e, 30
Absolute quantification of T Ag and VP1 transcript levels by qPCR ........coovveieieviiieeeeiiieeenn. 32
Statistical analysis and graphing in RStUdiO. ........cooiviiiiiiiiiiiie e 33
Scripts fOr PCA and IMAGEJ ...ceiieiieee ettt et e e et e e e sbae e e s sbaeeeessaaeesennes 34
RESUITS ..ottt st ettt e s b e s ae e st et e b e she e s ae e s ab et b e reesaeeeareenre s 34
NHAs display established characteristics of astrocytes......ccccvuvvvvviiieiicciiec e, 34
Multiple variants of JCPYV infect NHAS. ......cccviiiieieee ettt 35
JCPyV infection of NHAs occurs in a delayed manner independent of MOI. ........................ 37
SV40 Large T Ag restores VP1 production in NHAS. ........coeviiiiiiiiiiiiiieee e, 39
Production of VP1 transcript is delayed in NHAS. ........cccooiiieiiiiiecciiee et 42
Polyomavirus proteins dysregulate the cell cycle in primary and immortalized cells........... 44
DISCUSSION...ciiiiiiii ittt b e a e bbb e s a e 48



3. THE MAPK/ERK PATHWAY AND ROLE OF DUSP1 IN JCPYV INFECTION OF PRIMARY

ASTROCYTES ...ttt ettt ettt sttt ettt e s b e s bt e s ae e st e et e e bt e bt e e be e sae e e ae e et e e ebeesbeesmtesmbeeabeenbeenbeesmeeeneeentean 54
INEFOAUCTION ettt sttt st e b e s b e s bt e sat e et e e nbeesbeesaeesanesabeeabeenns 54
Materials anNd MEthOGS........coiiiiiie ettt st e st e e sar e sbee e saree s 58

CellS AN VIFUSES. ....ciiiiiiiie ettt ettt ettt et e s et e st e st e s bt e e sabeeesabeesabeeeaneeesabeeenanes 58
SIRNA TrEatMENT ..o e s e e s e e e s s mre e e s snreeeesanee 58
@ YAV AT ] =T o1 4 T o PP PPP 59
Chemical inhibitors, BCI treatMeNnt. ......ccoiceciiiiieee ettt e eeerrrre e e e e e e aaee s 59
Indirect immunofluorescence staining and quantitation of JCPyV infection. ....................... 60
ICW assay and LI-COR quantifiCatioN.........cocecuiieieciiiee ettt 61
Absolute quantification of DUSP1 transcript levels by gPCR. .....ccceveeiiiiiicieeeeeee e, 61
Preparation of samples for RNA-seq and RNA-seq analysis. ......cccccoueveeecieeeecciiee e, 62

STRING Interaction database, GO Enrichment Analysis, and PANTHER pathway

ALY SIS, ettt e ettt et e e e e e e e et —e e e e abae e e e e b taeeeaabtaeeeaabtaeeeaabeeeeeaabreeeeaarraeeeanes 63
Statistical analysis and graphing in RStUdiO. ........cooiiiiiiiiiiiie e 63
Data AVailability. oocueeeeeeiiie e e e e et e e e nab e e e e e naraeas 64
RESUILS ..ttt ettt et e b et e st st e e bt e b e e st e e n e et e e e h e e s aeesane e r e neens 64

RNA-seq reveals unique differential gene expression in JCPyV-infected primary astrocytes

VEISUS SVGAS. ...ttt ettt ettt e e e e e e bbbt e e e e e e e e s b e e teeeee e e s nsbeeeeeeeeesanneseeeeeeeeasannrrnes 64
The MAPK/ERK pathway is differentially expressed in NHAs during JCPyV infection........... 67
Knockdown of MEK and ERK in primary astrocytes influences JCPyV infection. .................. 68

DUSP1 transcript decreases during JCPyV infection in NHAs and is essential in regulating the

MAPK/ERK pathway compared to immortalized cells. ..........cooeieeeeeiieeeeceeeeee e, 71

Vi



ERK phosphorylation and subsequently DUSP1 phosphorylation was significantly inhibited
in primary astrocytes early during JCPyV infection. ........cccccoeeviiiiiiiei e, 74
Hyperactivation of ERK through DUSP inhibition increases JCPyV infection in primary
E2 Y o 0 Loy <L PP PPPPT 75
DUSP1 is required for JCPyV infection in NHAS .........oiiviiiiiiiec et 76
The network of genes related to the interactions of DUSP1 and ERK1/2 are involved in the
pathways of the immune response, cell survival, and apoptosis .......ccccececvrrveeeeeeeecccinrrinennn. 79
BT ol U E1 (o o T TP PP PRI 80

4. PI3K/AKT/MTOR SIGNALING PATHWAY IS REQUIRED FOR JCPYV INFECTION IN PRIMARY

ASTROCYTES ...ttt ettt ettt et ettt e s b e s bt e s at e st e et e et e e bt e e beesae e e ateeabeeebeeebeesabesabeeabeenbeenbeesmeeenteentean 89
T o o [¥Tord o] o HUU OO P TS UUP PR PRI 89
Materials aNd METNOGS......cc.uiiiieeeee et sttt et e sbe e st eb e e b e ns 92

CEllS AN VIFUSES. ...ttt sttt ettt et s et e st st et e b e bt e smeeemeeeneeeneeen 92
@ YAV AT ] =T ot 4 T o PSPPI 93
Chemical INNIDITOTS .. ..ooiiiiieee e s e 93
Indirect immunofluorescence staining and quantitation of JCPyV infection ........................ 94
ICW assay to measure protein expression using LI-COR software.........ccccceeeeveeeevcveeeeeenneen. 95
RNA-seq and pathway analySiS......ccuuiiiiiiiiiiiiie e e e e e e aaeeas 96
Statistical analysis and graphing in RStUdIO. ........ccooeciiiiieiiiec e 96
RESUIES ..ttt h ettt e bt e bt e e bt e s at e et e e bt e bt e s bt e e bt e eat e et e e be e nheeeateeabeebe e beenes 97

U0126, a common MEK inhibitor does not reduce JCPyV infection in primary
F ] o o o1 o =Nt 97
AKT phosphorylation was moderately increased in NHAs during U0126 treatment compared

LI VL CT =T a Lo V] 1 TR 98

Vii



PI3K/AKT signaling pathway genes were upregulated during JCPyV infection in

NH A ettt et e b e s bttt et b e e bt e s bt e s h et e a et st e e bt e bt e bt e nbeeeheesaeeearean 100
AKT was differentially expressed and required for JCPyV infection in NHAs...................... 101
PI3K was required for JCPyV infection in NHAS ........coooviiiiieiiie e 102
mTor inhibition significantly reduces JCPyV infection in NHAS .......cccooovviiiieeeeeeiccciiiieee. 105
BTy o{ U1 o R PPRPUPPPPO 107

5. REARRANGEMENT IN THE HYPERVARIABLE REGION OF JC POLYOMAVIRUS GENOMES ISOLATED

FROM PATIENT SAMPLES AND IMPACT ON TRANSCRIPTION FACTOR-BINDING SITES AND DISEASE

OUTCOMES ...ttt ettt sa e sttt ettt e bt e s bt e s bt e sat e e ate et e et e e e bt e sheesaeeeabeembeeabeebeeabeeeneeenseenrean 113
INEFOAUCTION Lottt e b e she e sttt et ebe e bt e s beesaeesabeeateenbeesbeesaeenas 113
Materials aNd METNOMS......co.ei ittt st sttt sbe e saeesane e 117

Curating the dataset of NCCR viral isolates and performing a phylogenetic analysis......... 117
Determining and visualizing the blocks of each NCCR viral isolate........ccccceecveeeeciieeeennneen. 117
Determining the TFBS for each NCCR viral isolated using the JASPAR database. ............... 119
Statistical techniques and code availability..........cccoeeiiiiieiiiii i 120
RESUIES .. ettt sttt et b e s bt e st s e et b e bt re e she e s et et e e reesaeesane e 120
The curation of the JCPyV NCCR from patient samples.......cccccovveeiiiieeiicciiee e 120

Phylogenetic analysis reveals distinct differences from sequences isolated from the urine
versus other sites while revealing similarities in the NCCR across the CSF, brain, and plasma
T a o] a¥=d o VL o F- =] o | £ PPN 121
The heterogenicity of NCCR sequences across isolation sites and disease status. ............. 122
Density distribution of the individual blocks reveals a high frequency of deletions in block

“c”,“d”, and “f” in NCCR sequences from PML patients isolated from the CSF.................. 125

viii



TFBS that facilitate activation of JCPyV infection are more frequent in nonurine sequences
from PML patients and TFBS that repress JCPyV infection are higher in sequences isolated
FrOM @ UMINE. (et e e sae et et e b e b e saeesaee e 127
Significant differences are observed in the number of TFBS in NCCR viral isolates from the
brain, plasma, and CSF, specifically in block “c”, block “d”, and block “f” of the NCCR...... 128

The number of TFBS that are related to forkhead and homeobox proteins are increased in

the “c” block and decreased in the “d” block of patients with PML........ccccccovvviviieenennneen. 131

DT ol U E1 o o TR PRSP PPP 132
CONCIUSIONS ...ttt b e s bt sttt et e b e e bt e s bt e sabesatesabeeab e e be e bt e sbeesneesaeeentean 137

6. CONCLUSIONS AND FUTURE DIRECTIONS.......eiittiritenitenitenteeieenteesteesieesiee st st ebeesbeesbeesbeesaeesaeeeneean 139
7. REFERENCGES ...ttt ettt ettt e e e e e et e e e e e e e e e bt e e e e e e e e s nnbebeeeeeeseaannreneeeaeeeaanan 145
8. BIOGRAPHY OF THE AUTHOR .....oitiiiiiiiieeieeteeie ettt sttt sttt sbe e st st st s te e b e sbeesbeesmeeemseeneean 177



Table 2.1.

Table 3.1.

Table 4.1.

Table 5.1.

Table 5.2.

LIST OF TABLES

Antibodies used in immunofluorescence (IF) and ICW assays. ......cccccceeeeevveeeennen. 29
Antibodies used in immunofluorescence (IF) and ICW assays. ......cccccceeevevveeeennen. 60
Antibodies used in immunofluorescence (IF) and ICW assays. ......cccccceeeeevveeeennnen. 95
Block sequences and criteria used to locate them in each sequence .................. 119

Bonferroni adjusted P values from pairwise comparisons using Wilcoxon Rank
Sum Test with continuity correction of the normalized frequency of TFBS

VS Y V=TTl o I (o Yor= 1 { o] s AT 130



LIST OF EQUATIONS

Equation 2.1. Cytoplasmic relative iNteNSItY......cceeiiiciiii it e 32
Equation 2.2. Nuclear to cytoplasmic (N:C) ratio.......ccceeeeeciereiciiiiee et 32
Equation 5.1. Normalized frequency of transcription factor binding sites (TFBS).........cccccuuee... 120

Xi



Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 2.1.
Figure 2.2.

Figure 2.3.

Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.

Figure 2.8.

Figure 2.9.
Figure 2.10.
Figure 2.11.

Figure 2.12.

Figure 3.1.

LIST OF FIGURES

Progression PML development and the cell types involved. ........cccccoeveeiiiiiieninnnee. 5
Schematic Of JCPYV ENOME. ....uiiiiiiiiie ettt e e s sbee e e s s sraeeeesans 7
JCPyV infectious cycle in a glial cell type.....cevieeiieiiicee e 10
Schematic of the PI3K/AKT/mTor and MAPK/ERK signaling pathways.................... 21
Workflow in Imagel to quantify host cell and virus protein expression.................. 31
NHAs display established characteristics of astrocytes. ........ccceecvvievecieeeccciiee e, 36

Multiple JCPyV strains demonstrate robust T Ag production but delayed production of VP1

TN INHAS. < et e e 37
Late JCPyV gene products are delayed across a range of MOls.........cccccceeevveeenneen. 39
The JCPyV infectious cycle is significantly prolonged in primary astrocytes. .......... 40
SVA0 T Ag reestablishes VP1 production in NHAS. ........cccoiiiiriiieeiiiiee e 41
Reduced production of T Ag protein delays transcription of VP1 in NHAs.............. 43

JCPyV T Ag drives nuclear expression of cyclin E in all cell types, while cyclin B1 expression

IS VANTADIE. .o e 45
PCA separates the NHA population early during JCPyV infection............ccccuueeenneee. 46
Nuclear cyclin E expression is enhanced in NHAs expressing VP1.........c.cccoveeenneee. 47
VP1 expression correlates with cyclin expression in JCPyV-infected cell. ............... 48

Model of the temporal regulation of JCPyV infection and cell cycle progression, comparing
NHAS tO SVGAS. ...ttt e e s s e s 53
Whole transcriptome RNA-seq profiles of JCPyV-infected primary astrocytes and SVGAs
during course of infection reveals differential gene expression between primary and

IMMOTTAlIZEA CRIIS. e 66

xii



Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

The MAPK-ERK1/2 cascade and associated gene networks are differentially expressed in
NHAs compared to SVGAs during JCPyV infection..........cccccoeeeeeiieiiecciee e, 69

MEK and ERK knockdown in NHAs ensue remarkable differences in the outcome of JCPyV
1] {1 Ao o R PPV UUTTOUPPPTR 70
Dual-specificity phosphatases (DUSPs) are differentially expressed early during infection
and when either expression of MEK1/2 and ERK1/2 are reduced in primary

£ Ry o 0 104V <L TP UUPPPPPPN 73

DUSP1 and ERK phosphorylation is reduced in NHAs compared to immortalized cells during
N[O YAV T ] {=T ot 4 o] o TR USSR 75

Activation of ERK through allosteric inhibition of DUSP1, increases infection in

DUSP1 is required for JCPyV infection in NHAS.........cccooeiiiiiei it 78
PANTHER pathway analysis of the genes within the DUSP1- ERK1/2 network demonstrate a
response to immune activation and downstream activation of the receptor tyrosine kinase
[ 10 01V 1SRRI 81

MAPK/ERK pathway during JCPyV infection and summary of the various outcomes

following treatment of SiIRNAS or inhibitors .........ccceviiiiiiiniiiinieee e 82
MEK inhibitor U0126 does not decrease JCPyV infection in NHAs. .........ccccuveenneee. 99
U0126 increases AKT phosphorylation in NHAS..........cccceeeiiiee e 100

Genes in the PI3K/AKT pathway were differentially expressed during JCPyV infection in

NHAs compared to viral infection in SVGAS...........cooeeciiiiecciiee e 101
AKT is required for JCPyV infection in NHAS. .........ccccoiiiiiiiiie e 103
PI3K inhibitor wortmannin reduces JCPyV infection in NHAs. ............cccceeeeciieenns 104

Xiii



Figure 4.6.

Figure 4.7.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Inhibitors of mTOR, a target of the PI3K/AKT pathway, reduce JCPyV infection in

Flowchart of sequences of JCPyV NCCRs retrieved from the NCBI database ....... .118

A phylogenetic analysis of the NCCR sequences of the JCPyV genome based on the location
of sequence isolation and the disease status of the patients..........ccccceeveveerennnnen. 122
Sequences isolated from the CSF illustrate the greatest degree of rearrangement in the
NCCR Of the JCPYV SENOME. ...cci ittt ettt e vt e e e e rae e e e e reaeeeeaes 124
Deletions and duplications of the C block, D block, and F block accumulate more in patients

with PML or AIDS in the NCCR of viral isolates from the brain, plasma, and

Transcription factors binding sites that activate JCPyV infection are more prevalent in
patients that have PML or AIDS in the NCCR of viral isolates from the brain, plasma, and
eSPECially, the CSF. ... e e e 128

Block C, D, and F of the JCPyV NCCR has the largest variation in the frequency of TFBS in
sequences isolated from the brain, plasma, and CSF, compared to sequences isolated from
the urine of healthy individuals.........c.ccoooeiiiiiiiie e 129

The number of TFBS compared to sequences isolated from the urine of healthy individuals
are greatly added to enhancer elements and removed from other elements in patients
LY T o U PP UPP 133

Rearrangements of the NCCR and changes in TFBS. .........cccoeeieciieeeeciiee e 138

Xiv



CHAPTER 1

INTRODUCTION

Viruses and the Balance of Life and Knowledge

Viruses are the most significant biological group globally, offering incredible genetic diversity
and exceedingly unexplored potential (1). These characteristics, though exciting, strengthen the driving
force of viral evolution through ecological pressures and mechanistically by horizontal gene transfer (2).
Continued research is critical to remain knowledgeable in one of the largest and most dynamic biological
groups that we coinhabit within this world. The large number of viruses on Earth, known as the
virosphere (2, 3), as well as the study of viruses, can be thought of as a teetering “balance of life and
knowledge,” educating us in the fundamentals of DNA replication (4—6), protecting and aiding us in the
response of our immune system (7), but also having the potential to cause global catastrophes,
displacing our way of life (8, 9).

Recent bodies of evidence suggest that before we are born, viruses contribute to our health,
especially to the biology of the placenta (10). Specifically, exogenous retroviruses promote the placental
biology by facilitating the formation of the multinuclear barrier, protect the fetus from other viruses,
suppress maternal immunity, and may even play a role in controlling gene expression during pregnancy
(10-13). Additionally, the human virome, (i.e., a large diversity of viruses colonized in healthy humans),
can also benefit our health. Studies have demonstrated the protective effect to infants contributed to
breast milk, inhibiting viral infection and illuminating the diversity of viruses affected (14), as well as
having antiviral properties to a range of viruses (15-18), including severe acute respiratory syndrome
coronavirus (SARS-CoV) (19). Unfortunately, viruses can also become pathogenic, demonstrated in the
1918 H1N1 pandemic (9) and recently, the World Health Organization (WHO) declaring the outbreak of

COVID-19, caused by SARS-CoV-2 virus, a global pandemic on March 11%, 2020 (8).



A virus becoming pathogenic is dictated by several variables (20). The most important, is viral
persistence in the host/population and how it contributes to the overall ecosystem (20). This includes
viral transmission or spread through a given population (20), which was directly observed during the
COVID-19 pandemic where transmission occurred at a higher frequency in more dense populations. For
another example, measles virus requires a relatively large naive human population to exist, of
approximately 250,000 to 500,000 individuals, requiring a human host quickly for it to remain infectious
(21, 22). Yet, the virus has contributed to ~110,000 deaths annually according to 2017 estimates (23,
24). Due to the aggressive nature of measles, massive human efforts were undertaken, developing a
vaccine, which reduced the number of cases from 145 cases per million in 2000 to 19 cases per million in
2016 (24). Interestingly, 2019 saw the highest reported cases in 23 years (25), however in 2020 a
significant decrease in the number of measles cases occurred, most likely contributed to the public
health interventions in place during the COVID-19 pandemic (26). These measles outbreak dynamics,
highlights the vulnerability of the virus as well as its limitations in viral spread throughout a population.
This contrasts with, herpes simplex viruses, which, persist in their host for a lifetime and unlike measles,
require a smaller group of people to persist in the population as it has many more opportunities to
establish infection (20). As a result of this numerical trade off, in 2016, an estimated 491.5 million
people, ~13.2% of the population aged 15 — 49 years, were infected with herpes simplex virus 2 (HSV2),
and 3,752 million people or ~66.6% of the global population from 0 — 49 years of age was infected with
HSV1 (27). Additionally, zoonotic diseases, viruses transmitted from animals to humans, are pathogens
that can infect humans, for which they expand their ecological niche, and in the case of SARS-CoV-2, can
cause a global pandemic. Overall, numerous variables are available to measure the extent of virus
pathogenicity, including the mortality rate, the morbidity rate within a community, and the range of
host tropism; however, the most successful virus is transmitted from one host to the next,

accomplishing a persistent infection, and is almost undetectable to the host.



Epidemiology of JC Polyomavirus

JC polyomavirus (JCPyV) persistently infects up to 80% of the adult population (28-30). Viral
infection commonly occurs in childhood via horizontal transmission (31) and spreads from one person to
the next through peroral transmission acquired from contact of contaminated surfaces, food, and water
(32, 33). This virus has successfully created an ecological niche with humans through 100,000 to 200,000
years of coevolution with the population (34—37). Interestingly, given the low mutational rate of JCPyV
compared to other viruses, subtypes of JCPyV have been used to map population movement across the
world (37-40). In total, there are approximately 19 subtypes of JCPyV, defined by specific mutations of
the late portion of the viral genome (discussed later) (41). Briefly, these subtypes are unique upon
geographical area, type 1 and type 4 are associated with Europeans and European-Americans (37), type
2A found in Asian and Native American populations (42), and type 3 and 6 are associated with Africans

and African Americans (43).

JCPyV is characterized as a persistent, asymptomatic infection in the kidneys of healthy
individuals, where the virus is periodically shed in the urine (28, 30, 44—47). As the virus is transmitted
through the peroral route, primary infection is thought to occur in the tonsillar tissue (44, 48). Upon
initial infection however, the virus establishes further secondary infections in circulating B cells, bone
marrow, and the kidneys (44). These sites of secondary infections are referred to as latent, yet true
latency is not observed (47), as the virus does not express latency genes or latency transcripts (LATSs) (49,
50). Viral DNA is quantified by highly sensitive polymerase chain reaction (PCR) (51-53) and it is thought
that the virus may sporadically or intermittently replicate within these secondary locations, specifically
in the kidneys, characterized as a persistent state of viral infection (47). It has also been reported that
JCPyV can be present in the brain among healthy individuals as an additional secondary location in the
body, however this site harboring latent virus is still inconclusive (54-57). A few reports demonstrated

that viral DNA was present in the brain yet there was no presence of the viral proteins (54, 56). These



include areas such as the frontal cortex, hippocampus, and cerebellum but only fragments of viral DNA
were detected (56). The authors concluded that this could have been due to circulating JCPyV-infected B
cells that traversed the blood brain barrier, and fragments of viral DNA were possibly able to integrate
as free episomal DNA molecules and persist in specific brain cells (56). Overall, JCPyV is an accomplished
virus because it has adapted well to the human host, demonstrating the characteristic of viral
persistence in the human population. Unfortunately, JCPyV is capable of a more serious and fatal
infection, causing disease. During a state of immunosuppression, JCPyV can reactivate and spread to the
central nervous system (CNS) (45, 58, 59) causing the fatal, demyelinating disease, progressive

multifocal leukoencephalopathy (60-63).

Progressive Multifocal Leukoencephalopathy

As discussed, JCPyV subtypes can be defined by the geographical location, creating a global
perspective of viral spread and mapping human population movement (37—40). Moreover, these
subtypes are also associated with varying levels of virulence. Specifically, the JCPyV subtype 2B, often
isolated from Asians and Eurasians, has demonstrated a higher incidence of PML (64, 65), in contrast to
type 4, being associated with a lower risk of disease (66). PML is caused by the cytolytic destruction of
astrocytes and oligodendrocytes within the CNS as illustrated in Figure 1.1 (58, 59, 67). Clinical patient
samples have indicated that the destruction of oligodendrocytes, the cells that produce myelin, lead to
demyelination of the CNS and onset of PML. Yet, recent research has demonstrated astrocytes are the

main target during JCPyV infection (68), highlighting the complexity of PML.

JCPyV reactivation from sites of secondary infection are poorly understand and the direct
mechanism of reactivation lacks definitive evidence (69). However, it is conclusive that PML occurs in
immunosuppressed hosts, observed in patients with deficiencies in CD4* T cells (70). For this reason,

individuals who are positive for human immunodeficiency virus (HIV) were historically, at most risk for



disease, representing up to 5% of all PML cases (60, 71). Fortunately, the use of highly active
antiretroviral therapy (HAART) has significantly reduced the rate of PML among HIV-positive individuals
(72, 73). Due to the opportunistic nature of the disease, recent risk groups for the development of PML
have emerged, specifically among individuals who take immunomodulatory therapies for immune-
mediated diseases. This includes patients who take natalizumab and rituximab for multiple sclerosis
(MS), rheumatoid arthritis, or systemic lupus erythematosus (SLE) (71, 74—76). This is especially true for
patients who take natalizumab with prolong treatment and seropositivity, with an overall risk of

developing PML of 1 in 1,000 (77).

PML treatments are significantly limited, and their success is relatively limited as PML is typically

Figure 1.1. Progression PML development and the cell types involved. MRI displaying PML lesion development in
white matter of the brain. MRI adapted with permission from (67). Bottom MRI is of the same individual, 4 months
apart. Demyelination is caused by the cytosolic destruction (left and center panels) of oligodendrocytes (orange)
and astrocytes (green) (right panels). Other cell types displayed, neurons (blue) and microglial (purple) are not
considered to be the main cell types involved in PML.

diagnosed late, when neurological deficits are manifested (74). A proactive approach, especially for
individuals who are at heightened risk for disease is recommended, through risk stratification of
treatment regimens and monitoring both JCPyV antibodies and frequent brain MRIs (78). Treatments

most often address the underlying immunosuppression, either treating HIV with HAART or discontinuing



immunosuppressive therapies (71, 79-81). Recently, there has been studies demonstrating the possible
benefits of T cell therapy, however these treatments can result in severe morbidity (71, 82, 83). This
includes an increased risk of immune reconstitution inflammatory syndrome (IRIS), a condition in which
extensive inflammation can lead to immune-mediated injury and death (84, 85). Overall, contrary to the
persistent nature of JCPyV infection among healthy individuals, PML in immunosuppressed patients is
characterized by uncontrolled JCPyV replication, partly due to the individual’s health but can also be

attributed to the JCPyV genome driving the infectious cycle of the virus.

JCPyV Infectious Cycle

JCPyV is a nonenveloped double-stranded DNA virus with a circular genome of approximately
5,100 base pairs in size (86, 87). JCPyV infection begins with attachment to a2,6-linked sialic acid on
lactoseries tetrasccharide (LSTc), through a major viral protein (VP) that contributes to the viral capsid
(88—90). For viral entry into the cell, JCPyV requires the 5-hydroxytryptamine 2 family of serotonin
receptors (5-HT2Rs) and clathrin-mediated endocytosis (91, 92). Following entry, the virus traffics to the
endoplasmic reticulum (ER), through the endocytic compartment (93-95). In the ER, JCPyV undergoes
partial disassembly (93) before it arrives at the nucleus. Here, the remaining events of the JCPyV
infectious cycle is accomplished by genes expressed in three regions of the genome, that make up its
entirety: the noncoding control region (NCCR), and two bidirectional coding regions that encode for the
early genes and late genes (Figure 1.2) (47). The NCCR orchestrates the transformation of the cell to

create a supportive environment for viral DNA replication.
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NCCR

The NCCR is approximately 145 base pairs in length and this region is critical not only in
establishing infection but correlates with PML risk (96, 97). Numerous host factors, including nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) (98, 99), Spi-B transcription factor (SpiB)
(100), and in glial cells, nuclear factor of activated T-cells 4 (NFAT4) (101) and subtypes of the nuclear
factor-1 (NF-1) family (102, 103) bind to the NCCR to initiate early gene transcription. These host
transcription factors are important for viral transcription and play a role in the cellular tropism of the
virus. For example, JCPyV can infect circulating B cells, whereas when B cells mature, transcription
factors such as NFIX and SpiB are upregulated (100, 104), influencing viral replication. Additionally,
individuals who receive natalizumab treatment have induced B cell differentiation, possibly facilitating
the development of PML (105).

Yet, the NCCR is a hypervariable region of the JCPyV genome; subject to homologous
recombination that leads to large deletions and tandem duplications in this region (Figure 1.2) (74). This

approximately 145-base pair region is organized into six DNA sequence blocks, denoted as lowercase



letters “a”, “b”, “c”, “d”, “€” and “f” which can undergo rearrangements (106—108). The strain not
associated with disease is called the archetype or CY, and these blocks are arranged “a” through “f”,
found predominantly in the kidneys of healthy individuals (74, 109). However, the PML-type strains,
most commonly contain a 98-base pair tandem repeat, known as an enhancer element, composed of
blocks, “a,” “c,” and “e.” These duplicated sequences allow for duplicate TATA boxes and additional
transcription factor binding sites (TFBS) (69, 110, 111). These additional TFBS allow for the recruitment
of transcription factors, such as NFIX, to bind to the NCCR and enhance viral transcription of both the
early and late genes (112, 113), including JCPyV Large T Antigen (T Ag), needed to transform the cell to

support viral DNA replication.

JCPyV T Antigen and SV40 T Antigen
The prefix of polyoma in JCPyV means “many” and “tumor” given the name due to the

production of the viral oncoprotein T Ag. T Ag can transform and induce immortalization properties into
the host cells and animals (114). Located in the early genes of the JCPyV genome, T Ag is a
multifunctional protein. These functions include driving the cell into S phase, during which viral DNA is
replicated, by binding to phosphorylated retinoblastoma (pRB) causing the release of the transcription
factor, E2F-1 (114, 115). It also sequesters p53 in the cytoplasm to prevent the activation of apoptotic
pathways (116), and it acts as a helicase to unwind the viral DNA for replication by binding to the origin

of replication located on the NCCR (41, 116).

There is high nucleotide similarity across the Polyomaviridae family with JCPyV and BK
polyomavirus (BKPyV) (117). BKPyV also establishes an asymptomatic infection, yet during
immunosuppression BKPyV can cause nephropathy and hemorrhagic cystitis (118). JCPyV and BKPyV
share 80% homology in their early coding regions, like anther polyomavirus, simian virus 40 (SV40) ((96,

117). Even though there is a high degree of nucleotide similarity observed between JCPyV and SV40



early genes, including within T Ag, the T Ag of SV40 can enhance JCPyV replication, through binding
more efficiently to the JCPyV genome (119-121). SV40 T Ag can also dysregulate the cell cycle and
activate cellular pathways that can support JCPyV infection (122, 123). Consequently, numerous studies
understanding JCPyV infection have utilized SVG-A cells (herein as SVGAs), a glial cell line, immortalized
with SV40 T Ag to support robust levels of JCPyV infection (120, 121, 124). SV40 T Ag can support higher
levels of JCPyV infection because it can bind more efficiently to the JCPyV viral genome than the JCPyV T
Ag, consequently creating a more conducive environment for JCPyV infection and driving JCPyV DNA

replication forward (120).

Cell Cycle Regulation

Polyomavirus (PyV) T Ag, including SV40 T Ag can also induce expression of cyclins A, B1, and E
but not of cyclin D (125, 126). Cyclins are often used as cell cycle markers (68, 127—129) and have been
implemented to understand how JCPyV influences the cellular environment (68, 130, 131). Among the
cyclins, the expression of cyclin E and cyclin B are the most useful to characterize JCPyV infection. Cyclin
E is activated towards the end of the G1 phase and accumulates in the cell during S phase; this event is
perhaps facilitated by T Ag binding to Rb and releasing the transcription factor E2F-1 (114, 115, 132—
134), as illustrated in Figure 2.4. It has been previously demonstrated that cyclin E expression is
upregulated during JCPyV infection in cells immortalized and not immortalized SV40 T Ag (130, 131). On
the other hand, cyclin B1 accumulates in the cell during late stages of the G2 phase and activating in the
nucleus during the initiation of the M phase. Cyclin Bl is expressed during JCPyV infection (131), and
during later stages of infection, it is expressed in the cytoplasm, demonstrating G2/M phase arrest (130)
(Figure 2.4). This arrest phase is critical for a successful viral infection, giving an opportunity for the viral

proteins that were previously created, encapsidate the viral DNA (68).
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Figure 1.3. JCPyV infectious cycle in a glial cell type. Upon virus entry through clathrin-mediated endocytosis and
trafficking to the nucleus, the virus transcribes and translates the early genes, T Ags. By binding to pRB-1 and p53
the cell is transformed to support viral DNA replication. This drives the infectious cycle forward, to transcribe and
translate the late viral genes, including the capsid protein VP1. VP1 encapsidates the newly formed viral DNA with
VP2 and VP3 before release to infect other surrounding cells.

Late Gene Expression

Following viral DNA replication, the late viral genes are transcribed, producing the structural
proteins: VP1, VP2, and VP3, as well as a multifunctional protein, agnoprotein (96). The viral capsid is
made up of 72 VP1 pentamers, along with VP2 and VP3, where VP1 is the major component of the
capsid (135). Research has demonstrated that VP1 production is delayed in cells not immortalized with
SVA0 T Ag, solely relying on the efficiency of JCPyV T Ag (130). Additionally, the main cell types impacted
by PML, astrocytes and oligodendrocytes, express varying levels of JCPyV infection quantified by early
and late viral protein expression. Astrocytes were more readily targeted in the CNS, expressing higher
levels of the late viral gene product, compared to only a few oligodendroglia expressing VP1 (68). Lastly,
agnoprotein is produced during the later stages of infection. This viral protein has been demonstrated to

interact with T Ag, suppressing viral DNA replication and helping transition the cell into G2/M phase

10



(136). Research has also demonstrated that agnoprotein can act as a viroporin, facilitating viral release

from the cell (137).

Astrocytes and JCPyV Infection

Recent research has demonstrated that when JCPyV invades the CNS, astrocytes may be the
main target during JCPyV infection (68). This evidence reevaluated the need to study astrocytes in PML
pathogenesis and help elucidate mechanisms of astrocyte biology and their role in viral defense.
Furthermore, research on astrocyte biology and their role in the CNS related to CNS disorders has
dramatically increased over the past 25 years (138), especially true concerning neuroinvasive viruses and
neurodegenerative disorders from a viral infection like SARS-CoV-2 (139). For example, more than 35%
of patients with COVID-19 develop neurological symptoms (140). Current research suggests that this is
not from direct virus infection but rather systemic inflammation, where astrocytes play a crucial role

(139).

Astrocytes and the Host Defense
Astrocytes are the most abundant glial cell type in the brain with many important roles in the
CNS, including the support of myelination (141-143). Historically, the role in astrocytes regarding
neurodegenerative diseases and how they were involved was limited, considering they were only
significant in supporting neural tissue and were used as a marker for diseased tissue (144). However,
research in recent years, have greatly expanded how essential astrocytes are in the healthy CNS, the
primary role in disease processes, including the role in the pathology of a disease, and how they respond

to viral infection (144-149).

