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Abstract 

 
BK polyomavirus (BKPyV) is a non-enveloped, double-stranded DNA virus with a circular 

genome. By adulthood, the majority of the population is persistently infected with BKPyV. 

While healthy individuals will not experience disease from BKPyV, people who have received 

transplants and are on immunosuppressive drugs are at risk. Kidney transplant patients can 

develop a condition called polyomavirus-associated nephropathy (PVAN), which often requires 

a reduction in immunosuppressive medication to treat. This puts patients at risk of rejecting the 

donor kidney. Patients who have undergone a hematopoietic stem cell transplant are at risk for a 

painful complication that causes bleeding and inflammation of the bladder, hemorrhagic cystitis 

(HC). Treatment for HC is often supportive and can require blood transfusions. To date there are 

no effective antivirals to treat or approved vaccines to prevent BKPyV. Most studies of BKPyV 

have been performed on bulk populations of cells and the dynamics of infection at single-cell 

resolution have not been explored. As a result, much of our knowledge is based upon the 

assumption that all cells within a greater population are behaving the same way with respect to 

infection. This dissertation examines BKPyV infection on a single-cell level using high content 

microscopy to measure and analyze the viral protein large T antigen (TAg), promyelocytic 

leukemia protein (PML), DNA, and nuclear morphological features. We observed significant 

heterogeneity among infected cells, within and across timepoints. We found that the levels of 

TAg within individual cells did not necessarily increase with time, and that cells with the same 

TAg levels varied in other ways. These results are discussed in the context of broader field of 

BKPyV infection studies, including a BKPyV single-cell RNAseq timecourse analysis. By 
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combining the knowledge established from prior work in bulk cell culture with the insights from 

single-cell experiments today we propose a more comprehensive view of BKPyV infection.  
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Chapter 1  
Introduction 

1.1 BKPyV 

1.1.1 Discovery 

Polyomaviruses (PyVs) are a family of small, non-enveloped viruses with circular double-

stranded DNA genomes. PyVs can infect a range of different hosts, including fish, birds, and 

mammals. For a given virus, however, that host range is limited.  They are known to cause 

outbreaks of severe disease within avian communities, but don’t generally cause illness in other 

healthy hosts. The earliest discoveries of PyVs were largely those that infect laboratory animals 

and humans, however as scientific technology has improved this has expanded greatly to include 

many more species. 

The first polyomavirus (PyV) to be discovered is what is now known as mouse polyomavirus 

or MPyV 1. It was originally identified by Gross when he was performing serial passages of what 

he believed to be murine leukemia virus (MLV) through mice and he identified parotid tumors in 

some of the mice. Gross was able to isolate virus from these tumors and determine that its 

characteristics were different from those of MLV. MPyV received the name polyomavirus, 

meaning many (poly) tumors (oma) -virus, when Stewart used it to infect neonatal mice and 

found that it caused multiple tumors 2. It was around this same time that Kilham, or K, virus was 

discovered in suckling mice 3. One of the next PyVs to be identified was Simian Virus 40, or 

SV40, named vacuolating virus by the authors because of the cytopathic effect it caused in 
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monkey kidney cells upon infection 4. SV40 was discovered when screening poliovirus vaccines, 

which were grown on African green monkey kidney cells, for viral contaminants. SV40 is 

resistant to the formalin treatment used for the poliovirus vaccine, which allowed live virus to 

survive through to the final product. This was concerning because SV40 was determined to be 

oncogenic in tissue culture and animal models within the next few years 5,6. Fortunately, there is 

no evidence to date supporting a role for SV40 as a human pathogen or a cause of human cancer 

7. Shortly after SV40, Rabbit Kidney Vacuolating (RKV) Virus was identified while studying 

papilloma samples from cottontail rabbits 8. The authors were able to determine that RKV was 

distinct from Shope papillomavirus and was much more similar to SV40. 

After these early PyV discoveries came the first two descriptions of Human polyomaviruses 

(HPyVs). To date there are thirteen identified HPyVs (see Table 1.1). The HPyVs fall into three 

of the four total genera for PyV 9. These three are Alphapolyomavirus, Betapolyomavirus, and 

Deltapolyomavirus, which all contain mammalian PyVs. The fourth genus is 

Gammapolyomavirus which is mostly comprised of avian PyVs. The first two HPyVs 

discoveries were published back-to-back, in the same issue of The Lancet in 1971. JC 

polyomavirus (JCPyV) was isolated from the brain of a patient with Hodgkin’s disease and the 

demyelinating disease, progressive multifocal leukoencephalopathy 10. Prior to 1971, others had 

identified virions in brain tissue samples from patients with progressive multifocal 

leukoencephalopathy but were unable to culture any virus 11. Padgett, et al were able to confirm 

the presence of SV40-like virions in brain sections, as well as propagate virus from brain tissue 

in primary human fetal glial cells. The authors confirmed that the agent they had identified was 

neither SV40 nor human papillomavirus (HPV), and named it using the initials of the patient 

from whom it had been isolated, J.C. The other virus identified in the early 1970s was BK 
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polyomavirus (BKPyV), which was also named using the initials of the patient from whom it 

was isolated 12. BKPyV was isolated from the urine of a patient who had undergone a kidney 

transplant from a living donor. The patient presented with acute rejection, which resolved with 

treatment and was later followed by ureteric obstruction which was treated surgically. BKPyV 

virions were detected by electron microscopy in urine and ureter tissue samples from the patient. 

The authors were able to culture virus from the urine in monkey kidney and Vero cells. Low 

antibody titers were detectable in the sera from the donor and the patient both pre- and early 

post-transplant. The titers quickly rose later post-transplant, even when virions and culturable 

virus were no longer detectable in the urine. The authors confirmed that this novel virus was not 

SV40 by serological testing and that it wasn’t HPV by both serological testing and measuring the 

size of the virions, as papillomaviruses are larger than PyVs. The authors speculated that the 

newly identified BKPyV was likely present in both the donor and the recipient based on their Ab 

titers and that ischemic changes in the ureter secondary to organ rejection facilitated viral 

replication. They postulated that another site of viral replication may be present because removal 

of the ureter did not halt appearance of virus in the urine. Additionally, the authors suggested that 

the immune suppression for the transplant may have supported viral replication, but that normal 

antibody responses occurred in spite of the suppression and disease eventually resolved. 

Following JCPyV and BKPyV there was an extended period of time without any new HPyV 

discoveries until the late 2000s to early 2010s when next-generation sequencing became 

available. In 2007 two new PyVs were identified in pediatric nasopharyngeal samples. KI 

polyomavirus (KIPyV) was found during a screen of samples from patients with upper 

respiratory tract infections in Sweden 13. It was found by PCR in approximately 1% of samples 

and whole genome sequencing revealed limited homology to known polyomaviruses at that time. 
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The authors did not know the prevalence or pathogenicity of KIPyV. WU polyomavirus 

(WUPyV) was originally found in a single three-year-old Australian patient with pneumonia 

using high-throughput DNA sequencing 14. Following whole-genome sequencing, WUPyV was 

determined to be the most similar to KIPyV of all the currently identified PyVs. The authors 

subsequently identified 43 more cases across locations in Australia and the United States. In 

2008, researchers at the University of Pittsburgh were searching for potential viral sequences in 

Merkel cell carcinoma (MCC), an aggressive form of skin cancer 15. They detected a fusion 

between a human gene transcript and previously unidentified viral gene transcript. This led to 

their identification of Merkel Cell polyomavirus (MCPyV). MCPyV sequences were detected in 

eight of ten MCC tumors, but only 4 of 25 control skin samples, suggesting a role for the virus in 

MCC. More persuasive, however, was the fact that in six of the eight MCPyV-positive tumors, 

the viral DNA was integrated into the genome in a monoclonal pattern. This led the authors to 

conclude that viral gene integration occurred prior to expansion of the tumor cells, which 

suggests that MCPyV is playing a causal role in development of MCC. This discovery of 

MCPyV led to interest in other potential human skin polyomaviruses found in healthy 

individuals. Work from the Buck lab found MCPyV in swabs from skin of healthy participants 

and also identified two novel polyomaviruses using the same techniques 16. These two new 

HPyVs, named HPyV6 and HPyV7, were found either alone or in various combinations with 

other PyVs. Since then, six more HPyVs have been identified. Many of them are associated with 

immunocompromised patients, like the Trichodysplasia spinulosa-associated polyomavirus 

(TSPyV) isolated from a patient who had received a heart transplant and HPyV9 which was 

isolated from a kidney transplant recipient’s serum 17,18. Malawi polyomavirus (MWPyV) was 

originally identified in a stool sample from a single healthy child, and then identified again in a 
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screen of stool samples from children with diarrhea 19. Saint Louis polyomavirus (STLPyV) was 

also identified in stool specimens, this time from the United States and Gambia 20. Human 

polyomavirus 12 (HPyV12) was originally identified in gastrointestinal tissue from cancer 

patients 21. When healthy volunteers were screened for seropositivity, the authors found that 

HPyV12 seroprevalence started at around 12% in toddlers and increased up to 33% into 

adulthood. New Jersey polyomavirus (NJPyV) was identified in the endothelial cells of a muscle 

biopsy from a pancreatic transplant patient 22. Although discovered in a human, NJPyV appeared 

to have the greatest homology with Chimpanzee polyomavirus, leading the authors to wonder 

about the source of the patient’s exposure. 

 

1.1.2 Epidemiology 

The focus of this dissertation will be specifically on BK polyomavirus, so from here on, most 

of the information will be as well. The general seroprevalence for BKPyV in the healthy 

population increases with age, with maximum reaching as high as >95% positivity for adults 23. 

Infection occurs during childhood. The route is potentially via respiratory infection, as suggested 

by findings of BKPyV in tonsils from an immunocompetent child, though a definite answer 

remains unclear 24. 

BKPyV is classified into four subtypes (I through IV) on the basis of serology and 

genotyping 25,26. Subtypes I and IV have further been divided into subgroups a, b1, b2, c1, and c2 

27. Subtypes I and IV are the most common, in that order, while subtypes II and III are seen far 

less frequently. Association of certain subtypes with specific populations and across geographic 

regions has led some to suggest that BKPyV has co-evolved with human migration 28–30. For 
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example, subtype I is found in Africa, Europe, and Asia, with potential early common ancestors 

in Africa and Asia. Subtype IV, however, is primarily isolated to Asia, with the exception of 

subgroup IVc2 which is present in Europe and the Americas. 

 

1.1.3 Persistence and Disease 

1.1.3.1 Persistence 

Following initial infection, BKPyV persists throughout the life of an individual in the urinary 

tract. The virus is periodically shed in the urine of healthy (immunocompetent) hosts and 

shedding is more frequent in during pregnancy, likely due to the pregnant individuals’ 

somewhat-immunocompromised state. The mechanism of BKPyV persistence is not fully 

understood, but there are pieces of the greater explanation. It is possible that BKPyV could 

establish a proper latency like the herpesviruses. Alternatively, BKPyV could be replicating at a 

very low level and viremia and/or viruria are prevented primarily by a T cell response, but this 

hypothesis remains unproven. The replication of the virus is tightly controlled through multiple 

mechanisms that will be discussed in greater detail later in this chapter. These include a weak 

early promoter, viral protein-protein interactions, and a viral miRNA. 

 

1.1.3.2 Polyomavirus-associated nephropathy 

When a patient has received a kidney transplant or a hematopoietic stem cell transplant 

(HSCT), they can become susceptible to BKPyV-induced disease. Kidney transplant patients are 

at risk of developing polyomavirus associated nephropathy (PVAN). BKPyVAN is defined by 

the presence of active BKPyV replication within renal tissue, BKPyV DNA in the blood, and 
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often, inflammation and virus-induced cytopathology in renal tubule cells 31. Left untreated, 

PVAN can lead to severe kidney dysfunction from viral damage. The best treatment is currently 

reduction of immunosuppression, which allows the patient’s own immune system to control the 

virus, but significantly increases the risk of graft rejection. 

 

1.1.3.3 Hemorrhagic cystitis 

The myeloablative therapy that prepares HSCT patients to receive the donor cells leaves 

patients both immunocompromised and with damage to their urothelium. These patients are at 

risk for developing BKPyV-associated hemorrhagic cystitis (HC), a painful condition 

characterized by bleeding and inflammation of the lining of the bladder. HC occurs in 8-25% of 

pediatric and 7-54% of adult allogeneic HSCT recipients 32. As with PVAN, there are limited 

effective treatment options for HC. 