There are two main astrocyte morphologies found in the CNS, protoplasmic and fibrous

astrocytes. Protoplasmic astrocytes are in the gray matter and display many major branches from the
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astrocyte soma, with numerous branchlets (150), while fibrous astrocytes are found throughout white
matter and have straight, long processes which contain less branches (141). Glial fibrillary acid protein
(GFAP) has been a well-used marker to determine the population of protoplasmic astrocytes, however
GFAP does have limitations, like not being able to determine non-reactive astrocytes (144). Additional
markers, such as Aldehyde dehydrogenase 1 family, member L1 (ALDH1L1) is another astrocyte marker,
and unlike GFAP, has a broader pattern of expression in astrocytes (151). Reactive astrocytes are a state
in which these cells induce a range of significant molecular, cellular, and functional changes from inter-
and intra-cellular signals (144, 152). These changes can result in both gain and loss of functions which
can result in either beneficial or detrimental impacts to surrounding neural and non-neural cells (144,
152). An example of this, are reactive astrocytes that play essential roles in regulating CNS inflammation
(152). Recent research has demonstrated that reactive astrocytes can exert both pro-inflammatory and
anti-inflammatory signals (153, 154). Interestingly, the dynamics between these conflicting responses in
the CNS can be unraveled by temporal and spatial regulation; reactive astrocytes may exert pro-
inflammatory roles early during response, directly within the lesion, and anti-inflammatory roles later,

between lesions and healthy tissue (148, 152).

Astrocytes are also prominent cells in the CNS during viral infection. These viruses include
flaviviruses, such as West Nile Virus (WNV) and Zika Virus (ZIKV), and other viruses, like human herpes
virus 6, human T-lymphotropic virus type-1, and HIV-1 (155-159). In HIV-1 infection, astrocytes are not
the primary cell type infected by the virus; however, they contribute to neurotoxicity and disease
pathogenesis from the crosstalk of astrocytes with microglia (155, 160). When astrocytic coinfection is

observed, such as HIV-1 and JCPyV, severe disease pathogenesis ensues (161).
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Astrocytes in JCPyV infection

PML is the result of demyelination caused by the lytic destruction of oligodendrocytes, but in
addition to this, neuroimaging findings also consistently illustrate, giant, bizarre astrocytes in PML
pathology (162). As previously mentioned, astrocytes are thought to be a main target of JC
polyomavirus, acting as reservoirs, during infection (68). Interestingly, this transformation of astrocytes
during viral infection may be a novel mechanism, in which this change in morphology is from the
response to T cell attack from immunological synapses (163) potentially clearing infected cells (163,
164). However, more research is needed to determine if this mechanism is occurring in JCPyV infection

of astrocytes.

Overall, research on JCPyV infection in astrocytes is limited, yet there are a few notable studies.
One of the first studies using progenitor cell-derived astrocytes determined that cell death from JCPyV,
was caused by necrosis and not by apoptotic pathways (165). Another study illustrated numerous genes
involved including NFIX, during the differentiation of brain-derived multipotential CNS progenitor cells
(NPCs) into progenitor-derived astrocytes (PDAs) (166). Interestingly, the authors also examined GFAP
expression, and observed that expression of GFAP could serve as a marker for productive JCPyV
infection, induced by the changing transcriptional environment (166). An alternative hypothesis could be
that astrocytes may be inducing a reactive state from JCPyV infection, as GFAP is also a well-known
marker for reactive astrocytes (144). Recently, JCPyV DNA replication was observed in astrocytes,
demonstrating that host DNA damage occurred at sites of replication, and there was an observed delay
or cessation in viral DNA replication in infected astrocytes (167). In summary, research on astrocytes,
and specifically reactive astrocytes, has become more robust in recent years. However, there are many
challenges to extrapolating that to JCPyV infection, mainly due to a lack of a tractable animal model to

study astrocytic infection and how it contributes to PML pathology.
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Animal Models and Primary Cell Models to Study PML

Over the decades, there have been numerous experimental animal models to study JCPyV
pathogenesis, but none were able to recapitulate the clinical symptoms of PML. One of the largest
contributors to this, was that nonhuman cells lacked the appropriate host factors to bind to the NCCR to
initiate transcription of the late genes to complete the infectious cycle (168). Most notably, in recent
animal models, including Syrian golden hamsters (169, 170), owl monkeys, or squirrel monkeys, JCPyV
infection resulted in tumorigenesis, contributed to the JCPyV protein, T Ag (171-174). The greatest
success was demonstrated by developing animal models that included engrafted human cells and
humanized or weakened immune systems (68, 175). For example, a model has been generated with
neonatal mice engrafted with human glial progenitor cells that became humanized with age and
immunodeficient mice, reconstituted with positive human fetal live CD34" cells (68, 175). These
humanized models highlighted the importance of astrocytes during JCPyV infection, and in contrast
oligodendrocytes were infected in a delayed manner and are not required for viral propagation and

spread (68).

Due to these challenges, our understanding of JCPyV infection has been limited to in vitro
approaches. SVGAs have been an important model cell line, being implemented in numerous studies
and significantly advancing JCPyV research, but due to their transformed characteristics, it is difficult to
make direct comparisons to JCPyV infection in primary cell types. Primary normal human astrocytes
(NHAs) have been used to compare JCPyV infection to SVGAs, where a delayed infectious cycle was
observed in NHAs (130). The expression of SV40 T Ag enhanced JCPyV infection, as NHAs expressing
SV40 T Ag (NHA-Ts) demonstrated comparable levels of the late viral protein observed in SVGAs (130).
Unfortunately, SV40 T Ag can impact many aspects of the normal cellular functions and confound what

is happening during JCPyV infection. To broadly understand the cellular impacts of viral infection and
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compare it to an immortalized cell line, bioinformatics, specifically RNA sequencing, can be employed to

determine the host transcriptome profile.

NGS and other Bioinformatic Tools to Study Virus Infection

Next-generation sequencing (NGS) has completely revolutionized the way we approach
biomedical science, even emerging as promising strategies for detection of novel viruses (176, 177). This
includes even many more PyVs, a diverse group of viruses, of which 14 PyVs are of human origin and in
recent years, NGS contributed to the discovery of Merkel cell polyomavirus (MCPyV), MW polyomavirus
(MWPyV), MX polyomavirus (MXPyV), Human polyomavirus 9 (HPyV9) and Human polyomavirus 10
(HPyV10) (178-182). One method for NGS is using Illumina sequencing. lllumina sequencing works in a
few steps. First input DNA (or cDNA) is randomly fragmented, size-fractionated and ligated to adapters.
Next, these modified DNA fragments are annealed onto a glass plate that is precoated with oligos, which
are complementary to adapters, and allow the template DNA to bind to these oligos and is the basis for
amplification (183). Amplification occurs through a process called “bridge amplification,” in which the
adapters on both ends of the template DNA bind to the oligo primers on the slide (183). Through
successive rounds of PCR, clusters of these amplified molecules appear and serve as clones for
sequencing using chain terminators. Unique with Illumina sequencing, these terminators are
fluorescently labelled and reversible, so each single nucleotide base incorporated, temporarily
terminates the reaction. During this time, a high-resolution digital imager captures the nucleotide being
incorporated in each DNA clonal cluster. Finally, once the image is taken, the terminator is removed,
allowing the DNA template to be extended again in the next round of PCR, until this occurs to almost all

the molecules (176).

Other than genome sequencing, that was used to discover PyVs, we can also use NGS to

determine the transcriptomic profile, or measuring mRNA, to determine host gene expression during
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viral infection. This method called RNA-sequencing (RNA-seq) (184, 185) determines the host
transcriptomic profile by isolating RNA and removing rRNA by selecting for polyadenylated RNA or
removing rRNA with antisense oligos. cDNA is synthesized and methods such as lllumina sequencing can
be used to determine the nucleotide base pairs. Analysis of RNA-seq data begins with mapping the
newly sequenced reads to a reference genome, using programs like HTSeq (186). Statistical analyses
determining the read counts per gene as well as quantifying relative levels of expression can be
performed using R, specifically using the statistical package edgeR (187, 188). This technique has been
used to study many virus-host interactions, including Epstein-Barr virus (EBV) (189), human
cytomegalovirus (HCMV) (190), and polyomaviruses JCPyV and BKPyV (191). Specifically, with JCPyV and
BKPyV, RNA-seq was performed to determine host gene expression in a primary kidney cell line. BKPyV
is like JCPyV except in immunosuppressed hosts, specifically individuals who received kidney transplants,
BKPyV causes disease in the kidneys (118). RNA-seq elucidated that JCPyV does not cause disease in the
kidneys, rather a persistent infection in the kidneys, mainly due to the host immune system inducing an
IFN-B response, not observed in BKPyV infection (191). Overall, RNA-seq can determine viral-host
interaction, but paired with other bioinformatics techniques and databases, we can also determine the

cellular signaling pathways involved during JCPyV infection.

Cellular Pathways Targeted by JCPyV

DNA viruses need to hijack cellular pathways to be transported to the nucleus and to accomplish
viral DNA replication. These pathways are essential in cell proliferation, differentiation, and survival;
however, the virus uses these cellular functions to drive the viral infectious cycle to completion. Two
pathways that JCPyV takes advantage of are the mitogen-activated protein kinase, extracellular signal-
regulated kinase (MAPK/ERK) pathway, and the phosphoinositide 3-kinase (PI3K)/AKT/ mechanistic

target of rapamycin (mTOR) signaling pathway as illustrated in Figure 1.4 (94, 192-196).
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The MAPK/ERK Pathway

The MAPK/ERK pathway is a tightly controlled pathway that, through a series of phosphorylation
events involving four major protein kinases Ras, Raf, MEK and ERK, can influence cell proliferation,
differentiation, and survival (197). Upon extracellular signaling, the GTPase Ras binds to Raf, which
phosphorylates MEK1 and MEK2 (192, 198-200), which in turn, phosphorylates ERK1 and ERK2 (201—
203). Phosphorylated ERK1/2 is then translocated into the nucleus to regulate transcription factors
important in cellular functions and involved in JCPyV infection, including NFAT4, SMADs 2 and 4, and
cMyc (101, 202, 204, 205). Many viruses hijack this pathway to reprogram the cell and support viral
infection (193, 206—208). However, given the importance of this pathway in cellular fate, it is also tightly
controlled. A family of protein tyrosine phosphatases, dual specificity phosphatases (DUSPs), strongly
regulate and deactivate MAPK signaling (209-212), specifically, DUSP1 and DUSP6. DUSP6 is a
cytoplasmic phosphatase that inhibits ERK1/2 phosphorylation (213) while DUSP1 is found in the
nucleus and binds to JNK, p38, and ERK1/2, leading to the dephosphorylation and inactivation of these
kinases (212). Moreover, ERK phosphorylation can be sustained in the cell following DUSP1 degradation
via the ubiquitin/proteasome pathway (214-216). These mechanisms are crucial for cellular

homeostasis, however, are also susceptible during virus infection.

Numerous viruses use the MAPK/ERK pathway to establish infection including EBV, vaccinia
virus (VACV), hepatitis B virus (HBV) and PyVs, like JCPyV and BKPyV (217). Research has demonstrated
that JCPyV uses the MAPK/ERK pathway in both SVGAs and a primary kidney cell line, highlighting the
importance of this pathway across cell types (193). Additionally, ERK and MEK were both
phosphorylated as little as 15 minutes post infection in SVGAs (94, 193, 205). Along with the MAPK/ERK
pathway, DUSPs have also been implicated in viral infection. DUSP1 is important in regulating the MAPK
pathway but is also involved in the inflammatory response (218). Research has demonstrated that

knockdown of the protein can reduce hepatitis C virus (HCV) infection, as it promoted the induction of
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interferon stimulated genes (ISGs) (219). As previously mentioned, astrocytes play a key role in the
inflammatory response, producing chemokines and cytokines upon cellular stress (145, 220) and
research has already demonstrated that JCPyV persists in the kidneys due to IFN response (191). Thus,
the MAPK/ERK pathway and the expression of DUSP1 during JCPyV infection of astrocytes is an

attractive mechanism for viral infection and astrocytic host defenses.

The PI3K/AKT/mTor Pathway

Comparable to the MAPK/ERK pathway, the PI3K/AKT/mTor signaling pathway is important in
cell growth and survival (221-227). The regulation of the PI3K/AKT/mTor signaling pathway is slightly
more complex compared to the MAPK/ERK pathway, divided into the PI3K pathway and the
downstream impacts AKT and mTor (228, 229). PI3Ks are divided into three classes, (class I, class Il, and
class Ill) where the most well studied are class I. Class | can be further divided into class IA and class IB,
based on how they are activated at the cellular surface. Class IA PI3Ks are activated by receptor tyrosine
kinases (RTKs), G protein-coupled receptors (GPCRs), and Ras. While Class IB PI3Ks are only activated by
GPCRs, consisting of the subunit PI13Ky (230). Following uptake of extracellular signals and the utilization
of a GPCR, the PI3K subunits couples with the receptor, activating the catalytic subunit, and PIP2 is
converted to PIP3, which recruits downstream targets, such as AKT (231). Subsequently, AKT has
numerous downstream targets, including the Forkhead family (FOX) of transcription factors, important
in cell proliferation, apoptosis, and differentiation (232, 233), glycogen synthase kinase-3 (GSK-3), and
mTOR, critical in regulating cell growth and proliferation (234). mTOR includes both mTOR complex 1
(mTORC1) and mTORC2. The functions of mTORC1 include cell growth and energy metabolism, while
mTORC2 is involved in cytoskeleton formation and cell survival (235, 236). mTORC1 activation occurs

directly through AKT, while mTORC2 is activated upon the phosphorylation of subunit SIN1 by AKT,
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activating mTORC2 through a positive feedback loop (237). Additionally, mTORC2 can also activate AKT

to regulate cell survival, migration, and cytoskeletal organization (238).

Like the MAPK/ERK pathway, research has also demonstrated that the PI3K/AKT/mTOR signaling
pathway is involved during JCPyV infection (194-196); however, the research is conflicting, most likely
due to the immortalization characteristics of the cell (194, 195, 239, 240). mTor inhibitors, such as
rapamycin, increased expression of JCPyV T Ag in an immortalized kidney cell line, human embryonic
kidney (HEK) 293 cells (195), while an AKT inhibitor, MK2206, reduced JCPyV DNA replication in an
oligodendrocyte cell line (194). Additionally, PI3Ky has also been implicated during JCPyV infection in
SVGAs (196). Targeting P13y reduced JCPyV infection however this kinase is activated by GPCRs and
GPCRs, specifically serotonin 5-hydroxytryptamine (5-HT) receptors are required for JCPyV
internalization (91, 92, 241), thus additional studies are warranted to determine if the other PI3Ks are

involved as they are activated by RTKs and Ras.

Consequences of Immortalization on Signaling Pathways and JCPyV infection

Immortalization of cells can be accomplished through recombinant DNA, such as a plasmid or
viral vectors expressing transforming proteins, like SV40 T Ag or adenovirus E1 A (242). Overexpression
of these oncogenes promote DNA replication through interfering with the cell cycle, enabling a
continuous cell line to be established (242). Although cells expressing SV40 T Ag allows us to study JCPyV
infection in vitro more proficiently as it supports higher levels of JCPyV production, SV40 T Ag is also
known to dysregulate the cell cycle which can activate cellular pathways that can potentially confound
mechanisms of JCPyV infection (122, 123). Research has demonstrated that SV40 T Ag can activate the
AKT signaling pathway in ts13 cells, inhibiting apoptosis, and directly activating AKT in U20S cells (243,
244). Due to these potential confounding measures and initial observations that illustrated differences

in the cell cycle progression between primary and transformed cells (130), it is important to validate and
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elucidate the involvement of cellular pathways during JCPyV infection using primary cell lines, as

transformation alters metabolic pathways and signal transduction within those pathways (245, 246).

Crosstalk between MAPK/ERK and PI3K/AKT/mTOR Signaling Pathways

In addition to viruses hijacking cellular pathways to establish infection and activating numerous
kinases, these kinases can also exhibit crosstalk between signaling pathways. This can be demonstrated
during inhibition of one pathway and a secondary pathway compensating for the loss. For example,
treatment of cells with MEK inhibitors, such as U0126, results in increased AKT activity in various cell
types (247-249). The MAPK/ERK pathway can interact with the AKT signaling pathway (250) to induce
cellular transformation and survival (221, 251). Furthermore, the most prominent kinase in these
pathways is Ras, which can activate the PI3K complex (252) and can positively impact the ERK1/2
cascade (253, 254). AKT can also directly phosphorylate B-Raf and C-Raf, inhibiting the scaffolding
protein 14-3-3 and directly activating the ERK1/2 cascade (255—-260). Recent evidence has also
suggested a direct interaction of MEK1 and MEK2 with AKT, leading to the phosphorylation of the
transcription factor FOXO1 (261). These interactions were important in cell migration and adhesion
(261). Overall cellular pathways are complex, interacting with each other to provide synergistic effects
or impacting the strength and duration of downstream signals, which provides further difficulty when

studying how cellular pathways are involved to establish infection in the cell.

Summary

JCPyV has successfully co-evolved with the human species, establishing infection in up to 80% of
the population. Unfortunately, the virus can reactivate and spread to the CNS when individuals are
immunosuppressed, causing the fatal disease PML. Essential questions, like how reactivation occurs and

how the virus can establish infection in the CNS, specifically in astrocytes, remain unanswered. One of
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Figure 1.4. Schematic of the
PI3K/AKT/mTor and MAPK/ERK
signaling pathways. A simplified
version of the proteins involved
in the MAPK/ERK (green) and
PI3K/AKT/mTor signaling
pathway (blue) and the
interactions between the two
pathways (orange), and the
downstream cellular functions.
RTK, receptor tyrosine kinase;
GPCR, G protein-coupled
receptor; PI3K,
phosphoinositide 3-kinase;
mTor, mechanistic target of
rapamycin; Ras, Rat sarcoma;
BARF, B Rapidly Accelerated
Fibrosarcoma; CRAF, C Rapidly
Accelerated Fibrosarcoma;
MEK1/2, Mitogen-activated
protein kinase kinase 1/2;
ERK1/2, extracellular signal-
regulated kinase 1/2.

the most significant challenges is a tractable animal model to study JCPyV infection. Thus, primary cell

models are an accurate method to understand JCPyV infection. Using RNA-seq and additional

bioinformatics techniques, my research compared JCPyV infection in primary astrocytes to a more well-

studied but immortalized cell model of infection. Overall, this approach was used to validate and

elucidate cellular pathways and additional mechanisms that JCPyV uses to successfully establish

astrocytic infection and can facilitate future research to address therapeutics for this deadly disease.
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CHAPTER 2

JC POLYOMAVIRUS INFECTION REVEALS DELAYED PROGRESSION OF THE INFECTIOUS CYCLE IN
NORMAL HUMAN ASTROCYTES

This chapter represents a modified form of the published work from: Wilczek MP, DuShane JK,

Armstrong FJ, Maginnis MS. 2019. JC polyomavirus infection reveals delayed progression of the

infectious cycle in normal human astrocytes. J Virol https://doi.org/10.1128/jvi.01331-19.

Introduction

Progressive multifocal leukoencephalopathy (PML) is a fatal, demyelinating disease caused by
the neuroinvasive pathogen, JC polyomavirus (JCPyV) (60, 262). JCPyV resides in the kidneys in 50 to
80% of the healthy adult population, causing an asymptomatic infection (28, 30, 46, 263, 264). During
immunosuppression, JCPyV can reactivate and lead to the development of PML in the central nervous
system (CNS) (59, 264, 265). Although rare, individuals who are HIV-1 positive (60, 71) and those using
immunomodulatory therapies for immune-mediated diseases (75, 266, 267), such as natalizumab for
multiple sclerosis, are at an increased risk for PML development (75, 76). While experimental treatments
in development have led to some clinical improvements in patients, the current standard is treatment of
the underlying immunosuppression and supportive care (268—270). Successful treatment of the
immunosuppression has improved the one-year PML survival rates, which range from ~20% in
natalizumab-associated PML to 50-80% in HIV-associated PML (268, 270). Although there is no cure for
PML, patients can survive up to 15 years with the disease, albeit with significant morbidity including

neurological symptoms that range from mild to severe dysfunction (268, 271).

In the CNS, the virus primarily targets two types of glial cells, astrocytes and oligodendrocytes

(63, 272, 273). Clinical patient samples have indicated that myelin-producing oligodendrocytes are
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targeted by the virus, leading to demyelination of the CNS and onset of PML. However, the role of
astrocytes in JCPyV infection and PML remains unclear (63, 272, 273). Questions underlying astrocytic
infection, including whether astrocytes provide protection during PML pathogenesis or whether
astrocytes support a favorable environment for viral replication, are not clearly understood (274). While
cell culture models have provided significant advances to the field, limitations include differences in
primary versus immortalized cell types that could confound comparisons to disease pathogenesis in
vivo. Thus, understanding the JCPyV-host cell interactions and the viral infectious cycle in biologically
relevant primary astrocytes is critical to better understand JCPyV pathogenesis and to develop therapies

for PML.

JCPyV pathogenesis is the result of the virus hijacking host cell machinery, and the temporal
regulation of the infectious cycle in the nucleus is carefully orchestrated by numerous host cell
transcription factors; this, in part, significantly contributes to the unique host and cellular tropism of the
virus. JCPyV is a small, non-enveloped double stranded DNA virus, that is ~5100 base pairs in length (86,
87). The genome is organized into three regions: the regulatory region, or noncoding control region
(NCCR) containing the origin of replication, TATA box, and enhancer elements, and two bidirectional
coding regions that encode for the early genes and late genes (47). Isolates of JCPyV from PML patients
include naturally occurring variants, like Mad-1 and Mad-4, that all have this general genome
composition, with most of the differences displayed in the NCCR. For example, the NCCR of the Mad-4
variant contains a 19-bp deletion and only one late-proximal TATA box compared to the Mad-1 variant,
which contains duplicate TATA boxes and an enhancer element (41). There are modified variants as well,
including the Mad-1/SVEA, a laboratory-derived variant, with improved infectivity in cell culture due to

insertion of the SV40 enhancer (275).
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For productive viral replication to occur in the nucleus, many host transcription factors,
including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (98, 99), Spi-B
transcription factor (SpiB) (100), and in glial cells, nuclear factor of activated T-cells 4 (NFAT4) (276) and
subtypes of the nuclear factor-1 (NF-1) family (277, 278) bind to the regulatory region to initiate early
gene transcription. This results in the production of the virus-origin binding protein, large Tumor antigen
(T Ag) and other proteins needed to transform the cell into a “virus factory.” These early gene products
orchestrate this transformation by binding to retinoblastoma (Rb) (279), consequently driving the cell
into S phase, sequestering p53, and thus blocking apoptotic pathways (280). T Ag also functions as a
DNA helicase to unwind the viral DNA for replication (281). With increasing viral early gene transcript
concentration within the nucleus, the infectious cycle undergoes a “switch” towards viral DNA
replication and late gene transcription, producing agnoprotein and viral protein 1 (VP1), VP2, and VP3
(282). These viral proteins encapsidate the newly replicated, viral DNA. Understanding the infectious
cycle in human cells that contribute to PML pathogenesis is necessary to design therapeutics and
prevent disease, but unfortunately there are not many biologically representative cell culture models or

in vivo models that outline JCPyV infection in astrocytes or oligodendrocytes.

While experimental animal models to study JCPyV pathogenesis have been attempted, the most
tractable model systems have not been able to recapitulate the clinical symptoms of PML. Early animal
models, including Syrian golden hamsters (170, 283), owl monkeys, or squirrel monkeys resulted in
tumorigenesis upon JCPyV infection due to the oncogenic potential of the JCPyV protein, T Ag (171, 284—
286). These studies reinforced the fact that nonhuman cells lacked the appropriate host factors for the
virus to initiate transcription of the late genes in order to complete the infectious cycle (287), thus
resulting in tumor formation. To overcome this challenge, recently developed animal models have
included engrafted human cells and humanized or weakened immune systems (175, 273). In the most-

recently reported animal model for PML pathogenesis, Kondo et al. (273) developed a humanized
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mouse model with engrafted glial progenitor cells (GPCs). Their results, unlike other models, highlighted
that the primary cells targeted by JCPyV were GPCs and astrocytes, demonstrating that astrocytes are
the main target in PML pathogenesis (273). In contrast, oligodendrocytes were infected in a delayed
manner and are not required for viral propagation and spread (273), which represents a significant
paradigm shift in the understanding of PML development within the field. This research illuminated the

importance of astrocytic infection in PML, which is currently understudied in the field.

There are a few reports of JCPyV infection of primary astrocytes in the literature. In 2004,
progenitor cell-derived astrocytes were used to understand their capacity to support JCPyV infection,
concluding that cell death was the result of necrosis and not by inducing apoptotic pathways (288).
Further research validated their susceptibility to JCPyV infection, in contrast to progenitor cells in which
infection was lower (289). A 2003 microarray study revealed 355 genes upregulated and 130
downregulated during infection of primary human astrocytes, leading to further examination of specific
proteins such as Grb-2, cyclin A, cyclin E, PAK2, and TGFB-R1 in JCPyV infection (274). Another
microarray analysis in 2013, examined the genes influenced by JCPyV infection during the differentiation
of brain-derived multipotential CNS progenitor cells (NPCs) into progenitor-derived astrocytes (PDAs).
Their findings highlighted transcription factors including Nuclear Factor | (NFI) -X, NFI-A, c-jun, and c-fos
that promoted JCPyV infection during the differentiation to PDAs (290). A recent study examined JCPyV
DNA replication in primary astrocytes, SVGAs, and primary human choroid plexus cells (167). Erickson
and Garcea (167) demonstrated that replication in the nucleus of primary astrocytes was like that of
other polyomaviruses, recruiting similar host DNA damage response proteins to sites of replication. The
authors concluded that there was either a delay or cessation in viral DNA replication in infected

astrocytes (167).
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The purpose of this study was to extend from previously published research to improve our
understanding of JCPyV infectivity in primary human astrocytes, while comparing infection to SVGAs, a
mixed glial cell model widely used to study JCPyV. SVGAs, which constitutively express simian virus 40
(Sv40) T Ag, were developed to study JCPyV infection in vitro (291). Due to the challenges of generating
an animal model, SVGAs have been an important model cell line in the field, being implemented in
numerous studies and significantly advancing JCPyV research, but due to their transformed
characteristics, it is difficult to make direct comparisons to JCPyV infection in primary cell types. This
study establishes a foundation for future JCPyV research by using primary human astrocytes, which may
reflect a more accurate approach to in vitro infection studies. We demonstrate that normal human
astrocytes (NHAs) can be readily infected with JCPyV and serve as an effective model to study JCPyV
infection. NHAs demonstrate a delayed infectious cycle in comparison to the progression of the
infectious cycle in SVGAs, suggesting that infection may proceed in a delayed manner in primary cells.
Overexpression of SV40 T Ag in NHAs revealed that T Ag can drive the infectious cycle and induce
expression of cyclins, which serve as a marker of cell cycle progression. Lastly, with advancements in
culturing primary cells, the experiments and methodologies used in this study can be extrapolated to
other models used to understand viral infections. By performing single cell analyses, examining multiple
proteins in one cell, and performing statistical procedures like dimensionality reduction, one can
strengthen in vitro studies, especially where animal models are lacking or are difficult to understand and

develop.

Materials and Methods

Cells, plasmids, and viruses
Normal Human Astrocytes (NHAs) (passage 1 [P1]) were obtained from Lonza (product no. CC-

2565) and maintained in the Astrocyte Growth Medium (AGM) supplemented with the AGM
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SingleQuots Supplements (product no. CC-3186) and 1% penicillin-streptomycin (P/S) (Mediatech, Inc.).
NHAs were provided with Lonza’s Certificate of Analysis. Donor was a 19-week gestation female who
had no detected levels of HIV, hepatitis B virus (HBV) and hepatitis C virus (HCV). Cells were most likely
isolated from the cerebrum and associated structures to the cerebrum, and thus most likely represent
primarily Type | astrocytes. NHAs were used at low passages (P3 to P8) and subcultured according to
Lonza instructions. SVGAs and HEKs, generously provided by the Atwood Laboratory (Brown University)
(291) were cultured in complete minimum essential medium (MEM) (Corning) and complete Dulbecco’s
modified Eagle medium (DMEM) (Corning), respectively, with 10% fetal bovine serum (FBS), 1% P/S and

0.2% Plasmocin prophylactic (InvivoGen).

NHAs were transformed with SV40 large T Ag (NHA-Ts) by transfecting them with the origin-
defective mutant of SV40 inserted in the pMK16 vector (pMK16) (provided by the Atwood Laboratory,
Brown University). NHAs (P8) were seeded at 5,000 cells/cm?in a 25-cm?flask and transfected with 1 pg
of pMK16 containing the SV40 ori" mutant using Fugene (Roche) at a 1.5:1 ratio (Fugene/DNA) and
incubated at 37°C. The medium was replaced with fresh AGM supplemented with the SingleQuots
Supplements every two days, and after 2 weeks proliferation of cells in areas of the flask was clear. The
cells were passaged, and the AGM media was replaced with MEM with 1% P/S and 16% FBS. To validate
that NHA-Ts express SV40 Large T Ag, cells were fixed and stained by indirect immunofluorescence using
the SV40 T Ag specific antibody, AB2 (Calbiochem; 1:50). 100% of the cells displayed nuclear staining for
SV40 T Ag, which was validated before and after experiments were performed. NHAs, SVGAs, and NHA-

Ts were grown in a humidified incubator at 37°C with 5% CO..

The generation and production of purified JCPyV strain Mad-1, Mad-4, and Mad-1/SVEA was
described previously (93), and were kindly provided by the Atwood laboratory (Brown University) or

purchased through the ATCC (Mad-4).
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JCPyV infection

NHAs, NHA-Ts, and SVGAs were seeded into 96-well plates with 10,400 cells/well (~70%
confluence). Cells were infected (multiplicity of infection [MOI] as indicated in figure legends) with 42
ul/well of the respective cell media at 37°C for 1 h. After infection, the cells were fed with 100 pl/well
and incubated at 37°C for the duration of the infection. At the indicated time points, cells were fixed and
stained for both viral proteins, T Ag and VP1. Additionally, for long-term experiments (Fig. 4)
supernatant was collected from each well to be subsequently used to inoculate naive SVGAs with 42 ul
of supernatant at 37°C for 1 h. After infection with supernatants, cells were incubated at 37°C for 72 h

and then fixed and stained by indirect immunofluorescence using VP1-specific antibodies.

Indirect immunofluorescence staining and quantitation of JCPyV infection

Following infection, cells were stained for both viral proteins and host cell proteins at RT. NHAs,
NHA-Ts, and SVGAs were washed with 1X PBS then fixed in 4% paraformaldehyde (PFA) for 15 mins and
washed with PBS-0.01% Tween, three times. Cells were permeabilized for 15 mins using PBS-0.5% Triton
X-100. Following permeabilization, NHAs, NHA-Ts, and SVGAs were blocked in PBS-10% goat serum for
45 mins. Cells were then stained using antibodies specific for viral proteins and host cell proteins for one
hour at RT except for antibodies specific for GFAP and ALDH1L1, which were incubated for ~16 hours at
4°C. Cells were subsequently washed three times in PBS- 0.01% Tween (PBS-T) and counterstained with
the appropriate secondary antibodies, indicated in Table 2.1. Following primary and secondary
incubations, cells were counterstained using 4’,6-diamidino-2-phenylindole (DAPI) at RT for 5 mins and
washed with 1X PBS.

To visualize the cells expressing nuclear VP1 or T Ag, a Nikon Eclipse Ti epifluorescence
microscope (Micro Video Instruments, Inc.) equipped with a 20x objective was utilized. The percentage

of cells infected was determined by counting the number of T Ag- or VP1-positive nuclei divided by the
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number of DAPI-positive nuclei for 5 fields of view/ well. DAPI-positive nuclei were determined by using
the Nikon NIS-Elements Basic Research software (version 4.50.00, 64 bit). A binary algorithm was
generated using the software that separates cells based on intensity, diameter, and circularity in each
field of view. At least 3 images/well using a 20x objective, with 1 sec exposure, and 2.2x gain were taken

to quantify the relative intensity values of viral protein expression in the nucleus.

TABLE 2.1 Antibodies used in immunofluorescence (IF) and ICW assays.

Protein 1° antibody (dilution, manufacturer) | 2° antibody (dilution, manufacturer)
JCPYV T Ag PAB962 (1:5, hybridoma) anti-mouse Alexa Fluor 594 or anti-mouse
Alexa Fluor 588 (1:1000, Thermo Fisher
JCPyV VP1 ab34756 (1:1000, abcam) Scientific)
. . anti-mouse Alexa Fluor 594 (1:1000,
SV4A0 T Ag AB2 (1:50, Calbiochem) Thermo Fisher Scientific)
cvelin B1 4138 (1:300; Cell Signaling anti-rabbit Alexa Fluor 488 (1:1000, Thermo
¥ Technology) Fisher Scientific)
Cyclin E 50-9714-80 (2.5 pg/ml, Invitrogen) --*
Anti-chicken Alexa Fluor 488 (1:1000,
GFAP ab4674 (1:2000, abcam) Abcam) (IF) or anti-chicken LI-COR 800

(1:12,000) (ICW)

anti-rabbit Alexa Fluor 594 (1:1000, Thermo
ALDH1L1 19H14L20 (1:100, Invitrogen) Fisher Scientific) (IF) or anti-rabbit LI-COR
800 (1:12,000) (ICW)

*, Cyclin E antibody is conjugated to eFluor® 660

In-Cell Western assay and host protein quantification
Cells were seeded in 96-well plates and following fixation, NHAs (P2-P8), SVGAs (P78-P84) and
HEKs (P66) were permeabilized with 1X PBS-1% Triton X-100 at RT for 15 min. Cells were incubated with
TBS Odyssey Blocking Buffer (Li-Cor) at RT for 1 h. Cells were stained with either antibodies detecting
GFAP or ALDH1L1 (Table 2.1) in TBS Odyssey Blocking Buffer at 4°C for ~16 h while rocking. After
primary incubation, cells were washed with PBS-T and incubated with an anti-chicken or anti-rabbit LI-
COR 800 secondary antibody (Table 2.1) and CellTag 700 at RT for 1 h. Cells were washed again with

PBS-T and aspirated prior to scanning. Plates were imaged using the LI-COR Odyssey CLx Infrared
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Imaging system to detect both the 700 and 800 nm intensities. Plates were read at 42 um resolution, at
medium quality, and a 3.0 mm focus offset. After scanning, the 700 and 800 nm channels were aligned
using the Image Studio software (version 5.2) and In-Cell Western (ICW) analysis was performed in
Image Studio. Subsequently, the ratio of the 800 nm channel (GFAP or ALDH1L1) to the 700 nm channel

(CellTag) was determined (292).

Host-cell and viral protein expression by confocal microscopy

Cells were seeded in 96-well, 1.5 glass-bottom plates (CellVis) to 40 to 50% confluence. NHAs
were plated in AGM media supplemented with the AGM SingleQuots Supplements, NHA-Ts were plated
in MEM, 1% P/S and 16% FBS, and SVGAs were plated in MEM, 1% P/S, and 2% FBS. Following infection
(MOI =1 FFU/cell), cells were incubated for 48, 72, and 96 h. Cells were fixed stained for host cell
proteins, cyclin B1 and cyclin E, and viral proteins, T Ag and VP1, as described above. Approximately 30
cells per cell type and time point were imaged expressing no viral protein (mock), T Ag or VP1 (JCPyV-
infected), co-expressing cyclin B1 and cyclin E. Images were collected using an Olympus laser scanning
confocal microscope (model IX81; Olympus America) with an 60x objective (oil immersion) with Z-stacks
for each image and 0.32 um slice spacing. Fluorescence images were collected using the 488-, 568-, and

647-nm multiline argon lasers.

Image J quantification of host-cell and virus protein
Images were analyzed using Imagel. For confocal microscopy experiments, Supplemental Figure
1 indicates the workflow performed using Imagel. Briefly, a z projection taking the average intensity of
each z slice (~30 slices) was generated for each image. Each channel of the image was split, and a binary
was generated, referred to as a mask, representing the nucleus of the cell (shown below, A). The nucleus

was dilated 10 times to encompass the cytoplasm (shown below, B). This region of the cell is an accurate
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representation of the cytoplasm because cyclin B1 and cyclin E expression is diffuse and is not localized
to one specific region (Figure 2.8A) (293). The image of the dilated mask was subtracted by the nucleus
to create a ring-shaped structure (shown below, C). To eliminate non-cell background, a second mask
was generated from both cyclin E and cyclin B expression and subtracted by the previous mask, resulting
in cytoplasmic regions of interest (ROls), considering cellular boundaries (shown below, D-F). The mask
created for both cyclin E and cyclin B1 expression was not used to quantify cytoplasmic intensity
because there was no method to distinctly separate cells and would not result in an accurate
representation of the cells being selected. These ROIs were overlaid on the 488 channel (cyclin B1) and
the 660 channels (cyclin E) to measure the relative intensity values of cyclin expression in the cytoplasm
(shown below, G and H). Equation 2.1 exhibits the derivation of the relative intensity values of the

cytoplasm. ROls were also created from the mask indicating the nucleus (shown below, A) to measure

Figure 2.1. Workflow in Image) to quantify host cell and virus protein expression. Images from confocal
microscopy experiments were imported into ImageJ and intensities determined by this general workflow. First, a
binary mask representing the nucleus was generated (A). The nucleus was dilated 10 times to encompass the
cytoplasm (B) and the image illustrated in panel A subtracted to generate an outline of the cytoplasm without
the nucleus (C). A second mask was generated from both cyclin E and cyclin B expression (D). The mask
illustrated in panel D was subtracted from the image illustrated in panel B to create cytoplasmic regions of
interest (ROIs), considering cellular boundaries (E and F). These ROIs were overlaid on the 488-nm channel (cyclin
B1) and the 660-nm channel (cyclin E) to measure the relative intensities of cyclin expression in the cytoplasm (G
and H). Nuclear ROIs were generated from the mask illustrated in panel A, and the nuclear-to-cytoplasmic (N/C)
ratio was determined. The image illustrated in panel | represents the merged channels of 488 and 660 nm, and
the image illustrated in panel J represents the phase channel (not measured).

31



relative intensity values of cyclin expression and viral protein expression in infected cells. Finally, the

nuclear to cytoplasm (N/C) ratio was determined for each selected cell (Equation 2.2).

Cytoplasmic  [(Dilated nucleus x Area of dilated nucleus)-(nucleus x Area of nucleus)] (2.1)
relative =

whole cell area-nucleus area
intensity

Nuclear Intensit
N:C ratio= ensity (2.2)
Cytoplasm relative intensity

Absolute quantification of T Ag and VP1 transcript levels by gPCR

NHAs, NHA-Ts, and SVGAs were plated to 70% confluence in 96 well plates. Media was removed,
and cells were infected with JCPyV at a MOI = 0.5 fluorescence forming units (FFU) /cell in 42 ul with the
respected cell media and incubated at 37°C for 1 h. After 1 h, cells were fed with 100 pl of the
appropriate media and incubated at 37°C for 24, 48, 72, and 96 h. At each time point, cells were washed
with 1X PBS then fixed with 4% paraformaldehyde and subsequently stained for JCPyV T Ag, SV40 T Ag,
or JCPyV VP1, or separate wells were treated with 50 ul of TRIzol Reagent (Invitrogen) and stored in the -
20°C. After validating similar levels of infectivity by immunofluorescence at 48 hpi, cells suspended in
TRIzol Reagent were removed from the -20°C and RNA was extracted from each sample with the Direct-
zol RNA kits per manufacturers protocol (Zymo Research). All 72 samples (3 cell types, mock and JCPyV
infected, in triplicate for three time points) were randomized and prepped for RNA extraction in two
separate isolation procedures, ensuring that each group had an even representation of cell type,
treatment, and time point (36 samples/ group). RNA was immediately converted to cDNA with the
iScript cDNA synthesis kit (Bio-Rad) using 1 pug of RNA. The two groups generated from the RNA
extraction were randomly divided into two further groups (ensuring that each group was represented

equally) for gPCR analysis of viral transcripts using T Ag and VP1 primers (294) and GAPDH was used for
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a housekeeping gene yet was not used in quantification (16 samples/T Ag, VP1, and GAPDH primer set).
Briefly, using Hard-Shell 96-well PCR plates (Bio-Rad), each sample contained 150 nM of both forward
and reverse primers, 100 ng of cDNA, 5 pl of iQ SYBR Green Supermix (Bio-Rad) and nuclease-free water
to a total volume of 10 pl per well. Plates were sealed with Microseal ‘B’ seal Seals (Bio-Rad) and
analysis was performed on a Bio-Rad CFX96 Real-Time System, using Bio-Rad CFX Manager software 3.1.
gPCR results for T Ag and VP1 transcript was calculated using absolute quantification. In brief, a
standard curve was developed using the JCPyV-pUC19 plasmid, performing 10-fold dilutions to generate
1 to 10° copies/ul of the plasmid. Cq values for both T Ag and VP1 was determined at each dilution
creating a linear equation from the standard curve. This equation was used to extrapolate the copies/ul
of T Ag and VP1 transcript in infected NHAs, NHA-Ts, and SVGAs at each time point, determined from
the raw Cq values in each sample. Absolute quantification of viral transcript levels of T Ag and VP1 were
determined in triplicate samples from three independent experiments. Statistical significance of the

number of copies/ul of viral transcript was determined between cell types at 24, 48, 72, and 96 hpi.

Statistical analysis and graphing in RStudio

A two-sample, student’s t-test assuming unequal variances was used to compare the means for
at least triplicate samples that were normally distributed; a P value of <0.05 or <0.01 was considered
statistically significant. A one-way analysis of variance (ANOVA) was used to compare two or more
samples when the data was normally distributed. The Kruskal-Wallis test was used when comparing the
median of more than two samples. Lastly, the Wilcoxon signed rank test was used when comparing two
populations that were not normally distributed. All statistical analyses were performed in RStudio
(Version 1.2.1335) except the student’s t-test, which was determined in Microsoft Excel. The Shapiro-
Wilk’s test and a Q-Q plot was used to determine if populations were normally distributed in RStudio.

Principal component analyses (PCA) of the correlation of either T Ag or VP1 expression and both cyclin
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B1 and cyclin E expression was determined from z sectioned confocal micrograph images of ~30 cells.
Analyses were performed in RStudio using the library “ggfortify” (295) and the library “ggplot2” (296) to
interpret the PCA objects. Other plots were also generated using “ggplot2”, importing the raw values

from excel into RStudio using the library “XLConnect” (297).

Scripts for PCA and Image)
Macros for creating masks and quantifying protein expression by relative fluorescence units

(RFU) in ImageJ and code for PCA performed in RStudio are supplied upon request.

Results
NHAs display established characteristics of astrocytes

Astrocytes, one of the most abundant glial cells in the brain with many key roles in the CNS
including support of myelination (141-143), have been implicated in PML (273), yet are challenging to
study due to limited markers. The most commonly used astrocyte marker, glial fibrillary acid protein
(GFAP) is a reliable marker for reactive astrocytes yet has limitations (144) as much as 40% of astrocytes
can be found negative (298). Aldehyde dehydrogenase 1 family, member L1 (ALDH1L1) is another
astrocyte marker, and unlike GFAP, has a broader pattern of expression in astrocytes (151). To
characterize NHAs before JCPyV infection, cells were subcultured to determine variability in expression
of both astrocyte markers GFAP and ALDH1L1 over time. NHAs (P2 - P8), SVGAs (P78 - P84), and human
embryonic kidney 293A cells (HEKs) (P66), a non-glial cell control that expresses low levels of GFAP
(299), were plated and fixed and analyzed by indirect immunofluorescence using antibodies targeting
both astrocyte markers (Figure 2.2A). NHA morphology is characterized as protoplasmic because they
were isolated from gray matter (300). At early passages (P2 to P4) NHAs displayed many major branches

from the astrocyte soma, and thousands of branchlets (Figure 2.2A) similar to the findings in other

34



published research (150). As subculturing continued however, these protoplasmic traits diminished
(Figure 2.2A). This is in comparison to ALDH1L1, however, of which expression remained diffuse through
continued passages, corroborating the findings in other research (151). In-Cell Western assay (ICW)™
was used to quantify GFAP and ALDH1L1 expression in all three cell types (Figure 2.2B and 1C). GFAP
expression decreased in NHAs from P2 to P3 but then remained consistent throughout P8. Levels of
GFAP expression was higher in NHAs and SVGAs in comparison to HEKs (Figure 2.2B and 1C). ALDH1L1
expression in NHAs also decreased from P2 to P3 however at less appreciable levels. Both glial cell types
however, expressed higher levels of ALDH1L1 compared to the non-glial cell type (Figure 2.2C). These

data corroborate a previous report, that GFAP expression in NHAs decreases over time (301) but

ALDH1L1 expression remains present (151).

Multiple variants of JCPyV infect NHAs

To determine whether NHAs are permissive to multiple variants of JCPyV, NHAs and SVGAs were
infected with Mad-1, Mad-4 and Mad-1/SVEA, fixed at 48 and 72 hpi, and stained with antibodies
specific for the early viral gene product, T Ag and the late viral gene product, VP1 (Fig. 2). Timepoints
correspond to T Ag and VP1 production in SVGAs, respectively, and served as a starting point to
understand JCPyV infection in NHAs. Mad-1 and Mad-1/SVEA demonstrated an equivalent percentage of
cells expressing T Ag in NHAs and SVGAs at 48 hpi (Figure 2.3A and 2B). However, the expression of VP1
in NHAs was significantly lower compared to SVGAs at both 48 and 72 hpi. Infectivity of Mad-4 was
lower, but a similar trend was observed with the percentage of NHAs expressing VP1 (Figure 2.3C). This
suggests that JCPyV, regardless of variant, can establish infection in NHAs, but the production of late
viral proteins is delayed, suggesting a delay in the infectious cycle. Based on similarities with multiple
JCPyV variants, Mad-1/SVEA was utilized for subsequent experiments due to enhanced infectivity and

ease of production.
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Figure 2.2. NHAs display established characteristics of astrocytes. NHAs and SVGAs (at indicated passages) were
plated and fixed for staining using antibodies targeting glial fibrillary acidic protein (GFAP) and aldehyde
dehydrogenase family 1, member L1 (ALDH1L1). HEK293A cells (HEKs) were used as a non-glial cell-type control.
(A) Representative images of NHAs, SVGAs, and HEKs stained with antibodies specific for GFAP (green) and
ALDH1L1 (red); nuclei were counterstained with DAPI (blue). Cells were analyzed by indirect immunofluorescence
using an epifluorescence microscope at x40 magnification. Bars = 20 °m. (B) Cells were plated in 96-well plates,
stained using antibodies specific for GFAP or ALDH1L1 (green) or CellTag (red), and analyzed by ICW. (C)
Percentage of GFAP orALDH1L1 for each passage was quantitated by ICW signal intensities (GFAP or
ALDH1L1/CellTag x 100 = % response) for NHAs (P2to P8), SVGAs (P78 to P84), and HEKs (P66). Box and whisker
plots represent the distribution of data from 6 samples, with median values denoted by the black lines and
whiskers representing values 1.5 times the distance between the first and third quartiles (interquartile range).
Colored diamonds represent individual points for NHAs and SVGAs (6 replicates), and HEKs represent the
experimental control, comprising box-and-whisker plots. Outliers are represented by black points. The Kruskal-
Wallis test was used to compare all three cell types within each passage analysis. * , P < 0.01. Data are
representative of three independent experiments.
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Figure 2.3. Multiple JCPyV strains demonstrate robust T Ag production but delayed production of VP1 in NHAs.
NHAs and SVGAs were infected with the Mad-1/SVEA (A), Mad-1 (B), and Mad-4 (C) strains of JCPyV at MOls of
0.5, 0.5, and 0.05 FFU/cell, respectively, and fixed at 48 or 72 hpi. Cells were stained with antibodies specific for
the early gene product T Ag and the late gene product VP1 and analyzed by indirect immunofluorescence. Percent
infection was determined by counting the number of T Ag- orVP1-positive nuclei divided by the number of DAPI-
positive nuclei for five x 20 fields of view for triplicate samples. Data are representative of three individual
experiments. Error bars indicate standard deviations (SD). Student’s t test was used to determine statistical
significance comparing data for NHAs and SVGAs within each time point and viral protein. *, P < 0.01.

JCPyV infection of NHAs occurs in a delayed manner independent of MOI

To determine if the delay in infection in NHAs occurs when they are inoculated with increased
virus concentrations, NHAs and SVGAs were infected at varying MOls, fixed at 48 and 72 hpi, and stained
with antibodies specific for JCPyV T Ag and VP1 (Figure 2.4A and 3B). At 48 hpi, the percentages of
JCPyV-infected NHAs expressing T Ag were comparable to the results for SVGAs, regardless of the MOI
utilized. In contrast, VP1 expression was not detectable in NHAs at 48 hpi (Figure 2.4B). At 72 hpi, the
percentage of NHAs expressing T Ag continued to increase (Figure 2.4B) yet the number of VP1-positive
cells was significantly reduced in comparison to SVGAs (Figure 2.4B). Infecting the NHAs with a MOI ~6,

resulted in ~50% of the cells expressing T Ag at 72 hpi, yet this still resulted in less than 3% of cells
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expressing VP1 (data not shown). This suggests that JCPyV can establish infection in NHAs, but the

production of late viral proteins is prolonged, suggesting a delay in the infectious cycle.

To determine the extent of the delay in VP1 production in infected NHAs, both cell types were
infected and analyzed for the production of viral proteins T Ag and VP1 over a long-term time course (12
days) (Figure 2.5A). VP1 expression in NHAs was significantly lower than in SVGAs (Figure 2.5B), despite
the increased expression of T Ag in NHAs. However, appreciable amounts of VP1 were detected in NHAs
at 12 days postinfection (dpi), suggesting that VP1 production is delayed rather than absent (Figure
2.5A). In SVGAs, at 3 and 7 dpi, 42 to 53% of infected cells expressed VP1, and at 12 dpi, 63% of cells
expressed VP1. In NHAs, however, only 4 to 15% of infected cells were expressing VP1at 3 and 7 dpi, and
only 40% expressed VP1 at 12 dpi (Figure 2.5B). Finally, to determine the efficiency of viral assembly and
release, supernatant was collected at each time point from the infected cells and was then used to
inoculate naive SVGAs. Cells were fixed at 3 dpi and stained using a VP1-specific antibody to determine
whether the viral particles released into the supernatant were infectious. The results shown in Figure
2.5C illustrate that supernatant collected from SVGAs resulted in a significantly higher percentage of
infected cells than supernatant collected from NHAs. By 12 dpi, however, the infectious virus in the
supernatant collected from NHAs increased noticeably, resembling the trend observed in the infectivity
analysis (Fig. 3). These data suggest that VP1 production in NHAs is significantly delayed before 7 dpi
compared to the VP1 production in SVGAs; however, after 7 dpi, levels of VP1 increase, releasing

infectious virus particles from the cell.
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Figure 2.4. Late JCPyV gene products are delayed across a range of MOIs. (A) Representative images of NHAs and
SVGAs infected with JCPyV (MOI = 0.1 FFU/cell), fixed at 48 hpi, and stained with antibodies specific for JCPyV T Ag
(red)or glial fibrillary acidic protein (GFAP) (green); nuclei were counterstained with DAPI (blue). Cells were
analyzed by indirect immunofluorescence using an epifluorescence microscope at x 20 magnification. Bars = 50
um. (B) NHAs and SVGAs were infected with JCPyV at the indicated MOIs (FFU/cell) and fixed at 48 or 72 hpi. Cells
were stained with antibodies specific for the early gene product T Ag and the late gene product VP1. Percent
infection was determined by counting the number of T Ag- or VP1-positive nuclei divided by the number of DAPI-
positive nuclei for 5 x 20 fields of view for triplicate samples. Data are representative of three individual
experiments. Error bars indicate SD. Student’s t test was used to determine statistical significance comparing data
for NHAs and SVGAs at each respective MOI, within each time point and viral protein. *, P < 0.01.

SV40 Large T Ag restores VP1 production in NHAs
SVGAs were developed specifically to support JCPyV infection, through the utilization of the
origin-defective mutant of SV40 (291). Constitutive expression of the SV40 Large T Ag in the nucleus

allows for efficient transcription and replication of the JCPyV genome during JCPyV infection (119). It is

thought that the enhanced efficiency is due to SV40 Large T Ag binding more effectively to the JCPyV
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Figure 2.5. The JCPyV infectious cycle is significantly prolonged in primary astrocytes. (A) NHAs were infected
with JCPyV (MOI = 0.1 FFU/cell) and fixed at 3, 7, and 12 dpi. Cells were stained with antibodies specific for T Ag
and VP1, and percent infection was quantified by indirect immunofluorescence, counting the number of T Ag- or
VP1-positive nuclei and dividing by the number of DAPI-positive nuclei for 5 fields of view at x 20 magnification
for triplicate samples. (B) The ratios of VP1- to T Ag-positive cells from NHAs in the experiment (results are
shown in panel A) and from SVGAs were measured. (C) Naive SVGAs were inoculated with viral supernatant
collected from the specific cell types on the days indicated, incubated for 72 h, and then fixed and stained for
VP1. Data represent percentages of JCPyV-infected cells for five x 20 fields of view for triplicate samples. All data
are representative of at least 3 independent experiments. Error bars indicate SD. Student’s t test was used to
determine statistical significance. *, P < 0.05.

origin of replication, ultimately leading to enhanced transcription of the JCPyV early gene products,
including JCPyV T Ag (121, 302). Expression of T Ag drives the infectious cycle forward, leading to the
“switch” from producing T Ag to replication then production of the late gene products, including VP1. To

determine if the delay in the JCPyV infectious cycle in NHAs could be overcome by the constitutive

expression of SV40 Large T Ag, NHAs stably expressing the origin-defective mutant of SV40 were
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generated, referred to as NHA-Ts (Figure 2.6A). NHAs, SVGAs, and NHA-Ts were infected with JCPyV and
fixed at 48, 72, and 96 hpi, and JCPyV T Ag and VP1 protein production was measured using indirect
immunofluorescence. T Ag production was similar across the three cell types at 48 hpi, yet there was a
significant difference in VP1 production (Figure 2.6B). VP1 expression was significantly higher in NHA-Ts
compared to NHAs, and the level of VP1 production was comparable to SVGAs at 48 (Figure 2.6B). At 96
hpi, NHAs demonstrated a significantly higher level of T Ag expression but significantly lower levels of
VP1 in comparison to NHA-Ts and SVGAs. In contrast, NHA-Ts continued to express higher percentages
of both T Ag and VP1 (Figure 2.6B). These data suggest that SV40 Large T Ag enhances JCPyV infection in
NHAs and allows for efficient production of VP1.

A Figure 2.6. SV40 T Ag reestablishes VP1
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Production of VP1 transcript is delayed in NHAs

To further understand the delay in JCPyV infection in NHAs and define whether there are cell-
type dependent differences in viral transcription, viral transcripts were quantified at 24 to 96 hpi by
guantitative PCR (gPCR) in NHAs, SVGAs, and NHA-Ts. The 24-hpi timepoint was included to serve as an
initial measure of viral transcript in each cell type, which demonstrated no significant difference in T Ag
transcript levels between NHAs and SVGAs (Figure 2.7A). At 48 hpi, both SVGAs and NHA-Ts had
significantly more T Ag transcripts compared to NHAs (Figure 2.7A), and this trend was retained over the
course of analyzed timepoints. Not surprisingly, there was a significant difference in VP1 transcript levels
from 48 to 96 hpi in NHAs in comparison to SVGAs but transcript levels in NHA-Ts were restored to
levels comparable to SVGAs (Figure 2.7B). Interestingly, VP1 transcript levels increased in NHAs to
almost comparable levels to SVGAs and NHA-Ts at 72 and 96 hpi. These data correspond with the long-
term infection results (Fig. 4), as after 7 dpi, there was a significant increase in VP1-expressing cells in
NHAs, further corroborated by gPCR analyses. Additionally, as T Ag accumulates in the infected cell, viral
DNA replication is occurring and the switch to transcription of the late viral genes ensues, including the
production of VP1. Thus, it is hypothesized, that without the presence of SV40 Large T Ag, effective late

gene transcription in NHAs does not occur until 48 h after SVGAs and NHA-TSs.

To further define the transcriptional and translational productivity of JCPyV infection, the
relative intensity values of T Ag and VP1 protein expression in infected cells was quantified using Imagel
(293). Approximately 70 T Ag- and ~30 VP1- expressing cells were quantified from 48 to 96 hpi (Figure
2.7B). There was a significant difference in T Ag expression in infected-NHAs compared to SVGAs and
NHA-Ts at all time points (Figure 2.7B). As T Ag expression is needed to drive the transcriptional and
translational productivity of VP1, these data help to explain the low levels of VP1-positive cells in NHAs
compared to SVGAs. Additionally, NHA-Ts serve as a suitable positive control for this experiment, as

there was no significance difference in T Ag expression in comparison to SVGAs (Figure 2.7B), confirming
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that cell type-dependent differences did not affect the relative intensity values. Lastly, when the

infectious cycle was able to progress to produce VP1 in infected NHAs, there was no difference in the

relative intensity values compared to SVGAs and NHA-Ts (Figure 2.7C). These data suggest that after

adequate production of JCPyV T Ag, the infectious cycle is driven forward, ultimately producing VP1

transcript so that the virus can translate into VP1 protein. These data reinforce that the delay in the

infectious cycle in NHAs is caused by ineffective levels of JCPyV T Ag protein being produced in the cell.
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Figure 2.7. Reduced production of
T Ag protein delays transcription
of VP1 in NHAs. (A) NHAs, SVGAs,
and NHA-Ts were infected with
JCPyV (MOI = 0.1 FFU/cell) and
incubated for 24, 48, 72, and 96 h.
At each time point, RNA was
extracted, and viral transcript
levels were determined by qPCR.
Data represent the absolute
guantification of viral transcripts
for triplicate samples. Error bars
indicate SD. Data are
representative of 3 independent
experiments. One-way ANOVA
was used to determine statistical
significance comparing data for
NHAs and NHA-Ts to data for
SVGAs for each time point and
viral protein. *, P < 0.01. (B, C)
Cells infected in parallel were also
fixed and counterstained for viral
proteins, and the relative
fluorescence intensity units (RFUs)
for T Ag (70 cells) (B) and VP1 (~30
cells) (C) were quantified by
indirect immunofluorescence for
five x 20 fields of view. (B) The
Kruskal-Wallis test was used to
compare the relative intensities of
T Ag and VP1, comparing all cell
types within each time point. *, P
<0.01.



Polyomavirus proteins dysregulate the cell cycle in primary and immortalized cells

All polyomaviruses produce T Ag during the infectious cycle to transform the cell into a viral
factory allowing for the effective replication of viral DNA and ultimately, virus production (279). Viral T
Ag is a multifunctional protein, serving as a DNA helicase (281), binding to p53 and blocking apoptosis,
and inducing the infected cell into S phase (280). To observe the broad view of cell cycle progression
during JCPyV infection of NHAs, cells were stained for cell cycle markers, cyclin E and cyclin B1. Cyclin E
accumulates in the cell during S phase and cyclin B1 accumulates during the progression to G2/M phase
(303-305). Cyclin B1 has been used to investigate the cell cycle status of JCPyV-infected cells as well as
other viruses (127-129, 273). Thus, analyzing the expression of cyclin E and with viral proteins T Ag and
VP1 provides a better understanding of the infectious cycle over time in NHAs and SVGAs with relation
to the cell cycle status. Using confocal microscopy, fields of view were analyzed for nuclear (N) and
cytoplasmic (C) cyclin B1 and cyclin E and nuclear T Ag or VP1 expression for 30 cells for NHAs, SVGAs,
and NHA-Ts at 48 to 96 hpi (representative images are presented in Figure 2.8A).

Nuclear cyclin E expression was significantly higher in NHAs expressing JCPyV T Ag at all time
points measured as compared to mock-infected cells (Figure 2.8). In comparison, JCPyV infected cells
had higher levels of cyclin E in the nucleus compared to mock-infected cells at 48 and 96 hpi, and this
comparison was only seen in NHA-Ts at 48 hpi (Figure 2.8). Conversely, cyclin B1 expression was
significantly higher in the cytoplasm of NHAs compared to mock-infected cells and higher in the nucleus
of SVGAs at 96 hpi compared to mock-infected cells (Figure 2.8C). A principal-component analysis (PCA)
was performed examining the relationship of T Ag expression and the nuclear and cytoplasmic
expression of cyclin B1 and cyclin E within each cell population. A loading plot of the first two, most
explained principal components illustrating the relationship of each of the 5 variables was established
(Figure 2.9A). The first component (x axis) separates cyclin B (nuclear and cytoplasmic) and T Ag

expression (positive) and cyclin E expression (negative). The second component (y axis) is influenced by
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all vectors (positive) (Figure 2.9A). Applying the same loading plot to each cell type and time point, NHAs
were defined as having low expression of T Ag and cyclin B1 expression, distinctly different than SVGAs
and NHA-Ts at 24 hpi (Figure 2.9B). However, at later time points, the NHA population began to

resemble the SVGA and NHA-T populations (Figure 2.9B).
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Figure 2.8. JCPyV T Ag drives nuclear expression of cyclin E in all cell types, while cyclin B1 expression is variable.
(A to C) NHAs, SVGAs, and NHA-Ts were infected with JCPyV (MOI =5 FFU/cell), incubated for 48, 72, and 96 h, and
then fixed and stained with antibodies specific for T Ag (red), cyclin E (magenta), and cyclin B1 (green) and
complementary secondary antibodies. Bars = 20 um. (A) Representative confocal micrograph images (60 x
objective) of samples at 96 hpi. (B) Image analysis was performed for mock-infected and infected cells (~30 cells
per time point and sample), quantifying the RFUs for nuclear and cytoplasmic expression (N/C) of cyclin E (B) and
cyclin B1 (C) using ImagelJ. One outlier was removed from the cyclin E analysis(B), and two outliers were removed
from the cyclin B1 analysis (C). The dashed lines represent an N/C ratio of 1. Solid lines represent the median
values. The Kruskal-Wallis test was used to compare the relative intensities of T Ag, comparing all cell types within
each time point. *, P < 0.01.
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Cyclin E and cyclin B1 expression was also examined in VP1-positive cells for each cell type at 96
hpi (Figure 2.10A). Only the 96-hour time point was quantified for NHAs as the number of VP1-positive
cells for this cell type at the earlier time points was insufficient for analysis. As in Figure 2.8B and 7C,
NHAs expressed higher amounts of cyclin E but lower amounts of cyclin B1 in the nucleus compared to
mock-infected cells (Figure 2.10B). In SVGAs, cyclin E and cyclin B1 levels were slightly higher in the
nucleus and there was no difference in cyclin expression in NHA-Ts compared to the mock-infected

populations (Figure 2.10B). A PCA was also performed on VP1-positive cells, and a loading plot illustrates

the principal components used to define each of the five variables (Figure 2.11A). First component (x
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axis) is influenced by all vectors (positive). The second component (y axis) separates cyclin E expression
and VP1 (negative) with cyclin B expression (positive) at 96 hpi (Figure 2.11A). Applying the loading plot
to each cell type, expression levels of cyclins in VP1-positive NHAs more closely resemble those of SVGAs
and NHA-Ts, in comparison to the distinct populations observed in T Ag-positive cells at earlier time
points. However, VP1-positive NHAs still express lower levels of cyclin B1 (Figure 2.11B). These data,
along with the previous PCA, illustrate that at earlier times during infection, NHAs are uniquely defined
by the level of viral protein expression and cyclin expression, but as infection progress, infected NHAs

become more variable and the population begins to resemble those of SVGAs and NHA-Ts.
A

NHAs ‘ | SVGAs

Cyclin E
Cyclin B

Cyclin B

o 1 2 3 40 1 2 3 40 1 2 3 4
Nuclear to Cytoplasmic Ratio (N:C)

Figure 2.10. Nuclear cyclin E expression is enhanced in NHAs expressing VP1. NHAs, SVGAs, and NHA-Ts were
infected with JCPyV (MOI = 5 FFU/cell), incubated for 96 h, and then fixed and stained with antibodies specific for
VP1 (red), cyclin E (magenta), and cyclin B1 (green) and with complementary secondary antibodies. Bars = 20 um.
(A)Representative confocal micrograph images (60 x objective) of samples at 96 hpi. (B) Image analysis was
performed for mock-infected and infected cells (~30 cells per time point and sample), quantifying the RFUs for
nuclear and cytoplasmic expression (N/C) of cyclin E (B) and cyclin B1 (C) using Imagel). One outlier was removed
from the cyclinB1 analysis (C). The dashed lines represent an N/C ratio of 1. Solid lines represent the median
values. The Kruskal-Wallis test was used to compare the relative intensities of VP1, comparing all cell types within
each timepoint. *, P <0.01.

47



Cytoplasmic Cyclin B

e
N
1

Nuclear Cyclin B

PC2 (30.77%)
o
o
1

Cytoplasmic Cyclin E

-0.2
Nuclear Cyclin E
0.0 0?1 072 0?3
B PC1 (43.51%)
NHAs SVGAs
0.4 }vp1 . tver :
LCyclin E I tcyclinE .
5 02fcyeline | tcyclinB
M~
™~
8 00r-----4 @ - pefes
1) o
O oL vPi 1 tvp1
N 1 1
JCyclin E 1 fCyclinE 1
1 1
Cyclin B Cyclin B
_0.4_l yclin ; l yclin ;

2050 -0.25 0.00 0.25 0.50-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.5
PC1 (43.51%)

Figure 2.11. VP1 expression correlates with cyclin expression in JCPyV-infected cells. (A) A loading plot of the first
two components in PCA. The first component (x axis) is influenced by all vectors (positive). The second component
(y axis) separates cyclin E and VP1 expression (negative) and cyclin E expression (positive) at 96 hpi. (B) Principal
component analysis was performed on samples from the experiment whose results are shown in Fig. 9, using the
loading plot to demonstrate correlations between nuclear and cytoplasmic expression of cyclin E and cyclin B1 and
nuclear VP1 expression, separated by cell type.

Discussion

SVGAs transformed with SV40 T Ag, serve as a robust model to study JCPyV infection and have
been especially important due to the challenges of growing the virus in commonly used cell culture
models. Studies in SVGAs have significantly improved our understanding of JCPyV infection, being cost
effective and easy to maintain and utilize in the laboratory. Unfortunately, the immortalized
characteristics of these cells present challenges when comparing to viral infection that results in disease
in human hosts and may not reflect the progression of infection in a natural host cell (306). First, SVGAs
are a heterogenous population of cells and are thus difficult to generate conclusions from a single cell

type. Furthermore, cells transformed with SV40 T Ag, like SVGAs, are susceptible to chromosomal
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changes through repeated passages, demonstrating alterations in both karyotype and phenotype in
SVGAs (307). As a result of these challenges, we further characterized JCPyV infection in primary
astrocytes, specifically analyzing the temporal regulation of the virus. We have demonstrated herein
that NHAs exhibited established characteristics of protoplasmic astrocytes based on expression of
astrocytic markers GFAP and ALDH1L1 (Figure 2.2A). The expression of astrocytic markers decreases in
initial passaging but remains constant thereafter and, thus, independent of the initial events of the
infectious cycle (Fig 1A). The infectious cycle in NHAs is comparable to SVGAs, yet subsequent steps are
delayed resulting in a significant reduction of the late viral gene product VP1. As it is well understood
that SV40 T Ag can bind more effectively than JCPyV T Ag to the early region of JCPyV to initiate JCPyV
replication (121, 302), we sought to characterize the differences in JCPyV infectivity in primary cells
compared to cells transformed with SV40 T Ag, NHA-Ts. The expression of SV40 T Ag conferred an
enhanced capacity of NHAs to support JCPyV infection to the level of SVGAs. These findings illustrate
that primary astrocytes support JCPyV infection yet have a delayed infectious cycle, and expression of
SV40 T Ag alters the course of infection in NHAs through cellular reprogramming that is not attributable

to JCPyV infection.