 

1.1.3.4 Cancer 

Patients who have received kidney transplants are at an increased risk for urinary tract 

cancers and this risk is further increased for those with PVAN 33. In spite of this, a direct 

connection between BKPyV and cancer is elusive. BKPyV is oncogenic in hamsters and has 

been used to transform cell lines, including BHK21 and fetal human brain cells 34–38. However, 

this transformation only occurs in non-permissive cells, meaning those that cannot be 

productively infected with the virus. When BKPyV establishes a lytic infection in permissive 

cells, those cells ultimately die and aren’t transformed. This lack of transforming ability in 

permissive cells is borne out in patient data as well. While tumors isolated from kidney 

transplant recipients a decade later have been positive for BKPyV DNA and capsid protein, it has 
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been incredibly rare to find BKPyV DNA integrated into the tumor cell genome 39. A more 

indirect, “hit and run” model of oncogenesis has been proposed for BKPyV and bladder cancer 

40,41. In this model, BKPyV doesn’t directly transform cells, but rather it induces the expression 

and activation of the cytosine deaminase, APOBEC3B (A3B). Members of the APOBEC3 

family primarily deaminate single-stranded DNA (ssDNA) and can act as antiviral restriction 

factors by catastrophically mutating viral genomes 42. APOBEC3B’s mutations do not appear to 

be harmful to BKPyV’s genome, however. BKPyV’s large tumor antigen (TAg) and truncTAg 

induce A3B and BKPyV’s genome displays signatures of prior mutations by the enzyme 43,44. It 

has been proposed that BKPyV utilizes A3B to acquire escape mutants from neutralizing 

antibodies and to expand its cell surface glycan binding repertoire 45. A study examining BKPyV 

DNA in serum and urine samples from patients who later developed renal carcinoma found that 

the majority of the mutations identified were consistent with an A3B signature. In an expanded 

cohort of kidney transplant patients, the A3B mutation signature was only seen in BKPyV from 

patients diagnosed with PVAN, not just BKPyV viremia. However, exome sequencing from the 

original tumors in the study did not indicate an increase in A3B mutation rates over those of 

renal tumors in the general population. In contrast, bladder cancers have been demonstrated to 

have high APOBEC3B expression and mutation frequency 46. Baker, et al. have developed a 

differentiated urothelial cell model that provides strong support for lytic BKPyV infection as the 

‘driver’ in the ‘hit and run’ model 40. The authors demonstrate virus-induced cell cycle entry, 

DNA damage, homologous recombination, and APOBEC activity. An additional bladder cancer 

and mouse tumor model suggests that it may involve ß-catenin signaling 47.  
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1.1.4 Structure 

BK polyomaviruses are approximately 45 nm non-enveloped particles comprised of two 

main components: a roughly 5 kilobasepair (Kb) long double-stranded circular DNA genome and 

a capsid. The BKPyV genome exists in the form of a minichromosome, which contains the DNA 

as well as cellular histones, H2A, H2B, H3, and H4. The genome also associates with histone H1 

during infection of the cell, but not in the mature virion. The capsid is comprised of three 

proteins, the major capsid protein VP1 and minor capsid proteins VP2 and VP3. The capsid has 

T=7 icosahedral symmetry and is made up of 72 pentamers. Each pentamer contains five VP1 

molecules and either a single VP2 or VP3 molecule in its center 48. The C-terminus of VP1 

molecules from each pentamer interacts with the C-termini of neighboring pentamers, stabilizing 

the icosahedral structure. The capsid is further stabilized by calcium ions and disulfide bonds 

between the pentamers. Once assembled, the only exposed protein on the polyomavirus capsid is 

VP1. 

 

1.1.5 Genome 

The BKPyV genome can be divided into three main parts: the early region, the late region, 

and the non-coding control region (NCCR). The NCCR contains the origin of DNA replication 

as well as bidirectional promoters, one for each of the other two regions, and transcription factor 

(TF) binding sites. The early viral gene region (EVGR) encodes early viral proteins: T antigens 

(large, small, truncated, and Super). The late viral gene region (LVGR) encodes the three viral 

capsid proteins and agnoprotein. 
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The NCCR is divided into five sequence blocks, starting with the O block which contains the 

origin of replication and is flanked by the early gene region on one side and P block on the other. 

After P, blocks Q, R, and S follow in that order, with S being flanked by the late gene region on 

the other side. This arrangement of the NCCR defines the “archetype” version of BKPyV. It is 

the sequence found in healthy individuals and some patients and is considered to be the 

transmissible form of the virus. It also replicates very poorly in tissue culture. BKPyV with 

rearrangements in the NCCR, referred to as rearranged variants, maintain the same flanking O 

and S blocks, but have duplications and/or deletions of the P, Q, and R blocks. These rearranged 

variants are generally found in patients with severe disease and replicate robustly in tissue 

culture. 

 

1.1.5.1 Archetype vs. Rearranged 

The original strain of BKPyV that many researchers were working with was called 

“prototype” (or the Gardner strain, for Sylvia Gardner, who had originally isolated it) and was 

abbreviated as BK(pr). This was virus that had been isolated from a patient’s urine then 

amplified in Vero cells. At the time, it was considered to be the ‘wild-type’ version of BKPyV, 

as it was the first found and characterized, but this belief was soon challenged. SV40 was used as 

a guide for mapping BKPyV’s genome and for understanding potential homologous functions. 

When BKPyV isolates MM and JM, which were identical to the Gardner virus according to the 

methods available at the time, were compared to SV40, researchers initially found low 

nucleotide homology 49. However, with improved technology this was proven to be an 

underestimate. A later study found that BKPyV MM and SV40 share as much as 73 percent 

amino acid homology and 70 percent nucleotide sequence homology 50. This study also 
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identified differences in repeated regions of the viruses’ non-coding control regions. Given the 

great similarity to SV40, researchers wanted to characterize BKPyV’s early promoter to 

determine if it used a similar enhancer to that used by SV40 to drive transcription 51. They found 

that unlike SV40, BK appears to have an overlapping early promoter and enhancer. They also 

determined that the ability to form plaques is directly proportional to the number of 68-bp 

repeats (aka, P blocks) in the enhancer of a given BKPyV isolate 51,52. Additionally, transcription 

of the early gene region is enhanced by transcription factor binding, specifically including Sp1 

and NF1 53. As people continued to explore the differences in the NCCR between viruses, they 

identified these 68-bp repeats to be important determinants of viral growth in culture. They 

found that virus isolated directly from patients without propagation in culture first was 

challenging, if not impossible to grow 54. When scientists attempted to characterize the 

enhancer/promoter region of one of these non-amplified viruses, specifically BK(ww), they 

found that it had half the early promoter strength of BK(pr) 55. The authors found that BK(ww) 

had only a single copy of the 68-bp repeat found three times in BK(pr), but had an additional 

block of sequence inserted in its place, the R block 56. The authors asserted that this was the 

archetypal form of BKPyV and that the prototype viruses and those like it were the result of 

recombinations. They supported this theory with a study in which they demonstrated serial 

passage of archetype virus in culture consistently led to changes in the NCCR along with 

increased cytopathology 57. 

Eventually, when a more standardized, physiologically relevant approach to studying BKPyV 

in the lab became established, researchers could examine the meaningful differences between 

archetype and rearranged variants 58. This, however, proved to be quite challenging, as archetype 

virus was still remarkably difficult to amplify, especially without introducing mutations. It was 
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only upon supplying large amounts of SV40 T antigen in trans that archetype would propagate 

well 59. Once a method for propagating archetype BKPyV was available, research could be done 

to better understand the differences between archetype and variants. 

As mentioned earlier, our understanding that there even were two types of NCCR 

arrangements came into existence due to the heterogeneity of patient samples. This holds true 

when looking at clinical samples with the more sophisticated techniques of today. As a general 

rule, rearranged variants are isolated primarily from patients with PVAN and/or those with 

severe systemic disease. Samples obtained from urine in patients with HC or from healthy 

patients tend to contain archetype virus.  

 

1.1.6 Life Cycle 

1.1.6.1 Binding/Entry 

BKPyV enters the cell by binding of the major capsid protein, VP1, to ganglioside receptors 

GT1b/GD1b, which triggers internalization of the virus 60. This internalization step occurs via a 

caveolin- and clathrin-independent pathway 61. Following internalization, the virus traffics to the 

ER through an endolysomal pathway, during which acidification occurs 62. Within the ER, the 

viral capsid continues to undergo conformational changes, exposing the minor capsid proteins 

and destabilizing the icosahedral shell. The virion is then transported back to the cytoplasm via 

the ERAD pathway prior to nuclear entry of the genome 63. Nuclear localization sequences 

(NLS) found on the capsid proteins target the genome to importins, facilitating its transport 

through nuclear pore complexes (NPCs) 64. 
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1.1.6.2 Transcription 

BK polyomavirus gene transcription progresses via RNA polymerase II from the 

bidirectional promoters in the NCCR, with the early and late regions being transcribed in 

opposite directions (figure 1.1). Early mRNA is produced by post-transcriptional processing at a 

poly(A) site, located approximately halfway around the genome, and intron splicing. BKPyV 

encodes four proteins produced from alternatively spliced transcripts. These proteins are large T 

antigen (TAg), small t antigen (tAg), truncated T antigen (truncT), and Super T antigen (SuperT) 

65. Late transcription proceeds in the opposite direction to generate two mature mRNAs. Like 

early transcripts, these are also post-translationally modified at a poly(A) site (located 

approximately halfway around the genome) and alternatively spliced. The first mRNA encodes 

agnoprotein and VP1 and the second encodes VP2/VP3. VP3 is translated from the same open 

reading frame as VP2 but utilizes a downstream start codon 66. Transcription of the LVGR 

continues beyond the 3’ poly(A) site to produce a microRNA (miRNA) 67. The miRNA is 

complementary to the early mRNAs, targeting them for degradation 68. The miRNA can function 

to regulate TAg expression, and thus, viral replication. 
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Figure 1.1 BKPyV Genome Diagram 

The non-coding control region (NCCR) is magnified to show the sizes of the individual sequence blocks at the 
center of the genome. The coding sequences for the viral proteins are represented as solid bars, with the arrows 
indicating the direction of transcription. The miRNA is drawn to indicate roughly where it complements the early 
viral transcripts. 
 

1.1.6.3 Early proteins 

Large tumor antigen (TAg) is a 695 residue-long nuclear phosphoprotein that plays multiple 

key roles in the polyomavirus life cycle, including recruiting host factors for viral replication, 

regulating viral replication, and antagonizing tumor suppressor proteins. It can be post-

translationally modified by O-glycosylation, acylation, poly(ADP)-ribosylation, and acetylation, 

in addition to phosphorylation. TAg performs its many duties via its multiple domains, from its 
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N-terminal J domain (named for its homology to the HSP40 DnaJ domain) to the C-terminal 

host-range domain. Much of what we know about these motifs comes from studies of SV40. The 

TAg J-domain is known to bind to and activate the helicase activity of HSC70, while it’s DNA-

binding domain (DBD) binds to replication protein A (RPA). TAg acts as an initiation factor for 

DNA synthesis. Its helicase domain binds to the DNA polymerase alpha/primase complex, 

recruiting it to the site of viral DNA replication. TAg uses its helicase function to unwind the 

DNA at the origin of replication to allow for initiation of DNA synthesis. The helicase domain 

also binds to p53, sequestering the tumor suppressor protein and preventing it from inducing 

apoptosis or preventing entry into S phase. Additional TAg functional motifs include an NLS, 

which is required for efficient replication, and an LXCXE motif that binds directly to Rb family 

proteins, which in turn facilitates the de-repression of E2F transcription factors needed for G1/S 

transition. SuperT is the product of wraparound transcription, resulting in a protein that is larger 

than TAg and contains two LXCXE motifs 65. 

Small tumor antigen (tAg) is a cysteine rich 145 amino acid protein. It has the same 82 N-

terminal amino acids as TAg, including all of TAg’s first exon (and therefore its N-terminal J 

domain), but has a different C-terminus. This C-terminus contains a highly conserved region that 

is rich in cysteine and histidine residues, which allows for binding to two zinc molecules. This 

zinc binding domain is key to tAg’s ability to bind the host protein phosphatase 2A (PP2A). 

PP2A plays important roles in regulation of cellular processes, including cell proliferation and 

preventing cellular transformation. The PP2A is a complex comprised of three main subunits, 

each with a different role and two or more isoforms. SV40’s tAg binds to subunit A, which 

functions as a scaffold for PP2A, and this displaces the regulatory B subunit, but leaves the 

catalytic C subunit in the complex 69. BKPyV’s tAg also interacts with PP2A subunits A and C 
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and has recently been shown to interact with the B subunit members striatin (STRN) and striatin 

3 (STRN3) 70. BKPyV’s tAg inhibits TAg gene expression and viral DNA replication, in part 

through tAg’s interactions with PP2A. Importantly, the inhibition of DNA replication is only 

seen in archetype virus. Although tAg binding to PP2A disrupts the primary cellular function of 

the protein, PP2A may retain some activity. 

 

1.1.6.4 miRNA 

BKPyV can regulate its early gene products post-transcriptionally, via viral miRNAs 71. 

Specifically, it can regulate expression of TAg and tAg via two miRNAs that are perfectly 

complementary to the early gene region. These miRNAs are encoded beyond the 3’ poly(A) site 

of the late gene region. The amount of miRNA produced by BKPyV is dependent on the NCCR, 

because it is thought to be transcribed from the late promoter. This means that archetype virus, 

which has a relatively weaker early promoter and stronger late promoter, produces more miRNA 

and as a result, further decreases the low amount of TAg it’s already produced. And in turn, 

rearranged virus, which has a strong early promoter and weaker late promoter, makes far more 

TAg mRNA than miRNA. In fact, it was originally believed that BKPyV’s miRNA didn’t have a 

function because it was only studied in the context of rearranged BKPyV prior to the work of 

Broekema, et al 67,71. 

 

1.1.6.5 DNA replication 

Replication of the viral genome is orchestrated, in large part, by TAg. TAg binds to the 

origin of replication in the viral genome, where it uses its helicase activity to unwind the double-

stranded DNA (dsDNA) to facilitate replication. TAg also recruits the cellular DNA replication 
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machinery including RPA, DNA polymerase alpha/primase, and topoisomerase I and II. In 

addition to initiating replication, TAg is also required for elongation. 

 

1.1.6.6 Assembly/egress 

Assembly is initiated by transport of capsid proteins VP1, 2, and 3 from the cytosol into the 

nucleus, where they form capsomeres. Although all three capsid proteins contain an NLS, VP2 

and 3 with a mutation in the NLS will still accumulate in the nucleus if provided wild-type VP1 

64. This suggests that the proteins enter as a complex, rather than individually. Purified 

recombinant VP1 can even self-assemble into capsomeres and form empty capsids, 

demonstrating that VP2/3 and viral DNA are unnecessary for capsid formation. Recombinant 

purified VP1 protein is used create capsomeres for use in serology testing 72. VP1 proteins from 

three BKPyV genotypes and one from JCPyV have been made into virus-like particles for use as 

a potential multivalent polyomavirus vaccine 73. It is not currently known if the capsid assembles 

around a nascent minichromosome or if it assembles first, then the genome is incorporated. 

The mechanism used by BKPyV to exit cells in not clear. While rearranged variants of 

BKPyV induce obvious cytopathic effect in tissue culture, no mechanism for lysis has been 

defined. There are some studies implicating agnoprotein, a 66 amino acid primarily cytoplasmic 

phosphoprotein. Numerous hypotheses about the role(s) of polyomavirus agnoproteins have been 

made, but only a few have been confirmed in multiple studies. The interaction between 

agnoprotein and a membrane fusion protein called ⍺-soluble N-ethylmaleimide-sensitive fusion 

(NSF) attachment protein (⍺-SNAP) is one of the latter 74,75. Some work has suggested that this 

interaction with ⍺-SNAP is essential for nuclear egress into the cytoplasm, however this still 

doesn’t explain cellular egress. 75. Other work suggests a non-lytic route of egress from cells 
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using a late endosomal pathway 76. There are clearly still many gaps in knowledge in this part of 

the field. 