Other cell culture models have been used to study JCPyV infection in vitro. This includes other
immortalized cells such as COS-7 cells (CV-1 cells transformed with SV40 T Ag) (308) and 293TT cells
(human embryonic kidney [HEK] cells expressing high levels of SV40 T Ag) (119) and primary cells, like
RPTECs (renal proximal tubule epithelial cells) (309), neural progenitor cells (NPCs) (290), choroid plexus
epithelial cells (167, 310), and human embryonic stem cells (hESC)-derived oligodendrocytes (311).
RPTECs, represent a potential primary model for studying the low-level persistent infection in the
kidney. NPCs and hESC-derived oligodendrocytes are useful models to study glial-specific infection yet
are challenging to differentiate and maintain in cell culture (312). On the other hand, primary astrocytes

are easy to culture and maintain, and most recently, were discovered to play a critical role in PML
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development in a human chimeric glial mouse model (273). Previously, PML development has been
defined by the lytic infection of oligodendrocytes, which were thought to be the main target of PML (60,
313). Kondo et al. suggested that astrocytes are readily targeted by the virus and produce higher levels
of JCPyV infection in comparison to oligodendrocytes, and interestingly, astrocytes may act as a
reservoir for JCPyV infection (273). The delayed characteristics noted in that study align with our results
demonstrating that JCPyV can infect NHAs producing significantly more JCPyV T Ag-positive cells and
fewer infected cells expressing VP1 (Fig. 2-4). Infecting NHAs with multiple JCPyV variants, resulting in
the same trends in T Ag and VP1 production, demonstrates that the NCCR region may not influence the
temporal regulation of the virus in primary cells (Fig. 2); however, future studies would be necessary to

further validate this finding.

Previous research has also demonstrated that the overexpression of SV40 T Ag enhances
replication of JCPyV that naturally replicates poorly in cell culture. 293TTs for example, HEK cells with an
SV40 T Ag expression plasmid and an integrated SV40 genome, can support infection because of their
capacity to produce high levels of SV40 T Ag (119). Similarly, results reported herein illustrate that JCPyV
infection is enhanced in NHAs that express SV40 T Ag in trans (Figure 2.6B). Although viral DNA
replication was not directly measured, previous research has shown that SV40 T Ag enhances JCPyV
replication (119). In line with previous results, NHA-Ts had equivalent levels of both early and late JCPyV
transcript and protein levels, like those of SVGAs (Fig. 6). A possible explanation lies in the flanking
sequences around the core origin of JCPyV T Ag not being able to stimulate DNA replication as well as
SV40 T Ag (121). This dependency results in JCPyV T Ag binding less efficiently to the viral genome (302),

leading to less virus replication and ultimately less expression of the late gene products, including VP1.

Polyomavirus T Ag proteins can impact the cell cycle, allowing the forced entrance of quiescent

cells into S phase and binding to p53 and Rb (280, 314), which is necessary for viral replication. SV40 T
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Ag can also induce expression of cyclins A, B1, and E but not cyclin D (315, 316). Cyclins are commonly
used as markers for the cell cycle (127-129, 273) and have been previously used as cell cycle markers
during JCPyV infection (273, 274). Cyclin E is activated during the end of G1 and accumulates in the cell
during S phase and it has been previously demonstrated to be upregulated during JCPyV infection
around 5 dpi but later decreased (274). Cyclin B1 on the other hand, accumulates in the cell during late
stages of the G2 phase and becomes activated in the nucleus during the initiation of the M phase.
Further, previous research has demonstrated that cyclin B1 expression increased in infected astrocytes
from initial infection up to 15 dpi (274). Unfortunately, previous immunofluorescence analyses were
subject to a qualitative approach which could lead to inherent biases of defining a cell expressing a given
protein and not quantitatively illustrating the range of expression in infected cells. Secondly, cyclins are
dynamic proteins within the cell, translocating to the cytoplasm and nucleus and thus, other techniques

used may not be able to accurately quantitate this translocation event (293).

Quantitative fluorescence microscopy methods allow for single cell analyses to determine the
amount of protein within a cell, information that could be lost by biochemical fractionation from an
analysis such as western blot (293). Examining the nuclear (N) to cytoplasmic (C) ratios (N:C), it was
determined that cyclin E expression was higher in the nucleus of infected cells compared to mock-
infected cells in both NHAs and SVGAs, which was shown previously in cells infected with JCPyV (274).
When examining cyclin B expression however, infected NHAs had a lower N to C ratio compared to
mock-infected cells which contrasted with SVGAs, especially at 96 hpi (Figure 2.8). These findings
illustrate the advantages of using this technique and highlight the differences of JCPyV infection in
NHAs. As JCPyV infection continues, the cell progresses into the G2 phase and is arrested at G2/M,
shown by the increase in cyclin B1 expression in the cytoplasm, which allows for virus assembly and
subsequent virus release (Figure 2.12). In NHAs, cyclin B1 is activated but is sequestered in the

cytoplasm, while in SVGAs, cyclin B1 expression is greater in the nucleus of infected cells compared to
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mock-infected cells (Figure 2.8A and 7B). This difference is most likely due to expression of SV40 T Ag as
both the mock and infected cells of the newly transformed NHA-T population resembles that of SVGAs
(Figure 2.8 and Figure 2.9B), resulting in the infected cell not being able to progress to later stages of the

cell cycle.

Image analysis also allows for the generation of a unique data set, defining selected cells by the
expression of multiple proteins. In this study, the nuclear and cytoplasmic expression of host proteins
was analyzed as well as nuclear viral protein levels by performing a principal component analysis across
various timepoints, revealing interesting trends developed by the correlation among the variables
chosen. Compared to SVGAs and NHA-Ts, NHAs, were defined as a small, unified population of cells
expressing low levels of cyclin B and T Ag. As infection progressed however, the NHA population began
to overlap with SVGAs and NHA-Ts, most likely the result of continued JCPyV T Ag production, further
inducing expression of cyclin E and potentially driving the cells into S phase (Figure 2.9B and Figure

2.11B).

This research further characterizes primary astrocytes as a useful model to study early events in
JCPyV infection as NHAs support the production of abundant levels of JCPyV T Ag. Furthermore,
techniques and methodological approaches explained here can be extrapolated to other primary cells,
including oligodendrocyte progenitor cells and mature oligodendrocytes to determine the temporal
regulation of JCPyV infection in this other critical cell type in the pathogenesis of PML. The differences
between infection in primary astrocytes in comparison to the transformed model SVGA cell line provides
insights into the mechanism by which SV40 T Ag enhances JCPyV infection. Taken together, these
analyses illustrate a timeline of the progression of JCPyV infection in a primary cell type, NHAs. Initially
delayed (compared to cells expressing SV40 T Ag), the infectious cycle is prolonged due to the low levels

of JCPyV T Ag (Figure 2.12). However, the prolonged expression of JCPyV T Ag may lead to T Ag binding
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to the viral DNA as well as p53 and Rb, inducing the cell into S phase and ultimately driving the
transcription of the late genes, such as VP1. In a field where the development of an animal model is
hampered due to the narrow host range of JCPyV, this research may serve to establish a foundation for
future studies to examine and discover molecular mechanisms of astrocytic viral infection that

ultimately lead to human disease.
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Figure 2.12. Model of the temporal regulation of JCPyV infection and cell cycle progression, comparing NHAs to
SVGAs. JCPyV translocate to the nucleus after arrival in the endoplasmic reticulum (ER) (~6to12h); comparable
levels of T Ag transcript are produced at 24 hpi in NHAs and SVGAs. T Ag transcript is translated to T antigen
protein, but at decreased levels in NHAs compared to the levels in SVGAs. Subsequently, less VP1 transcript is
produced, delaying the translation of VP1 protein. Cyclin E continues to accumulate in the nucleus of NHAs from
48 to 96 hpi as T Ag transforms the cell to support viral replication. VP1 transcript begins to accumulate in the
nucleus at 72 hpi and cyclin B accumulates in the cytoplasm, and at 96 hpi, VP1 is produced. In comparison, JCPyV
infection in SVGAs occurs in a more rapid fashion, where T Ag transcript is translated to T Ag protein and cyclin E
accumulates in the nucleus at 48 hpi. VP1 transcripts drastically increase at 48 hpi as well, and at 72 hpi, nucleus
expression of cyclin E is reduced, and VP1 production occurs soon after.
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CHAPTER 3

THE MAPK/ERK PATHWAY AND ROLE OF DUSP1 IN JCPYV INFECTION OF PRIMARY ASTROCYTES

The work presented in this chapter is in preparation for resubmission.

Introduction

JC polyomavirus (JCPyV) is a human-specific virus that infects astrocytes and oligodendrocytes
leading to the fatal, demyelinating disease, progressive multifocal leukoencephalopathy (PML) (60-63,
68). JCPyV infects most of the population, residing in the kidneys of healthy individuals (28, 30, 44-46).
However, during immunosuppressive events, the virus can escape the kidneys and enter the central
nervous system (CNS), infecting glial cell types (45, 58, 59). If left untreated, PML can be fatal within a
few months (317). Individuals most at risk for this disease include those who undergoing
immunomodulatory therapies, such as natalizumab for multiple sclerosis (MS) or people who are HIV
positive (60, 71, 75, 76). While there have been advancements in treatment, which address the
underlining immunosuppression aligned with supportive care, resulting in improved survival rates, a

sufficient cure for the disease is still lacking (71, 79-81).

Limited approaches to studying JCPyV in vivo, pose challenges in understanding PML
pathogenesis. When non-human cells are infected, the JCPyV infectious cycle cannot be completed due
to the lack of appropriate host cell factors, ultimately resulting in tumorigenesis (168, 171-173, 318).
Recent progress has been accomplished however, by using humanized, chimeric mouse models. In 2014,
Kongo et. al generated a chimeric humanized mouse model to study JCPyV pathogenesis and
demonstrated that astrocytes were the main target of glial infection, may act as a reservoir during
infection, and supported viral replication to a greater extent compared to oligodendrocytes (68). This

discovery greatly impacted our understanding of PML progression and suggested that exploration of
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astrocytic infection in greater detail was warranted. Our laboratory recently characterized JCPyV
infection in primary normal human astrocytes (NHAs) as a tool to understand the infectious cycle (130,

167).

To date, many advancements of the mechanistic understanding of JCPyV infection has been
attributed to in vitro work, specifically using immortalized human fetal glial cells, constitutively
expressing SV40 Large T antigen (T Ag), termed SVG-A cells (referred herein as SVGAs) (124). Initially, the
virus replicated poorly in cell cultures that lacked SV40 Large T Ag expression, but in cells immortalized
with SV40 Large T Ag, replication of the JCPyV genome was increasingly efficient (120, 121). The JCPyV
genome is ~5,100 bp in size and accomplishes viral infection through two bidirectional coding areas,
orchestrated by the noncoding control region or NCCR (47, 86). Host factors bind to the NCCR of the
viral genome in the nucleus of the host cell and initiate transcription and translation of the viral early
genes. The early genes of JCPyV, specifically Large T Ag, facilitates replication by inducing the cell into S
phase and acts as a helicase to unwind the viral DNA (116, 122). Research has demonstrated that SV40
Large T Ag may better support JCPyV replication by binding more efficiently to the viral genome and
thus, SVGAs, have more robust levels of infection comparative to other cell lines (120, 121). Following
JCPyV replication, late gene expression induces production of the viral proteins (VP) 1, 2, and 3, which

encapsidate the viral DNA before virions are released to subsequently infect surrounding cells (41).

Due to the discovery of astrocytes as the main targets in the CNS for JCPyV infection, and the
accumulation of research performed using SVGAs, the infectious cycle was characterized in primary
human astrocytes in comparison to infection in SVGAs (130). It was discovered that JCPyV infection was
delayed in primary astrocytes mostly due to the inadequate production of JCPyV Large T Ag compared to
levels of this viral protein in cells immortalized with SV40 Large T Ag (130). This research corroborated

the observations of Kondo et. al. in the chimeric mouse model; astrocytes were readily infected but
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expressed low levels of the late viral gene product VP1 (68, 166, 167, 319). Further research suggested
that the immortalization of NHAs with SV40 Large T Ag, termed NHA-Ts, restored levels of VP1
expression comparable to JCPyV infection in SVGAs (130). Unfortunately, expression of SV40 Large T Ag
may impact cells in other ways in addition to supporting JCPyV replication, including dysregulating the

cell cycle and activating cellular pathways (122, 123).

Previous research established that JCPyV uses the cellular, mitogen-activated protein kinase,
extracellular signal-regulated kinase (MAPK/ERK) pathway to reprogram the cell and support viral
infection (94, 193). It was determined that both SVGAs and a primary kidney cell line, renal proximal
tubule epithelial cells (RPTECs) required ERK phosphorylation as using the MEK inhibitor, U0126, a
kinase upstream of ERK, reduced infection in both cell types (193). It was further validated that, kinases

in this pathway, BRAF, CRAF, MEK1, and MEK2 were all critical for infection in SVGAs (205).

The MAPK/ERK pathway is important in determining cell fate in proliferation, differentiation,
and survival (192). Other viruses hijack this pathway to reprogram the cell and support viral infection
(193, 206-208). However, there has been little research implicating the negative regulatory role of the
MAPK/ERK pathway may play in viral infection, including the function of dual specificity phosphatases
(DUSPs). DUSPs are made up of a family of protein tyrosine phosphatases that strongly regulate and
deactivate MAPK signaling (209-212). Typical DUSPs, or phosphatases that contain a MAP kinase-
binding (MKB) motif or the kinase-interacting motif (KIM), are dynamic proteins further classified by
their subcellular cytoplasmic and/or nuclear localization (213, 320). The most studied DUSPs in glial cells
are DUSP1 and DUSP6 (209). DUSP6 is a cytoplasmic phosphatase that inhibits ERK1/2 phosphorylation
(213). Recent evidence has elucidated the involvement of DUSP6 with MEK1/2-ERK1/2 signaling and the
infectious bronchitis virus (IBV), a strain of Gammacoronaviruses (321). The authors discovered that

overexpression of DUSP6 led to inhibition of ERK1/2 signaling and diminished IBV infection, while
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suppression of DUSP6 led to phosphorylation of ERK1/2 and increased levels of IBV replication (321).
Converse to DUSP6, DUSP1 is found in the nucleus and binds to JNK, p38, and ERK1/2, leading to the
dephosphorylation and inactivation of these kinases (212). Interestingly, cellular levels of ERK can be
sustained by targeting DUSP1 for degradation via the ubiquitin/proteasome pathway (214-216), further
highlighting the complexity of the regulatory processes of the MAPK/ERK pathway. DUSPs, specifically
DUSP1, have been implicated in other viral infections as well, including hepatitis C virus (HCV), vaccinia
virus (VACV), human respiratory syncytial virus (RSV), and Sendai virus (SeV) (219, 322, 323). Through
ERK phosphorylation, DUSP1 is upregulated and stabilized, further promoting viral replication and
release during VACV infection (322). Moreover, DUSP1 may also be differentially expressed during
coronavirus infection (324), highlighting the importance of this protein during infection across many
viral families. Lastly, DUSP1 is also known to be involved in the inflammatory response (218) as research
has demonstrated that knockdown of the protein can reduce HCV infection, as it promoted the

induction of interferon stimulated genes (ISGs) (219).

The purpose of this study was to elucidate and define the cellular pathways involved in JCPyV
infection in primary astrocytes. This was established through a comparative approach, using RNA
sequencing (RNA-seq), bioinformatics analysis, and complementary cell-based assays to compare the
host transcriptome profile in primary astrocytes versus SVGAs during JCPyV infection. These data further
validate the importance of ERK in JCPyV infection, reveals novel regulatory roles of the MAPK/ERK
pathway, and highlights the importance of DUSP1 expression during JCPyV infection in primary

astrocytes.
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Materials and Methods

Cells and viruses

The maintenance and description of normal human astrocytes (NHAs) (passage 1 [P1]) were
previously described (130). Briefly, NHAs were cultured in astrocyte growth medium and supplemented
with SingleQuots supplements and 1% penicillin-streptomycin (P-S). The donor was a 19-week-gestation
female with no detected levels of HIV, hepatitis B virus (HBV), or hepatitis C virus (HCV). All experiments
were performed at low passages (P2 to P10). SVGAs were generously provided by the Atwood
Laboratory (Brown University) and cultured in complete minimum essential medium (MEM) (Corning),
with 10% fetal bovine serum (FBS), 1% P-S and 0.1% Plasmocin prophylactic (InvivoGen). The generation
and maintenance of NHA-Ts are previously described (130). All cell types were grown in a humidified

incubator at 37°C with 5% CO,.

The generation and production of either lysate or purified JCPyV strains of Mad-1/SVEA were
described previously (275, 325), and the strain was kindly provided by the Atwood laboratory (Brown

University).

siRNA treatment
NHAs and NHA-Ts were plated for ~70% confluency while SVGAs were plated to ~50%
confluency in 96 well plates and transfected with siRNAs specific for MEK1/2, ERK1/2, epidermal growth
factor receptor (EGFR) control (Cell Signaling Technology) or DUSP1 (Santa Cruz Biotechnology). A final
concentration of 1pmol of siRNA/well for MEK1/2 and ERK1/2, and a final concentration of 4 pmol of
DUSP1 siRNA/well was used with RNAiMax transfection reagent (Invitrogen) by mixing transfection
complexes in Opti-MEM, reduced serum medium (Gibco) at RT for 7 min. Complexes were added to the

cells (10 pl/well) and incubated at 37°C for 72 h for the MEK1/2 and ERK/12 siRNA and 24 h for the
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DUSP1 siRNA. Protein reduction was measured by ICW assay (205, 292) or cells were infected with JCPyV

following treatment of siRNA.

JCPyV infection
NHAs, SVGAs and NHA-Ts were seeded into 96-well plates with approximately 10,400 cells/well

to achieve ~70% confluency at the time of infection. Cells were infected (multiplicities of infection
[MOIs] as indicated in the figure legend) with 42 ul/well of MEM containing 10% FBS, 1% P-S and 0.1%
Plasmocin prophylactic, at 37°C for 1 h. After the initial 1 h, cells were fed with the respective medium at
100 pl/well and incubated at 37°C for the duration of the infection. Experiments in which the % infection
was quantified following treatment, cells were fixed at 48 h and stained by indirect immunofluorescence
for the viral protein, T Ag; except for Fig. 6 as both viral proteins, T Ag and VP1 were quantified and fixed

at 72 h, following treatment.

Chemical inhibitors, BCI treatment
The allosteric inhibitor of DUSP1, BCI ((E)-2-Benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-
inden-1-one), (Calbiochem) was reconstituted in DMSO and used at 1 uM. All cell types were pretreated
with the inhibitor for 1 h, in MEM containing 10% FBS, 1% P-S and 0.1% Plasmocin prophylactic, prior to
JCPyV infection. Following JCPyV infection, all cell types were fed with 100 pl/well of media containing 1
UM BCl or the DMSO control for 72 h. This concentration did not affect cell viability as measured by 4,5-
dimethylthiazol-2-yl)-5-(3A- carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (data

not shown).
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Indirect immunofluorescence staining and quantitation of JCPyV infection
Following infection, all cell types were stained for T Ag or both T Ag and VP1 (Fig. 3.7) at room
temperature (RT). NHAs, SVGAs, and NHA-Ts were fixed with 4% paraformaldehyde (PFA) for 11 min and
washed with 1 X phosphate-buffered saline (PBS) with 0.01% Tween (PBS-T). Cells were permeabilized
for 15 min using PBS-0.5% Triton X-100 and then blocked with PBS with 0.01% Tween and 10% goat
serum for 45 min. Cells were then stained using antibodies specific for viral proteins at RT for 1 h (Table
3.1). Following 1° antibody incubation, cells were washed three times in PBS-T and counterstained with
a 2° antibody, specifically an anti-mouse Alexa Fluor 594 (Table 3.1) for 1 h. Cells were subsequently
washed with PBS-T and counterstained using DAPI (4’,6-diamidino-2-phenylindole) at RT for 5 min. Cells

were washed with PBS-T two more times and stored in PBS-T.

TABLE 3.1. Antibodies used in immunofluorescence and ICW assays.
Protein 1° antibody (dilution, manufacturer) 2° antibody (dilution, manufacturer)

ICPYV T Ag PAB962 (1:5, hybridoma) anti-mouse Alexa Fluor 594 (1:1000,

Thermo Fisher Scientific)

JCPyV VP1 #ab34756 (1:1000, Abcam)

Total ERK (p44/42 #46955 (1:500, CST)

MAPK)

PERK (P-p44/42 MAPK anti-rabbit IRDye 800CW (1:10,000,
£t T202/Y204) #9101S (1:750, CST) LI-COR) v (

PMEK (at $222/5226) #44-454G (1:750, Invitrogen)

pDUSP1 (at $359) #2857S (1:750, CST)

Total DUSP1 #sc-373841 (1:75, Santa Cruz Biotechnology) | anti-mouse IRDye 800CW (1:10,000,
Total MEK1/2 #4694 (1:300, CST) LI-COR)

CST, Cell Signaling Technology; ICW, In-Cell Western

To visualize the cells expressing the nuclear, viral protein T Ag or VP1, a Nikon Eclipse Ti
epifluorescence microscope (Micro Video Instruments, Inc.) equipped with a 20 X objective was used.
Percent infection of each well was quantified by counting the T Ag- or VP1-positive cells over the total
number of DAPI-positive cells in five fields of view/well. The DAPI-positive cells were determined by

using a binary algorithm in the Nikon NIS-Elements Basic Research software (version 4.50.00, 64 bit). The
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algorithm created an accurate number of cells in each field by separating them based on intensity,

diameter, and circularity (92, 130, 193, 205, 241).

ICW assay and LI-COR quantification

Protein expression measuring total or phosphorylated ERK, total or phosphorylated MEK, and
total or phosphorylated DUSP1 were performed using an ICW assay (205, 292). Following infection or
siRNA treatment cells were fixed in 4% PFA, washed with PBS-T and permeabilized with 1 X PBS-0.5%
Triton X-100 at RT for 15 min. Cells were blocked with Tris-buffered saline (TBS) Odyssey buffer (LI-COR)
at RT for 1 h. Cells were stained with the appropriate antibody, dilutions indicated in Table 3.1, in TBS
Odyssey blocking buffer at 4°C for ~16 h while rocking. The next day, cells were washed with PBS-0.01%
Tween three times and incubated with the corresponding secondary antibody in Table 3.1 and CellTag
(2:500, LI-COR) for 1 h. Cells were washed with PBS-T, aspirated and the bottom of the plate was
cleaned with 70% ethanol prior to scanning. Plates were weighted down using a silicone mat (LI-COR)
and the lid was removed before imaging, using the LI-COR Odyssey CLx infrared imaging system to
detect both the 700- and 800-nm intensities. Plates were read at medium quality, at 42-um resolution,
with a 3.0mm focus offset. Once scanning was complete, the 700- and 800-nm channels were aligned
and ICW analysis was performed in Image Studio software (version 5.2). Quantification was determined
by subtracting the background from the 800-nm channel (secondary antibody alone) from each well, in
which the protein of interest was being measured. Next, the ratio of the 800-nm channel (protein of

interest) signal to the 700-nm channel (CellTag) in each well was determined.

Absolute quantification of DUSP1 transcript levels by qPCR
NHAs, SVGAs, and NHA-Ts were plated to 70% confluence in 96-well plates. Medium was

removed and cells were infected with JCPyV (MOI = 0.1 FFU/cell [same virus prep used in the RNA-seq
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infection]) in 42 pl of the respective cell medium and incubated at 37°C for O, 24, 48, and 96 h. RNA was
extracted as outlined previously and was converted to cDNA using the iScript cDNA synthesis kit (Bio-
Rad) using 1 ug of RNA. Primers for DUSP1 (F: GGATACGAAGCGTTTTCGGC, R:
AGAGGTCGTAATGGGGCTCT)(326) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a housekeeping gene (327). After creating the master mix of gPCR reagents with the iQ SYBR green
supermix (Bio-Rad), 150 nM of each primer set, 100 ng of cDNA, along with the master mix was added to
each well of a 96-well PCR plate, to a total volume of 10 pl. The gqPCR reaction settings are as follows:
95°C for 5 min followed by a 40-cycle setting at 95°C for 30 s, 55°C for 1 min, and 72°C for 1 min,
followed by 95°C for 30 s, 55°C for 30 s, and lastly 95°C for 5 min. A melting curve was added at the end

to determine primer specificity for each sample.

Preparation of samples for RNA-seq and RNA-seq analysis

NHAs and SVGAs were plated to 70% confluence in a 24-well plate. Medium was removed and
cells were infected with JCPyV (MOI = 0.1 FFU/cell) in 200 pl or mock-infected with an empty cell
preparation control. Cells were incubated at 37°C for 1 h in the respective medium and following
infection the cells were fed with 1 ml of media and incubated at 37°C for 24, 48, and 96 h. At each time
point, cells were either fixed and stained for T Ag or 200 pl of TRIzol reagent (Invitrogen) was added to
each well and stored in the -20°C. After validating similar levels of infection in NHAs and SVGAs at each
timepoint by indirect immunofluorescence assay, cells in TRIzol reagent were removed from the -20°C
storage and total RNA was extracted from each sample with the Direct-zol RNA kits according to the
manufacturer’s protocol (Zymo Research). RNA quantification was determined by using the NanoDrop
One, both mRNA libraries were prepared, and samples were sequenced at Beckman Coulter Genomics
(Genewiz). Remaining RNA was converted to cDNA and both T Ag and VP1 transcript was measured by

gPCR as previously reported (130) to validate transcript levels at each time point.
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Strand-specific RNA-seq was prepared, and the paired-end reads were sequenced on an Illumina
HiSeq with 20 to 30 million reads per sample with polyA selection, using next generation sequencing
technology. Quality control was performed on the sequenced reads using FastQC (Version 0.11.8)

(http://www.bioinformatics.babraham.ac.uk/projects/fastgc/) and reads were trimmed using

Trimmomatic (Version 0.39) (328). Trimmed reads were then aligned to the human genome assembly
(Version GRCh38) using HISAT2 (329) and read counts per gene generated using the Ensembl GTF file
(Ensembl version 103) and HTSeq (Version 0.13.5) (186). The read counts per gene were analyzed using

RStudio (version 1.2.1335) and R/edgeR (version 3.30.3) (187).

STRING Interaction database, GO Enrichment Analysis, and PANTHER pathway analysis
Interaction of genes, including genes in the MAPK/ERK cascade were visualized using STRING
(http://string-db.org). STRING is a database that illustrates the direct and indirect, or the physical and
functional association, respectively, of two or more proteins (330). Interactions of genes were defined as
indicated in the figure legends. Gene networks were imported into Cytoscape (Version 3.8.2) to merge
information from the R/EdgeR analysis. Furthermore, for Figure 8, the list of genes from the STRING
database were used for a Gene Ontology enrichment analysis using PANTHER (331). The PANTHER

pathway terms corresponding to the gene list were visualized using the R package, GOplot (332).

Statistical analysis and graphing in RStudio
For data that was normally distributed, the two-sample Student’s t test assuming unequal
variances was used to compare the mean values for at least triplicate samples. However, for data that
was not normally distributed, the Wilcoxon signed rank test was used to compare the median values for
two populations. For comparing more than two samples the One-way analysis of variance (ANOVA) or

the Kruskal-Wallis test was used depending on the distribution of the data. If the Kruskal-Wallis test
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determined a significant difference between groups, the pairwise Wilcoxon rank sum test, along with
the Bonferroni adjustment was used to determine the pair of groups that were different. Distribution of
the data was determined by the Shapiro-Wilk’s test and a quantile-quantile plot (Q-Q plot), a plot to
illustrate normality of the data, in RStudio (version 1.2.1335). All statistical analyses were performed in
RStudio, other than the Student’s t test, which was determined in Microsoft Excel. All statistical analyses
referring to the RNA-seq data was performed using the R/edgeR (version 3.30.3) (187), including the MA

plots. All graphs, including heatmaps were creating using ggplot2 (version 3.3.3) (296).

Data Availability
The RNA-seq data were deposited in the National Center for Biotechnology Information (NCBI)

Gene Expression Omnibus (GEO) database, under accession number GSEXXXX (in progress).

Results
RNA-seq reveals unique differential gene expression in JCPyV-infected primary astrocytes versus
SVGAs
RNA-seq was performed to measure gene expression in NHAs and SVGAs that were either mock-
or JCPyV-infected at 24, 48, and 96 hpi, as illustrated in Figure 3.1A. Time points selected were
previously identified as critically different in the JCPyV infectious cycle in NHAs compared to SVGAs
(130). Differential gene expression was determined for NHAs and SVGAs at each time point. To compare
the magnitude of genes that were differentially expressed from JCPyV infection in NHAs versus SVGAs, a
statistical and expression criterion was established, represented as red points in Figure 1B (unadjusted P
< 0.05 and logzFC > 1 or log,FC < 1). At 24 hpi, 95 genes were upregulated, and 21 genes downregulated

in NHAs versus only 51 genes upregulated and 1,123 genes downregulated in SVGAs (Fig. 1B). At 48 hpi,
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the relationship between genes having a log, fold change above or below one with an unadjusted P
value less than 0.05 were reversed for each cell type: 72 genes were downregulated in NHAs opposed to
only 28 genes upregulated, and in SVGAs, 25 genes were upregulated, and 17 genes downregulated.
Finally, the 96 hpi time point mirrored the relationship found at 24 hpi for both cell types. More genes
were upregulated (301 genes) and only 33 genes were downregulated in NHAs, versus SVGAs where 286
genes were downregulated and only 34 genes were upregulated at 96 hpi (Fig. 3.1B). Taken together,
these data reveal a pattern of differential gene expression over the course of JCPyV infection that is

uniquely different in primary human astrocytes versus an immortalized glial cell line.
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Figure 3.1. Whole transcriptome RNA-seq profiles of JCPyV infected primary astrocytes and SVGAs during course
of infection reveals differential gene expression between primary and immortalized cells. (A) Primary, normal
human astrocytes (NHAs) and immortalized glial cells (SVGAs) were either infected with JCPyV (MOI
or mock-infected with a vehicle control and the transcriptomic profile was determined at 24, 48, and 96 hpi. (B)
RNA-seq data were normalized with the read CPM method and MA plots were generated from DEseq2 analysis at
each timepoint representing the log fold changes of JCPyV-infected versus mock-infected NHAs or JCPyV-infected
versus mock-infected SVGAs. Black points are genes from the R/EdgeR analysis. Orange points represent genes
that have a slightly greater logFC than the y axis displays. Red points represent genes with a logFC greater or less
than 1 and an unadjusted P value < 0.05. The blue lines in each plot represent the logFC = 1 and logFC = -1; FC:
Fold-change, CPM: Counts per million.
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The MAPK/ERK pathway is differentially expressed in NHAs during JCPyV infection

The MAPK/ERK pathway has been previously established to regulate JCPyV infection in both
SVGAs and primary RPTECs (94, 193, 205). This regulatory network is influenced by numerous genes
upstream and downstream of the pathway; to further elucidate the differential gene expression
observed in Figure 1B, genes within the network of the MAPK/ERK pathway were analyzed (Fig. 3.2).
NRAS, KRAS, HRAS, BRAF, RAF1, MAP2K1 (MEK1), MAP2K2 (MEK2), MAPK1 (ERK2), and MAPK3 (ERK1)
were entered into the STRING interaction database. The network was expanded to further reveal only
the known interactions determined experimentally or from curated databases, having a minimum
interaction score of 0.9 and having no more than 10 interactors in the 15t and 2" shell. The list of genes
was then examined in the RNA-seq data to determine the cell-specific expression patterns, examining
both the log, fold change and unadjusted P value for each gene in NHAs and SVGAs at 24 hpi. The
interactions of 29 genes were examined, however 4 genes were not included (gray) as they were lowly
expressed and were filtered out during the R/edgeR analysis (Fig. 3.2A). In NHAs, there were 19 genes
that had a negative log; fold change and two of them, PIK3R1 and SOS1 had an unadjusted P value
threshold of less than 0.05 (Fig. 2A, right). In the MAPK/ERK cascade specifically, HRAS, MAP2K2 (MEK?2),
and MAPK3 (ERK1) had a positive log, fold change, however only HRAS and MAP2K2 (MEK2) had an
unadjusted P value less than 0.1. This contrasts with SVGAs, where HRAS, MAP2K2 (MEK2), and MAPK3
(ERK1) had a negative fold change and a P value less than 0.05 for HRAS and MAP2K2 (MEK2) (Fig. 3.2A).
To understand how the MAPK/ERK cascade changes over the course of JCPyV infection, the log, fold
change of the genes within the cascade for each time point in both NHAs and SVGAs was determined
and illustrated as a heatmap in Figure 2B. The differing gene expression seen at 24 hpi between NHAs
versus SVGAs was also apparent at 48 and 96 hpi. This pattern was most pronounced with the following
genes: HRAS, MAP2K2 (MEK2), and MAPK3 (ERK1). At 48 hpi these genes had a negative log fold change

in NHAs whereas in SVGAs, these genes had a positive log; fold change (Fig. 3.2B). Collectively, these
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data illustrate that the temporal patterns of the genes in the MAPK/ERK pathway during JCPyV infection
in NHAs is distinct and contrary from the MAPK/ERK gene expression pattern in SVGAs, and this

distinction can be expanded to surrounding genes of the MAPK/ERK cascade, specifically at 24 hpi.

Knockdown of MEK and ERK in primary astrocytes influences JCPyV infection
To better compare the differences observed in the MAPK/ERK pathway in NHAs and SVGAs, NHA-Ts,
NHAs immortalized with SV40 T Ag were used in parallel with the other two cell types (130). All cell
types were treated with siRNAs targeting MEK and ERK and subsequently infected 72 h post siRNA
transfection. Protein knockdown was analyzed by In-Cell Western (ICW) (Fig. 3.3A) and quantified using
LI-COR software (Fig. 3.3B). Greater than 60% reduction of MEK and ERK was achieved in all cell types at
3 days post transfection (Fig. 3.3B). Following siRNA treatment, all cell types were infected with JCPyV
and infectivity was measured at 2 days post infection (dpi) for cells treated with the MEK siRNA (Fig.
3.3C) or ERK siRNA (Fig. 3.3D). Knockdown of MEK significantly increased JCPyV infection in NHAs
compared to SVGAs and NHA-Ts (Fig. 3.3C). However, knockdown of ERK resulted in a decrease of JCPyV
infection in all cell types although a more appreciable decrease was observed in NHAs (Fig. 3.3D). These
notable outcomes of JCPyV infection in primary astrocytes highlight the complexity of the MAPK/ERK
pathway, introduces the requirement of ERK in JCPyV infection in NHAs, and suggests unique regulatory

mechanisms of the MAPK/ERK pathway observed in NHAs but not SVGAs and NHA-TSs.
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Figure 3.2. The MAPK-ERK1/2 cascade and associated gene networks are differentially expressed in NHAs
compared to SVGAs during JCPyV infection. (A) Genes of the MAPK-ERK1/2 cascade were entered in the STRING
interaction database to determine the protein-protein interactions determined experimentally or from curated
databases of the immediate, surrounding genes within the MAPK-ERK1/2 cascade of NHAs (left) or SVGAs (right).
These interactions were defined as having an interaction score of 0.9 with no more than 10 interactors in the 1%
and 2" shell. Each node (i.e. gene) was colored based on the Log> fold change of JCPyV-infected to mock-infected
cells at 24 h, and the shape of the gene represents the significance. Arrows point from the source gene to the
target gene. Genes colored gray were in the network but filtered out of the RNA-seq analysis. (B) Heat map
indicates the Log> fold change of JCPyV-infected versus mock-infected cells of the genes within the MAPK-ERK1/2
cascade at 24, 48, and 96 hpi (B).
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Figure 3.3. MEK and ERK knockdown in NHAs ensue remarkable differences in the outcome of JCPyV infection.
NHAs, SVGAs, and NHA-Ts were transfected with MEK1/2, ERK1/2, or EGFR (CTL) siRNA. At 72 h post-transfection,
cells were fixed for analysis of MEK or ERK protein expression (A and B) or infected (C and D). (A) MEK1/2 or
ERK1/2 protein expression was determined by In-Cell Western (ICW), counterstained for Total MEK1/2 or Total
ERK1/2 (green) or CellTag (red). (B) Percentage of protein knockdown was measured by ICW signal intensity values
per [(MEK1/2 or ERK1/2)/Cell Tag x 100% = % response] within each ICW analysis using LI-COR software. Error bars
indicate SD. Student’s t test was used to determine statistical significance comparing EGFR (CTL) treated cells to
either MEK1/2 or ERK1/2 treated cells, for each cell type. *, P < 0.01. (C and D) Following 3 d post-transfection,
cells were infected with JCPyV (MOI = 1.0 FFU/cell) at 37°C for 1 h. Cells were incubated in complete media at 37°C
for 48 h and then fixed and stained by indirect immunofluorescence. Infectivity following MEK1/2 knockdown (C)
or ERK1/2 knockdown (D) was determined by counting the number of JCPyV T Ag-positive nuclei divided by the
number of DAPI-positive nuclei for five x20 fields of view for triplicate samples. Error bars indicate SD. Student’s t
test was used to determine statistical significance comparing EGFR (CTL)-treated cells to either MEK1/2- (C) or
ERK1/2- (D) treated cells, for each cell type. *, P < 0.01.
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DUSP1 transcript decreases during JCPyV infection in NHAs and is essential in regulating the
MAPK/ERK pathway compared to immortalized cells

DUSPs are key regulators in the MAPK/ERK pathway, important for the magnitude, duration,
and spatiotemporal expression patterns of MAPKs (210-212). Due to the significant differences in JCPyV
infection observed from siRNA knockdown of MEK and ERK among cell types, and the implication of
DUSPs in viral infection, the role of these phosphatases was investigated to determine whether they
play a role in JCPyV infection and regulation of the MAPK/ERK pathway in NHAs. RNA-seq data revealed
that the majority of typical DUSPs (i.e. DUSPs that have either the MAP kinase-binding (MKB) motif or
the kinase-interacting motif (KIM)) (320) were upregulated at 24 hpi in NHAs compared to SVGAs,
including DUSP1, DUSP6, DUSP7, and DUSPS8 (Fig. 3.4A). However, only the expression of DUSP1
declined in NHAs at 48 hpi and remained low at 96 hpi, as JCPyV infection progressed (Fig. 3.4A). These
findings suggest that the downregulation of DUSP1 is required for JCPyV to establish infection in NHAs.
To validate these findings, both DUSP1 transcript levels and expression were further evaluated. During
the progression of JCPyV infection, DUSP1 mRNA transcript levels significantly declined in NHAs
compared to SVGAs at 48 hpi and this reduction continued at 96 hpi, corresponding to trends observed

in the RNA-seq data (Fig. 3.4A and Fig. 3.4B).

Cellular stability of DUSP1 can be influenced by the MAPK/ERK pathway through direct
phosphorylation, preventing protein degradation (215). To further understand the biology of DUSP1
following MEK and ERK knockdown, the total and phosphorylated levels of both kinases as well as
DUSP1 phosphorylation were measured by ICW following three days post-transfection of MEK and ERK
siRNA treatment (Fig. 3.4C and Fig. 3.4D). A specific antibody that recognizes ERK-mediated
phosphorylation of DUSP1 at residues Ser-359 and Ser-364 was used to understand if MEK or ERK
knockdown resulted in DUSP1 stability (215). There was no significant difference in levels of total MEK,

pPMEK, total ERK, or pERK in NHAs compared to SVGAs following treatment of MEK siRNA (Fig. 3.4C);
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however, it is important to note, that ERK phosphorylation was significantly increased in NHAs treated
with MEK siRNA compared to the control siRNA (data not shown). These results are surprising, as
MEK1/2 are the only kinases known to activate ERK1/2 (333, 334). Additionally, there were no
significant differences in total ERK, pERK, total MEK, or pMEK across cell types following treatment of
ERK siRNA (Fig. 3.4C). However, there were significant differences in DUSP1 phosphorylation following
MEK or ERK knockdown (Fig. 3.4D). Treating cells with MEK siRNA resulted in increased levels of pDUSP1
in NHAs compared to SVGAs and NHA-Ts, while having similar levels of protein knockdown (Fig. 3.4D).
Conversely, treating cells with ERK siRNA resulted in decreased levels of pDUSP1 in NHAs compared to
SVGAs and NHA-Ts at 3 days post-transfection, with similar levels of ERK knockdown (Fig. 3.4D).
Altogether, these data suggest that JCPyV infection in NHAs is dependent upon DUSP1 expression, more
so, than in immortalized cells. Additionally, when the MAPK/ERK pathway is disrupted in primary
astrocytes, either from MEK or ERK knockdown, regulatory proteins like DUSP1 are activated or
suppressed, respectively. MEK knockdown resulted in increased levels of ERK phosphorylation in NHAs,
subsequent increased levels of DUSP1 phosphorylation and thus DUSP1 stability (215), while ERK
knockdown resulted in a decrease of DUSP1 phosphorylation. These regulatory mechanisms were
distinct to primary astrocytes and not seen in immortalized cells, which may result in the differences in

outcomes of viral infection following either MEK or ERK knockdown in NHAs (Fig. 3.3).
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Figure 3.4. Dual-specificity phosphatases (DUSPs) are differentially expressed early during infection and when
either expression of MEK1/2 and ERK1/2 are reduced in primary astrocytes. (A) Heat map indicates the Log> fold
change of typical DUSPs differentially expressed in NHAs and SVGAs at 24, 48, and 96 hpi derived from the RNA-
Seq data. (B) NHAs, SVGAs, and NHA-Ts were infected with JCPyV (MOI = 0.1 FFU/cell) or the mock-infected
vehicle control at 37°C for 1 h and incubated in complete media for 0, 24, 48, and 96 h. At each time point, RNA
was extracted, and host transcript levels were determined by qPCR. Data represent the relative quantification of
DUSP1 transcript in infected cells compared to uninfected cells, first normalized to the Ct values of GAPDH for
each treatment (2722¢7). Error bars indicate SD. Data are representative of the average fold change calculated from
triplicate samples from three independent experiments. One-way analysis of variance (ANOVA) was used to
determine statistical significance comparing the relative quantification of DUSP1 in NHAs, NHA-Ts, and SVGAs at
each timepoint. *, P < 0.05. (C and D) NHAs, SVGAs, and NHA-Ts were transfected with MEK1/2, ERK1/2, or EGFR
(CTL) siRNA. At 72 h post-transfection, cells were fixed for analysis of protein expression. Total MEK, pMEK, Total
ERK, and pERK levels were measured following MEK1/2 siRNA (C, top) or ERK1/2 siRNA (C, bottom) treatment.
DUSP1 phosphorylation was also measured following MEK1/2 siRNA (D, top) or ERK1/2 siRNA (D, bottom).
Percentage of protein expression was measured by ICW signal intensity values per [(protein of interest)/Cell Tag x
100% = % response] within each ICW analysis using LI-COR software. Cells treated with MEK1/2 or ERK1/2 siRNAs
were normalized to the respected EGFR (CTL) control (dashed line). Box and Whisker plots represent the
distribution of 9 samples, with the median denoted by the black line and whiskers representing values 1.5 times
the distance of the inter-quartile range. Outliers are represented by black dots. A pairwise Wilcoxon rank sum
test, along with the Bonferroni adjustment was used to compare mock and infected cells at each time point across
each cell type. *, P < 0.01. Data represent three independent experiments performed in triplicate.
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ERK phosphorylation and subsequently DUSP1 phosphorylation was significantly inhibited in primary
astrocytes early during JCPyV infection
Considering the significant disparity of differential gene expression in NHAs versus SVGAs at 24

hpi (Fig. 3.1B), decreased DUSP1 transcript levels 24 hpi in NHAs (Fig. 3.4A and Fig. 3.4B), and
significantly altered DUSP1 phosphorylation in NHAs following either MEK or ERK siRNA, the expression
of both ERK and DUSP1 was measured 24 hpi. As reported in Robitaille et. al, DUSP1 is induced as early
as 6 hpi by SeV and RSV (323). To understand if DUSP1 is activated early during JCPyV infection in NHAs,
DUSP1 phosphorylation and ERK phosphorylation was measured at 0, 6, and 24 hpi in all three cell types.
At 6 hpi, both ERK and DUSP1 phosphorylation was significantly lower in NHAs compared to
immortalized cells, and at 24 hpi, this distinction was more discernible (Fig. 3.5). NHA-Ts expressed the
highest levels of ERK and DUSP1 phosphorylation followed by SVGAs, while NHAs expressed the lowest
(Fig. 3.5). Total levels of DUSP1 remained unchanged at 0, 6, and 24 hpi compared across all three cell
types, suggesting the protein was not targeted for degradation (data not shown). Together, these data
indicate that ERK phosphorylation and subsequent DUSP1 phosphorylation is inhibited early during
JCPyV infection, reducing DUSP1 stability by ERK-mediated phosphorylation in primary astrocytes, but is

not targeted for protein degradation.
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Figure 3.5. DUSP1 and ERK phosphorylation is reduced in NHAs compared to immortalized cells during JCPyV
infection. NHAs, SVGAs, and NHA-Ts were infected with JCPyV (MOI = 1 FFU/cell) or mock-infected with a
vehicle control, incubated at 37°C for 0, 6, or 24 h, fixed and counterstained for pDUSP1 (top) or pERK (bottom).
Protein expression was measured by ICW and quantitation was performed using LI-COR software. Wells
infected with JCPyV were normalized to the wells that were treated with the mock-infected vehicle control.
Density ridgeline plots represent the distribution of samples with the lower quartile, median and upper quartile
denoted as colored lines in each distribution. A pairwise Wilcoxon rank sum test, along with the Bonferroni
adjustment was used to compare the median distribution in each cell type. *, P < 0.05. Data represent three
independent experiments performed in triplicate.

Hyperactivation of ERK through DUSP inhibition increases JCPyV infection in primary astrocytes
As increasing ERK phosphorylation significantly increased infection in NHAs (Fig. 3.4C and Fig.
3.3C), we hypothesized that activation of ERK in NHAs, through inhibition of DUSP1, would increase
JCPyV infection. To inhibit the enzymatic activity of DUSP1 on ERK, all cell types were treated with BClI,
an allosteric inhibitor of DUSP1 and DUSP6 that has been shown to result in the activation of ERK (335-
337), were subsequently infected with JCPyV, and infection was scored by quantitation of both the early

gene product, T Ag and late gene product, VP1 by indirect immunofluorescence (Fig. 3.6A). BCI
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significantly increased JCPyV infection in NHAs while no difference in infection was observed in
immortalized cells (Fig. 3.6A). Despite the significant increase in VP1 expression in NHAs however, the
overall level of VP1 expression in NHAs remained lower compared to SVGAs and NHA-Ts (data not
shown). To validate that BCl treatment results in increased ERK phosphorylation in NHAs during JCPyV
infection, cells were pre-treated with BCl and infected with JCPyV in the presence of either DMSO or BCI
for 24 h, and cellular ERK and DUSP1 phosphorylation, as well as total DUSP1 levels, were measured by
ICW (Fig. 3.6B). BCl treatment increased the levels of pERK in NHAs similar to that in immortalized cells,
while decreasing the levels of pDUSP1 and total DUSP1, although this difference was not significant
among cell types (Fig. 3.6B). Collectively, these data suggest that ERK is phosphorylated upon blocking
the interaction of DUSP1 with ERK, leading to increased JCPyV infection in NHAs. These data
substantiate the significant increase of JCPyV infection following MEK siRNA as well (Fig. 3.3C), therein

treatment of MEK siRNA resulted in a significant increase of phosphorylated ERK (Fig. 3.4C).

DUSP1 is required for JCPyV infection in NHAs

It has been previously reported that DUSP1 knockdown reduced viral infection by HSV (219,
322). To further unfold the importance of DUSP1 during JCPyV infection, the protein was knocked down
using siRNA followed by infection with JCPyV (Fig. 3.7). Protein knockdown was analyzed by ICW (Fig.
3.7A) and quantified using LI-COR software (Fig. 3.7B). Reduction of DUSP1 protein levels was
significantly lower compared to the control siRNA, in all cell types at 24 hours post siRNA treatment (Fig.
3.7B). Following protein knockdown, all cell types were infected with JCPyV and infection was scored at
48 hpi (Fig. 3.7C). DUSP1 knockdown significantly reduced JCPyV infection in NHAs yet had no impact on
infection in SVGAs or NHA-Ts (Fig. 3.7C). These results demonstrate the requirement of DUSP1 during

JCPyV infection of NHAs. Also, this further validates the importance of this protein during viral infection
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that is confounded by the immortalized properties in SVGAs and NHA-Ts, as both inhibition by BCI (Fig.

3.6A) and siRNA reduction of DUSP1 (Fig. 3.7C) did not influence JCPyV infection in either cell type.
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Figure 3.6. Activation of ERK through allosteric inhibition of DUSP1, increases infection in NHAs. (A) NHAs,
SVGAs, and NHA-Ts were pretreated with the DUSP1/6 inhibitor, BCl at 1uM or DMSO at an equivalent volume and
then infected with JCPyV (MOI = 2.0 FFU/cell) at 37°C for 1 h. Cells were incubated in media containing DMSO or
BCl for 72 h then fixed and stained by indirect immunofluorescence for JCPyV T Ag and VP1, respectively. Percent
infection was determined by quantifying the number of T Ag- (top) or VP1- (bottom) positive nuclei divided by the
number of DAPI-positive nuclei for five x20 fields of view for triplicate samples. Data is representative of three
individual experiments. Error bars indicate SD. Student’s t test was used to determine statistical significance
comparing DMSO to BCl, within each cell type and viral protein. *, P < 0.01. (B) NHAs, SVGAs, and NHA-Ts were
pretreated with the DUSP1/6 inhibitor, BCl at 1uM or DMSO at an equivalent volume control and then infected
with JCPyV (MOI = 2.0 FFU/cell) at 37°C for 1 h. Cells were incubated in media containing DMSO or BCl for 24 h
then fixed and counterstained for pDUSP1 (top), Total DUSP1 (middle), or pERK (bottom). Protein expression was
measured by ICW and image analysis was performed in the LI-COR software. BCI-treated wells were normalized to
the wells that were treated with DMSO + JCPyV (dashed line). Density ridgeline plots represent the distribution
from three independent experiments performed in triplicate with the lower quartile, median and upper quartile
denoted as colored lines in each distribution. A pairwise Wilcoxon rank sum test, along with the Bonferroni
adjustment was used to compare the median distribution in each cell type. Protein levels were not significant with
each cell type, P <0.01.
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Figure 3.7. DUSP1 is required for JCPyV infection in NHAs. NHAs, SVGAs, and NHA-Ts were transfected with
DUSP1 or EGFR (CTL) siRNA. At 24 h post-transfection, cells were fixed, imaged, and quantified for protein
knockdown (A and B) or infected (C). (A) DUSP1 protein expression was determined by ICW, counterstained for
total DUSP1 (green) or CellTag (red). (B) Quantification of DUSP1 protein expression was measured by ICW
signal intensity values per [(DUSP1)/Cell Tag x 100% = % response] within each ICW analysis in LI-COR software.
Cells treated with DUSP1 siRNA were normalized to the respected EGFR (CTL) siRNA (dashed line). Box and
Whisker plots represents the distribution of 9 samples, with the median denoted by the black line and whiskers
representing values 1.5 times the distance of the inter-quartile range. Outliers are represented by gray dots. A
pairwise Wilcoxon rank sum test, along with the Bonferroni adjustment was used to compare mock and infected
cells at each time point across each cell type. *, P < 0.01. Data are representative of three independent
experiments performed in triplicate. (C) At 24 h post-transfection, cells were infected with JCPyV (MOI = 1.0
FFU/cell) at 37°C for 1 h. Cells were incubated in complete media for 48 h and then fixed and stained by indirect
immunofluorescence. Percent infection following DUSP1 knockdown was determined by quantifying the
number of JCPyV T Ag-positive nuclei divided by the number of DAPI-positive nuclei for five x20 fields of view for
triplicate samples. Error bars indicate SD. Student’s t test was used to determine statistical significance
comparing EGFR (CTL) siRNA-treated cells to DUSP1 siRNA-treated cells, for each cell type. *, P <0.01.
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The network of genes related to the interactions of DUSP1 and ERK1/2 are involved in the pathways
of the immune response, cell survival, and apoptosis
To understand the cellular pathways and the downstream impacts that may be influenced by

the disruption of DUSP1 interactions with ERK1/2 through knockdown, the genes: DUSP1, MAPK3
(ERK1), and MAPK1 (ERK2) were entered in the STRING interaction database and an over-representation
analysis was performed using the PANTHER (protein analysis through evolutionary relationships)
pathway database (Fig. 3.8). The network was expanded three times to elucidate the genes in the
immediate proximity of DUSP1, MAPK3 (ERK1), and MAPK1 (ERK2) having known and predicted
interactions with other genes and a medium confidence interaction score, with no more than 10
interactors in the 15t and 2" shell (Fig. 3.8A). These genes were then analyzed in the RNA-seq data to
determine the log, fold change in NHAs and SVGAs at 24 h and are summarized as a heatmap (Fig. 3.8B).
These data illustrate that largely, genes within the DUSP1 and ERK1/2 network, have a negative fold
change in SVGAs during JCPyV infection, however, MAPK3 (ERK1), ATF3, JUNB, and MAPK8IP1 were
differentially expressed in NHAs during viral infection (Fig. 3.8B). To further understand the biological
function of the network of genes from the interactions of DUSP1 and ERK1/2, the list was entered in the
Gene Ontology website and an over-representation analysis was performed, using the PANTHER
pathway database (Fig. 3.8C). The GoChord plot summarizes the 17 genes (MAPK8IP1 was not included
as it is not in the PANTHER database) and are connected with ribbons to the respected cellular pathway.
The legend defines the difference from the log, fold change of NHAs to the log, fold change of SVGAs to
simplify the output. Genes that are orange/yellow have a large positive difference between NHAs and
SVGAs, and genes colored blue have a small or negative change between cell types during JCPyV
infection. Genes that had a greater positive change (i.e. JUNB, IRS1, MAPK3 (ERK1), FOS, JUN, and ATF3)
were associated with pathways of inflammation mediated by chemokine and cytokine signaling

pathways, including TGF-B signaling, apoptotic, and cholecystokinin receptors (CCKR) signaling pathways
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(Fig. 3.8C). These data suggest that in primary astrocytes, the network of genes associated with DUSP1,
MAPK3 (ERK1), and MAPK1 (ERK2) are important during JCPyV infection for both the host and the virus.
Primary astrocytes may induce an immune response by releasing cytokines and chemokines early during
infection, not seen in SVGAs, but in turn, the virus is slowly activating transcription factors, like Smad4
from the TGF-B signaling pathway to support viral replication in the nucleus of NHAs (205). The
differences in signaling pathway outcomes can help postulate why DUSP1 inhibition either through
knockdown (Fig. 3.7) or hyperactivation of ERK through allosteric inhibition of DUSP1 (Fig. 3.6) can lead

to different outcomes of JCPyV infection in primary astrocytes (Fig. 3.9).

Discussion

JCPyV specifically targets glial cells in the CNS, including astrocytes, which have been implicated
as a potential reservoir for infection, eventually leading to the pathogenesis of PML (68). However, due
to limited in vivo approaches, our knowledge of JCPyV infection in astrocytes is incomplete. Thus, RNA-
seq analysis was performed using primary human astrocytes infected with JCPyV at time points
previously established to be important in the production of viral T Ag and VP1 (Fig. 3.1A) (130). A
comparative approach of JCPyV infection in primary human astrocytes to the more-commonly studied
immortalized glial cell line, SVGAs, provides a thorough understanding of the host transcriptomic profile
during infection in primary vs. immortalized cells. RNA-seq revealed a significant, distinct transcriptomic
profile in NHAs during JCPyV infection when compared to SVGAs. This is illustrated by the temporal
difference in gene expression of the MAPK/ERK pathway during infection and illuminated a critical role
for DUSPs, specifically DUSP1, during JCPyV infection in NHAs. The role of ERK1/2 and DUSP1 were
further validated using protein expression assays and protein inhibition or activation by either chemical

treatment or siRNA, revealing the notable role these proteins have during JCPyV infection in NHAs (Fig.
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3.9). Utilizing additional bioinformatics techniques, we have elucidated novel pathways that are

activated during JCPyV infection in NHAs.
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Figure 3.8. PANTHER pathway analysis of the genes within the DUSP1-ERK1/2 network demonstrate a response
to immune activation and downstream activation of the receptor tyrosine kinase pathways. (A) Genes, ERK1/2
and DUSP1 were analyzed in the STRING interaction database and the network was expanded three times to
determine the protein-protein interactions of both known and predicted interactions of the surrounding genes.
These interactions were defined as having an interaction score of 0.4 with no more than 10 interactors in the 1%
and 2" shell. Arrows point from the source gene to the target gene. (B) The heat map illustrates the Log fold
change of JCPyV-infected versus mock-infected NHAs and SVGAs for all genes in the previous network that were
differentially expressed at 24 h. (C) PANTHER pathway analysis was used to identify the pathways from the genes
in the ERK1/2 and DUSP1 network. A GOChord plot represents the top ten pathways, representing at least 35% of
the 17 genes in the network. Each gene is linked via ribbons to their assigned PANTHER pathway term and the
colored bars next to each gene represent the difference of the Logz fold change in JCPyV-infected versus mock-
infected NHAs and JCPyV-infected versus mock-infected SVGAs. The gene, MAPKS8IP1 was not included in the
PANTHER pathway analysis as there was no hit in the PANTHER pathway database.
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Figure 3.9. MAPK/ERK pathway during JCPyV infection and summary of the various outcomes following
treatment of siRNAs or inhibitors. In NHAs (left) JCPyV activates the MAPK/ERK pathway resulting in the
phosphorylation of kinases and DUSP1 to subsequently activate additional pathways supporting virus production

(black, solid arrows). Dashed, black arrows represent possible pathways activated in NHAs, modulating an immune
response during JCPyV infection, not seen in SVGAs. Treatment of MEK1/2 siRNA (purple, dashed arrows),
increased ERK phosphorylation which led to an increase in JCPyV infection in NHAs while treatment of ERK1/2
(orange, dashed arrows) and DUSP1 (turquoise, dashed arrows) siRNA decreased viral infection. Using an allosteric
inhibitor of DUSP1 (blue, dashed arrows) led to an increase in ERK phosphorylation and subsequently increased
JCPyV infection in NHAs (left). In comparison, infection of SVGAs and NHA-Ts also requires hijacking the
MAPK/ERK pathway, however there are notable differences (right). Treatment of MEK1/2 (purple, dashed arrows)
and ERK1/2 (orange, dashed arrows) siRNA significantly reduced infection in SVGAs and NHA-TSs, (right), while
DUSP1 siRNA (turquoise, dashed arrows) or allosteric inhibition (blue, dashed arrows) did not alter JCPyV infection
in either cell type, regardless of ERK activation. (*, Increased ERK phosphorylation was observed in SVGAs

following MEK1/2 siRNA not in NHA-Ts).
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Our laboratory recently determined that the JCPyV infectious cycle in NHAs was delayed
compared to the infectious cycle in SVGAs (130). RNA-seq analysis revealed that at 24 hpi, a significant
number of genes that were differentially expressed in SVGAs were downregulated during JCPyV
infection; comparatively, more genes were upregulated in NHAs (Fig. 3.1B). At 48 hpi, most genes
differentially expressed in NHAs were downregulated, resembling the 24-hour time point in SVGAs (Fig.
3.1B). These data suggest that the delay of JCPyV infection in NHAs previously described, may be
regulated in part by the virus establishing infection more efficiently in SVGAs as numerous genes may
already be downregulated due to the immortalized characteristics of the cell type (122, 123), however,
SVGAs are also a heterogeneous population of cells (124). The results illustrated in Figure 3.1 may
accurately portray the differential gene expression of JCPyV infection in astrocytes, further elucidating
their role during JCPyV infection and pathogenesis of the CNS.

To further define astrocytic infection, the MAPK/ERK pathway was explored as it has been
demonstrated to be a critical regulator of JCPyV infection in SVGAs and other cell types (94, 193). The
MAPK/ERK pathway activates various genes and transcription factors through a cascade of kinases that
organize events for cellular proliferation, differentiation, and survival (192). Given this evidence, the
MAPK/ERK pathway and genes with protein-protein interactions were identified in the RNA-seq data
(Fig. 3.2). Several kinases within the pathway were differentially expressed, most notably, HRAS, and
MAP2K2 (MEK2) at 24 and 96 hpi in NHAs (Fig. 3.2B). Expanding this analysis to genes that interact with
the MAPK/ERK pathway also revealed differentially expressed genes. For example, at 24 hpi, SOS1 was
significantly downregulated in NHAs. SOS1, is a critical linker between tyrosine kinase receptors, and
activation of KRAS in the MAPK/ERK pathway, as it interacts with KRAS to potentially influence the
duration and magnitude of ERK activation (338-340). The significant downregulation of this gene at 24
hpi in NHAs provides additional rationale for the decreased phosphorylation of ERK and DUSP1 observed

during infection (Fig. 3.5). ERK activation is delayed in NHAs compared to infection in immortalized cells
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(Fig. 3.5), pronounced more so with upstream kinases (i.e. KRAS, NRAS, RAF1, and BRAF). Further, genes
determined to have protein-protein interactions, like SOS1, of the MAPK/ERK pathway, were
downregulated at 24 hpi (Fig. 3.2A). RNA-seq results also revealed temporal, differential gene
expression over the course of infection in both cell types from 24 to 96 hpi. It has been previously
reported that MEK and ERK phosphorylation is biphasic during JCPyV infection (193, 205) and these data
substantiate the biphasic expression of not only ERK but the other kinases in the pathway. Interestingly,
the gene expression of these kinases was temporally regulated in NHAs and SVGAs, yet the expression of
them was non-concurrent at each timepoint (Fig. 3.2). These data establish the requirement of the
MAPK/ERK pathway in NHAs; however, it reveals differential expression and activation dynamics
between cell types for MAPK/ERK pathway utilization during viral infection.

To validate the RNA-seq results and further define the importance of the MAPK/ERK pathway in
NHAs during JCPyV infection, MEK1/2 and ERK1/2 were targeted for knockdown using siRNA (Fig. 3.3).
Knocking down ERK1/2 resulted in a significant decrease in JCPyV infection in NHAs, confirming
previously-reported results (193). Conversely, when knocking down MEK1/2 in NHAs, infection
significantly increased, yet in NHAs immortalized with SV40 T Ag (i.e. NHA-Ts), infection was reduced,
comparable to infection in SVGAs (Fig 3.3C). Research demonstrated thereafter, characterized this
outcome by examining both the regulatory role of DUSPs, specifically DUSP1, in the MAPK/ERK pathway

and how ERK is involved in JCPyV infection of NHAs compared to infection in SVGAs and NHA-TSs.

DUSPs are key negative regulatory proteins of the MAPK/ERK pathway (209-212). RNA-seq
analysis revealed that multiple DUSPs were differentially expressed during infection of NHAs at 24 hpi
(Fig. 3.4A). However, only the expression of DUSP1 was downregulated at 48 and 96 hpi, as the JCPyV
infectious cycle progressed in NHAs (Fig. 3.4A). To validate these findings, the relative quantification of
DUSP1 was determined by qPCR. Although there were no significant differences at 24 hpi across cell

types, there was a significant decrease of DUSP1 transcript at 48 hpi in NHAs compared to SVGAs and
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the transcript levels of DUSP1 further decreased in NHAs at 96 hpi (Fig. 3.4B). Taken together, as viral
infection ensues in NHAs, the MAPK/ERK pathway is activated, impeding the negative regulatory role of

DUSP1, and ultimately, transforming the cell into a conducive environment to support viral replication.

Apart from DUSP1 expression during JCPyV infection, DUSP1 phosphorylation following MEK1/2
and ERK1/2 siRNA was only impacted in NHAs (Fig. 3.4C and Fig. 3.4D). These data revealed that
compared to immortalized cells, the expression of DUSP1 in NHAs was sensitive to disruptions of the
MAPK/ERK pathway. Furthermore, it introduced rationale for the significant differences observed from
siRNA treatment. ERK phosphorylation induced DUSP1 phosphorylation (Fig. 3.4C, top and Fig. 3.4D, top)
which led to a significant increase in JCPyV infection in NHAs (Fig. 3.3C). However, when ERK
phosphorylation was inhibited, DUSP1 phosphorylation was reduced (Fig. 3.4C, bottom and Fig. 3.4D,
bottom), and JCPyV infection decreased in NHAs (Fig. 3.4D). Noticeably, ERK was significantly
phosphorylated in NHAs and SVGAs following MEK1/2 siRNA. Future studies are required to understand
how ERK1/2 is being phosphorylated in these circumstances, as MEK1/2 are the only kinases that are

known to phosphorylate ERK at the Thr and Tyr residues (333, 334).

To substantiate the results of ERK hyperactivation from MEK1/2 siRNA leading to an increase in
JCPyV infection in NHAs, an allosteric inhibitor of DUSP1, that is known to activate ERK, was used to
determine the impacts of JCPyV infection on each cell type. NHAs were treated with the inhibitor, BCI,
resulting in a significant increase in viral infection (Fig. 3.6A), concurrently increasing levels of pERK
comparable to that in SVGAs and NHA-Ts (Fig. 3.6B) and similarly following MEK1/2 siRNA. The percent
of VP1 expression however, was proportionate to the increase observed from T Ag, suggesting that the
delay in this late gene product during JCPyV infection observed in NHAs was not due to the hindered
levels of pERK and pDUSP1 observed in the first 24 h of infection (Fig. 3.5). Additionally, BCI, is an

allosteric inhibitor of both DUSP1 and DUSP6 and even though only DUSP1 was examined, this research
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demonstrates that only JCPyV infection in primary astrocytes was impacted during treatment, outcomes
that were not observed in cells immortalized with SV40 T Ag. Further research should examine however,
the role of other DUSPs, including DUSP6, 7, 8, and 10, which demonstrated interesting patterns of
differential regulation in NHAs compared to SVGAs across time points. This differential expression may
represent contributions to the regulation of signaling pathways or gene expression that impact JCPyV

infection in these cell types.