 

1.1.7 Nuclear Transactions 

1.1.7.1 S phase entry 

Upon infecting a cell, BKPyV requires use of the host DNA replication machinery, which is 

only available during S phase. As the virus usually infects cells that are either quiescent (in G0) 

or in G1, it must induce S phase entry itself. To facilitate this, TAg’s LXCXE motif binds RB-

E2F complexes, which releases RB-mediated repression of E2F. Because RB-E2F complexes 

repress genes needed for G1/S transition and DNA synthesis, removal of the repression induces 

entry into S phase. TAg plays a further role to support entry into S phase and staying there by 

binding p53. The act of forcing entry into S phase triggers p53, which could in turn induce 

growth arrest or apoptosis 77. By sequestering p53, TAg prevents it from activating its target 

genes. One of those target genes is p21, a cyclin kinase inhibitor (CKI) that ultimately increases 

RB-E2F complex formation. In this way, TAg’s prevention of p53 activity helps maintain the 

cell in S phase. 

 

1.1.7.2 G2/M arrest and DDR 

Following entry into S phase, BKPyV-infected cells continue on in a state of dysregulation. 

Multiple rounds of DNA replication can occur within a single cycle in each cell. This leads to 

infected cells with >G2 DNA content, but that do not progress to mitosis 78. These cells instead 

remain arrested at the G2/M checkpoint. 
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One regulator of growth arrest at the G2/M checkpoint is Chk1, which is phosphorylated by 

part of the DNA Damage Response (DDR). The DDR is comprised of two signaling arms, 

named for their kinases: ataxia telangiectasia mutated (ATM), and ATM and Rad3-related 

(ATR). The ATM kinase detects dsDNA breaks using the Mre11-Rad50-NBS1 complex (MRN) 

while the ATR kinase responds to ssDNA breaks. Both phosphorylate substrates, including 

Chk1, Chk2, and ɣH2AX. It is known from studies of SV40 that the process of viral genome 

replication induces activation of the DDR which mediates both repair of replication-induced 

double-stranded breaks (DSB)s and maintenance of replication fork integrity 79,80. In the context 

of G2/M arrest, phosphorylation of Chk1 facilitates pChk1 to phosphorylate the phosphatase 

Cdc25 and target it for degradation. This maintains inhibition of the cyclin B-Cdc2 complex by 

Wee1 that would otherwise signal cells to enter mitosis 81,82. 

BKPyV infection activates both the ATM and ATR signaling pathways, which both 

contribute to the virus’ replication and growth 78. Active viral DNA replication is required for 

this induction of the DDR 83. Specifically, BKPyV’s activation of ATM induces Chk2 

phosphorylation and activation of ATR induces phosphorylation of Chk1 and ɣH2AX. The ATR 

pathway is activated, at least in part, via a component of the mismatch repair (MMR) pathway 84. 

MMR is an excision repair pathway known to activate ATR. The protein complex MutS⍺ is half 

of a DNA damage sensor that initiates the MMR pathway. MutS⍺ is required for robust 

activation ATR and subsequently, G2/M arrest. The roles of ATM and ATR during BKPyV 

infection have a temporal component. ATM is important early during infection for entry into S-

phase, while ATR’s role is to prevent entry into mitosis later in the infection 82. Overall, this 

prolongs the time spent in S-phase which allows for optimal viral DNA replication.  
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1.2 PML-NBs 

An important host factor that has been explored in the context of HPyVs is promyelocytic 

leukemia (PML) protein. PML, also known as TRIM19, is a member of the TRIM (tripartite 

motif) family of proteins. Members of the TRIM family share a common RBCC motif in their N-

terminus, with unique C-termini. This RBCC motif is comprised of a RING-finger domain, two 

B-boxes, and a coiled-coil domain.  

The PML gene was identified because of a chromosomal translocation t(15;17) found in 

acute promyelocytic leukemia (APL) which leads to expression of the fusion oncoprotein PML-

RAR⍺ 85. The PML gene contains 9 exons and encodes at least seven transcriptional isoforms. 

These isoforms all share at least the same first three exons, which include the RBCC motif, with 

their C-termini differing to various extents (figure 1.2). For example, while isoforms I through 

VI all contain an NLS, isoform VII does not, and is therefore restricted to the cytoplasm. These 

different C-terminal sequences appear to dictate the functions of individual isoforms within a 

wide range of contexts.  
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Figure 1.2 PML isoforms 

Diagram describing PML transcriptional variants. The first, labeled PML, is a visualization of all available exons in 
the PML gene. The following six sequences represent the actual isoforms. The exons that make up the RBCC 
domain are in blue, followed by the those involved in splice variants in black. Retained introns are indicated in 
purple, while partial sequences are indicated with an asterisk. (Abbreviations: nuclear localization sequence = NLS; 
SUMO interacting motif = SIM) 



 22 

PML protein is the core component of sub-nuclear protein complexes called promyelocytic 

leukemia nuclear bodies (PML-NBs). The membraneless organelles are dynamic in nature, 

containing the constitutive component proteins Sp100 and small ubiquitin-like modifier (SUMO) 

as well as any of many transient proteins depending on the circumstance and where the cell is in 

the cell cycle. The only time that PML-NBs are naturally without other proteins is during 

mitosis. At this point, PML becomes de-SUMOylated and temporarily dissociates from other 

proteins, including Sp100, but maintains self-associated due to its RBCC motif. Upon returning 

to interphase, PML is once again SUMOylated and associates with other components. 

Cellular stressors are highly influential on the quantity, size, and composition of PML-NBs. 

These stressors include, but are not limited to, senescence, DNA damage, cytokines/IFNs, and 

viral infections. PML-NBs play a meaningful role in regulation of tumor suppression and the cell 

cycle, as well as being an integral component of both the intrinsic and innate immune response. 

The specific PML isoforms that are expressed in response to stress may differ depending on the 

cause. For example, isoform II expression is induced by type-I and -II interferon (IFN) signaling 

and the PML protein itself associates with transcription factors at the IFN-stimulated response 

element (ISRE) to induce expression of IFN-stimulated genes as well as IFN-β 86. This isoform 

is more likely to be enriched in response to a viral infection than UV-radiation. Sometimes 

multiple isoforms may be expressed but only one is able to perform a given function. An 

example here would be isoform IV, which is the only form of PML known to induce senescence 

in primary cells 87. Given their critical role in the processes of host cells, it is unsurprising that 

PML-NBs are both a target of evasion and usurpation by viruses. 

PML-NBs have been implicated in the pathogenesis of both RNA and DNA viruses. Both 

RNA and DNA viruses are inhibited by and reliant on PML-NBs during their life cycle. In many 
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cases the PML protein itself is key for interactions with the virus, but depending on the virus 

there may be different interactions between different viral proteins and PML-NB proteins. For 

example, human adenoviruses (HAdVs) have many and varied associations with PML and other 

component proteins that make up PML-NBs 88. One of the most well-studied interactions is 

between E4 gene open reading frame 3 protein (E4Orf3) and PML isoform II 89. E4orf3 directly 

binds to PML II, reorganizing PML-NBs into track-like formations. Another interaction is 

between the HAdV capsid protein, pVI, and the PML-NB associated protein, Daxx 90. HAdV 

pVI displaces Daxx from PML-NBs which disrupts Daxx’s function as a repressor of viral gene 

expression. 

Studies on SV40 suggest that viral DNA replication occurs at PML-NBs 91,92. A study of 

MCPyV found that PML-NBs changed in number and size in response to actively replicating 

virus 93. BKPyV infection of renal proximal tubule epithelial (RPTE) cells functionally 

reorganizes PML-NBs 94. Upon infection with BKPyV, the number of nuclear bodies decreases, 

and the size of the individual bodies increases. TAg expression from a plasmid is not sufficient 

to induce this response. Although the mechanism of NB rearrangement is not known, PML-NB 

function is impacted in the process. BKPyV infection and subsequent PML-NB reorganization 

renders cells equally susceptible to both WT herpes simplex virus 1 (HSV-1) and a mutant virus 

normally inhibited by functional PML. PML does not appear to be essential for rearranged 

BKPyV infection in RPTE cells, but further research is needed to better understand its role 

during infection. 
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1.3 Studying virology in vitro 

Since the 1950’s scientists have been using tissue culture lines to routinely propagate and 

study animal viruses 95. And up until quite recently these studies were performed on a bulk, or 

population, level. This meant that data collected for a group of cells was often considered 

representative of any given cell within that group. Or if one were not to make such an 

assumption, then the group data would simply be an average of what could potentially be a wide 

range of values. Taking an average or assuming all cells have the same value is suboptimal, 

however, because it is rare that every cell within a well or a flask is infected or infected at the 

same time, especially when using a low multiplicity of infection. Additionally, different cells 

may have different expression levels of genes. These could change depending on the infection 

state of the cells around them and the density of the cells around them. Any of these variables 

within any given individual cell become potential variables during viral infection. One could 

potentially increase the homogeneity of the cell population by increasing the multiplicity of 

infection, and thus, the percentage of cells infected at once. This increased homogeneity might 

allow the measurements of the bulk culture to better reflect the measurements of the individual 

cells, but may also fundamentally change the experiment. 

As the technology has become available, scientists have been developing techniques to 

account for these variables by studying viral infection at a single-cell level. Early studies were 

relatively low throughput, with methods often focused on measuring viral output, such as plaque 

assays and RT-qPCR 96–98. Later work included higher-throughput methods, such as 

transcriptomics. Single-cell RNA sequencing (scRNA-seq) studies have become common in 

many fields, including virology. Utilizing scRNA-seq has allowed researchers to study viral 

infection at a higher resolution than before. For example, a scRNA-seq analysis of HSV-1 
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infection of primary human fibroblasts identified the transcription factor, NRF2, as a restriction 

factor for HSV-1 infection 99. The analyses facilitated by single-cell transcriptomics allowed the 

authors to detect NRF2 target genes that had not appeared in bulk RNAseq studies. Many other 

viruses have been studied using scRNA-seq as well. While there are numerous examples, a few 

include the Epstein-Barr virus, influenza A, Zika and Dengue viruses, and HIV-1 100–103. The 

only scRNA-seq study of BKPyV to date was carried out by the Pipas lab 104. This study 

demonstrated that BKPyV gene expression levels did not progress in a linear fashion for all 

infected cells. While there was a population of cells with high viral gene expression, it was not 

large and did not increase in size substantially over time. There were also populations of cells 

with low and medium viral expression levels that remained relatively consistent over time. The 

authors proposed that the presence of these persistent low and medium expression populations 

indicates that cellular responses to infection are determined early or prior to infection.  Although 

quite common, RNAseq experiments are not the only single-cell virus studies that exist. Other 

techniques include genomics, metabolomics, and microscopy 105–108.  

 

1.4 Goals of this dissertation 

In this dissertation I examine BKPyV infection at a finer resolution using a single-cell high 

content microscopy analysis. Chapter Two will show that studying BKPyV on a single-cell level 

is an effective and efficient method of gaining insight into the heterogeneity of a population of 

BKPyV-infected cells. Chapter Two will also demonstrate there are differences among groups of 

cells even with the same levels of TAg and that some of these differences are in the in the cells’ 

PML-NBs. In Chapter Three I will synthesize these results in the context of what is known about 
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BKPyV infection as well as other single-cell applications. I will also provide broad hypotheses 

for some of the unanswered questions and propose future experiments. 
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Table 1.1 Human Polyomaviruses 

 

Genera Name Species Abbreviation Year Published Reference 

Beta BK HPyV1 BKPyV 1971 Gardner 1971 12 

Beta JC HPyV2 JCPyV 1971 Padgett 1971 10 

Beta KI HPyV3 KIPyV 2007 Allander 2007 13 

Beta WU HPyV4 WUPyV 2007 Gaynor 2007 14 

Alpha Merkel cell  HPyV5  MCPyV 2008 Feng 2008 15 

Delta HPyV6 HPyV6 HPyV6 2010 Schowalter 2010 16 

Delta HPyV7 HPyV7 HPyV7 2010 Schowalter 2010 16 

Alpha Trichodysplasia 
spinulosa  

HPyV8  TSPyV 2010 Meijden 2010 17 

Alpha HPyV9 HPyV9 HPyV9 2011 Scuda 2011 18 

Delta Malawi HPyV10 MWPyV 2012 Siebrasse 2012 19 

Delta St. Louis HPyV11 STLPyV 2013 Lim 2013 20 

Alpha HPyV12 HPyV12 HPyV12 2013 Korup 2013 21 

Alpha New Jersey HPyV13 NJPyV 2014 Mishra 2014 22 
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2.1 Abstract 

By adulthood, the majority of the population is persistently infected with BK polyomavirus 

(BKPyV). Only a subset of the population, generally transplant recipients on immunosuppressive 

drugs, will experience disease from BKPyV, but those who do have few treatment options and 

frequently poor outcomes because to date there are no effective antivirals to treat or approved 

vaccines to prevent BKPyV. Most studies of BKPyV have been performed on bulk populations 

of cells and the dynamics of infection at single-cell resolution have not been explored. As a 

result, much of our knowledge is based upon the assumption that all cells within a greater 

population are behaving the same way with respect to infection. The present study examines 

BKPyV infection on a single-cell level using high content microscopy to measure and analyze 

the viral protein large T antigen (TAg), promyelocytic leukemia protein (PML), DNA, and 
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nuclear morphological features. We observed significant heterogeneity among infected cells, 

within and across timepoints. We found that the levels of TAg within individual cells did not 

necessarily increase with time, and that cells with the same TAg levels varied in other ways. 

Overall, high-content single-cell microscopy is a novel approach to studying BKPyV that 

enables experimental insight into the heterogenous nature of the infection.  