To further define the role of DUSP1 during JCPyV infection in all three cell types, siRNA was used
to target the phosphatase and infectivity was scored at 48 hpi. DUSP1 siRNA treatment resulted in a
significant decrease in JCPyV infection in NHAs, but there was no difference during infection of
immortalized cells (Fig. 3.7). The unaltered viral infection in SVGAs and NHA-Ts validates the previous
results that were observed when treating cells with BCI. This indicates that DUSP1 is dispensable during
JCPyV infection in cells immortalized with SV40 T Ag, as reduction of this phosphatase did not alter viral
infection. This was observed in RSV infection of A549 cells as well, in which silencing DUSP1 did not alter
viral replication (323). Conversely, the decrease in infection observed in NHAs is comparable to the
results found by Choi et. al (219). HCV infection was significantly reduced upon silencing DUSP1, in
which authors demonstrated that this was due to STAT1 translocation to the nucleus, increasing
expression of the ISGs and thus, suppressing HCV infection (219). Similarly, Assetta et. al. demonstrated
that pSTAT1 was localized to nuclei in JCPyV-infected cells, leading to the activation of ISGs and this
contributed to the persistent nature of JCPyV infection in a primary kidney cell model (191). These
previous findings provide premise, that when DUSP1 is knocked down during JCPyV infection in NHAs,
viral infection is reduced because STAT1 is translocated to the nucleus, activating ISGs and thus,

inhibiting JCPyV infection, however more research is required to support this hypothesis.
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Research has demonstrated that DUSP1 has a critical role in the inflammatory response against
various pathogens (218, 219, 341-343) and plays an intricate role in regulating pro- and anti-
inflammatory cytokines (218). Furthermore, astrocytes are important in maintaining many neuronal
functions in the CNS through production of cytokines and chemokines (145, 220). This ultimately results
in astrocytes having a neurotoxic or neuroprotective role in the brain of human neurological diseases
(144). Due to the role of DUSP1 in the inflammatory response and the interaction of ERK1 and ERK2, an
over-representation analysis using PANTHER (331) was performed on the list of genes that have known
and predicted interactions with these proteins (Fig 3.8). JUNB, has both predicted and known
interactions with DUSP1, MAPK3, (ERK1), and MAPK1 (ERK2), determined by the STRING interaction
database (330), and was significantly upregulated at 24 hpi in NHAs and significantly downregulated in
SVGAs (Fig. 3.8B). Through the PANTHER analysis, JUNB, along with MAPK3 (ERK1), JUN, and JUND, were
associated with the inflammation mediated by chemokine and cytokine signaling pathway (PANTHER
Accession: P00031) (Fig. 3.8C). Furthermore, determined by a gene set enrichment analysis, preliminary
data suggests, that the interleukin 10 (IL-10) signaling pathway is expressed in NHAs at 24 hpi (data not
shown). These data establish that early during JCPyV infection in NHAs, astrocytes may modulate an

immune response which is not activated in SVGAs.

The TGF-B signaling pathway (PANTHER Accession: PO0052) was also associated with genes that
had a greater difference of differential gene expression in NHAs compared to SVGAs (Fig. 3.8C). SMAD4,
is involved in the TGF-B signaling pathway, regulating transcription factors of target genes in the nucleus
(344) and has also been implicated in JCPyV infection (204, 205). Previous research has demonstrated
that JCPyV-infected cells, expressed higher levels of SMAD4 in the nucleus compared to uninfected cells
(205). Furthermore, the gene, ATF3 (activation transcription factor-3), demonstrated higher expression
in infected NHAs compared to SVGAs and is known to interact with SMAD4 (345). These findings indicate

that early during JCPyV infection, genes associated with DUSP1, MAPK3 (ERK1), and MAPK1 (ERK2) are
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involved in activating pathways that both induce a host response, while simultaneously creating a
conducive environment for viral replication. This evidence provides a foundation for future studies to
define how JCPyV infection activates alternative pathways in primary cells not observed in immortalized

cells and may provide insight into the delayed infection in NHAs compared to infection in SVGAs.

This research further characterizes JCPyV infection in primary human astrocytes and determines
the transcriptomic profile compared to that in SVGAs. These differences were also seen in the timing of
MAPK/ERK pathway expression, and even though ERK phosphorylation was delayed in NHAs during
JCPyV infection, siRNA targeting of the protein, significantly reduced infection. Furthermore, this
research highlights a role for DUSPs, specifically DUSP1, during JCPyV infection in NHAs, which is not
observed in immortalized cells. Lastly, by analyzing pathways and gene networks we have further
defined how the interactions of DUSP1, ERK1, and ERK2 may activate novel cellular pathways during
JCPyV infection in primary human astrocytes. This research validates and establishes novel mechanisms
of JCPyV infection in primary human astrocytes, in turn, further elucidating how viral infection can lead

to a deadly human disease.
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CHAPTER 4

PI3K/AKT/MTOR SIGNALING PATHWAY IS REQUIRED FOR JCPYV INFECTION IN PRIMARY ASTROCYTES

The work presented in this chapter is in preparation for submission.

Introduction

JC polyomavirus (JCPyV) is a human-specific pathogen and the causative agent of a fatal disease
in the central nervous system (CNS), known as progressive multifocal leukoencephalopathy (PML) (60—
63). The virus is present in ~60 to 80% of the adult population, where initial infection is thought to occur
in tonsillar tissue (28, 30, 44, 48), allowing for secondary infections in circulating B cells, bone marrow,
and kidneys (44). In nearly all infected individuals, JCPyV is characterized as a persistent, asymptomatic
infection, and virus is periodically shed in the urine (28, 30, 44—47). However, during
immunosuppression JCPyV can reactivate and spread to the CNS (45, 58, 59) causing the fatal,
demyelinating disease, PML (60—63). Due to the immunosuppressive state associated with HIV infection,
a large proportion of individuals diagnosed with PML are infected with HIV; however, due to more
effective treatments related to HIV/AIDS, PML incidence is decreasing in this population (74, 317, 346).
Unfortunately, new risk groups are emerging, with a higher proportion of PML cases diagnosed in
patients with hematological malignancies and in patients taking immunomodulatory therapies for
immune-mediated diseases (74). Specifically, individuals with multiple sclerosis (MS) and undergoing
natalizumab treatment are significantly at risk for PML development (71, 74-76). Current treatment for
PML is focused on removal of immunosuppressive therapies or treating the underlying
immunosuppression (71, 79-81). Additional treatment options, including adoptive T cell transfer and
checkpoint inhibitors, prolong life expectancy; however, these treatments are still relatively new, and

only address the underlying immunosuppression and can result in severe morbidity (71, 79, 82, 83, 347).
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In the CNS, astrocytes are thought to be the main target during JCPyV infection (68). The lytic
destruction of these cells, along with JCPyV infection of oligodendrocytes, leads to PML (60—63). Once a
cell becomes infected, JCPyV hijacks host cell machinery to produce viral proteins, including Large T
Antigen (T Ag), to create a favorable environment for JCPyV DNA replication; this occurs through the
binding of Large T Ag to retinoblastoma (Rb) and sequestering p53 (114, 122). As transformation ensues
and viral DNA replication progresses, the late gene expression of JCPyV occurs (116, 122). Here, viral
proteins (VP) 1, 2, and 3 are transcribed and translated to encapsidate the viral DNA (282), before
subsequent release of the newly formed virions into the surrounding environment. Initial studies were
performed to better understand JCPyV infection in astrocytes, and the infectious cycle was compared to
infection in SVG-A cells (SVGAs) (130). SVGAs are a mixed population of glial cells, mostly comprised of
astrocytes, immortalized with SV40 T Ag to support robust levels of JCPyV infection (120, 121, 124).
Research demonstrated that the infectious cycle was delayed in primary normal human astrocytes
(NHAs) (130). This delay was most likely the consequence of SV40 T Ag, as the immortalization of NHAs
with this protein (referred to as NHA-Ts) resulted in levels of infection comparable to that observed in
SVGAs (130). In addition, differences in JCPyV infection between cell types was associated to variation in
cyclin expression (130). Cyclins are commonly used as markers for the cell cycle (68, 127-129), and it
was demonstrated that JCPyV infection was able to drive the cell into S phase by the accumulation of
cyclin E in nucleus of NHAs (130). The S phase is needed for successful DNA viral replication (122).
However, as the infectious cycle ensued, cyclin B1, a marker of the Go/M phase, accumulated in the
cytoplasm of NHAs, allowing for productive viral infection, by assembling the VPs to encapsidate the

viral DNA, not observed during infection of immortalized cells at the same time points (130).

SV40 T Ag is known to dysregulate the cell cycle and activate cellular pathways that can
potentially confound mechanisms of JCPyV infection (122, 123). One of these pathways is the AKT

signaling pathway, important in cell growth and survival (221-227). Research has demonstrated that
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SV40 T Ag can inhibit apoptosis in ts13 cells by activating the AKT signaling pathway and can directly
phosphorylate Akt in U20S cells (243, 244). In relation to this, our understanding of the AKT signaling
pathway during JCPyV infection is limited. Currently, it has been shown that components of the AKT
pathway, specifically phosphoinositide 3-kinase y (PI3Ky), are involved in JCPyV infection in cells
immortalized with SV40 T Ag, such as SVGAs; the authors hypothesize that this pathway was activated
upon stimulation of G protein-coupled receptors (GPCRs) (196). However, PI3K signaling is complex, is
activated by various mechanisms, including Ras, a component of the mitogen-activated protein kinase
(MAPK) pathway, and has numerous isoforms defined by their catalytic and regulatory subunits (348). As
a result of SV40 T Ag activating AKT, and being able to influence other pathways, it is unclear if the
PI3K/AKT signaling pathway previously identified was due to the immortalization of cells by SV40 T Ag or
by JCPyV infection, itself. Additionally, genes downstream of AKT, mechanistic target of rapamycin
(mTor), has also been implicated in JCPyV infection (195). Yet, in both experiments, immortalized cells

were used to demonstrate the importance of PI3Ky and mTor (195, 196).

There have been many advances in understanding the PI3K/AKT/mTor signaling pathway, as this
pathway is frequently altered in human cancer (349). As a result, there have been numerous chemical
inhibitors developed, some of which are in phase clinical trials or are already FDA approved, targeting
the PI3K/AKT/mTor signaling pathway (350). This includes MK2206, an AKT inhibitor (351), and
rapamycin, also known clinically as sirolimus (the generic drug name), a mTor inhibitor, that has been
FDA approved for decades, used to prevent organ transplant rejection and to protect coronary stents
(352-354). Additionally, a human clinical study has demonstrated that mTor inhibitors, like rapamycin,
can cross the blood-brain barrier (BBB), providing a premise for treatment of neurological disorders

(355, 356).

91



Along with the diverse drugs targeting this pathway and their ability to traverse the BBB, they
have also been implicated in JCPyV infection, contributing to a framework for future PML therapeutics.
MK2206, has been demonstrated to reduce JCPyV DNA replication in an oligodendrocyte cell line (194),
however, mTor inhibitors, such as rapamycin, increased expression of JCPyV T Ag in an immortalized
kidney cell line, human embryonic kidney (HEK) 293 cells (195). Due to these recent findings, no
effective treatment for PML, and observed differences in JCPyV infection in immortalized cells, action of
components of the PI3K/AKT/mTor signaling pathway were analyzed through RNA Sequencing (RNA-
seq) analysis and various chemical inhibitors that target this signaling pathway were examined for their
capacity to reduce JCPyV infection. These studies were conducted in primary human astrocytes (i.e.
NHAs) and compared to cell types immortalized with SV40 T Ag, SVGAs, and NHA-Ts, to determine
whether transformation of cells with T Ag, yielding differing outcomes in activation of the
PI3K/AKT/mTor pathway and the JCPyV infectious cycle. This study also further characterizes the
mechanisms of JCPyV infection of NHAs and describes how additional cellular pathways are possibly
intertwined to support viral infection, pathways that are required to transform the cell into a successful

viral factory.

Materials and Methods

Cells and viruses
The maintenance of primary normal human astrocytes (i.e., NHAs) were previously described
(130). In brief, NHAs were purchased from Lonza, where they were isolated from a 19-week-gestation
female with no detected levels of HIV, hepatitis B virus (HBV), or hepatitis C virus (HCV). They were
cultured according to manufacture guidelines, in astrocyte growth medium and supplemented with
SingleQuots supplements and 1% penicillin-streptomycin (P-S). All experiments were performed at low

passages (P2 to P10). SVGAs were graciously provided by the Atwood Laboratory (Brown University).
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They were cultured in complete minimum essential medium (MEM) (Corning), with 10% fetal bovine
serum (FBS), 1% P-S, and 0.1% Plasmocin prophylactic (InvivoGen). All cell types were grown in a

humidified incubator at 37°C with 5% CO,. The generation of NHA-Ts were previously described (130)
and they were cultured similarly to SVGAs, however 16% FBS was used. All cell types were grown in a

humidified incubator at 37°C with 5% CO..

JCPyV strains were provided by the Atwood Laboratory (Brown University). The generation and

production of the lysate viral strains of Mad-1/SVEA were described previously (275).

JCPyV infection
All cell types were seeded into 96-well plates with ~10,400 cells/well, for 70% confluency at the
time of infection. Cells were infected at 37°C for 1 h with 42 pl/well of MEM containing 10% FBS, 1% P-S,
and 0.1% Plasmocin prophylactic, across all cell types. The multiplicities of infection [MOIs] are indicated
in the figure legend. Following the 1 h incubation, cells were fed with 100 ul/well of medium and
incubated at 37°C for the duration of the infection. Cells were fixed at timepoints indicated in the
legends, and either stained for indirect immunofluorescence to determine % infection or stained for ICW

to measure protein expression.

Chemical Inhibitors
All chemical inhibitors were reconstituted in DMSO. Inhibitors that targeted the PI3K/AKT/mTor
signaling pathway were used to pretreat cells for 30 min, while U0126 pretreatment was 1 h. The
concentrations of chemical inhibitors are indicated in the figure legends. All chemical inhibitors were in
MEM containing 10% FBS, 1% P-S, and 0.1% Plasmocin prophylactic, prior to JCPyV infection. Following
the 1 h viral incubation, all cell types were fed with 100 pl/well of media containing the chemical

inhibitor or the DMSO control. For experiments that quantified protein expression, all chemical
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inhibitors were diluted in incomplete MEM (0% FBS), and cells were treated for 24 h and then fix in 4%
PFA for subsequent analysis. U0126 was purchased from Cell Signaling Technology (#9903S),
wortmannin was purchased from Sigma (#W1628), rapamycin was purchased from Frontier Scientific
(#JK948477), and MK2206 and PP242 was purchased from Selleckchem (#51078 and #52218). The
concentrations of all the chemical inhibitors utilized did not affect cell viability as measured by 4,5-
dimethylthiazol-2-yl)-5-(3A- carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (data

not shown).

Indirect immunofluorescence staining and quantitation of JCPyV infection

Following JCPyV infection, all cell types were stained for T Ag or VP1 (Fig. 4.6A and Fig. 4.6B) at
RT. When quantifying for T Ag, NHAs, SVGAs and NHA-Ts were fixed at 48 hpi and when quantifying for
both viral proteins, cells were fixed at 72 hpi and stained for both T Ag and VP1. Cells were fixed with 4%
PFA for 11 min and washed with 1 X phosphate-buffered saline (PBS) with 0.01% Tween. NHAs, SVGAs,
and NHA-Ts were then permeabilized using PBS-0.5% Triton X-100 for 15 min and blocked with PBS with
0.01% Tween and 10% goat serum for 45 min. Cells were then stained for T Ag or both viral proteins
using antibodies listed in Table 4.1, at RT for 1 h. Following the 1° antibody incubation, all cell types
were washed three times in PBS-0.01% Tween and counterstained with an anti-mouse Alexa Fluor 594
2° antibody. Cells were then washed with PBS- 0.01% Tween and the nuclei were stained using DAPI
(4’,6-diamidino-2-phenylindole) at RT for 5 min. Finally, cells were washed with PBS-0.01% Tween and

stored in PBS-0.01% Tween.

To quantify infectivity the nuclear expression of viral protein, T Ag or VP1 over the total number
of DAPI-positive cells (percent infection), a Nikon Eclipse Ti epifluorescence microscope (Micro Video
Instruments, Inc.) equipped with a 20 X objective was used. T Ag or VP1 expressing cells were counted

manually, however the DAPI-positive cells were determined using a binary algorithm in the Nikon NIS-
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Elements Basic Research software (version 4.50.00, 64 bit). This algorithm separated cells based on
three variables: intensity, diameter, and circularity, resulting in an accurate measurement of the total

number of cells, in each field of view (92, 130, 193, 205, 241).

TABLE 4.1. Primary and secondary antibodies used in immunofluorescence and ICW assays

Protein 1° antibody (dilution, manufacturer) | 2° antibody (dilution, manufacturer)
ICPYV T Ag PAB962 (1:5, hybridoma) anti-mouse Alexa Fluor 594 (1:1000,
JCPyV VP1 ab34756 (1:1000, abcam) Thermo Fisher Scientific)
pERK (P-p44/42 MAPK at _
T202/¥204) 9101S (1:750, CST)

anti-rabbit IRDye 800CW (1:10,000, LI-
pAKT (S473) 4060S (1:400, CST) COR)
pmTor (52448) 44-1125G (1:1000, Invitrogen)

CST, Cell Signaling Technology; ICW, In-Cell Western

ICW assay to measure protein expression using LI-COR software

Protein expression measuring phosphorylated ERK, phosphorylated AKT, and phosphorylated
mTor were performed at 24 h post treatment using an ICW assay (205, 292). Following treatment of the
chemical inhibitors, cells were fixed in 4% PFA and washed with PBS-0.01% Tween. Cells were then
permeabilized with 1 X PBS-0.5% Triton X-100 at RT for 15 min and blocked with Tris-buffered saline
(TBS) Odyssey buffer (LI-COR) at RT for 1 h. All cell types were stained with the respected 1° antibody
(Table 4.1) in TBS Odyssey blocking buffer at 4°C for ~16 h while rocking. The following day, the 1°
antibody was removed and the cells were washed twice with PBS-0.01% Tween. NHAs, SVGAs, and NHA-
Ts were then counterstained with 2° antibody, as indicated in Table 4.1 and CellTag (1:500, LI-COR) for 1
h. Finally, cells were washed with PBS-0.01% Tween and the wells were aspirated. Prior to scanning, the
bottom of the plate was cleaned with 70% ethanol and the lid was removed. Plates were weighted with
a silicone mat (LI-COR) and imaged using the LI-COR Odyssey CLx infrared imaging system to detect both
the 700- and 800-nm intensities. The imaging settings for the LI-COR were as followed: medium quality,

42-um resolution, with a 3.0 mm focus offset; when the scan was complete, the 700- and 800-nm

95



channels were aligned and the ICW analysis was performed in Image Studio (version 5.2). Protein
guantification was determined in two steps. First, background fluorescence from the 800-nm channel
(wells that only received 2° antibody) were subtracted to the 800-nm channel, in which the protein of
interest was being quantified. Next, the ratio was determined using this new value (protein of interest),

normalized to the 700-nm channel (CellTag) or the overall number of cells in each well.

RNA-seq and pathway analysis

RNA-seq data is available under accession number: GSEXXXX (Chapter 3). The read counts were
generated as previously described (Chapter 3) and analyzed using RStudio (version 1.2.1335) and
R/edgeR (version 3.30.3) (187). Genes expressed were mapped to the PI3K/AKT signaling pathway from
KEGG (357—-359) by obtaining the gene symbols and then converting them to Ensembl Gene IDs using
BioMart (360). The Ensembl Gene IDs were matched to the RNA-seq data to acquire the genes
expressed in the PI3K/AKT signaling pathway. The list of expressed PI3K/AKT genes was then merged
with results of the R/EdgeR analysis (Add citation to RNA-Seq paper) and subdivided based on an
unadjusted P value less than 0.10. Venn diagrams showing the overlap among the differentially
expressed genes for each cell type and timepoint were created using the R package, eulerr (version

6.1.0) (361).

Statistical analysis and graphing in RStudio
A two-sample Student’s t test assuming unequal variances was used to compare the mean
values for at least triplicate samples, when the data was normally distributed. Data not normally
distributed was determined by both the Shapiro-Wilk’s test and a quantile-quantile (Q-Q plot) in R.
Statistical analyses were performed using the Wilcoxon signed rank test, to compare the median values

for two populations, or the Kruskal-Wallis test to compare the median values of more than two
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populations. If the Kruskal-Wallis test determined a significant result with at least two groups, then the
pairwise Wilcoxon rank sum test, along with the Bonferroni adjustment was used to determine the pair
of groups that were statistically different. The Student’s t test was determined in Microsoft Excel, and all
other statistical tests were performed using R. Statistical analyses for the RNA-seq data (Fig. 3 and Fig.

4A) was performed using the R/edge R (version 3.30.3) (187).

Results

U0126, a common MEK inhibitor does not reduce JCPyV infection in primary astrocytes

In addition to the PI3K/AKT/mTor signaling pathway implicated in JCPyV infection (194-196), the
mitogen-activated protein kinase, extracellular signal-regulated kinase (MAPK/ERK) pathway is also
required for JCPyV infection (94, 192, 193). This pathway is temporally regulated, specifically being
phosphorylated upon JCPyV infection, and upon ERK siRNA, infection is significantly reduced (Chapter
3)(94, 192, 193). The MAPK/ERK pathway overlaps with the PI3K/AKT/mTor pathway and both pathways
have important roles in cell survival and differentiation (221, 251). To determine if inhibiting the
phosphorylation of ERK decreases JCPyV in primary astrocytes, a well-known, MEK inhibitor, U0126 was
tested for its effects on JCPyV infection. NHAs, SVGAs, and NHA-Ts were treated with U0126 at 10 uM or
the DMSO vehicle control (vehicle control), and subsequently infected with JCPyV (Fig. 4.1A). U0126 did
not decrease infection in NHAs at 48 hpi compared to SVGAs and NHA-Ts (Fig. 4.1A, top). As a negative
control, all cell types were infected with SV40, which does not require MEK for infection (362, 363), and
U0126 did not influence SV40 infection in any cell type (Fig. 4.1A, bottom). To confirm the inhibitory
effect of U0126 in NHAs, SVGAs, and NHA-Ts, ERK phosphorylation following treatment of the MEK
inhibitor for 1 h was evaluated by In-Cell Western (ICW) (Fig. 4.1B). U0126 nearly abolished ERK
phosphorylation in all three cell types (Fig. 4.1C). PMA, an ERK activator, was used as a control to further

determine the specificity of the MEK inhibitor. All cell types were treated with U0126 following PMA
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treatment, and ERK phosphorylation was nearly reduced to comparable levels to cells treated with
U0126 alone (Fig. 4.1C). Together, these data suggest that although elevated levels of ERK
phosphorylation promote JCPyV infection (Chapter 3), inhibition of ERK phosphorylation does not
decrease JCPyV infection in primary astrocytes when compared to cells immortalized with SV40 T Ag.
Thus, additional experiments are needed to define the mechanisms of cell signaling activation utilized in

JCPyV infection of NHAs that are not otherwise observed in SVGAs and NHA-TSs.

AKT phosphorylation was moderately increased in NHAs during U0126 treatment compared to SVGAs
and NHA-Ts

The ERK signaling cascade can interact with the AKT signaling pathway (250) and work together
to induce cellular transformation and survival (221, 251). Research has demonstrated that treatment of
cells with MEK inhibitors, such as U0126, results in increased AKT activity in various cell types (247-249).
To determine if U0126 influences AKT phosphorylation, NHAs, SVGAs, and NHA-Ts were treated with
U0126 and AKT phosphorylation was measured (Fig. 4.2). Cells were serum starved and treated with
U0126 (10 uM) or the vehicle control for 24 h and both ERK and AKT phosphorylation was measured by
ICW (Fig. 4.2A). U0126 increased AKT phosphorylation in NHAs, albeit an ~20% increase, while AKT
phosphorylation was not altered in SVGAs and NHA-Ts (Fig. 4.2B). This experiment demonstrated that
the crosstalk between the AKT signaling pathway and the ERK signaling cascade is evident in primary
astrocytes. Additionally, it provides a premise to explain why U0126 did not decrease JCPyV infection in
NHAs (Fig. 4.1); U0126 inhibits ERK phosphorylation, however the virus may also hijack the AKT signaling

pathway to support viral replication.
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Figure 4.1. MEK inhibitor U0126 does not decrease JCPyV infection in NHAs. (A) NHAs, SVGAs, and NHA-Ts were
pretreated with the MEK inhibitor U0126 at 10 uM or DMSO at an equivalent volume control and then infected with
JCPyV (MOI = 2.0 FFU/cell) (A, top) or SV40 (MOI = 2.0 FFU/cell) (A, bottom) at 37°C for 1 h. Cells were incubated in
media containing DMSO or U0126 for 48 h and then fixed and stained by indirect immunofluorescence. Percent
infection was determined by counting the number of JCPyV T Ag- or SV40 VP1-positive nuclei divided by the number
of DAPI-positive nuclei for five x20 fields of view for triplicate samples. Data is representative of three individual
experiments. Error bars indicate SD. Student’s t test was used to determine statistical significance comparing DMSO
to U0126, with each cell type and viral protein. *, P < 0.01. (B) NHAs, SVGAs, and NHA-Ts were pretreated with
DMSO or U0126 for 1 h in addition to PMA (40 nM) treatment of the indicated wells for the final 5 min at 37°C. Cells
were fixed and counterstained for pERK (green) or CellTag (red). (C) Percentage of pERK for each treatment was
quantitated by In-Cell Western signal intensity values per [(pERK)/Cell Tag x 100% = % response] within each ICW
analysis with LI-COR software. Density ridgeline plots represent the distribution of samples (individual points) with
the lower quartile, median and upper quartile denoted as black lines in each distribution. A Kruskal-Wallis test, along
with the Bonferroni adjustment, was used to compare treatments in each cell type, however only significance with
the DMSO treatment versus other treatments are illustrated. *, P < 0.01. Data are representative of three
independent experiments performed in triplicate.
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Figure 4.2. U0126 increases AKT phosphorylation in NHAs. (A) NHAs, SVGAs, and NHA-Ts were treated with DMSO
or U0126 (10 pM) at 37°C for 24 h. Cells were fixed and counterstained for pERK or pAKT (green) or CellTag (red).
(B) Percentage of pERK and pAKT for each cell type was quantitated by ICW signal intensity values per [(pERK or
pAKT)/Cell Tag x 100% = % response] within each ICW analysis with LI-COR software. Box and whisker plots
represent the distribution of samples (individual points) with the lower quartile, median and upper quartile
denoted as black lines. The dashed line indicates the normalized DMSO % response of pERK and pAKT. A Wilcoxon
rank sum exact test was used to compare treatments in each cell type. Data are representative of three
independent experiments performed in triplicate. *, P < 0.05.

PI3K/AKT signaling pathway genes were upregulated during JCPyV infection in NHAs

Previous research has demonstrated that the PI3K/AKT signaling pathway, specifically AKT and
PI3Ky, are required for JCPyV infection (194, 196, 364). To determine if this pathway is implicated in
NHAs, RNA-seq data was analyzed (Chapter 3) over the course of JCPyV infection in NHAs and SVGAs.
Differentially expressed genes (unadjusted p-value < 0.10) were mapped to the PI3K/AKT signaling
pathway from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (357—-359). At 24 hpi, 25
genes that mapped to the pathway were downregulated in SVGAs but upregulated in NHAs (Fig. 4.3,
top). At 48 hpi, only one gene was upregulated in SVGAs compared to 23 genes upregulated in NHAs

(Fig. 4.3, middle). At 96 hpi, approximately 51% of the genes that mapped to the pathway were

upregulated in NHAs versus ~38% in SVGAs (Fig. 4.3, bottom). These data illustrate that compared to
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SVGAs, JCPyV infection in NHAs activated more genes in the PI3K-AKT signaling pathway providing

additional evidence for the involvement of this pathway during infection in primary astrocytes.

Genes expressed in the PI3K/AKT Signaling Pathway
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Figure 4.3. Genes in the PI3K/AKT
pathway were differentially
expressed during JCPyV infection
in NHAs compared to viral
infection in SVGAs. NHAs and
SVGAs were either infected with
JCPyV (MOI = 0.1 FFU/cell) or
mock-infected with a vehicle
control and the transcriptomic
profile was determined at 24, 48,
and 96 h using RNA-seq. Genes of
the PI3K/AKT pathway were
determined from the KEGG
database with an unadjusted p
value < 0.10. Upregulated genes
(Log FC > 0) and downregulated
genes (Log FC < 0) are represented
as Venn diagrams for each time
point and cell type. The size of
each circle is proportionate to the
number of genes that apply to the
above criteria. The green colors are
representative of NHAs, while the
blue colors are representative of
SVGAs. Brighter shades are
upregulated genes and darker
shades are downregulated genes.
(FC, Fold Change).

AKT was differentially expressed and required for JCPyV infection in NHAs

To further validate the previous results, the expression of the three isoforms of AKT (AKT1, AKT2

and AKT3) were analyzed (Fig. 4.4A). Both ATK1 and ATK2 were significantly downregulated in SVGAs at

24 and 96 hpi (unadjusted P value < 0.05) and upregulated in NHAs (unadjusted P value < 0.1) (Fig. 4.4A).

Due to the differential gene expression observed, NHAs, SVGAs, and NHA-Ts were pretreated with the
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AKT inhibitor, MK2206, or the vehicle control at increasing concentrations, and subsequently infected
with JCPyV (Fig. 4.4B). A dose-dependent decrease in viral infection was observed in NHAs, however, a
dose-dependent increase was measured in SVGAs and NHA-Ts (Fig. 4.4B). Considering the significant
differences in JCPyV infection among cell types, MK2206 was validated for its inhibitory effects of AKT
phosphorylation by ICW (Fig. 4.4C). Cells were serum starved and treated with the highest concentration
of MK2206 for 24 h. The chemical inhibitor significantly reduced AKT phosphorylation in all three cell
types compared to the vehicle control demonstrating that the inhibitor is working effectively at the
concentrations used (Fig. 4.4D). This data revealed that JCPyV requires AKT during infection in NHAs and
the utilization of this pathway is perhaps, confounded by the immortalized properties of SVGAs and

NHA-Ts.

PI3K was required for JCPyV infection in NHAs

Upstream of AKT, PI3K was targeted by chemical inhibitor to understand if additional proteins in
the PI3K/AKT pathway are involved during JCPyV infection in NHAs. Cells were pretreated with the PI3K
inhibitor, wortmannin, or the vehicle control at increasing concentrations, and subsequently infected
with JCPyV (Fig. 4.5A). Comparable to AKT inhibition, wortmannin significantly reduced JCPyV infection
by 50% in NHAs, while increasing infection in SVGAs and not influencing infection in NHA-Ts (Fig. 4.5A).
The chemical inhibitor was validated for the inhibition of the PI3K/AKT signaling pathway by measuring
AKT phosphorylation using ICW (Fig. 4.5B). Cells were serum starved and treated with the highest
concentration of wortmannin. Across all three cell types, wortmannin significantly reduced AKT
phosphorylation (Fig. 4.5C). Altogether, these data illustrate that treatment of cells with the PI3K
inhibitor equivalently impaired the PI3K/AKT signaling pathway, and a decrease in JCPyV infection during
PIK3K inhibition was only observed in NHAs, verifying the results demonstrated with MK2206 treatment

(Fig. 4.4).
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Figure 4.4. AKT is required for JCPyV infection in NHAs. (A) The log CPM was determined for the three isoforms of
AKT (AKT1, AKT2, and AKT3) in mock-infected and JCPyV-infected cells at each time point from the RNA-seq data.
1, P<0.10; *, P <0.05. (B) NHAs, SVGAs, and NHA-Ts were pretreated with indicated concentrations of an AKT
inhibitor, MK2206, or DMSO at an equivalent volume control for 30 min and then infected with JCPyV (MOI = 1.0
FFU/cell) at 37°C for 1 h. Cells were incubated in media containing DMSO or MK2206 for 48 h and then fixed and
stained by indirect immunofluorescence. Infectivity was determined by counting the number of JCPyV T Ag-
positive nuclei divided by the number of DAPI-positive nuclei for five x20 fields of view for triplicate samples (%
Infection). Data is representative of three individual experiments. Error bars indicate SD. Student’s t test was used
to determine statistical significance comparing DMSO to MK2206 for each cell type. (C) NHAs, SVGAs, and NHA-Ts
were treated with DMSO or MK2206 (5.0 uM) at 37°C for 24 h. Cells were fixed and counterstained for pAKT
(green) or CellTag (red). (D) Percentage of pAKT for each cell type was quantitated by ICW signal intensity values
per [(pAKT)/Cell Tag x 100% = % response] within each ICW analysis using LI-COR software. Box and whisker plots
represent the distribution of samples (individual points) with the lower quartile, median, and upper quartile
denoted as black lines. The dashed line indicates the normalized DMSO % response of pAKT. A Wilcoxon rank sum
exact test was used to compare treatments in each cell type. Data are representative of three independent
experiments performed in triplicate. *, P < 0.05.
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Figure 4.5. PI3K inhibitor wortmannin reduces JCPyV infection in NHAs. (A). NHAs, SVGAs, and NHA-Ts were
pretreated with indicated concentrations of a PI3K inhibitor, wortmannin, or DMSO at an equivalent volume
control and then infected with JCPyV (MOI = 1.0 FFU/cell) at 37°C for 1 h. Cells were incubated in media containing
DMSO or wortmannin for 48 h and then fixed and stained by indirect immunofluorescence. Infectivity was
determined by counting the number of JCPyV T Ag-positive nuclei divided by the number of DAPI-positive nuclei
for five x20 fields of view for triplicate samples (% infection). Data is representative of three individual
experiments. Error bars indicate SD. Student’s t test was used to determine statistical significance comparing
DMSO to wortmannin for each cell type. (B) NHAs, SVGAs, and NHA-Ts were treated with DMSO or wortmannin
(2.5 uM) at 37°C for 24 h. Cells were fixed and counterstained for pAKT (green) or CellTag (red). (C) Percentage of
pAKT for each cell type was quantitated by ICW signal intensity values per [(pAKT)/Cell Tag x 100% = % response]
within each ICW analysis using LI-COR software. Box and whisker plots represent the distribution of samples
(individual points) with the lower quartile, median and upper quartile denoted as black lines. The dashed line
indicates the normalized DMSO % response of pAKT. A Wilcoxon rank sum exact test was used to compare
treatments in each cell type. Data are representative of three independent experiments performed in triplicate. *,
P <0.05.
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mTor inhibition significantly reduces JCPyV infection in NHAs

A downstream target of the PI3K/AKT signaling pathway is mTor (230); previous research has
determined that mTor inhibition led to an increase in JCPyV infection (195). Moreover, research has also
demonstrated that JCPyV infection is delayed in NHAs, compared to SVGAs and NHA-Ts (130). To
determine if mTor is required for JCPyV infection and if mTor inhibition increases late viral protein
expression in NHAs, all cell types were treated with either rapamycin, mTor inhibitor PP242, or the
vehicle control, were subsequently infected with JCPyV, and infectivity was measured by assessing both
early (T Ag) and late (VP1) viral protein production (Fig. 4.6). Rapamycin and PP242 significantly reduced
JCPyV infection in NHAs quantified by both T Ag and VP1 production (Fig. 4.6A and Fig. 4.6B). Rapamycin
significantly increased JCPyV infection in SVGAs and NHA-Ts (Fig. 4.6A), however, PP242 did not
influence viral infection in either cell type (Fig. 4.6B). To validate the effectiveness of the chemical
inhibitors in NHAs, SVGAs, and NHA-Ts, mTor phosphorylation was measured by ICW, following serum
starvation and treatment with each inhibitor for 24 h (Fig. 4.6C). Rapamycin and PP242 significantly
reduced mTor phosphorylation, relatively, in each cell type, however PP242 reduced phosphorylation to
more appreciable levels when compared to rapamycin (Fig. 4.6D). Overall, these findings demonstrate
that mTor phosphorylation, a downstream target of the PI3K/AKT signaling pathway, is required for
JCPyV infection in NHAs. Furthermore, it substantiates the previous findings that JCPyV uses alterative
signaling pathways in primary astrocytes, viral mechanisms not observed in cell types that are

immortalized with SV40 T Ag.
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Figure 4.6. Inhibitors of mTOR, a target of the PI3K/AKT pathway, reduce JCPyV infection in NHAs. (A and B).
NHAs, SVGAs and NHA-Ts were pretreated with (A) rapamycin at 20 ng/mL, (B) PP242 at 1 uM, or the DMSO
control at an equivalent volume control and then infected with JCPyV (MOI = 1.0 FFU/cell) at 37°C for 1 h. Cells
were incubated in media containing DMSO or mTOR inhibitors for 72 h and then fixed and stained by indirect
immunofluorescence. Infectivity was determined by counting the number of JCPyV T Ag- or VP1- positive nuclei
divided by the number of DAPI-positive nuclei for five x20 fields of view for triplicate samples (% infection). Data is
representative of three individual experiments performed in triplicate. Error bars indicate SD. Student’s t test was
used to determine statistical significance comparing DMSO to either mTOR inhibitor, with each cell type and viral
protein. (C) All cell types were treated with DMSO or rapamycin at 20 ng/mL (top) or PP242 at 1 uM (bottom) at
37°C for 24 h. Cells were fixed and counterstained for pAKT (green) or CellTag (red). (C) Percentage of pmTOR for
each cell type was quantitated by ICW signal intensity values per [(pmTOR)/Cell Tag x 100% = % response] within
each ICW analysis with LI-COR software. Box and whisker plots represent the distribution of samples (individual
points) with the lower quartile, median, and upper quartile denoted as black lines. The dashed line indicates the
normalized DMSO % response of pmTOR. A Wilcoxon rank sum exact test was used to compare treatments in each
cell type. Data are representative of three independent experiments performed in triplicate. *, P < 0.05.
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Discussion

Astrocytes are main targets of JCPyV infection in the CNS, where the destruction of these cells,
along with oligodendrocytes, leads to PML (60—63, 68). With no cure for this aggressive and ultimately
fatal disease, more research is needed to reveal potential therapeutic targets. Cellular pathways, like the
PI3K/AKT/mTor signaling pathway, is an attractive candidate because there are numerous, established
drugs that inhibit this pathway for cancer treatment (349, 350). In this study, we investigated the role of
various chemical inhibitors of the PI3K/AKT/mTor signaling pathway on JCPyV infection in primary
astrocytes compared to immortalized cells. Our results demonstrate that viral infection is significantly
reduced in primary astrocytes compared to cells transformed with SV40 T Ag, highlighting both the
importance of this signaling pathway, and the need to use either ex vivo approaches or validate findings

in primary cells to further understand how JCPyV infection may occur in the human host.

JCPyV requires the MAPK/ERK pathway to successfully infect the cell ((94, 192, 193), Chapter 3).
However, when a well-studied MEK inhibitor, U0126, did not reduce JCPyV infection in primary
astrocytes, only reducing JCPyV infection in cells immortalized with SV40 T Ag (Fig. 4.1A), additional
studies were performed to identify alternative pathways that regulate JCPyV infection. Research has
shown that the PI3K/AKT/mTor signaling pathway intersects with the MAPK/ERK pathway (247-249).
Our findings also support this, as treatment of NHAs with U0126 led to an increase in phosphorylated
AKT, while U0126 treatment did not exhibit any difference in AKT phosphorylation in SVGAs and NHA-Ts

(Fig. 4.2).

The PI3K/AKT/mTor signaling pathway has been previously implemented in other polyomavirus
infections as well (194-196, 239, 240, 365, 366). Earlier research has demonstrated that BK
polyomavirus (BKPyV), murine polyomavirus, and JCPyV influence the PI3K/AKT signaling pathway by

modulating the cellular phosphatase, protein phosphatase 2A (PP2A) (239, 365, 366). Comparable to
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JCPyV, BKPyV also establishes an asymptomatic infection, yet during immunosuppression BKPyV can
cause nephropathy and hemorrhagic cystitis (118). Treatment of cells with sirolimus (i.e., rapamycin)
significantly reduced BKPyV infection, however the concentration of the chemical inhibitor used in these
studies was significantly different between immortalized and primary cells (239, 240). Hirsch et al., used
a primary kidney cell line to determine the outcome of BKPyV infection during rapamycin treatment.
They confirmed that using rapamycin at least a magnitude lower in concentration significantly reduces
BKPyV infection in this primary kidney cell line, specifically during the first 24 hours of infection (i.e.
before Large T Ag viral genome replication) (240). The authors concluded that these differences in
concentration of the drug were the result of the transformed phenotype of the other cell line to require
significantly higher concentrations of the inhibitor to reduce BKPyV infection. Unfortunately,
understanding viral infection is challenging when using transformed cell lines, as transformation alters

metabolic pathways and signal transduction within those pathways (245, 246).

Our findings substantiate the consequences of immortalization in investigation of JCPyV
infection with chemical inhibitors that target the PI3K/AKT/mTor signaling pathway. Wortmannin,
MK2206, rapamycin, and PP242, chemical inhibitors that target different steps of this signaling pathway,
resulted in a significant reduction of JCPyV infection in NHAs that was not observed in SVGAs or NHA-TSs.
These results, specifically with MK2206, are consistent with other published research reporting the
impacts of JCPyV infection in an oligodendrocyte cell line treated with inhibitors of this pathway.
MK2206 treatment of a glioma-derived stem cell line with oligodendrocyte precursor phenotypes (G144
cells), reduced JCPyV DNA replication (194). It is important to note, that even though these cells are
established through glioblastoma samples, G144 cells specifically display features that resemble normal
fetal neural stem cells (367). Together, these data suggest the importance of MK2206 as a potential
antiviral for PML, as oligodendrocytes and astrocytes are the main cell types impacted by disease (60—
63, 68).
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Our research also corresponds with findings demonstrated with BKPyV infection and mTor
inhibition with respect to both polyomavirus infection and cell-type dependent differences. Rapamycin
significantly reduced JCPyV infection in primary astrocytes (Fig. 4.6A), and similarly, BKPyV infection was
reduced in a primary kidney cell line with rapamycin treatment (240). Likewise, using both rapamycin
and PP242, a secondary mTor inhibitor, did not decrease JCPyV infection in immortalized cells, SVGAs
and NHA-Ts (Fig. 4.6A and Fig. 4.6B). Similarly, rapamycin and other mTor inhibitors did not decrease but
rather enhanced JCPyV replication in HEK293A cells (195). HEK293A cells are transformed with
adenovirus type 5 DNA (368) and not SV40 T Ag, yet immortalization through adenovirus have been
shown to the adenovirus oncogene interacts with Rb and p53, disrupting important checkpoints in cell
cycle and growth, similar to SV40 T Ag transformation (369-373). Additionally, cells transformed with
viral oncogenes can also influence PP2A, known to regulate numerous cellular pathways, such as the
MAPK and PI3K signaling pathways, which is also important during JCPyV infection (366, 374, 375).
Together, these findings demonstrate both the requirement of the PI3K/AKT/mTor signaling pathway

and the importance of using primary cell lines to characterize polyomavirus infection.

Furthermore, rapamycin and PP242 are both mTor inhibitors, yet the mode of inhibition is
slightly different between drugs. mTor forms two complexes in mammalian cells, mTor complex 1
(mTORC1) and mTORC2, and activation of these complexes results in different functions for the cell
(238). The formation and activation of mMTORC1 results in protein translation, cell growth, and
autophagy, while mTORC2 results in survival, migration, and cytoskeletal organization (238). Rapamycin
has been demonstrated to inhibit mMTORC1 more so than mTORC2, particularly in vitro (376), while
PP242 results in greater inhibition of both mTORC1 and mTORC2 (377). These modes of mTor inhibition
may explain the differences observed in immortalized cells during JCPyV infection, however it does
substantiate the importance of mTor during infection of primary astrocytes (Fig. 4.6). Additionally, if we

increased the concentration of PP242, the results of JCPyV infection were similar, and in fact, higher

109



concentrations resulted in cytotoxic effects (data not shown). To conclude, each chemical inhibitor was
tested for cellular viability compared to the vehicle control in each cell type and in all assays performed
in this research. Additionally, the inhibitory effect measuring phosphorylation of AKT or mTor were
similar across cell types, demonstrating that cell type differences were not from cytotoxic effects or

from inequitable impacts of AKT or mTor phosphorylation from the chemical treatments.

Research has demonstrated that enhanced JCPyV infection from mTor inhibition is perhaps due
to Skp-Cullin Fbox (SCF) E3 ligase, S-phase kinase-associated protein 2 (Skp2) (195, 378), and the
expression of this protein is highly variable in immortalized versus primary cells (379). Skp2 is important
in regulating the cell cycle, accumulates in the cell during the transition to the G1/S phase, remains
highly expressed during S phase (380) and can also interact with polyomavirus Large T Ag (195, 378).
Previous studies have concluded that the interaction of Skp2 and Large T Ag of numerous
polyomaviruses (PyVs), including murine PyV, JCPyV, and BKPyV, declined with treatment of mTor
inhibitors, which resulted in an increase of Large T Ag expression (195). Skp2 is highly expressed in
glioma cell lines compared to normal astrocyte cell lines (379) and this could explain the differences
observed between NHAs versus SVGAs and NHA-Ts. First, JCPyV Large T Ag expression is significantly less
in NHAs compared to SVGAs and NHA-Ts (130) and as a result, Skp2 may not be involved to the same
extent in JCPyV infection of NHAs, thus, this interaction between Skp2 and Large T Ag is not sensitive to
mTor inhibition. However future research should elucidate the mechanisms of viral protein production

and the PI3K/AKT/mTor signaling pathway.

Lastly, PI3K expression has been recently demonstrated to decrease JCPyV infection in SVGAs
(196). A reason for the differences in JCPyV infection between the findings reported here and by Clark
et. al could be the PI3K isoform that was targeted as well as the technique used. The authors

determined PI3K, specifically PI3Ky, facilitates JCPyV infection in SVGAs through genetic knockdown
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approaches (196). It is known that JCPyV facilitates entry into the cell through the utilization of a GPCR,
serotonin 5-hydroxytryptamine (5-HT) receptors (91, 92, 241) which upon activation, couples with PI3Ky
(196). The authors speculated that knockdown of PI3Ky disrupted early events of GPCR signaling and as
a result, disrupted possible virus capsid disassembly or trafficking to the endoplasmic reticulum or
nucleus (196). Wortmannin is one of the most well-characterized PI3K inhibitors and has been shown to
interact strongly in vitro with PI3K, thus inhibiting numerous isoforms in the PI3K family (381, 382).
However, wortmannin has also been demonstrated to have off target effects, inhibiting other
serine/threonine kinases of the PI3K family such as mTor (383). The differences that we have observed
could be the consequence of wortmannin targeting other PI3Ks in the pathway and thus having similar
results to the other inhibitors used in this research, specifically in SVGAs. Further, JCPyV entry in primary
astrocytes has not been well studied and thus we do not yet know whether GPCRs are utilized during
entry thereby activating PI3Ky to the same extent as it does in viral entry of SVGAs. Additionally, recent
work has suggested that JCPyV may use extracellular vesicles to gain entry in astrocytes because they do
not express the sialic acid attachment receptor (384). Future studies should define the role of PI3Ks in
viral infection of primary astrocytes, using more targeted approaches such as siRNA. Nonetheless,
wortmannin, MK2206, rapamycin, and PP242 significantly reduced JCPyV infection in primary astrocytes,
while also inhibiting the phosphorylation of AKT and mTor in all three cell types (Fig. 4.7). Furthermore
RNA-seq analysis revealed numerous genes within the PI3K/AKT/mTor pathway that were upregulated
during JCPyV infection of NHAs but downregulated in SVGAs, providing more evidence of the

requirement of this pathway in primary astrocytes (Fig. 4.3).

In summary, this research has revealed and outlined the requirement of the PI3K/AKT/mTor
signaling pathway in JCPyV infection of primary human astrocytes. Using various chemical inhibitors, we
have characterized how JCPyV uses this pathway to support viral infection, and importantly, how

immortalized characteristics may alter signaling events that, in turn, confound the requirement of this
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pathway in JCPyV infection of transformed cell lines. Overall, these findings will aid in the discovery of
therapeutics to treat or slow the progression of PML, as no effective treatments are available for this

deadly disease.
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Figure 4.7. Chemical inhibitors that reduce JCPyV infection in NHAs, SVGAs, and NHA-Ts. Previous research has
demonstrated the importance of the MAPK/ERK pathway in NHAs, however JCPyV can also use the PI3K/AKT/mTor
signaling pathway for infection (left). Using chemical inhibitors targeting PI3K, AKT, and mTor, significantly reduced
JCPyV infection in primary astrocytes (left). However, in immortalized cells, SVGAs and NHA-Ts, these chemical
inhibitors did not reduce JCPyV infection and treatment of cells with U0126, a MEK inhibitor of the MAPK/ERK
pathway, significantly reduced JCPyV infection (right). This demonstrates that during viral infection of
immortalized cells, the virus is more dependent on the MAPK/ERK pathway and may not use other pathways, such
as the PI3K/AKT/mTor signaling pathway, to establish successful infection, compared to JCPyV infection in primary

astrocytes.
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CHAPTER 5

REARRANGEMENT IN THE HYPERVARIABLE REGION OF JC POLYOMAVIRUS GENOMES ISOLATED FROM
PATIENT SAMPLES AND IMPACT ON TRANSCRIPTION FACTOR-BINDING SITES AND DISEASE
OUTCOMES

The work presented in this chapter is in preparation for submission.

Introduction

JC polyomavirus (JCPyV) is a virus that is known to only infect humans, wherefore it successfully
infects most of the population (28, 30, 60). JCPyV persistently infects the kidneys of healthy individuals,
however during immunosuppression, the virus can reactivate and spread to the central nervous system
(CNS) causing the fatal disease, progressive multifocal leukoencephalopathy (PML) (30, 44—47). There
are currently no approved cures for PML, and when left untreated, the disease can be fatal within a few
months (71, 79). Historically, individuals most at risk for disease were positive for HIV, representing up
to 5% of all PML cases (60, 71). The use of highly active antiretroviral therapy (HAART) has significantly
reduced the rate of PML among HIV individuals (72, 73). Unfortunately, new risk groups are emerging
that encompass patients receiving immunomodulatory therapies for immune-mediated diseases (74).
This includes individuals with multiple sclerosis (MS) taking natalizumab and individuals receiving
rituximab for treatment of systemic lupus erythematosus (SLE) (71, 74-76). As there are no approved
therapies for PML, current treatments address treatment of the underlying immunosuppression by
either treating HIV with HAART or discontinuing immunosuppressive therapies (71, 79—-81). Recently,
there has been treatments related to adoptive T cell transfer, and checkpoint inhibitors, such as
pembrolizumab, however these treatments can also result in severe morbidity (71, 82, 83, 347).

The pathogenicity of JCPyV, infecting most of the population and causing disease in

immunosuppressive hosts, is determined not only by the underlying health of the host but also by the
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viral genome. JCPyV is a small, nonenveloped double-stranded DNA virus with a circular genome of
approximately 5,100 bp in size (86, 87). Transcription and replication occur in the nucleus and are
orchestrated by the noncoding control region (NCCR) (47, 96). The NCCR divides the viral genome into
two regions, the early genes needed to transform the cell into a supportive environment and regulate
downstream steps in the replication cycle, and late genes, needed for subsequent stages of infection,
that include viral assembly and release (96).

Within the nucleus, host transcription factors bind to the NCCR to initiate transcription of the
early genes, Large T Antigen (T Ag), small t antigen (t ag), and three alternatively spliced transcripts,
T'135,T'136, and T'165 (41). T Ag is a multifunctional protein that is critical in establishing a conducive
environment for viral replication. First, it binds to retinoblastoma (pRB), causing the release of the
transcription factor, E2F-1, and inducing the cell into S phase (114, 115). Secondly, T Ag can also bind to
p53, blocking the cell from activating apoptotic pathways, and lastly, it can act as a helicase, unwinding
the viral DNA to continue the production of virus progeny (116, 122). t ag and the spliced variants
facilitate T Ag in driving the cell cycle into S phase and assist the function of it by mediating the
interactions with p107 and p130, related to the Rb family (385, 386). Once viral DNA is replicated in the
nucleus, the late viral genes are transcribed, producing the structural proteins: viral protein 1 (VP1),
VP2, and VP3, as well as a multifunctional protein, agnoprotein (96). VP1 is the major component of the
capsid, and along with VP2 and VP3; the viral capsid consists of 72 VP1 pentamers (135). Like T Ag,
agnoprotein is also considered to be a multifunctional protein. Research has demonstrated that
agnoprotein can interact with T Ag, suppressing viral DNA replication and help transition the cell into
G2/M phase, allowing the viral DNA to be encapsidated by the VPs (136). Additionally, agnoprotein can
act as a viroporin, facilitating viral release from the cell (137).

DNA viruses, including JCPyV are completely dependent on host transcription factors to initiate

and coordinate the viral infectious cycle. Host transcription factors bind to the NCCR in JCPyV, where

114



this small region of the viral genome, that is approximately 145 base pairs, is not only highly important
in the infectious cycle but it is a strong indicator of viral disease (96, 97). Previous research has
demonstrated that 100% of JCPyV isolates from patients that were diagnosed with PML had genetic
mutations in the NCCR compared to the non-disease strain and to other regions of the viral genome, like
VP1 (97). The NCCR is characterized as having an early and late proximal region. The early region
contains the origin of replication, binding sites for transcription of early genes, and binding sites for T Ag
to help regulate viral infection (41). Due to these functions all having important roles in establishing
infection, the early proximal region is highly conserved among polyomaviruses and is not prone to
mutation (387). However, this is in considerable contrast to the late proximal region. The late region is
hypervariable, undergoing mutations and rearrangements that can account for increased viral gene
expression, increase tissue tropism, and disease pathogenesis (41, 69, 112). The JCPyV NCCR is divided
into DNA sequence blocks denoted as lowercase letters “a”, “b”, “c”, “d”, “e” and “f” which can undergo
rearrangements (106—108). The non-pathogenic strain, also called the archetype or CY, is found
predominately in the kidneys of healthy individuals, and has all six DNA sequence blocks in alphabetical
order (74, 109). The viral sequences associated with PML, also known as the prototype JCPyV NCCR
sequence, is the Mad-1 variant, composed of only three blocks, “a,” “c,”, and “e” (41, 74). There are
numerous Mad-isolates, with Mad-8, having similar blocks to Mad-1 but also having a portion of block
“b” as well as insertions of single base pairs, Mad-8 is more typical of NCCR variants found in PML
patients, versus Mad-1 (74, 388, 389).

Pathogenic isolates share a 98 base pair direct tandem repeat, referred to as an enhancer
element in the NCCR. These enhancer elements are composed of blocks, “a,” “c,” and “e” and therefore,
contain duplicate TATA boxes, located in the “a” block, and have additional transcription factor binding
sites (TFBS) (69, 110, 111). Due to the prevalence of these tandem repeats in the NCCR sequences of

viral isolates from PML patients, as well as the archetype rarely associated with PML tissue (41, 74, 111),
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it is suggestive that these enhancer elements and the addition of TFBS are critical for viral pathogenesis.
Furthermore, the loss of the 23-base pair “b” block and the 66-base pair “d” block can also result in
increased viral gene expression. These deletions of both regions in the NCCR allow for additional TFBS,
such as YB-1/Pura and NF-1, to facilitate enhanced viral gene expression (112, 113). TFBS, such as Spi-B
transcription factor (Spi-B), nuclear factor of activated T cells 4 (NFAT4) and subtypes of the nuclear
factor 1 (NF-1) family are also important in early gene transcription and may also play a role in cellular
tropism as well (100, 101, 390, 391). Specifically, JCPyV can infect B cells, and as these cells mature,
transcription factors such as NFI-X and Spi-B have been shown to be upregulated (100, 104). These
changes can enhance viral transcription and most notably in individuals who are receiving natalizumab
treatment, induce B cell differentiation, possibly inducing the development of PML (105).

Associations between the genetic mutations in the NCCR and PML have been found. There has
also been evidence to highlight transcription factors (TFs) that are important for JCPyV infection, even
though, there has not been a large analysis approach to observe the changes in the NCCR in the
archetype and prototype strains as well as location of sequence isolates. Most importantly, there has
not been an extensive bioinformatic approach to validate and uncover TFBS that are influenced by these
rearrangements which ultimately enhance viral transcription and cause disease. This study, using
already published sequences isolated from deidentified patient samples, characterizes the NCCRs of 181
nucleotide sequences, defining them by both their location of isolation and disease status. Most
importantly, by using the largest open-access database of curated and non-redundant TFBS, known as
JASPAR (392), this study validated and elucidated possible novel TFBS that influence JCPyV infection in
each of the 6 blocks that arise from their rearrangements in the NCCR. This data will provide additional
rationale and framework to understand how this hypervariable region of the JCPyV genome can persist
in almost 80% of the population, however upon mutations in the NCCR can enhance viral infection,

expand its tissue tropism, and ultimately, cause the fatal disease PML.
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Materials and Methods

Curating the dataset of NCCR viral isolates and performing a phylogenetic analysis

The workflow to curate a dataset of NCCR sequences is illustrated in Figure 5.1. In all, 10 studies,
published and unpublished, represent the 181 NCCR sequences of JCPyV used in this analysis (109, 393—
401). Disease classification of the sequences were both from author annotation in GenBank and/or in
the Materials and Methods section from published manuscripts. The sequences were aligned using
Clustal Omega in the command line, using the specific packages and programs, the European Molecular
Bioinformatic Open Software Suite (EMBOSS) and ClustalW. Specifically, Clustal 2.1 Multiple Sequence
Alignments was used to perform a multiple alignment using the slow and accurate method (402). Briefly,
all 181 sequences were pairwise aligned and a dendrogram was constructed, describing the
approximate groupings of the sequences by similarity (402). Finally, the multiple alignment was carried
out, using the dendrogram as a guide. To generate a phylogenetic tree, the alignment output was used
to calculate the distances between all pairs of sequences. Then the neighbor joining method was used to
create the distance matrix (402—404). The .ph file generated from this output was imported into R using
the function “read.tree” from the package “ape” (Version 5.4-1). The “phylo4d” function from the
package, “phylobase” (Version 0.8.10) was used to merge the phylogenetic tree with sequence
information, such as where the sequence was isolated from and disease status. Lastly, to visualize the

circular cladogram the function “ggtree” was used from the package, “ggtree” (Version 2.2.4).

Determining and visualizing the blocks of each NCCR viral isolate

” _ llfll

To obtain each block (“a ) within the NCCR, already published sequences for each, were
used to scan the NCCRs (107). First, the sequences were separated by isolate site and aligned using the

same method described above. This step resulted in more accurate block sequences and faster quality

control of each NCCR. The blocks were extracted using the command line and the toolkit, SeqKit, an
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ultrafast FASTA/Q Go programming language (405). Specifically, the function “locate” was used in the
seqgkit executable file with varying max mismatch values when matching the known sequence for each
block with the 181 sequences, based on the length of nucleotides for the individual blocks (Table 5.1).
Additionally, only the “+” strand was used. Each block was manually inspected using the program
Jalview (Version 2.11.0), an open-source program developed for the editing, analyzing, and visualizing of

multiple sequence alignments.

NCBI Nucleotide Database, analyzed:
“JC Polyomavirus non-coding region”

l

189

181sequencesof| « ——— | 8sequences
sequences
JCPyV NCCR 9 were excluded
l l - 5 complete genomes
) - 2 partial VP1 sequences
Sequences not from urine Sequences from 1 NCCR ol
diagnosed with PML or AIDS*) urine i pus
( agnoprotein sequence
| - 106 sequences from CSF | l

| Diseased patients |

—

| PML patients | | SLE patients |

Y A A l l
Figure 5.1. Flowchart of sequences of JCPyV NCCRs retrieved from the NCBI database. 181 sequences were
analyzed in this study. Sequences were isolated from the CSF (N = 106), plasma (N = 15), brain (N = 10), or urine (N
=50). The sequences isolated from the CSF, plasma, and brain were patients diagnosed with PML or AIDS*. *, 1

sequence isolated from the brain and 1 sequence from the CSF were from patients who had AIDS but were not
diagnosed PML. NCCR, noncoding control region; CSF, cerebral spinal fluid; PML, progressive multifocal

leukoencephalopathy; SLE, systemic lupus erythematosus.
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Table 5.1. Block sequences and criteria used to locate them in each sequence

Block Nucleotide sequence Maximum
letter mismatch
value

Block “a” | CCTGTATATATAAAAAAAAGGGAAGG 9

Block “b” | AGGGAGGAGCTGGCTAAAACTG 8

Block “c” | GATGGCTGCCAGCCAAGCATGAGCTCATACCTAGGGA 27
GCCAACCAGCTGACAGCC

Block “d” | AGAGGGAGCCCTGGCTGCATGCCACTGGCAGTTATAGTGAAACCCCTCC 31
CATAGTCCTTAATCACA

Block “e” | AGTAAACAAAGCACAAGG 1

Block “f* | GGAAGTGGAAAGCAGCCAAGGGAACATGTTTTGCGAGCCAGAGCTGTT 31
TTGGCTTGTCACCAGCTGGCCAGT

Data were visualized using the package, ggplot2 (Version 3.3.3) in R and the function
geom_pointrange was used to illustrate the position of each block for all the NCCRs faceted by location
and disease status. Additionally, the function, geom_histogram was used to determine the density
distribution of each block, by length, also faceted by location and disease status. Overall, there were a
total of 1,416 blocks across all four locations, 85 blocks from the brain, 938 from the CSF, 99 from the

plasma and 294 from the urine.

Determining the TFBS for each NCCR viral isolated using the JASPAR database

To curate the dataset of TFBS for the 1,416 blocks, the package “TFBStools” (Version 1.26.0) was
used in RStudio, along with the package “Biostrings” (Version 2.56.0) to upload the sequences in the
RStudio environment, with the function “readDNAStringSet.” The matrix for each TFBS in humans
(species ID: 9606) was uploaded into RStudio with the function “getMatrixSet” from the 2020 JASPAR
database. TFBS for all 181 sequences were obtained with a minimum score of 70%, only examining the
“+” strand, based on the same approach that was used to extract the individual blocks. A minimum
score of 70% was determined through analyzing output data with varying scores that resulted in TFBS,
like SPIB and SP1 that are known to influence JCPyV infection to be included in the dataset. In total,

there were 2,083 TFBS with 600 unique TFBS, in sequences isolated from the brain, there were 2,423
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TFBS with 625 unique TFBS, from the CSF; 1,839 TFBS with 594 unique TFBS, from the plasma and lastly,
there were 1,778 TFBS, with 597 unique TFBS from sequences isolated in the urine. To compare the
frequency of TFBS with varying number of sequences from each location, the normalized frequency was

determined (equation 5.1).

(# of TFBS/BIOCk)
(#of sequences)

normalized frequency of TFBS= (5.1)

Statistical techniques and code availability
All statistical tests were performed in R. The Kruskal-Wallis test to was used to compare the
median distribution of the normalized frequency of TFBS across all 6 groups (location and disease
status). When the Kruskal-Wallis test was significant, the pairwise Wilcoxon rank sum test, along with
the Bonferroni adjustment was used to determine the pair of groups that were statistically different.
R scripts are available upon request. Datasets for the nucleotide sequences, block sequences,

and frequency of TFBS is available as supplemental material.

Results
The curation of the JCPyV NCCR from patient samples
181 sequences were acquired from GenBank from 10 published and unpublished studies in both

diseased and healthy patients (Fig. 5.1). Disease status was determined from both the GenBank record
and from the Materials and Methods described from published manuscripts. Searching for “JC
Polyomavirus non-coding region” resulted in 189 sequences, of which 181 sequences were exclusively
the JCPyV NCCR. As the archetype strain is rarely associated with PML (41, 74), these sequences were
separated by urine and nonurine samples (Fig. 5.1). There were 131 nonurine sequences, 106 from the

cerebral spinal fluid (CSF), 15 from the plasma, and 10 sequences from the brain. Most patients (N =
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129) had PML, however two other sequences, one sequence isolated from the brain and one sequence
from the CSF, were from patients who had AIDS but were not diagnosed with PML. Sequences isolated
from urine were further divided by disease status as the archetype strain can be detected in the urine
(398). Most samples were either healthy patients (N = 13) or organ transplant patients (N = 26), while
three sequences were from PML patients, and 8 sequences were isolated from SLE patients (Fig. 5.1).
Collectively, using sequences readily available in GenBank, we were able to curate a dataset composed
of 181 unique sequences, isolated from urine, CSF, brain, and plasma, from both healthy and diseased

patients.

Phylogenetic analysis reveals distinct differences from sequences isolated from the urine versus other
sites while revealing similarities in the NCCR across the CSF, brain, and plasma among PML patients
The 181 sequences from the NCBI database were aligned using Clustal Omega (402) and a
phylogenetic analysis was performed using the neighbor-joining clustering algorithm to illustrate the
nucleotide similarities across various sites and disease status (Fig. 5.2). The analysis revealed that 37 of
the 50 sequences isolated from the urine had higher sequence similarity with each other compared to
other samples (Fig. 5.2). There was also no distinct clustering in sequences isolated from the CSF, brain,
or plasma. Interestingly, there were sequences isolated from PML patients, in the brain, plasma, or CSF
that had nucleotide similarities to NCCR sequences from healthy individuals in the urine, and specifically,
three sequences from the CSF and plasma that clustered with the 37 sequences isolated from the urine
(Fig. 5.2). Conversely, one sample from a PML patient in the urine (AF35477.1) shared the highest
dissimilarity from other urine samples and clustered with nonurine samples from PML patients (Fig. 5.2).
This can suggest that within the kidneys, the JCPyV genome, specifically the NCCR, does not vary greatly,
however genetic variation can occur and can resemble the high dissimilarity that was observed across

other locations from diseased patients. Overall, this analysis revealed the phylogenetic relationships of
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NCCR sequences isolated from the various tissues and fluids among PML patients and healthy individuals

and demonstrates the clustering of sequences isolated from the urine.

Location (disease status)

Urine (healthy)

Urine (organ transplant)
Urine (SLE)

Urine (PML)

Brain (PML or AIDS*)
Plasma (PML)

CSF (PML or AIDS*)

Figure 5.2. A phylogenetic analysis of the NCCR sequences of the JCPyV genome based on the location of
sequence isolation and the disease status of the patients. JCPyV NCCR sequences were obtained from the NCBI
Nucleotide Database and aligned using Clustal Omega available in the EMBOSS package. The 181 sequences are
illustrated as a circular cladogram, where the color of the Accession numbers illustrates both the site of sequence
isolation and disease status of individual patients. The cladogram was created using the package ‘ggtree’ in
RStudio. *, 1 sequence isolated from the brain (AF047456.1) and 1 sequence from the CSF (AF043241.1) were from
patients who had AIDS and but were not diagnosed with PML.

The heterogenicity of NCCR sequences across isolation sites and disease status
To visually understand the differences in rearrangement within the NCCR, the individual blocks

(“a” —“f”) were analyzed in all 181 sequences (Fig. 5.3). Previously published data was used to
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determine the sequence for each block (107) and the FASTA/Q toolkit, SegKit, (405) within the
command line was used, to locate the blocks for each sequence. All sequences were manually inspected
using Jalview (Version 2.11.0), and the package ‘ggplot2’ was used to illustrate the 181 sequences for
each location. Samples extracted from urine, specifically from healthy individuals and organ transplant
recipients, illustrated the highest degree of uniformity, and resembled the archetype strain (“a”, “b”,
“c”,“d”, “e”, and “f”) (Fig. 5.3A). Interestingly, one of the three sequences isolated from the urine of a
PML patient resembled that of other sequences isolated from nonurine locations and sequences
isolated from SLE patients lacked the “a” block (Fig. 5.3A). The 10 NCCR sequences isolated from the
brain (Fig. 5.3B) and the 15 sequences isolated from the plasma (Fig. 5.3C) showed more variation in
block arrangement compared to sequences isolated from the urine. Moreover, upon visual analysis,
more sequences from the plasma compared to the brain, resembled the archetype, having a “d” block
present in the NCCR. The highest degree of variation, however, was observed in the 106 sequences
isolated from the CSF (Fig. 5.3D). Almost all the 106 NCCR sequences illustrated the 98 base pair direct
tandem repeat while also having segments of the “b” block, resembling the Mad-8 prototype (Fig. 5.3D).
Overall, this plot demonstrates the excessive degree of rearrangement in the NCCR of the JCPyV genome
from PML patients isolated from the brain, plasma, and CSF, compared to sequences isolated from the

urine of healthy individuals.
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Figure 5.3. Sequences isolated from the CSF illustrate the greatest degree of rearrangement in the NCCR of the
JCPyV genome. The NCCR sequences are arranged in 6 blocks (A-F) and these blocks were extracted using SeqKit,
an ultrafast FASTA/Q toolkit in Go programming language. Following Clustal Omega alignment, the command
‘locate’ in SeqgKit was used to determine the arrangement of the 6 blocks. All sequences were manually inspected
to validate accuracy and confirm no overlapping/duplicate regions. The package, ‘ggplot2’ in RStudio was used,
specifically the function geom_pointrange, to illustrate the coordinate position of the blocks for each accession
number, faceted by the location of where the sequences were isolated from.