 

2.2 Importance 

BK polyomavirus (BKPyV) is a human pathogen that infects nearly everyone by adulthood 

and persists throughout a person’s life. Only people with significant immune suppression 

develop disease from the virus, however. Until recently the only practical means of studying 

many viral infections was to infect a group of cells in the laboratory and measure the outcomes 

in that group. However, interpreting these bulk population experiments requires the assumption 

that infection influences all cells within a group similarly. This assumption has not held for 

multiple viruses tested so far. Our study establishes a novel single-cell microscopy assay for 

BKPyV infection. Using this assay, we discovered differences among individual infected cells 

that have not been apparent in bulk population studies. The knowledge gained in this study and 

the potential for future use demonstrate the power of this assay as a tool for understanding the 

biology of BKPyV.   
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2.3 Introduction 

BK polyomavirus (BKPyV) is a small double stranded DNA tumor virus. It is one of 

approximately fourteen human polyomaviruses (HPyV). BKPyV infection, while usually 

asymptomatic, is very common and persists throughout a person’s lifetime. Greater than 90% of 

individuals are seropositive for BKPyV by the time they reach adulthood 1,2. Despite its ubiquity, 

BKPyV’s disease burden is limited to patients post-transplant (reviewed in 3. Any person with 

significant immune defects may suffer from BKPyV-associated disease, but the most common 

are patients undergoing bone marrow, hematopoietic stem cell, or solid organ transplants. One 

complication that can occur in kidney transplant patients is polyomavirus associated nephropathy 

(PVAN) because of new or reactivated BKPyV infection 4. The same immunosuppressant 

medications used to prevent rejection of the donor organs can prevent a sufficient immune 

response to clear the virus. There are currently no effective antivirals or approved vaccines to 

treat or prevent BKPyV, respectively 5–8. In these circumstances, clinicians must decide between 

decreasing the immunosuppression (and risk losing the graft) and maintaining 

immunosuppression (and risk uncontrolled viremia and destruction of the graft) 9,10.  

The BKPyV genome is circular and transcription is driven by bidirectional promoters within 

a noncoding control region (NCCR), which also contains the origin of DNA replication as well 

as transcription factor binding sites. One promoter drives early gene expression, which includes 

large (T), small (t), truncated (truncT) tumor antigen (Ag), and SuperT 11–13. The other drives late 

gene expression of agnoprotein and the capsid proteins, VP1, VP2, and VP3. Upon entering the 

nucleus, the virus begins transcription of the early region, followed by translation and nuclear 

translocation of the proteins to facilitate viral DNA replication. They do so by stimulating the 

cell’s entry into S phase, recruiting host DNA replication machinery to the viral genome, and 
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preventing apoptosis. BKPyV relies on manipulation of cell cycle regulation to facilitate efficient 

replication, and both induces and relies upon the DNA damage response (DDR) for productive 

infection 14,15. In conjunction with the onset of DNA replication, late genes are transcribed from 

the opposite promoter and the capsid proteins are translocated to the nucleus where they self-

assemble and package the nascent viral DNA to create progeny virions 13. 

As demonstrated by its tumor antigens, BKPyV influences the behavior of many nuclear 

factors during the course of infection. These include promyelocytic leukemia nuclear bodies 

(PML-NBs) 16. PML-NBs are dynamic, punctate, sub-nuclear structures found in all mammalian 

cells. They are multi-protein complexes containing a scaffold of PML protein, the other 

constitutive component proteins Sp100 and Daxx, and a number of other transiently associated 

proteins as circumstances require 17–20. These nuclear bodies are highly sumoylated and interact 

closely with cellular chromatin 21–23. PML-NBs respond to many forms of stress in the cell, 

ranging from metabolic deficiencies to senescence. Of particular relevance to BKPyV are their 

roles in both tumor suppression and antiviral pathways. Additionally, PML-NBs interact with the 

DDR pathway 24–26. BKPyV infection, along with that of many other viruses, has been 

demonstrated to significantly alter the structure and function of PML-NBs (reviewed in 27–30).  

The current in vitro model of primary renal proximal tubule epithelial (RPTE) cell infection 

has allowed many discoveries about BKPyV including the viral life cycle, genetic regulation, 

and virus-host interactions (including PML-NBs) 16,31–42. Almost all of these studies have been 

performed at the cell population level and the results have generally been interpreted as being 

representative of any given individual cell in that population. However, a recent single cell 

RNAseq study from the Pipas lab 43 has indicated that BKPyV infection is heterogeneous, with 

several discrete cellular states. In the present study, we sought to similarly examine single cell 
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phenotypes across the course of BKPyV infection using high-content microscopy. This 

morphological examination focused on three parameters: TAg, to identify BKPyV-positive cells 

and characterize the amount and distribution of the viral protein; PML, to identify structural 

changes in NBs; and DNA, as a marker of the nucleus as well as to inform about impact of 

infection on DNA and the nucleus in general. The high resolution and quantity of images 

allowed for an advanced microscopic analysis of single cell BKPyV infection that has not 

previously been attempted. These data provide insights into the heterogeneity of individual cells 

during the course of infection and offer suggestions for future mechanistic studies of BKPyV. 
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2.4 Results 

The vast majority of our understanding of the biology of BKPyV has come from bulk cell 

population level studies, many using the in vitro model of renal proximal tubule epithelial 

(RPTE) cells. Timecourse experiments have demonstrated these infections to be a linear 

progression from cells expressing low levels of viral proteins at early timepoints to much greater 

amounts at later timepoints13. However, a recent study examining BKPyV infection on a single-

cell transcriptomic level has identified distinct sub-populations of infected cells 43. Cells 

displayed widely variable levels of viral transcripts within the population and these differences 

were maintained as the infection progressed. Viral gene expression in cells did not always 

increase from low to high over time, further highlighting distinct sub-populations. Our study 

complements and expands on this newly-emerging understanding of BKPyV infection at the 

single-cell level by focusing on morphological measurements using high-content confocal 

microscopy. 

For our single-cell analysis of BKPyV infection, we chose to focus solely on nuclear features 

because BKPyV replicates and assembles in the nucleus. During the course of infection, nuclear 

host proteins including PML are modified and/or regulated. We sought to expand on our 

previous work that identified BKPyV infection as a cause of both structural and functional 

changes in PML-NBs 16. Specifically, we aimed to characterize the morphotype of PML-NB on a 

single-cell level throughout the course of BKPyV infection, paying particular attention to any 

correlation with TAg expression.  
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2.4.1 Assay overview and imaging examples 

To collect the image data, cells were infected at an MOI of 0.5 FFU/cell or mock-infected, 

then fixed and stained after 1, 2, or 3 days (Figure 2.1A). The early viral protein TAg, and the 

principal component of PML-NBs, PML protein, were detected by immunofluorescence and 

DNA was stained using Hoechst 33342 (Figure 2.1B and Figure 2.1C). We measured features 

relating to the objects’ size, shape, and area as well as the magnitude, variation, and spatial 

distribution of signal intensity within each of the three channels (Supplemental Table 2.3, 

Supplemental Table 2.4, Supplemental Table 2.5). PML-NBs in each nucleus were identified and 

select measurements were made for these as well. 
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Figure 2.1 Assay overview and imaging examples.  

A. Timeline illustrating the experimental protocol, the details for which can be found in Materials and Methods. B 
and C. Representative images of cells at 2 days post-infection. The first panel indicates the identified nuclei as 
identified using the CellPose software, pseudo-colored arbitrarily to distinguish individual objects. The next three 
panels are the individual channels, while the final panel is pseudo-colored (DNA = blue, TAg = green, PML = 
magenta) and merged. B. Cells from a mock infected well. Nuclei are outlined in the TAg panel due to lack of 
visible signal. C. Cells from a BKPyV-infected well. 
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2.4.2 Single cell microscopy as a method for studying BKPyV infection.  

To validate the single-cell microscopy assay, we first examined a few well-established 

characteristics of BKPyV infection. Infection induces host cells to enter into S phase of the cell 

cycle and causes G2/M arrest, which increases the DNA content of infected cells 14,43. BKPyV-

infected cells have 4N DNA content or greater once they have progressed beyond S phase 44. To 

determine if our model demonstrated such an effect, we plotted histograms of the total DNA 

pixel intensity measurements from either the mock-infected cells or TAg+ cells at each time point 

and examined the distribution of cells within each population. For mock-infected cells, the 

percentage of cells with > 2N DNA content was approximately 21% for all three days. However, 

in the TAg+ cell population, this fraction of cells increased over time: 30%, 45%, and 56% at 1, 

2, and 3 DPI, respectively (Figure 2.2A). 

As an additional validation point, we quantified the number of PML-NBs per nucleus. 

BKPyV infection induces PML-NB rearrangement, which includes a reduction in the number of 

bodies 16. We plotted histograms of the distribution of numbers of PML-NB per nucleus in the 

mock-infected and TAg+ cells at all time points (Figure 2.2B). We found that 10% of mock-

infected cells fell into the smallest bin of the histogram, ≤ 8 nuclear bodies per nucleus, 

compared to 29% of TAg+ cells. This finding confirms our previous work but at a larger scale as 

here we have analyzed roughly 40,000 cells, orders of magnitude greater than what was feasible 

without high-content analysis 16. 
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Figure 2.2 Single cell microscopy as a method for studying BKPyV infection. 

A. Histograms depicting the DNA content of mock-infected (pink) and TAg-positive (blue) cells at the three 
timepoints. B. As in A but depicting quantities of PML-NBs per nucleus in mock-infected (pink) and TAg-positive 
(blue) cells. C. Percentage of TAg-positive cells out of total population of cells at the indicated timepoints. D. 
Histograms of only TAg-positive cells depicting the distribution of cells with different levels of TAg at 1, 2, and 3-
days post infection. *** p < 0.0001 Wilcoxon one-way analysis 
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Having validated that we were able to capture these two known host cell properties that 

change during infection, we next sought to focus on the characteristics of infected, TAg+ cells. 

First, we quantified the percentage of TAg+ cells at each timepoint and found that, as expected, 

this value increased with time (Figure 2.2C). Next, we quantified the TAg signal intensities for 

each day post infection (Figure 2.2D). Consistent with the report from the Pipas laboratory, we 

found a wide range of TAg expression at all timepoints 43. While the data from days 1 and 3 are 

similar, with the majority of cells falling into low TAg intensity bins, the plot from day 2 had a 

bimodal distribution and a wider range. Unexpectedly, a greater percentage of cells at 2 dpi had 

overall higher TAg expression than those at 1 or 3 dpi. 

 

2.4.3 High DNA content, not time post-infection, distinguishes cells expressing the highest 

levels of TAg  

We next wanted to characterize the heterogeneity in infected cells. To visualize distinct 

morphologic cell classes, we employed dimensionality reduction and clustering using Uniform 

Manifold Approximation and Projection (UMAP) embedding. We started with a global UMAP, 

including all the cells regardless of infection or TAg status, and labeled the major clusters of 

cells, alphabetically (Figure 2.3A). It was immediately apparent that multiple distinct subgroups 

existed within the population of cells. Therefore, explore phenotypic features of all cells and 

differentiating factors in the subset of infected cells. First, to determine if exposure to viral 

inoculum defined the clusters, we highlighted the cells that received mock inoculum (Figure 

2.3B) and BKPyV (Figure 2.3C). Apart from Cluster C, which was comprised only of cells that 

had received viral inoculum, there did not appear to be any impact of infection condition on 

which cluster a cell was in. Second, we highlighted just the TAg+ cells to see if that better 
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explained the clustering (Figure 2.3D). Not all cells that received the viral inoculum expressed 

detectable TAg, and TAg+ cells were found in all the clusters. Interestingly, Cluster C did not 

just exclusively contain infected cells, but also almost all the cells were TAg+. We next asked if 

time post infection was dictating some of the clustering. We colored cells on the UMAP by their 

day post infection (Figure 2.3E and Supplemental Figure 2.8A). Cells from each time point were 

present in every cluster, including Cluster C, which has more cells at 2 days post infection than 

at 1 or 3 (Supplemental Table 2.6). To determine which features in addition to TAg made Cluster 

C distinct from the others, we used predictive modeling to identify the main contributors. The 

most significant feature was integrated DNA intensity, which is proportional to the amount of 

DNA in the nucleus (Supplemental Figure 2.8B). Although other clusters had TAg+ cells and a 

range of DNA intensity, Cluster C was distinct in having the highest DNA intensity overall. We 

assembled image montages of random cells from each of the clusters (Figure 2.3F). These 

montages revealed patterns shared among cells that an observer may not notice if simply 

scanning a slide by eye. For example, we identified a phenotype in some cells in Cluster C in 

which there appeared to be areas of very intense DNA signal within the nucleus. These areas of 

DNA intensity appeared to exhibit a much lower TAg signal than the rest of the nucleus, and the 

inverse was true as well. To examine this in more detail we plotted the TAg and DNA intensities 

along a line drawn across the longest axis of a representative cell from each timepoint (Figure 

2.4). We observed that in cells with these areas of exclusion, the regions of high DNA intensity 

were anti-correlated with regions of high TAg intensity. This was especially noticeable at 2 and 3 

DPI. PML-NBs were rarely identified within the intense DNA signal, but rather were found to be 

decorating the perimeter of these areas. 
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Figure 2.3 High DNA content, not time post-infection, distinguishes cells expressing the highest levels of TAg. 

A. UMAP clusters from the global population were assigned a color and labeled with letters. B. Mock-infected cells 
are highlighted in dark grey. C. BKPyV-infected cells are highlighted in dark grey. D. TAg-positive cells are 
highlighted in dark grey. E. Cells are colored according to day post infection. Blue = 1 DPI, red = 2 DPI, green 3 
DPI. F. Montages of representative nuclei from the five global clusters of cells. Channels and images are normalized 
to allow for comparison. Channel colors: TAg = green, PML = red, DNA = blue. Tile size is 150 pixels (px), or ~ 
24.5 μm. 
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2.4.4 TAg+ cells form clusters defined by features other than timepoint and TAg level 

We next explored the characteristics of the TAg+ cells by sub-setting to TAg+ cells, re-

embedding that population in a new UMAP, and labeling the individual clusters numerically 

(Figure 2.5A). Image montages for each of these eight clusters are shown in Supplemental Figure 

2.9A. As with the global UMAP embedding, we wanted to see if the time post infection was 

influencing the structure of the clusters by coloring the individual cells to represent the days post 

infection (Figure 2.5B and Supplemental Figure 2.9B). We observed that most individual 

clusters of TAg+ cells were not defined by timepoint. Two exceptions were Cluster 6, which was 

almost entirely made up of cells at 3 days post-infection, and Cluster 4, with nearly as high a 

percentage of 3 dpi cells as Cluster 6 (Supplemental Table 2.7). Instead of entire clusters being 

comprised of a single timepoint or a random distribution of timepoints, there appeared to be 

distinct substructures within each cluster for each day. Table 2.2 lists the top image features that 

define each cluster. 