Density distribution of the individual blocks reveals a high frequency of deletions in block “c”, “d”, and
“f” in NCCR sequences from PML patients isolated from the CSF

To further analyze the large variation in NCCR sequences illustrated in Figure 5.3, a quantitative
analysis was used to determine frequency distribution of the individual blocks in each sequence based
on the length of each block (Fig. 5.4). Histograms were generated as density plots for all 181 NCCR
sequences based on site of isolation and disease status. Due to the degree of similarity observed in
sequences isolated from healthy individuals and donor transplant recipients from the urine (Fig. 5.2 and
Fig. 5.3), these groups were combined. Overall, sequences isolated from the urine regardless of disease
status demonstrated few variations in block length (< 2%) (Fig. 5.4). Furthermore, it was previously
illustrated that sequences from the plasma resembled the archetype more than sequences isolated from
the brain (Fig. 3). The density distribution of block “d” from the plasma versus the brain demonstrates a
higher density (~7.5%) versus ~2% that coordinate to the same sequence length of block “d” from
sequences isolated from the urine of healthy individuals (Fig. 5.4). This was also observed in the “b”
block, where most of the distribution of that sequence isolated from the plasma resembled that of
sequences isolated from the urine compared to the distribution of block “b” in sequences isolated from
the brain and CSF of PML patients (Fig. 5.4). Lastly, the density plot revealed a high degree of deletions,
specifically in NCCR sequences from the CSF. Block “c”, “d” and “f” displayed the largest range in
sequence length, demonstrating that numerous blocks within these sequences were deleted (Fig. 5.4).

Altogether, the density plot quantified the observations in Figure 3 and demonstrate the high degree of
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variation in both the number of blocks and block length that compose the NCCR, especially from

sequences isolated from the CSF in PML patients.
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Figure 5.4. Deletions and duplications of the C block, D block, and F block accumulate more in patients with
PML or AIDS in the NCCR of viral isolates from the brain, plasma, and CSF. Histograms represent Density plots
for each block (A-F) in all 6 groups based on the length of the blocks (x axis) using ‘ggplot2’ as follows: 1.
Urine/Healthy + Urine/Organ Transplant, 2. Urine/PML, 3. Urine/SLE, 4. Brain/PML or AIDS, 5. Plasma/PML, 6.
CSF/PML or AIDS. Bin size for each group was determined using Rice’s role. Each row sums to 100% except for
groups 2 and 3, both adding to 100%.
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TFBS that facilitate activation of JCPyV infection are more frequent in nonurine sequences from PML
patients, and TFBS that repress JCPyV infection are higher in sequences isolated from the urine
To understand how NCCR variation among these 181 sequences may influence JCPyV infection,
the frequency of known TFBS involved in JCPyV replication from literature review were determined in
each block of every sequence (Fig. 5.5). The RStudio package, ‘TFBStools’ (Version 1.26.0) was used
along with the 2020 JASPAR database to find the TFBS motifs of each NCCR sequence per block.
Sequences isolated from the CSF had the highest number of known TFBS that influence JCPyV infection
(Fig. 5.5). Block “c” and block “d” had the highest variation in TFBS between locations, specifically,
CCAAT Enhancer Binding Protein B (CEBPB) and Nuclear Factor | X (NFIX), known repressors and
activators of JCPyV infection, respectively (Fig. 5.5). There were more TFBS for NFIX in the “c” block of
sequences isolated from PML patients versus patients with SLE or healthy individuals, and there were
more TFBS for CEBPP in the “d” block from sequences isolated from SLE patients and healthy individuals
(Fig. 5.5). Interestingly, NFIX sites in block “d”, part of the NCCR that is not an enhancer element (96)
was higher in sequences isolated from the urine. Lastly, the TFBS, Spi-B (SPIB) was present in sequences
isolated from the plasma, specifically in block “d,” adding evidence to the importance of this TF during
JCPyV infection of B cells. Overall, this data supports previously-published data recognizing the
importance of TFBS in the archetype versus prototypical strains (i.e., PML-type strains) and how genetic
rearrangements can alter the frequency of TFBS, especially in the brain, plasma, and CSF of PML

patients.
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Figure 5.5. Transcription factors binding sites that activate JCPyV infection are more prevalent in patients that
have PML or AIDS in the NCCR of viral isolates from the brain, plasma, and especially, the CSF. The RStudio
package, ‘TFBStools’ was used to determine the TFBS for each block in all 181 sequences, using the 2020 JASPAR
database. Known TFBS that have are associated with JCPyV transcription and replication were illustrated as a
balloon plot using ‘ggplot2’. TFBS are faceted by the 6 blocks (A-F). The size of the circle represents the normalized
frequency of the TFBS (i.e., the number of times the TFBS is present) [(# of TFBS/Block)/(# of sequences)] in each
of the 6 groups/locations and the color represents the activity that correlates with JCPyV infection.

Significant differences are observed in the number of TFBS in NCCR viral isolates from the brain,
plasma, and CSF, specifically in block “c,” block “d,” and block “f” of the NCCR
To determine how rearrangements in the NCCR alter TFBS, especially based on site of viral

isolation and disease status, the total number of TFBS were determined in each location faceted by each
block and overall enhancer elements (Fig. 5.6). A pairwise Wilcoxon rank sum test, along with the
Bonferroni adjustment was used to compare the number of TFBS between groups; however, only the
significance comparing the TFBS from the urine of healthy individuals compared to the other locations is
illustrated (Table 5.2). As previously illustrated in Figure 5.5, the most significant variation in the number
of TFBS by location was observed in block “c,” block “d,” and block “f” (Fig. 5.6). The number of TFBS
were higher in diseased patients, specifically comparing the number of TFBS from the urine of healthy
individuals to the brain and urine of PML patients (Fig. 5.6). Additionally, the number of TFBS was
significantly lower in nonurine sequences compared to sequences isolated from the urine (Fig. 5.6 and

Table 5.2). This is most likely attributed to the fewer number and deleted portions of the “d” block in
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nonurine locations (Fig. 5.3 and Fig. 5.4). Taken together, this data suggests that the number of TFBS is

influenced by the genetic rearrangements in diseased patients, specifically, attributed to the

duplications and deletions of specific blocks in the NCCR.

Block A Block C Block E
30+ 1
*
* ? m
20+ . ' g::'
! 8
[} * -
. T
3 H * 3
104 s [ . =
o ] e 71
L] Ly 2 ® i °
o | | 16 . | ' L)
: I SEEEEE é = =l =
"6 T T T T T T T T T T T T T T T T T
> Urine  Urine  Brain Plasma CSF Urine Urine Urine Brain Plasma CSF Urine Urine Urine Brain Plasma CSF
2 (Healthy) (PML) (Healthy)(PML) (SLE) (Healthy)(PML) (SLE)
& Location
o
o
o
N
® Block B Block D Block F
E
G 25- #*
= *
*
*
20+ * =
* * 9
®
[ 3
15 ° 3
3
[ ] : @
)
10 - % ° . ! ] : %
» ] ] 3
* ! . ] g
5- ® [ } @
L ® . S %
: : @ : B u . - - =~ .
T o
0+ 5 il A

T T T T
Urine Urine Urine Brain Plasma CSF

(Healthy)(PML) (SLE)

T T T T T T
Urine Urine Urine Brain Plasma CSF
(Healthy)(PML) (SLE)

Location

T T T T T T
Urine Urine Urine Brain Plasma CSF
(Healthy)(PML) (SLE)

Figure 5.6. Block C, D, and F of the JCPyV NCCR has the largest variation in the frequency of TFBS in sequences
isolated from the brain, plasma, and CSF, compared to sequences isolated from the urine of healthy individuals.

The overall distribution of the normalized frequency of TFBS [(# of TFBS/Block)/(# of sequences)] were plotted for

each of the 6 groups, faceted by the 6 blocks (A-F) using the RStudio package, ‘ggplot2.’ In addition, the 6 blocks

were also faceted by enhancer element for JCPyV infection (top) and not or non-enhancer element for JCPyV

infection (bottom). A pairwise Wilcoxon rank sum test, along with the Bonferroni adjustment was used to compare
the occurrence of TFBS of each group. Statistics are only illustrated comparing the frequency of TFBS from
sequences isolated from the urine of healthy individuals versus the other five locations (x axis) *, P < 0.01. (Full list

of P values illustrated in Table 5.2).
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Table 5.2. Bonferroni adjusted P values from pairwise comparisons using Wilcoxon Rank Sum Test
with continuity correction of the normalized frequency of TFBS versus each location.

Location Urine (Healthy) Urine (PML) Brain Plasma
Urine (PML) 1.00 - - -
Brain 1.00 1.00 - -
Plasma 1.00 1.00 1.00 -
CSF 0.68 0.12 1.00 0.19
‘BlockB
Location Urine (Healthy) Urine (PML) Urine (SLE) Brain Plasma
Urine (PML) 2.8e-12 - - - -
Urine (SLE) 2.8e-12 1.00 - - -
Brain 0.02 9.0e-06 9.0e-06 - -
Plasma 1.00 < 2e-16 < 2e-16 - -
CSF 1.00 0.40 0.40 1.00 1.00
‘BlockC
Location Urine (Healthy) Urine (PML) Urine (SLE) Brain Plasma
Urine (PML) <2e-16 - - - -
Urine (SLE) 2.9e-05 1.4e-10 - - -
Brain 2.9e-05 1.00 1.00 - -
Plasma 6.5e-09 0.09 0.02 0.07 -
CSF 1.00 6.2e-07 0.82 2.5e-04 0.21
‘BlockD
Location Urine (Healthy) Urine (PML) Urine (SLE) Brain Plasma
Urine (PML) 1.00 - - - -
Urine (SLE) 9.2e-14 2.0e-11 - - -
Brain <2e-16 <2e-16 < 2e-16 - -
Plasma <2e-16 < 2e-16 <2e-16 0.25 -
CSF <2e-16 <2e-16 <2e-16 6.4e-05 3.5e-10
BlockE
Location Urine (Healthy) Urine (PML) Urine (SLE) Brain Plasma
Urine (PML) 1.8e-11 - - - -
Urine (SLE) 1.00 <2e-16 - - -
Brain 1.00 1.3e-06 1.00 - -
Plasma 0.63 4.2e-04 1.00 1.00 -
CSF 2.2e-10 <2e-16 2.0e-09 <2e-16 < 2e-16
Block F
Location Urine (Healthy) Urine (PML) Urine (SLE) Brain Plasma
Urine (PML) 1.00 - - - -
Urine (SLE) 1.00 1.00 - - -
Brain 6.1e-08 5.7e-13 3.7e-12 - -
Plasma 4.5e-13 6.9e-14 <2e-16 0.50 -
CSF 4.2e-09 5.0e-10 2.2e-13 1.00 1.00

No Block A sequences from SLE patients were isolated; -, Wilcoxon Sum Rank Test with same location.
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The number of TFBS that are related to forkhead and homeobox proteins are increased in the “c”
block and decreased in the “d” block of patients with PML

To understand the specific TFBS that are altered in the NCCR sequences of nonurine locations
and PML patients, the difference in TFBS from those groups were taken from the TFBS of urine
sequences isolated from healthy individuals (control). TFBS that were greater or less than four sites
compared to the control group are illustrated as a heatmap based on the outlier distribution of Figure
5.6 (Fig. 5.7). All groups are represented except TFBS from SLE patients as there were none isolated with
TFBS that were greater or less than 4. In all, 76 TFBS occurred more frequently in PML patients and 9
TFBS were in all 4 isolation sites; all of these occurred in the “c” block (Fig. 5.7). Numerous TFBS are in
the group of homeobox genes including: HOXA4, MEIS1, and HOXB3, as well as forkhead genes, such as
FOXL1 and FOXP3 (Fig. 5.7). Another TFBS that was increased in PML patients was Nuclear Respiratory
Factor 1 (NRF1). This protein-coding gene has DNA-binding transcription activator activity (406, 407).
Most importantly, this analysis also revealed a TFBS for Oligodendrocyte transcription factor 3 (OLIG3).
This TFBS, which occurred more frequently in the “c” block, may contribute to cellular tropism as it was
only observed in sequences isolated from the CSF and brain (Fig. 5.7).

The TFBS that occurred less frequently in PML patients occurred in block “d” and block “f.” In all,
there were 67 TFBS that occurred less often in block “d” and 24 TFBS in block “f” (Fig. 5.7). In block “d,”
3 of the 67 TFBS were common among all locations: SOX18, MEIS1, and NKX2-8. No TFBS in block “f”
were similar across isolation sites, however RFX7 occurred less frequently in sequences isolated from
the brain, plasma, and urine of PML patients (Fig. 5.7). Specifically, the TFBS MEIS1 demonstrated the
largest difference in the number of sites changed between blocks “c” and “d” in PML patients compared
to NCCR sequences of healthy individuals. This may suggest that MEIS1 is important in the development
of PML as it was found more frequently in the enhancer element of the JCPyV NCCR. Additionally, an

already known TFBS that influences JCPyV infection, NFIX was demonstrated in this analysis to occur
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more frequently in the “c” block and less frequently in the “d” block of sequences isolated from the
brain, CSF, and plasma (Fig. 5.7). Collectively, this analysis reveals novel TFBS that may influence the
development of PML, expand the cellular tropism of the virus, and validates TFBS that are known to

influence JCPyV infection.

Discussion

The NCCR is a hypervariable region within the JCPyV genome that can enhance JCPyV infection,
and rearrangement of the NCCR is associated with the fatal disease PML (74). However, our
understanding of how the NCCR is implicated in disease is limited, due in part, from low sample sizes
(408), and few studies demonstrating the changes in TFBS from sequences isolated from the urine to
nonurine locations, and asymptomatic to symptomatic individuals. This study addresses these gaps in
knowledge by compiling 181 NCCR sequences from the Nucleotide database in NCBI and examines how
TFBS are altered across various locations based on disease status of the individuals. Our results
demonstrate the variability in the NCCR of PML patients and illustrate the differences in the archetype
versus PML-type strains of JCPyV. Furthermore, this analysis validates and elucidates novel TFBS that are

perhaps involved in JCPyV infection and PML.
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Figure 5.7. The number of TFBS compared to sequences isolated from the urine of healthy individuals are greatly
added to enhancer elements and removed from other elements in patients with PML. The difference in the
number of TFBS in each group was compared to sequences isolated from the urine of healthy individuals (control
group). Based on the outliers from the distribution of TFBS in each group, a difference of 4 binding sites for each
transcription factor was used and results are illustrated as a heat map. The order of TFBS are sorted in descending
order based on the TFBS of sequences isolated from the brain (i.e. the greatest number of TFBS added compared
to sequences from the control group). Sequences isolated from the urine of SLE patients and Block A, Block B, and
Block E are not illustrated because there was no TFBS that had a difference of 4 binding sites added or removed
compared to the control group. No TFBS were greater or less than 4 in SLE patients.
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Phylogenetic analysis revealed that many sequences isolated from the urine clustered together,
however a few sequences had nucleotide similarity to sequences isolated outside the urine from PML
patients (Fig. 5.2). This was especially true for a sequence isolated from the urine of a PML patient,
suggesting that PML-type strains could also be found in the kidney and not restricted to the CNS. These
same conclusions were also deduced from Pfister et. al, who analyzed this sequence initially (398). This
was contradictory to earlier findings in that significant rearrangement did not occur in the kidney (409,
410), however more evidence suggested that mutations, specifically the duplication of the 98 base pair
tandem repeat can occur in the kidneys of PML patients with immunodeficiency disorders (408) (Fig.
5.3). This data suggests, that even though reactivation of JCPyV is poorly understood,
immunosuppressed individuals may not have adequate immune surveillance, prompting enhanced
JCPyV replication driven by the increased probability of promoter rearrangements within the NCCR (74).
However, Figure 5.2 and Figure 5.3 also illustrate nucleotide similarity and block rearrangement in
sequences isolated from the plasma of PML patients comparable to that of sequences isolated from the
urine. Lymphocytes can act as reservoirs for JCPyV, and it has been hypothesized that rearrangement of
the NCCR can occur here, as B cells have the machinery to facilitate genome rearrangement (41).
Sequences isolated from the plasma illustrated archetype-like structure of the NCCR (Fig. 5.3) and had
overall block distribution corresponding to sequences isolated from the urine, among all the other
locations isolated from PML patients (Fig. 5.4). Taken together, this data demonstrates the likelihood of
multiple mechanisms of JCPyV reactivation when comparing sequence identity and block structure of
the NCCR in sequences isolated from the urine of healthy individuals versus PML patients.

There have been numerous TFs reported to influence JCPyV infection (41) however the impact
on the TFBS from rearrangements in the NCCR, in the context of isolation location and disease status,
has not been well studied. NFIX is a well characterized TF that activates JCPyV transcription (391, 411).

This analysis validates the importance of this TFBS, occurring more frequently in PML patients,
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specifically, in sequences isolated from the brain and CSF in block “c” of the NCCR (Fig. 5.5). Additionally,
this supports the hypothesis that rearrangements in the NCCR increase tissue tropism as NFIX is highly
expressed in the CNS, and the addition of these TFBS most likely aids in the replication of viral
transcription (391). Interestingly though, the NFIX TFBS occurred more frequently in sequences isolated
from the urine and plasma of PML patients compared to healthy individuals, which speaks to the
importance of NFIX enhancing JCPyV transcription, regardless of location, which may lead to PML.

NCCR mutations are complex and most likely the result of homologous recombination that leads
to large deletions and tandem duplications in the NCCR (74). The influence of these rearrangements is
also observed in TFBS that are known to influence JCPyV infection (Fig. 5.5). In many sequences isolated
from PML, there are deletions of block “d” (Fig. 5.3 and Fig. 5.4), which is important in the success of
viral transcription as there are TFBS for CEBPB, a repressor of viral transcription (Fig. 5.5). Deletion of
portions or even the full block leads to less TFBS for CEBPB which enhances viral transcription (412).
Interestingly however, there were TFBS for NFIX located on the “d” block that occurred more frequently
compared to sequences isolated from the brain, plasma, and CSF (Fig. 5.5). This highlights the
complexity of not only NCCR rearrangement but also the regulation of TFs in the replication of JCPyV.
Romagnoli et al. demonstrated the important inhibitory role of CEBPB during JCPyV infection of human
glioblastoma and transformed human glial cells but also revealed the activation of JCPyV transcription
by NF-kB. They suggested that there was a unique interplay between both TFs that control the balance
of JCPyV latency and reactivation during immunosuppression (412). Furthermore, research has also
demonstrated that TFs that repress viral transcription, specifically AP-1 TFs, block NF-1 binding sites,
because of the proximity of these TFBS (103). This study isolated human CNS progenitor cells and
differentiated them into an astrocytic cell line to determine that AP-1 TFs, like c-Jun bind to AP-1 binding
sites thus blocking TFs that activate transcription as they can no longer bind to NF-1 sites (103). This

analysis revealed that even though there was an increase in NFIX sites in block “d” there was also an
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increase in TFBS that inhibit JCPyV transcription, like CEPBB and JUN, which result in lower
transcriptional levels that are observed in healthy individuals. These studies examining the importance
of TFs in JCPyV infection, mainly used in vitro techniques and were across various cell types, and thus it
should be noted that cell-type differences can be observed. Overall, examining the known TFBS that
influence JCPyV transcription of 181 sequences from healthy and diseased patients reinforced the
intricate balance between viral transcription, expanding cellular tropism, and possibly leading to disease
caused by enhanced JCPyV replication.

JASPAR is one of the largest databases of known TFBS, and this study examined known TFBS that
influence JCPyV infection. In addition to this validation, we further examined other TFBS that have not
been previously characterized in viral transcription and cellular tropism, identifying novel TFBS that may
correlate with the disease PML (Fig. 5.6 and Fig. 5.7). Differences in the number of TFBS were most
notable in blocks “c”, “d”, and “f” (Fig. 5.6 and Table 5.2). This was most likely due to the extent of
rearrangements, deletions, and duplications that these blocks are subject to within the NCCR (Fig. 5.3
and Fig. 5.4). TFBS that occurred more frequently in PML patients, including sequences isolated from the
urine, were TFBS associated with HOX gene families (Fig. 5.7). Even though HOX genes are important in
their role in embryonic development, they have also been implicated in angiogenesis and tumor
metastasis (413). Recently, these genes have also been shown to be involved in hepatitis C virus (HCV)
and human cytomegalovirus (HCMV) infection (414, 415). During HCMV infection, numerous HOX genes,
including MEIS1 is differentially expressed (414). A TFBS for MEIS1 was identified in the NCCR of JCPyV
across all four isolation sites, was more prevalent in the “c” block and was the least prevalent in the “d”
block (Fig. 5.7). During HCMV infection, the authors postulated that as TFs, HOX genes regulate
downstream gene expression involved in angiogenesis and repair, promoting cell proliferation, inhibiting
cell apoptosis, and possibly being involved in vascular disease pathogenesis (414). Additionally, these

genes are associated with cell cycle-related genes (416). JCPyV promotes cellular proliferation and
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inhibits cellular apoptosis through T Ag (114, 122) and can influence cyclin expression during the
infectious cycle (130). Perhaps, as viral replication is enhanced by NCCR rearrangements, it may
promote further induction of HOX-related genes, which further promote viral transcription; however,
molecular studies would need to be performed to validate this hypothesis.

Other TFBS that varied between sequences were binding sites that were associated with FOX
genes (Fig. 5.7). The FOX TF family are critical in regulating numerous biological processes, including
metabolism, differentiation, proliferation, and apoptosis (417). Numerous FOX proteins have been
demonstrated to be involved in viral infection as well (418). For example, FOXP3 is upregulated upon
human papillomavirus (HPV) infection and may accelerate the cancerous transformation of cervical
epithelial cells (418-420). JCPyV can activate cellular pathways that can influence the expression of the
FOX TF family, which in turn, may benefit viral transcription, as there are more TFBS in block “c” of the
NCCR, isolated from PML patients (Fig. 5.7). Overall, this analysis discovered novel TFBS, specifically
related to HOX and FOX TF families that are possibly important in JCPyV replication and disease
outcomes. Future studies should validate these findings using molecular and infectivity assays to

determine if these TFBS require the binding of TFs to activate JCPyV transcription.

Conclusions
The NCCR of the JCPyV genome is a hypervariable region that is susceptible to complex
mutations and rearrangements that are associated with the fatal disease PML. By curating a dataset of
181 sequences of the JCPyV NCCR, as well as characterizing the block orientation of each sequence, we
have illustrated the complexity of this region based on viral isolated site and disease status of the
individual (Fig. 5.8). Additionally, we have validated TFBS that are important in activating or repressing
JCPyV transcription by location, disease status, and by each block of the NCCR (Fig 5.5). Given the

effectiveness of this approach, we have discovered possible novel TFBS that correlate with JCPyV
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infection based on location and disease status (Fig. 5.7). Future studies should revisit the outcome of
these TFBS in JCPyV transcription and replication. To conclude, this research validates and establishes
the importance of the NCCR of the JCPyV genome, an understudied area, and in turn, further uncovers

the mechanisms of reactivation and PML outcome, which are also poorly understood.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

This research focused on uncovering the underlying mechanisms of JCPyV infection in primary
human astrocytes, cells that are critical players in PML development in the CNS. JCPyV astrocytic
infection represented a key gap in knowledge of JCPyV pathogenesis given that astrocytes are a main
target of JCPyV in the CNS and are thought to be a reservoir for infection (68). The work presented in
this dissertation characterized JCPyV infection in primary human astrocytes (NHAs) in comparison to a
more well-studied but immortalized glial cell line, SVGAs. This research demonstrated key differences in
the infectious cycle in primary vs. immortalized cell types (Chapter 2) and further defined cell-type
dependent differences in gene expression and signaling pathway activation (Chapter 3 and 4). This work
advances our knowledge in the field as little is known about JCPyV astrocytic infection and thoroughly
demonstrates some limitations of utilizing immortalized cells models. In addition, using a bioinformatic
approach, the NCCR, a hyper-variable region of the JCPyV genome was characterized across 181
sequences from patient isolates to further understand how rearrangements influence TFBS and may
contribute to viral disease (Chapter 5). Taken together, this research highlights the complexities of viral
and host-cell factors that contribute to JCPyV infection, which advances our knowledge of virus-host

interactions and establishes new tools to understand these intricate processes.

This dissertation combined bioinformatic techniques along with cell-based assays, including
infectivity assays, qPCR, and image analysis, to determine the infectious cycle of JCPyV in NHAs versus
SVGAs but also characterize the rearrangements in the NCCR of the viral genome in patient samples. In
patients that had PML, the degree of rearrangement was far more extreme, specifically viral isolates
that were isolated from the CSF. Additionally, these rearrangements, increased the number of TFBS that

were known to enhance JCPyV infection, including NFIX (391, 411). In contrast, among healthy

139



individuals, the TFBS that were known to inhibit JCPyV infection, like CEBPB, were more prevalent in
viral isolates from healthy individuals (412). To define how the virus influences the host cells, the
expression of the early and late viral proteins over time in SVGAs and NHAs were quantified, serving as
proxies for interpreting the JCPyV infectious cycle. Additionally, creating a cell line from NHAs that are
immortalized with SV40 T Ag (i.e., NHA-Ts) allowed for fine-tuning our interpretation of JCPyV infection
in astrocytes compared to SVGAs and how the expression of SV40 T Ag alters JCPyV infection. From
these findings, we performed a large RNA-seq analysis of mock- and JCPyV-infected NHAs and SVGAs at
time points established to be important in the production of T Ag and VP1 in both cell types. These
findings validated previous research that had established the MAPK/ERK pathway during JCPyV infection
in SVGAs but highlighted additional regulatory roles observed in NHAs, not observed in immortalized
cells. Moreover, RNA-seq analysis discovered novel pathways during JCPyV infection of NHAs including
activation of host inflammatory responses and utilization of the PI3K/AKT/mTor signaling pathway to
transform the cell into a conducive environment for viral DNA replication, which was not observed in
cells transformed with SV40 T Ag. Even though this methodological approach illuminated various
mechanisms of JCPyV infection during primary astrocytes, other questions were introduced for future
research, specifically understanding how astrocytes respond to virus infection through immune

activation.

Through a gene enrichment analysis, it was discovered that the interleukin 10 (IL-10) pathway
was activated during JCPyV infection in NHAs. IL-10 is an anti-inflammatory cytokine that is expressed in
many cell types in the brain, including microglia, astrocytes, and oligodendrocytes, especially during
times of stress (421, 422). Additionally, IL-10 expression is involved in many neurodegenerative diseases,
including MS (421, 423—-425). Numerous inflammatory cytokines, such as TNFa, IFN-y, and IL-6, play a
crucial role in MS pathology, additionally, individuals who take natalizumab for MS treatment are at

heightened risk for PML development (80, 81, 423). Research has demonstrated that MS symptoms
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were related to reduced expression of IL-10 (425) and increased expression of this anti-inflammatory
cytokine led to less severe symptoms (426). Promoting IL-10 expression in astrocytes may serve as
additional therapeutic options for PML, especially natalizumab-associated PML, however additional

research is required to understand the role of astrocytes in the immune response.

Alternatively, the inflammatory response in astrocytes during JCPyV infection can also have
adverse effects. Reactive astrocytes quickly change the molecular and biological function in the CNS
from inter- and intra-cellular signals and recent studies have begun to address their complex role in
pathogenesis and neurodegenerative diseases (427). Specifically, reactive astrocytes may contribute to
the death of nearby cells, including through the release of matrix metalloproteinase (MMPs) (428, 429).
Astrocytes are thought to be the reservoir for JCPyV, and during PML oligodendrocytes are destroyed,
leading to demyelination. Research has demonstrated that oligodendrocyte injury may induce astrocyte
reactivity, intensifying excitotoxic damage in the CNS, and promoting oligodendrocyte death (430, 431).
Specifically, P2X purinoreceptor-7 (P2X7) ATP receptors are expressed more in oligodendrocytes of
people with MS (432) and in astrocytes in secondary progressive MS (433). Stimulation of these
receptors results in glutamate release, resulting in an excitotoxic environment (432). Due to this
intricate crosstalk between glial cells in the CNS and the dynamic complexity of the inflammatory
response in neurodegenerative diseases, future research should address how JCPyV induces the
inflammatory response and how this response impacts surrounding cells by either using a co-culture

model or chimeric animal model to study JCPyV infection in vivo.

Comparative approaches performed during this dissertation research, can be used to elucidate
viral persistence versus viral-induced disease. For example, future research can compare JCPyV infection
in a primary kidney cell line and an immortalized kidney cell line, such as HEK293 cells, using RNA-seq to

determine the host transcriptomic profile in these two cell types. These findings can be further
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compared to the research presented in this dissertation to help elucidate what genes are differentially
expressed that induce viral persistence in kidney cells versus genes that activate viral replication and

enhance infection in glial cell types.

In 2016, there was a study that performed an RNA-seq analysis of JCPyV and BKPyV infections in
a primary kidney cell line, which concluded that there was differentially gene expression of interferon
stimulating genes at day six postinfection in the in JCPyV- to BKPyV-infected samples (191). However,
there are important considerations to be made from the conclusions of this paper (191). First, the
authors used a lab-adapted JCPyV strain (referred to as Mad-1/SVEA), which is used often to study JCPyV
infection in vitro, however this viral strain is not commonly found in the kidneys (398). Rather the
archetype strain (non-disease strain) is predominantly found in the kidneys of healthy individuals and is
rarely associated with PML tissue (69, 110, 111). Given the narrow cell tropism of the virus and the
different strains isolated from various cell types and disease status, it is important to use the archetype
strain to characterize JCPyV infection in the kidneys. There are challenges to utilizing archetype strain, as
it replicates poorly in cell culture, but there have been several recent studies that demonstrate efficient
propagation of archetype strain (119, 434). It has been demonstrated in this dissertation that through
analyzing the NCCR sequences of viral isolates in diseased patients that the NCCR of the JCPyV genome
significantly changes from the archetype to PML-like strain, which influences the transcription factor
binding sites (i.e., TFBS), which ultimately impacts the efficiency of viral replication. However, it must be
considered that there could be significant alterations in host gene expression between virus strains. The
interpretation of differential gene expression of interferon stimulating genes in JCPyV- to BKPyV-
infected samples suggests that the relationship of genes associated with IFN signaling are differentially
expressed across the polyomaviruses, however the significance may not hold true among mock- and

JCPyV-infected cells, as gene expression was not defined in mock cells.
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Overall, the mechanisms of JCPyV infection, specifically, the events surrounding reactivation and
disease are poorly understood. Through examining the host transcriptomic profile during JCPyV
infection across primary cell types, ex vivo, we will better understand PML pathogenesis and
reactivation without the difficulty of interpreting and deducing conclusions from a chimeric animal
model. Additionally, innovative techniques such as single-cell RNA sequencing as it pertains to viral
infection is becoming a valuable tool to study the heterogeneity cellular response to virus infection
(435). A study using single-cell transcriptomics has already been performed to analyze BKPyV infection
(436). The authors demonstrated that in a population of BKPyV-infected cells, the levels of Large T Ag
production and viral capsid protein expression were significantly variable, and cells expressing the
highest levels of viral protein had a distinct gene expression pattern from cells expressing lower levels of
viral protein (436). These analyses would be important to conduct in primary astrocytes during JCPyV
infection because a population of astrocytes may react differently based on proximity of an infected cell.
Reactive astrocytes are known to activate pro-inflammatory signals in the center or the immediate
location of a damage region, but outside this region, astrocytes exert anti-inflammatory roles, and in
extreme instances, may even form scars to act as barriers to contain the inflammation and protect
healthy cells around it (144, 148, 152). Single cell analyses may be able to elucidate how astrocytes react
to JCPyV infection in the overall population, examining both infected cells and cells in the proximity of

infection.

Even though the research presented in this manuscript addressed important questions, there
are a few limitations to note. NHA-Ts were used as a control cell line to understand how SV40 T Ag
influenced the biological findings between SVGAs and NHAs; unfortunately, they were not used during
the RNA-seq analysis as the analysis preceded these findings. Additionally, an unadjusted p value < 0.05
was used as a statistical threshold for exploring differentially expressed genes across time points and cell

types instead of using an adjusted p value. This could increase the false positive rate of genes that were
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differentially expressed (437). To minimize this, differentially expressed genes were further validated
using complementary cell-based assays. It has been recommended that future RNA-seq studies should
have at least six replicates per condition for all experiments, and as high as 12 replicates per condition
for experiments were identifying the majority of differentially expressed genes is important (437), yet
the number of samples were limited due to resource constraints and the number of necessary time
points and samples required for the analysis. Lastly, future experiments should address examination of
other cell types in the CNS. Oligodendrocytes, choroid plexus epithelial cells (384), human brain
microvascular endothelial cells (327), and even neurons (438, 439) are infected by JCPyV. Additionally,
future studies should validate conclusions from this dissertation in different cell types, including
chemical inhibitors that target the PI3K/AKT/mTor signaling pathway, to further justify using these drugs

as potential therapeutic treatments.

Overall, the CNS is a very dynamic location, containing numerous glial cell types, yet astrocytes
are the most abundant glial cell type in the brain (141-143). Continued analyses examining how
astrocytes respond to JCPyV infection and how a population responds are important to advance our
understanding of PML pathogenesis. Moreover, using the same methodological approach outlined in
this dissertation, could be adapted to understand JCPyV persistence in the kidneys, comparing these
results to JCPyV infection in glial cell types. This analysis would further elucidate mechanism of viral
reactivation, potentially providing new information that could be used to prevent or treat PML and

illuminating mechanisms of reactivation among other opportunistic viruses.
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