To determine if the TAg+ cell clustering in the global UMAP was reflected in the TAg+-

UMAP, we plotted the TAg+ cell data using the TAg+-UMAP coordinates but color-coded them 

using a given cell’s cluster assignment from the global UMAP (Figure 2.5C). The TAg positive 

cells in cluster B on the global UMAP were also a single cluster on the positive-only UMAP, 

Cluster 1. The same was true for the TAg positive cells from global Cluster E, which were found 

on the TAg positive UMAP in Cluster 2. Global Cluster D was largely represented in positive 

Cluster 4, but was also dispersed through Clusters 3, 5, and 6. Global Cluster C, which contained 

only TAg+ cells, was present, but had become sub-divided into two new clusters, 7 and 8. 
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Figure 2.4 Appearance of cells with areas of mutual DNA/TAg exclusion. 

A representative nucleus was selected from each timepoint and ImageJ software was used to plot the DNA and TAg 
intensities. Merged images of the two channels are shown. DNA = blue, TAg = green. 
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2.4.5 Unique subpopulations exist among cells within the same TAg expression levels 

To begin to understand what was defining the clusters in the TAg+-only UMAP, we 

generated violin plots of the TAg, DNA, and PML signal intensities for each cluster (Figure 

2.6A-C). We identified clusters that grouped together due to similar TAg intensities. Clusters 1, 

2, and 3 all had low TAg levels, while clusters 7 and 8 had high TAg levels (Figure 2.6A). 

Images of the TAg signal in randomly selected cells from the low TAg group (Clusters 1–3) and 

the high TAg group (Clusters 7 and 8) show the differences in TAg levels between the two 

groups (Figure 2.6D). We next looked to see if clusters with the same TAg levels share DNA 

intensity levels, but none of them did (Figure 2.6B). Clusters 1, 2, and 3 were all significantly 

different from each other, with 2 having the highest DNA content of that group. In the high TAg 

group, we observed that Cluster 7 had a greater DNA intensity than Cluster 8. The PML intensity 

plot (Figure 2.6C) showed that the low TAg clusters, 1-3, also shared PML expression levels. 

Clusters 7 and 8 were significantly different, however, with Cluster 8 displaying the highest 

PML intensity of all the clusters. 
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Figure 2.5 TAg+ cells form clusters defined by features other than timepoint and TAg level. 

  A. Clusters were identified from TAg-positive cells and labeled with numbers and different colors than the global 
clusters. B. Individual cells’ timepoints were overlaid onto the positive UMAP. Blue = 1 DPI, red = 2 DPI, green 3 
DPI. C. Positive UMAP with cluster colors from global UMAP overlaid. 
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To better quantify the relationships between TAg expression and either DNA content or PML 

expression in the infected population, we performed bivariate analyses (Figure 2.6E-F) to 

determine the correlation between either macromolecule and TAg in a given cell. As we had 

observed different distributions of TAg expression at different timepoints, we performed this 

analysis on a per-timepoint basis and for the TAg+ population as a whole. We observed that there 

were statistically significant correlations (p<0.0001) between DNA and TAg intensity levels at 

all times post infection, but that the strengths of these correlations were not the same at each 

timepoint: the correlation was greatest at 2 DPI, with an R2 value of 0.617 (Figure 2.6E). When 

we examined the relationship between PML and TAg levels, we found much lesser correlations 

(Figure 2.6F), suggesting very little of the variance seen in the PML signal was related to TAg. 
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Figure 2.6 Unique subpopulations exist among cells within the same TAg expression levels. 

A – C. Violin plots of per-nucleus level values for TAg-positive cells. A. TAg levels. B. DNA content. C. PML 
levels. D. Montages of randomly selected TAg-stained nuclei from the low TAg (Clusters 1 -3) and high TAg 
(Clusters 7 – 8) groups of cells. Images normalized to allow for comparison across groups. Tile size is 150 px (~ 
24.5 μm). E -F. Bivariate analyses to assess correlations at each day post infection and in the total population. R2 
values are shown. E. Correlation of DNA and TAg levels. F. Correlation of PML and TAg levels. **** p < 0.0001, 
* p < 0.05, Kruskal-Wallis multiple comparisons test 
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2.4.6 PML-NB characteristics account for differences between TAg expression groups  

To explore other differences that may be present between the low and high TAg groups, we 

quantified nuclear area and the number of PML-NBs in each nucleus. In the low TAg group, we 

found that the clusters had similarly sized nuclei, but Clusters 1 and 2 were statistically different 

from each other, with Cluster 2 having slightly larger nuclei. Nuclei in the high TAg group were 

the largest, with Cluster 7 having significantly larger nuclei than Cluster 8 (Figure 2.7A and 

Supplemental Figure 2.10A). We quantified the number of PML-NB per nucleus and found that 

this number did not vary between clusters in the low TAg group, but that there was a difference 

in the number of PML-NBs per nucleus within the high TAg group, with fewer PML-NBs per 

nucleus in Cluster 7 than in Cluster 8 (Figure 2.7B and Supplemental Figure 2.10B). The 

difference in PML-NB numbers in the high TAg group is particularly notable in images of the 

DNA and PML channels (Fig. 7C). While Cluster 7 displayed a very homogeneous phenotype, 

Cluster 8 was more of a mixture, mostly containing cells with many PML-NBs, but with 

occasional low counts. This was readily apparent when graphed as a histogram (Supplemental 

Figure 2.10B). We also examined other features of the nuclear bodies within the individual 

clusters (Figure 2.7D-E). We found that the low TAg clusters had the lowest average area of 

PML-NB per nucleus, and that Cluster 3 had larger PML-NBs than Clusters 1 and 2. In the high 

TAg group, Cluster 7 had larger PML-NBs than those in Cluster 8 (Figure 2.7D). In what is 

likely a correlate of PML-NB size, the intensity of the PML signal of the average PML-NB per 

nucleus was also lowest in the low TAg group and was higher in Cluster 7 than Cluster 8 (Figure 

2.7E). 



 56 

 

Figure 2.7 PML-NB characteristics account for differences between TAg expression groups. 

A – B. Violin plots of per-nucleus values for TAg-positive cells. A. Nuclear area. B. Number of PML-NBs per 
nucleus. C. Montages of randomly selected nuclei from the low TAg (Clusters 1 -3) and high TAg (Clusters 7 – 8) 
groups of cells. Channels and images normalized to allow for comparison across groups. Channel colors: PML = 
red, DNA = blue. D- E. Violin plots of PML-NB level values per nucleus for TAg-positive cells. D. Average PML-
NB area per nucleus. E. Average PML intensity per NB. Tile size is 150 px (~ 24.5 μm). **** p < 0.0001, *** p < 
0.001, ** p< 0.01, * p < 0.05, Kruskal-Wallis multiple comparisons test. 
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2.5 Discussion 

 

In establishing a single-cell high content microscopy assay of BKPyV infection, we have 

created a tool for studying a non-homogeneous infection. The overall characteristics of infection 

were consistent with our understanding of BKPyV biology. We observed an increased 

population of cells with >2N DNA content and fewer PML-NBs per nucleus in the TAg+ cells 

compared to the mock-infected cells. While the percentage of TAg+ cells increased over time, the 

TAg level within individual cells did not increase in a linear fashion. We found that the 

distribution of TAg expression levels was much more similar at 1- and 3-days post infection, 

with 2-days post infection being the outlier with a greater range. Overall, while there was a 

notable correlation between DNA and TAg levels, TAg and PML protein levels appeared to have 

no impact on each other. 

By quantifying the percentage of TAg+ cells at each timepoint in the experiment we were 

able to see the contrast between looking at a bulk population and single cells. TAg-positivity did 

follow the same pattern as the percentage of cells with >2N DNA content – increasing over time. 

The correlation between DNA and TAg levels was not as strong as bulk studies might suggest, 

but the timepoint with the maximum DNA-TAg correlation was also the timepoint with 

maximum TAg levels. At 2-days post infection, the range of distribution of TAg levels was 

greater than at other timepoints, and a greater percentage of 2 DPI cells had higher TAg levels. 

This was dramatically different enough to appear as a second peak that was not apparent at one- 

or three-days post-infection. This finding was in some contrast to the Pipas lab study, which 

identified high- and low-viral protein-expressing populations of cells that were present by 2 dpi 

and remained until cell death 43. In our experiment, we would have expected to see the second 
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peak on the histogram maintained through to the 3-day histogram (Figure 2.2D). As the two labs 

used different MOIs and final endpoints, direct comparisons are difficult to make. 

The machine learning approach together with UMAP dimensionality reduction and clustering 

that we used here has provided new insights into BKPyV infection. The presence or absence of 

TAg did not seem to influence the structure or identity of the clusters except for Cluster C, for 

which TAg expression was the primary distinguishing factor. When focusing on the UMAP 

generated using only TAg+ cells, we observed that clusters can share TAg levels but have 

distinctions in DNA, PML, and PML-NB characteristics (Figure 2.6). What is clear from the 

clustering, however, is that the response of cells to BKPyV infection varies from cell to cell. 

The UMAP analyses revealed that in the global population only the highest TAg levels 

defined a unique cluster of cells, Cluster C. The other four clusters all contained some 

combination of TAg+, mock infected, and TAg-negative cells. While time post infection does not 

define most individual clusters, it does form distinct substructures within the clusters. Cells from 

a single day post infection may not all cluster together, but within their given sub-populations 

they are more similar to each other than they are to other cells in that cluster from different 

timepoints. This influence isn’t necessarily strong enough to overcome those features defining 

the clusters themselves, but it is shaping the architecture within them. 

Our prior work on BKPyV and PML-NBs demonstrated that infection causes a 

reorganization of PML-NBs, with an increase in size and decrease in number of NBs per nucleus 

16. The prior study had also established that, in a bulk population, BKPyV infection did not 

change the level of PML protein, suggesting that TAg level did not correlate with PML level. 

Here, we found that despite having the same TAg levels, cells in the clusters had different PML 
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protein levels and PML-NB arrangements, indicating that TAg levels and PML parameters are 

not directly related. This is supported by the very low correlation between TAg and PML levels 

at all times post infection (Figure 2.6F). While TAg itself may not account for the changes in 

PML-NBs, viruses influence PML and PML-NBs through a myriad of mechanisms that could 

potentially be at play in our system. The simplest explanation is that PML is impacted directly by 

BKPyV genome replication, which is consistent with our previous findings 16. Another possible 

explanation is that BKPyV infection may be inducing changes in PML protein and/or PML-NBs 

indirectly as the NBs are interacting with the DDR in response to double strand breaks and 

contributing to their repair. BKPyV infection induces and requires both arms of the DDR, 

mediated by ataxia telangiectasia mutated (ATM) and ATM and Rad3-related (ATR), for 

efficient replication and progeny production 14,15. PML-NBs co-localize with Mre11and Nbs1, 

members of the MRN (Mre11, Rad50, and Nbs1) complex, which is involved in sensing of 

double-stranded breaks and activation of the ATM pathway 45–47. Additionally, PML and PML-

NBs support efficient homologous recombination 47,48. 

In the present study, within the group of high TAg expressing clusters, there were two 

distinct PML-NB phenotypes: Cluster 7 displayed the previously described ‘reorganized’ PML-

NB arrangement 16 while Cluster 8 had a more variable phenotype, with cells more likely to have 

more PML-NBs. It is possible that these two phenotypes represent distinct viral interactions with 

the DDR. Perhaps one phenotype is associated with sensing of DNA damage and recruitment of 

repair proteins, while the other is associated with active repair. Future studies are needed to test 

this possibility. 
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Many cells with high TAg levels displayed a TAg and DNA exclusion phenotype, wherein 

there are very distinct regions of intense DNA and TAg signals that occupy non-overlapping 

regions of the nucleus. Cells with higher TAg and DNA content were more likely to display this 

morphology. This intense DNA signal could represent densely packed heterochromatin, which 

have been reported to be regions of heterochromatin that are functioning as phase-separated 

domains 49,50. These membraneless structures within the nucleus have been demonstrated to 

regulate access to the DNA in ways beyond just volume exclusion. If the DNA is inaccessible 

due to phase separation, TAg may not be able to access it. This could mean that viral DNA 

replication, the initiation of which is mediated by TAg, is spatially separated from the host 

chromatin. The existence of this potential phase separation is supported by the observation that 

PML-NBs are generally found decorating the perimeter of these regions, rather than within them, 

as other proteins may not occupy the same phase as the intensely stained DNA. 

There is precedent examining DNA and PML in a single-cell microscopic analysis of HPV 

infection, which showed great heterogeneity in infection kinetics among individual cells 51. 

Additionally, one of our labs has previously published results using a similar assay with SARS-

CoV2 infection for a drug-repurposing screen 52, and other groups have published SARS-CoV2 

findings as well, including another drug repurposing screen 53.The single-cell assay used in our 

study comes with both benefits and limitations. This approach facilitates examination of BKPyV 

infection on a level that has not yet been widely explored. These tools have allowed for us to 

increase the quantity of measurements and objects measured. Using machine learning has 

allowed us to take an unbiased approach to scoring our cells and performing other analyses. The 

high-resolution confocal imaging has facilitated discovery of DNA staining patterns in the 

nucleus of infected cells that had not yet been reported in the BKPyV literature. In the future, 
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one will need to consider that observed increases in TAg levels in bulk populations may not 

represent equivalent increases in all the cells. At the transcriptional level, it has been 

demonstrated that only a small percentage of individual BKPyV positive cells express high 

levels of viral genes 43. Individual cells could be identified as high or low viral transcript 

producers by 2 days post infection and they did not progress beyond those states. In conjunction 

with our findings, the transcript data reinforce that there are likely gaps in our understanding of 

polyomavirus infection that can only be filled by studying single-cell infection. 

There are limitations as well. For this initial study, we chose to examine only a small number 

of macromolecules. Therefore, we cannot draw direct conclusions about any factors beyond 

TAg, DNA, or PML. Additionally, while we have gained meaningful insights about differences 

between clusters of cells with high TAg levels, we have not yet been able to draw clear 

conclusions about some of the other clusters. We were able to identify that Clusters 1 – 3 all had 

the same quite low TAg levels, but beyond that, their differences were subtle. However, when 

looking at what defined them as individual clusters, all three had DNA features whose biological 

meaning is currently unclear at the top of their lists. Cluster 6 was even more influenced by DNA 

features, with its top 4 out of 5 defining characteristics being various measurements of DNA 

content. Cluster 4 had the greatest variety of defining characteristics, which may be reflected in 

its unique shape. Along with Cluster 5, it was the most challenging to interpret. Examining other 

parameters beyond our current three will help clarify what defines and shapes these cells in the 

absence of an obvious interpretable defining feature like high TAg. 

Our results are only an introduction of what can be done using high-content automated 

microscopy and machine learning analysis. In the future we would like to expand both the size 

and scope of the assay to include more time points and more macromolecules, including a more 
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in-depth examination of the interaction between PML-NBs and the DDR. One could additionally 

explore the areas of intense DNA staining, paying particular attention to markers of chromatin. 

The addition of the single cell microscopy assay to the current arsenal of tools will facilitate a 

more thorough and clearer understanding of viral infections. 
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2.6 Materials and Methods 

2.6.1 Cell culture 

RPTE cells (Lonza #CC-2553) were grown in renal epithelial cell basal medium (REBMTM, 

Lonza #CC-3191) supplemented with SingleQuotsTM (Lonza #CC-4127) to make renal epithelial 

cell growth medium (REGMTM) and passaged up to six times as previously described 54. RPTE-

hTERT cells 55 were also maintained in REBM/REGM. 

293TT cells 56 were maintained in DMEM with 10% fetal bovine serum and 100 U/ml 

penicillin, 100 μg/ml streptomycin as described in Broekema, et al. 57. All cells were grown in a 

humidified incubator at 37°C and 5% CO2. 

 

2.6.2 Virus growth and titration 

The BKPyV Dunlop variant was propagated as described previously 57, with some 

modifications. Briefly, the linearized Dunlop genome was digested from the pGEM backbone at 

flanking BamHI sites. Gel purification was performed followed by circularization of the genome. 

The remainder of the protocol proceeded as described. 

Viral titers were determined using a modified version of the previously described fluorescent 

focus assay (FFA) 54. Sub-confluent RPTE-hTERT cells were seeded on tissue-culture treated 

glass chamber slides. The next day, the cells were infected with either a media only control or 

ten-fold serial dilutions of purified virus, with a one-hour adsorption at 4ºC, and media 

replacement following that. Forty-eight hours post infection the cells were fixed with 4% 

paraformaldehyde and probed for TAg (PAb416, 1:500 dilution). After the cells were incubated 
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with the secondary antibody, DNA was stained with 1 μg/ml Hoechst 33342 and coverslips were 

mounted using Prolong Glass Antifade mountant (Invitrogen #P36982). Images were acquired at 

20X using an Olympus BX60 camera. ImageJ software 58 was used to quantify to the number of 

TAg positive cells per well. Cells were only considered positive if the TAg signal was brighter 

than any found in the mock control and if it was present in the nucleus. Viral titers were 

calculated as the mean of three wells. 

 

2.6.3 Infection and Immunofluorescent staining 

Using 96 well-plates with optically clear bottoms (Greiner, #655090), 8,000 RPTE-hTERT 

cells per well were seeded, avoiding the perimeter wells. The outside wells were filled with PBS 

to prevent evaporation of media from those containing cells. The day after seeding, the cells 

were incubated at 4ºC for 15 min, then either mock-infected or infected at an MOI of 0.5 in 40 μl 

per well of REGM. The cells were returned to 4ºC for a one-hour adsorption. After the 

adsorption, the inoculum was aspirated from the wells and replaced with 100 μl of pre-warmed 

REGM per well. The cells were returned to 37ºC for one, two, or three days. At the appropriate 

timepoint, media was aspirated from cells and replaced with room temperature 4% 

paraformaldehyde for a 20-minute incubation (40 μl per well). Wells were washed thoroughly 

with PBS after fixation, especially if the plate was being returned to the incubator for later 

timepoints. Following the fixation and wash, the cells were permeabilized and blocked for four 

hours in 40 μl per well of Blocking Buffer at room temperature. The buffer was aspirated from 

the cells and replaced with 40 μl per well of primary antibodies in antibody dilution buffer. The 

cells were incubated in primary antibody overnight at 4ºC. The following day, cells were washed 
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three times in PBS, then incubated with secondary antibodies and 10 μg/ml Hoechst 33342 for 

two hours at room temperature. After this final incubation step the cells were washed three more 

times with PBS, then the wells were filled with 100 μl PBS each for imaging. Details for all 

antibodies used in this study can be found in Table 2.1. 

For all immunofluorescence, blocking steps were performed using Blocking Buffer (1X 

PBS/5% Goat Serum/0.3% Triton™ X-100) and antibody dilution steps were performed in 

Antibody Dilution Buffer (1X PBS/1% BSA/0.3% Triton™ X-100). All washes were done using 

1X PBS without calcium or magnesium. 

 

2.6.4 High-Content Imaging 

All imaging was performed using a confocal Yokogawa Cell Voyager 8000 (CV8000) high 

content imaging system with a water immersion UPSLAPO 40X/1.0NA objective. The optical 

configuration and fluorophores for the timecourse experiment were as follows: nuclei - Hoechst-

33342 (405nm laser, 445/45 emission filter), TAg - Alexa-488 (488nm laser, 525/50 emission 

filter), PML - Alexa-594 (561nm laser, 600/37 emission filter).  Laser power and exposure times 

were adjusted to optimize signal-to-background. Due to the high NA objectives and thin depth of 

focus, maximum projection images were collected over a 10 µm Z-range at 1 µm intervals to 

ensure that all cells were in focus. Thirty-two fields per well were collected to ensure an 

adequate number of cell observations. Post-acquisition background and geometry correction was 

performed for each channel. 
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2.6.5 Image Identification, Feature Extraction, Infection Classification, and Curve Fitting 

Individual nuclei in the Hoechst-33342 images were identified and nuclear masks were 

generated using open-source CellPose 2.0 software; with a mean cell diameter of 110, CellPose’s 

native edge removal to prevent generating masks of partial cells, and the built-in Cyto-2 

pretrained model 59,60. Nuclear masks were imported into CellProfiler 4.2.1 along with the 

fluorescent images for feature extraction 61. PML-NBs were identified within the nuclei using 

Otsu-adaptive two-class thresholding with a size range of 3-20 pixels. Intensity features were 

tabulated for each fluorescent channel along with size/shape measurements for nuclei and PML-

NBs, resulting in 668 total features per nucleus. 

All cells were classified as TAg positive or negative with CellProfiler Analyst 3.0.4 62 using 

a semi-supervised machine learning approach. Approximately 100 each of TAg positive and 

negative cells were hand selected, and a Random Forest (RF) classifier model was trained using 

5-fold cross-validation. The classification model resulted in high accuracy (>99.6%) on the test 

set. The RF feature importance was tabulated and, as expected, the top features included those 

that measured TAg signal intensity. 

For the signal intensity plots, single channel grayscale images from either the DNA or TAg 

channels were opened using ImageJ software. A bisecting line was drawn down the longest axis 

of the selected cell at the same coordinates in each image. The PlotProfile function was run for 

both images and a plot was generated. 
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2.6.6 Data processing and UMAP embedding 

To systematically explore the morphologies of BKPyV infected cells, UMAP dimensionality 

reduction was performed similar to Mirabelli, et. al. 52. The embed_UMAP application of 

MPLearn (v0.1.0; https://github.com/maomlab/MPLearn) was used to generate UMAP 

embeddings. Briefly, for a set of cells, each feature was standardized using the scikit-learn 

StandardScaler. Then, features were reduced to two dimensions using the umap-learn python 

package originally described in McInnes, et al. with the defaults listed in the documentation 63. 

Embeddings were visualized using JMP 16 software, and Cellprofiler Analyst was used to 

generate single-nucleus tiled images of selected clusters.  The subset of TAg+ cells was selected 

and re-embedded to further characterize the morphologic and intensity characteristics of the 

infected cell population. 

 

2.6.7 Statistical Testing 

Wilcoxon one-way and Kruskal-Wallis multiple comparison analyses were performed using 

either JMP or Prism. 
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2.8 Tables 

Table 2.1 Antibodies used in this study 

 

Primary Antibodies 
  

 

 
Name Host Dilution Use Source 

PAb416 (anti-TAg) mouse 1:250-1:1000 IFA and FFA Harlow, et al. 64 
PML Ab (PG-M3) mouse 1:250-1:500 IFA Santa Cruz, sc-966 

 

Secondary Antibodies 
  

 
 

Name Host Dilution Use Source 

Anti-rabbit-IgG-Alexa Fluor 594 goat 1:250-1:1000 IFA Invitrogen, A11012 
Anti-mouse-IgG-Alexa Fluor 488 goat 1:250-1:1000 IFA Invitrogen, A11001 
Anti-mouse-IgG-Alexa Fluor 594 goat 1:250-1:1000 FFA Invitrogen, A11005 
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Table 2.2 Major defining features of TAg+ clusters 

Cluster 1 lower DNA intensity (x3), lower TAg intensity 

Cluster 2 lower DNA intensity, lower DNA granularity, lower TAg intensity (x2), more variation 
in PML signal 

Cluster 3 lower DNA intensity (x3), higher DNA granularity, smaller nuclei 

Cluster 4 fewer PML-NBs/nucleus, slightly higher TAg granularity, lower PML intensity, less 
variation in PML signal, lower DNA intensity  

Cluster 5 slightly higher TAg intensity (x3), more PML-NBs per nucleus 

Cluster 6 higher DNA intensity (x4), lower PML intensity 

Cluster 7 high TAg intensity (x2), PML signal infrequently overlaps with DNA or TAg, fewer 
PML-NBs per nucleus 

Cluster 8 high TAg intensity (x2), lower TAg granularity, higher PML intensity, slightly more 
PML-NBs/nucleus 
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Supplemental Table 2.3 Nuclear measurements obtained by Cell Profiler software* 

AreaShape AreaShape AreaShape Correlation 
Area MajorAxisLength Zernike_0_0 Correlation_DNA_PML 
BoundingBoxArea MaxFeretDiameter Zernike_1_1 Correlation_DNA_TAg 
BoundingBoxMaximum_X MaximumRadius Zernike_2_0 Correlation_PML_TAg 
BoundingBoxMaximum_Y MeanRadius Zernike_2_2 Costes_DNA_PML 
BoundingBoxMinimum_X MedianRadius Zernike_3_1 Costes_DNA_TAg 
BoundingBoxMinimum_Y MinFeretDiameter Zernike_3_3 Costes_PML_DNA 
CentralMoment_0_0 MinorAxisLength Zernike_4_0 Costes_PML_TAg 
CentralMoment_0_1 NormalizedMoment_0_0 Zernike_4_2 Costes_TAg_DNA 
CentralMoment_0_2 NormalizedMoment_0_1 Zernike_4_4 Costes_TAg_PML 
CentralMoment_0_3 NormalizedMoment_0_2 Zernike_5_1 K_DNA_PML 
CentralMoment_1_0 NormalizedMoment_0_3 Zernike_5_3 K_DNA_TAg 
CentralMoment_1_1 NormalizedMoment_1_0 Zernike_5_5 K_PML_DNA 
CentralMoment_1_2 NormalizedMoment_1_1 Zernike_6_0 K_PML_TAg 
CentralMoment_1_3 NormalizedMoment_1_2 Zernike_6_2 K_TAg_DNA 
CentralMoment_2_0 NormalizedMoment_1_3 Zernike_6_4 K_TAg_PML 
CentralMoment_2_1 NormalizedMoment_2_0 Zernike_6_6 Manders_DNA_PML 
CentralMoment_2_2 NormalizedMoment_2_1 Zernike_7_1 Manders_DNA_TAg 
CentralMoment_2_3 NormalizedMoment_2_2 Zernike_7_3 Manders_PML_DNA 
Compactness NormalizedMoment_2_3 Zernike_7_5 Manders_PML_TAg 
ConvexArea NormalizedMoment_3_0 Zernike_7_7 Manders_TAg_DNA 
Eccentricity NormalizedMoment_3_1 Zernike_8_0 Manders_TAg_PML 
EquivalentDiameter NormalizedMoment_3_2 Zernike_8_2 Overlap_DNA_PML 
EulerNumber NormalizedMoment_3_3 Zernike_8_4 Overlap_DNA_TAg 
Extent Orientation Zernike_8_6 Overlap_PML_TAg 
FormFactor Perimeter Zernike_8_8 RWC_DNA_PML 
HuMoment_0 Solidity Zernike_9_1 RWC_DNA_TAg 
HuMoment_1 SpatialMoment_0_0 Zernike_9_3 RWC_PML_DNA 
HuMoment_2 SpatialMoment_0_1 Zernike_9_5 RWC_PML_TAg 
HuMoment_3 SpatialMoment_0_2 Zernike_9_7 RWC_TAg_DNA 
HuMoment_4 SpatialMoment_0_3 Zernike_9_9 RWC_TAg_PML 
HuMoment_5 SpatialMoment_1_0   
HuMoment_6 SpatialMoment_1_1   
InertiaTensorEigenvalues_0 SpatialMoment_1_2   
InertiaTensorEigenvalues_1 SpatialMoment_1_3   
InertiaTensor_0_0 SpatialMoment_2_0   
InertiaTensor_0_1 SpatialMoment_2_1   
InertiaTensor_1_0 SpatialMoment_2_2   
InertiaTensor_1_1 SpatialMoment_2_3   

 

*Each measurement was obtained once for each object. Those listed in italics were also obtained for each 
PML-NB.   
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Supplemental Table 2.4 Nuclear measurements obtained by Cell Profiler software# 

Granularity Intensity RadialDistribution Texture* 
Granularity_1 IntegratedIntensityEdge FracAtD_1of4 AngularSecondMoment 
Granularity_2 IntegratedIntensity FracAtD_2of4 Contrast 
Granularity_3 LowerQuartileIntensity FracAtD_3of4 Correlation 
Granularity_4 MADIntensity FracAtD_4of4 DifferenceEntropy 
Granularity_5 MassDisplacement MeanFrac_1of4 DifferenceVariance 
Granularity_6 MaxIntensityEdge MeanFrac_2of4 Entropy 
Granularity_7 MaxIntensity MeanFrac_3of4 InfoMeas1 
Granularity_8 MeanIntensityEdge MeanFrac_4of4 InfoMeas2 
Granularity_9 MeanIntensity RadialCV_1of4 InverseDifferenceMoment 
Granularity_10 MedianIntensity RadialCV_2of4 SumAverage 
 MinIntensityEdge RadialCV_3of4 SumEntropy 
 MinIntensity RadialCV_4of4 SumVariance 
 StdIntensityEdge ZernikeMagnitude_0_0 Variance 
 StdIntensity ZernikeMagnitude_1_1  
 UpperQuartileIntensity ZernikeMagnitude_2_0  
  ZernikeMagnitude_2_2  
  ZernikeMagnitude_3_1  
  ZernikeMagnitude_3_3  
  ZernikeMagnitude_4_0  
  ZernikeMagnitude_4_2  
  ZernikeMagnitude_4_4  
  ZernikeMagnitude_5_1  
  ZernikeMagnitude_5_3  
  ZernikeMagnitude_5_5  
  ZernikeMagnitude_6_0  
  ZernikeMagnitude_6_2  
  ZernikeMagnitude_6_4  
  ZernikeMagnitude_6_6  

 

 

 

#Each measurement was obtained once for each object in each channel. Those listed in italics 
were also obtained for each PML-NB. 
 

* All textures measured at a scale of 4 and 12 pixels and in all four directions 
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Supplemental Table 2.5 PML-NB measurements obtained by Cell Profiler software 

Location Neighbors RadialDistribution 
CenterMassIntensity_X AngleBetweenNeighbors_Expanded FracAtD_PML_1of3 
CenterMassIntensity_Y FirstClosestDistance_Expanded FracAtD_PML_2of3 
MaxIntensity_X FirstClosestObjectNumber_Expanded FracAtD_PML_3of3 
MaxIntensity_Y NumberOfNeighbors_Expanded MeanFrac_PML_1of3 
 PercentTouching_Expanded MeanFrac_PML_2of3 
 SecondClosestDistance_Expanded MeanFrac_PML_3of3 
 SecondClosestObjectNumber_Expanded RadialCV_PML_1of3 
  RadialCV_PML_2of3 
  RadialCV_PML_3of3 
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Supplemental Table 2.6 Percentages of cells at the different time points in each global cluster 

Cluster 
 A B C D E 
1 DPI 39% 32% 13% 23% 32% 
2 DPI 20% 24% 48% 18% 36% 
3 DPI 42% 44% 38% 59% 32% 

 

 

 

 

 

 

Supplemental Table 2.7 Percentages of cells at the different time points in each TAg+ cluster 

Cluster 
 1 2 3 4 5 6 7 8 
1 DPI 19% 17% 25% 4% 14% 1% 8% 20% 
2 DPI 21% 32% 17% 6% 22% 4% 41% 57% 
3 DPI 61% 51% 59% 90% 65% 95% 51% 24% 
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2.9 Supplemental Figures 

 

Supplemental Figure 2.8 Cluster C contains more cells at 2 dpi. 

 A. Global UMAP with cells colored by day post infection as in figure 3E. Each day has been highlighted separately 
to better demonstrate the distribution of timepoints within clusters. B. Violin plot of per-nucleus DNA content in 
each cluster. 
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Supplemental Figure 2.9 Distribution of TAg-positive cells in the clusters.   

A. Montages of representative nuclei from the eight TAg-positive clusters of cells. Channels and images are 
normalized to allow for comparison. Channel colors: TAg = green, PML = red, DNA = blue. Tile size is 150 px (~ 
24.5 μm). B. TAg-positive UMAPs with cells colored by day post infection as in figure 5B. Each day has been 
highlighted separately to better demonstrate the distribution of timepoints within clusters.   
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Supplemental Figure 2.10 Clusters in the high TAg group differ in multiple ways including nuclear area and 
PML-NB quantity. 

 A. Histogram depicting the area of the nuclei demonstrated in the violin plot in figure 7A, but only from Clusters 7 
and 8. B Histogram depicting the quantity of PML-NBs per nucleus as was graphed via violin plot in figure 7B, only 
for Clusters 7 and 8. In both histograms Cluster 7 is represented in green, while Cluster 8 is represented in purple. 
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Chapter 3  
Discussion  

 

This dissertation has aimed to start describing BKPyV infection on a cellular level using 

high-content microscopy. Single-cell analysis of viral infections has multiple advantages over 

bulk population studies. If not all of the cells in a given population are infected, measuring 

parameters like gene expression or protein levels for the whole population can mask potentially 

meaningful information. Because these experiments need to combine many cells per sample, 

bulk population studies can’t account for cellular heterogeneity that may influence viral 

heterogeneity. Factors like proximity to other cells, the infection status of those other cells, and 

paracrine and autocrine signaling in response to other cells could all influence a cell’s response 

to viral infection 1. None of these individual variables could be accounted for in a bulk culture 

experiment. This dissertation has demonstrated the value of single cell high content microscopy 

for studying BKPyV infection by identifying multiple distinct subpopulations of TAg+ cells that 

arise during the course of infection. Through imaging of just three nuclear factors, two host and 

one viral, we identified significant heterogeneity in both the presence and absence of virus, 

supporting the need for a single-cell approach. Only a subset of the cells in the experiment 

expressed the highest TAg levels, and this assay allowed us to determine the precise distribution 

of timepoints represented in those groups with the highest TAg expression. Unlike data in 

western blots that suggest TAg levels continually increase over the course of infection 2, the 

highest TAg expressing cells were often found at 2 dpi. Additionally, studying PML-NBs on a 
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single-cell level painted a clearer picture of their behavior during BKPyV infection. The scale of 

the assay allowed us to validate past findings, namely that BKPyV infection induces 

reorganization of PML-NBs, and to describe the TAg and DNA characteristics of individual cells 

with those reorganized NBs. Our findings demonstrate the value of this assay for identifying and 

beginning to describe unique cell subpopulations during BKPyV infection. The findings to date 

and the assay provide a starting point for future single-cell microscopy studies of BKPyV. 

The experiments and results included in this dissertation have utilized a new methodology 

and broadened the available data in the field of BKPyV. As we were establishing the single-cell 

high content microscopy assay, it was important to validate key markers of BKPyV infection. 

Consistent with known BKPyV biology, there was an increased population of cells with >2N 

DNA content in the TAg+ cells compared to the mock-infected cells. However, while the 

percentage of TAg+ cells increased over time, the TAg level within individual cells did not 

increase in a linear fashion. This absence of a linear increase in TAg was surprising when 

compared to bulk population studies, but not when compared to a BKPyV scRNA-seq analysis, 

which had identified different populations of cells that did not appear to progress to high viral 

gene expression over time 3. In our assay, we found that the distribution of TAg expression levels 

within the TAg+ cells was similar at 1- and 3-days post infection, with 2-days post infection 

being the outlier with a greater range. Overall, while there was a notable correlation between 

DNA and TAg levels, TAg and PML protein levels appeared to have no impact on each other. 

However, these results recapitulated the prior finding that BKPyV infection leads to fewer PML-

NBs per cell. 

These previous findings regarding PML-NBs and BKPyV included data obtained from 

confocal imaging (cite). However, the current single-cell high content microscopy approach 
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facilitated a more comprehensive analysis of PML-NB morphology than had been previously 

possible. The benefits of this approach lie in the quantity of data that can be collected and the 

high resolution of the images acquired. This microscopy assay collected data from 60,000 cells 

in total. The high resolution of the images facilitated fine measurements including the number, 

size, and intensity of PML-NBs. Using PML signal intensity as a readout for PML protein 

expression levels, we could also determine the amount of PML protein present in each nuclear 

body and nucleus. The prior study on BKPyV and PML-NB relied on counting and measuring 

PML-NBs manually and used western blotting of bulk populations to assess PML protein levels 

4. In focusing on individual cells, and many more than before, this dissertation provides a more 

detailed description of PML-NB organization during BKPyV. 

Prior to the current study, the work by Jiang, et al. was the most comprehensive study of 

BKPyV and PML-NBs. Since then, the relationship between BKPyV infection and PML-NBs is 

an area that has remained under-investigated. PML is remarkably challenging to work with, 

particularly from a classical genetics approach. The protein is highly post-translationally 

modified and exists as seven isoforms due to aberrant splicing. Even when an experimental 

question doesn’t include the role of different isoforms, it becomes necessary to include these 

variants eventually if any knockdown/knockouts are used. Completely knocking out PML gene 

function by CRISPR, for example, is a straightforward approach to study infection in the absence 

of PML 5. When knockouts aren’t feasible, for reasons like primary cells, RNAi technology 

becomes necessary. Attempting to deplete PML on a transcriptional level introduces the potential 

for differential isoform expression. Even when siRNA or shRNA is designed to target a sequence 

common to all of the variants, it may not deplete all RNA equally. Researchers can attempt to 

control for this by using reagents in excess, but the potential for uneven depletion of PML 
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isoforms can complicate or obscure results. Once an appropriate PML-deficient system has been 

developed and characterized, any possible PML-dependent results should be confirmed. This 

confirmation is generally achieved by restoring PML protein to the cells 6. Global PML 

knockdowns with siRNA or shRNA and are often performed in human cell lines, like HEK293 

or HeLa, rather than primary cells 7. Commonly used expression vectors used to restore or 

overexpress PML protein isoforms are tagged with FLAG or YFP for easy identification 6–10.The 

choice of promoter for PML isoform expression is important in these experiments and one 

should keep in mind the growth characteristics of the cell line, as some promoters are stronger in 

some cell types than others 11. One must also be mindful that the virus they are studying does not 

affect the promoter or any other component of the expression vector. Some PML isoforms have 

been expressed using a CMV promoter 8. Another system intentionally utilizes the weak gD 

promoter from HSV-1 to ensure physiologic levels of PML isoforms 10. PML isoforms can form 

abnormal structures in the nucleus, especially when expressed in additional to endogenous PML. 

This phenomenon can make it challenging to interpret if results are due to PML or changes 

induced by protein overexpression. A visual representation of these abnormal PML-NBs can be 

found in an article by Li, et al., although the overexpression did not appear to interfere with the 

results in this case 12. In one study on the effects of different PML isoforms on HAdV infection 

in two carcinoma cell lines, researchers observed dramatic differences in exogenous PML 

expression 13. The constructs used in this study contained the gD promoter, which may explain 

some of the very low expression, but not the variability. 

In light of the consequence of the many challenges inherent to working with PML, single-cell 

high-content microscopy is an ideal medium for studying PML-NBs. This method allows one to 

examine the nuclear bodies in context of the bigger picture. There are many important questions 
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to ask about the roles of individual PML isoforms, but this dissertation focused on understanding 

more about PML-NBs in general. All PML-NBs contain PML protein, and any individual PML 

isoform is sufficient to create the backbone of a PML-NB 10. Microscopy is preferred because it 

maintains the conformation and structure of PML-NBs and allows for the study of spatial 

relationships between the bodies and other nuclear components. 

This dissertation is not the first example of work using single-cell high content microscopy 

that also studied PML-NBs. A recent paper from Molenberghs, et al. described a single-cell 

microscopic analysis of infection with HPV pseudovirus (PsV) expressing GFP. HPV is very 

challenging to grow in the lab, so HPV PsV was generated by packaging a reporter plasmid with 

the HPV16 capsid proteins L1 and L2 14. The results showed great heterogeneity in infection 

kinetics among individual cells across two cell lines, HeLa cells and a spontaneously 

transformed human keratinocyte cell line. These differences could be linked to the proliferation 

rate of the respective host cells. However, kinetics among cells could vary so much that even two 

daughter cells from a single parental cell could be different. The authors proposed that this was 

due to uneven distribution of PsV genomes during mitosis, because they had found that viral load 

was a predictor of infection rate. The study also demonstrated HPV’s requirement for cell cycle 

progression for successful infection. Single cell high throughput microscopy was only employed 

for part of this study, but that portion of the study allowed for direct comparison of GFP positive 

and negative cells within the infected condition. The authors discovered differences between 

these groups that would have been obscured in a bulk population of cells, where it would not be 

apparent which cells were positive and which weren’t. These differences included decreased 

homogeneity and increased contrast in nuclear images from infected cells. These findings 

suggested an altered chromatin condensation state in the infected cells 14. In our own assay we 
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used a similar strategy, by making our comparisons between mock-infected cells and infected 

cells that were TAg-positive. We chose mock-infected cells instead of the TAg-negative cells 

that had received BKPyV inoculum because we wanted to avoid any comparisons to cells that 

may have undetectable TAg expression, yet still are infected. The data pertaining to PML-NBs is 

a point of contrast between our work and this HPV PsV study. The authors did not utilize their 

high-throughput microscopy assay to measure PML-NBs, but instead calculated something they 

called “PML spot occupancy”. The PML spot occupancy was determined based on the 

percentage of nuclear area that stained positive for PML. This value was greater in GFP-positive 

(i.e., infected) cells than GFP-negative cells. The authors followed up on this finding by 

expressing a fluorescently-tagged PML (unspecified) isoform and performing live cell imaging, 

with the conclusion that infection increased the number and size of PML-NBs. While this study 

is a strong example of using single-cell high-throughput microscopy to study small DNA viruses, 

the PML-NB findings were not as robust. Both the quantity and resolution of images in our work 

made detailed measurements of individual PML-NBs possible. We have been able to 

demonstrate the value of these measurements in our interpretation of the subpopulations of cells 

formed during BKPyV infection, particularly when differentiating between those with the 

highest TAg expression. 

Single cell experiments have been employed in the study of many viruses outside the context 

of PML-NBs as well, of course. Both RNA and DNA viruses have been investigated on a 

cellular level, most commonly using sequencing-based approaches 15–21. However, other 

techniques and combinations of techniques are also in use. A single cell study of HAdV infection 

employed a padlock probe (PLP)-based rolling circling amplification (RCA) method that 

allowed simultaneous detection of the viral genomic DNA and mRNA expression via 
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immunofluorescent microscopy 22. The analysis revealed both the value of single cell analysis 

and simultaneous genomic/transcriptional readouts. Results from this study demonstrated that the 

extent of heterogeneity in the HAdV-infected cell population decreased over time. The authors 

highlighted that this would not have been identifiable in bulk samples. Prior to the work 

described in this dissertation only one other single-cell analysis of BKPyV infection had been 

reported. That study, out of the Pipas lab, provided the first valuable insight into the 

heterogeneity of BKPyV infection of RPTE cells by analyzing transcriptomics data 3. While the 

work from the Pipas lab included some immunofluorescence microscopy, it was not for the 

purpose of large-scale analysis, but rather to validate the transcriptional findings. 

In our study we used a non-biased approach to analyze features extracted from the high-

content imaging on a cellular level. Resulting dimension reductionality analyses, including 

UMAPs, revealed distinct subpopulations of TAg+ cells with unique defining features. These 

subpopulations (or clusters) represented an array of phenotypes. Out of eight clusters of cells, 

four of them had quite low TAg levels (Clusters 1 -3 and 6), two had very high TAg levels 

(Clusters 7 and 8), and two fell somewhere in the middle (Clusters 4 and 5). Within a given level 

of TAg, multiple parameters differ between these clusters, like DNA content, nuclear area, PML 

protein expression, number and size of PML-NBs, and distribution of timepoints within the 

cluster. In this dissertation we focused particular attention on two groups of clusters that had 

indistinguishable levels of TAg, Clusters 1, 2, and 3 in the low TAg group and Clusters 7 and 8 

in the high TAg group. We did not include Cluster 6 in the low TAg group because, while the 

cluster does have quite low TAg levels, it was unique from Clusters 1 - 3 in multiple ways, 

including timepoint distribution, as it is comprised of almost exclusively from cells at 3 dpi. 

Cluster 6 also has the smallest nuclei out of all the clusters, but not the least DNA content, 
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leading to bright nuclei. Cluster 6 was by far the most homogenous of the eight clusters. The 

small, bright nuclei of this cluster suggested that they may be in early or intermediate apoptosis 

23.  

In the low TAg group Clusters 1 – 3 all expressed similarly low levels of TAg, but Cluster 3 

had the lowest DNA content of the three, followed by Cluster 1. While the three clusters shared 

PML protein levels and number of PML-NBs, Cluster 3 had more PML protein per nuclear body. 

In regard to nuclear size, all three low TAg-expressing clusters were similar, with Cluster 1 

being the smallest out of the group. These three clusters all have similar ratios of cells at the 

different timepoints (see Chapter 2 Supplemental Table 2.7). 

When the global data were subset to only the TAg+ cells and re-embedded for UMAP 

analysis, the low and medium TAg-expressing cells remained clustered in roughly the same 

populations as they had when mock-infected and TAg-negative cells were also a part of the 

analysis. This lack of change indicates that TAg features are not likely to be major contributors 

to the defining characteristics of the clusters. Table 2.2 describes the major defining features of 

the TAg+ clusters and supports this conclusion. The major defining feature of the clusters in the 

low TAg group is low DNA signal intensity, which represents low DNA content. The other 

defining features listed for these cluster differentiate them not just from each other, but from the 

entire TAg+ population. Comparing Clusters 1 – 3 only with the others in the low TAg is helpful 

in this circumstance. The low TAg group of clusters also shares low DNA content, but the 

different amounts of DNA are what likely make them three separate clusters. Cluster 1 has the 

least DNA, followed by Cluster 2, then Cluster 3. There are very subtle differences in nuclear 

area and PML-NB size and intensity, but the clearest difference is in DNA content. Perhaps the 

cells in each of these three clusters represent different points of cell progression. This difference 
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could be both a result of and cause of low TAg levels, or they could be due to abortive infection. 

The three different levels of DNA content in these three clusters could each represent different 

mechanisms by which the cell isn’t transitioning into or from S phase. This would be relatively 

straightforward to test by incorporating cell cycle markers, like phospho-Cdk1, as well as EdU 

labeling, to monitor de novo DNA synthesis, into our assay. This would facilitate comparisons of 

cells at the same place in the cell cycle across different conditions, like the studies done in An, et 

al 3. One could also control the cell cycles pharmacologically, using targeted inhibitors to 

synchronize cells in a single phase 24. Controlling for the cell cycle allowed the authors in the 

aforementioned paper to remove potential confounding variables from their assay. 

The high TAg group, Clusters 7 and 8, which had emerged as subsets of global Cluster C, 

clearly had equivalently high levels of TAg expression. TAg level, however, was the only 

commonality shared between these clusters. Cells from Cluster 7 had a greater nuclear area, in 

correlation, at least to some extent, with having more DNA content than cells in Cluster 8. The 

differences in PML were more pronounced. Nuclear PML protein expression was greater for 

Cluster 8 than Cluster 7, but PML protein expression per PML-NB was greater in Cluster 7 than 

in 8. This finding is consistent with Cluster 7 containing cells with fewer and larger PML-NBs 

than those in Cluster 8. Cluster 7’s PML-NBs are likely larger because they contain more PML 

protein, so their individual signal intensity was greater. However, because the NBs are still few 

in number in Cluster 7, the overall PML protein level isn’t as great as in Cluster 8. The final 

difference between the two high TAg-expressing clusters is the distribution of timepoints within 

them. Cluster 8 has double the number of cells at 1 dpi than were found in Cluster 7. Cluster 7’s 

timepoint distribution is 8%, 41%, and 51% of cells from days 1, 2, and 3 post-infection, 

respectively. This is in contrast to Cluster 8, with 20%, 57%, and 24% at the same timepoints. 
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It is unclear if cells could or do transition from one cluster to another with time. Results from 

the Pipas lab suggest that the cells are unlikely to change viral gene expression much 3. Or are 

the clusters more like branches from the same point? I propose that Clusters 7 and 8 are 

diverging from a central locus and their differences are reflected in their PML-NB phenotype. It 

is unclear whether or not the PML-NB changes are a cause or an effect of what makes these 

clusters different, but the NBs are a key component of our study that differentiates them. In this 

regard, cause and effect can only be assigned to concepts with known mechanisms, including 

high TAg levels indicating BKPyV infection and being the cause of increased DNA content, as 

in Clusters 7 and 8. Causality cannot be assigned to PML-NBs and any part of BKPyV infection 

at this point in time because the role of PML protein during the infection is still undefined. 

In order to better understand the influences shaping cluster formation, particularly from the 

host side, we will need to expand the parameters describing the clusters. I would do this in a 

transcriptomics-linked approach. I would seek to collaborate with a lab that is experienced in 

scRNA-seq, ideally the Pipas lab, to do a tandem study in which both labs perform parallel 

experiments with matching conditions up until microscopy and sequencing and then link our 

results. For example, using the same cell lines and viral stocks both labs would perform 

infections at an MOI of 0.1 infectious units per cell and fix and stain cells or collect RNA every 

24 hours for three days. After the RNAseq and microscopy data were analyzed, we would look 

for parallels between gene expression and signal intensity resulting from staining of that gene’s 

product. We can use this information, combined with expertise in machine learning and data 

analysis from collaborators here at the University of Michigan, to draw parallels between clusters 

formed by the RNAseq data and the image analysis. Combining these two single-cell assays into 
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a single tool would enhance our ability to interpret the morphologic data from the images and the 

put the transcriptomic data in the context of a visual phenotype. 

Focusing on the clusters in the high TAg group revealed many differences. Some were more 

subtle, like the PML protein expression per NB and nuclear area, but others were quite dramatic, 

like the number of PML-NBs per nucleus. Cluster 7 was largely defined by the same reorganized 

PML-NB phenotype described by Jiang, et al 4. Cluster 7’s PML-NBs were fewer in number and 

larger in size than mock-infected cells and most of the other TAg+ cells. Cluster 8 displayed 

more and smaller PML-NBs than 7. Cluster 8 had the largest population of cells from 2 dpi of 

any TAg+ cluster, and had twice as many cells from 1 dpi compared to Cluster 7. 

Due to the size of our dataset, resulting from both the number of individual cells imaged and 

measurements collected from each image, we employed techniques to make it more digestible. 

The general aim of these techniques was to take a large amount of information and extract the 

most valuable components necessary to understand the data. The primary method that we utilized 

was UMAP, which was very helpful in grouping the cells into clusters based on the many 

measured features. While the UMAP approach provides many benefits, it has potential pitfalls as 

well. One potential concern when using UMAP is due to an assumption made by the algorithm 

that there is manifold structure within the data 25. Using a sufficiently large sample size to reduce 

noise in the dataset helps alleviate this concern. While we took care to use a large dataset, it is 

important to keep this characteristic of UMAP in mind when considering how much weight to 

assign to the results of the algorithm. Our plans to follow up with tandem single-cell image and 

transcriptional analysis, as described earlier in this chapter, would be an additional opportunity to 

validate these results. 
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As discussed earlier in this chapter, BKPyV infection alters PML-NBs and it does so to a 

greater extent in some cells than others. Prior work has demonstrated that BKPyV infection 

alters PML-NB structure and function 4. The aforementioned study and the results from this 

dissertation indicate that this alteration of PML-NBs is not directly induced by TAg alone, nor 

are TAg and PML protein levels correlated, respectively. Rather, it is possible that BKPyV 

infection could be inducing changes in PML-NBs indirectly via the DNA damage response 

(DDR). Ample evidence exists supporting the importance of the DDR in BKPyV infection 26–29. 

There is also substantial amount of work in the field of PML-NBs defining them as components 

of the DDR 30. While it is not clear what exact component of the DDR may be causing the 

reorganization of PML-NBs and how, a few possibilities come to mind. PML contains multiple 

SUMOylation sites and a SUMO interacting motif (SIM). The protein utilizes SUMO-SIM 

interactions in the formation of nuclear bodies. During activation of the DDR, ATM/ATR-

dependent phosphorylation of the E3 Ub ligase, SIAH stabilizes and activates HIPK2 31. HIPK2 

phosphorylates PML at serines 8 and 38, which triggers SUMOylation of PML 32. One option for 

the indirect influence of BKPyV infection on PML-NBs via the DDR is that induction of ATM 

and ATR pathways by BKPyV is triggering phosphorylation, and in turn, SUMOylation of PML. 

SUMOylation, or even hyper-SUMOylation of PML may alter the aggregation of the nuclear 

bodies or perhaps alter which proteins are associated with them. Another option is that PML-

NBs are involved in ss and dsDNA repair mechanisms being utilized during viral genome 

replication. PML-NBs are required for fully efficient homologous recombination repair of 

cellular DNA 33–35.That may cause reorganization of the nuclear bodies. Yet another option is 

related to PML-NBs’ major role in inducing apoptosis either in a p53-dependent or -independent 

manner 36. An unknown event could be occurring at the interface of TAg’s regulation of p53 and 
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PML’s attempts to induce apoptosis that causes a serious disruption in the system. DNA damage-

induced polyubiquitination of p53 is blocked by PML via sequestration of the E3 Ub ligase, 

MDM2, to nucleoli 37. This prevents degradation of p53, which can also associate with PML-

NBs in response to DNA damage. MDM2 levels are decreased and p53 levels are increased 

during BKPyV infection 38. If BKPyV infection triggers DNA damage-induced MDM2 

sequestration via PML this may be complicated by TAg’s sequestration of p53, especially if said 

p53 is residing in PML-NBs at the time. To my knowledge, no one has examined PML-NBs 

during ATM or ATR inhibition. Doing so would be an important first step in the process of 

determining a potential connection between the kinases and PML. I would test my hypothesis 

that BKPyV infection is indirectly altering PML-NBs via the DDR by inhibiting ATM, ATR, or 

both kinases together during BKPyV infection. Because viral replication is required to induce the 

DDR. I will include both a WT virus and a replication deficient mutant28 as a control. If my 

hypothesis is correct, I anticipate that infection with WT BKPyV in the absence of ATM and/or 

ATR inhibition will be the only condition with reorganized PML-NBs because it is the only 

condition with both arms of the DDR intact and a replication-sufficient BKPyV to induce the 

DDR. 

Although a meaningful body of work exists regarding BKPyV and the DDR, until recently 

there have not been any published high-resolution images of DNA staining in the nuclei of 

BKPyV-infected cells. Of the few studies that have published high resolution 

immunofluorescence images of BKPyV-infected cells, those that exist have had low resolution 

DNA staining or have not published the DNA channel individually. It has been challenging 

overall to find quality images in the literature of the nuclei of BKPyV-infected cells. The lack of 

published high-resolution microscopy images of BKPyV-infected cells has been a genuine gap in 
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the field, especially images that capture the variety of intensities and textures of DNA staining in 

the nucleus. High-resolution DNA images provide information about its distribution, density, 

location, and other properties in the nucleus. This information is valuable when studying BKPyV 

infection, as the virus replicates in the nucleus and utilizes host DNA replication machinery for 

its own genome replication. During PyV replication, DNA from both the host cell and the virus 

increase in quantity. High resolution images provide a means for gathering information about 

how that increased DNA content is arranged in the nucleus. Prior studies have looked for co-

localization between areas of DNA intensity and specific nuclear markers, but these confocal 

images facilitate analysis of DNA alone or in the context of other nuclear markers/viral 

protein(s). We used the high-resolution images of single cells that we had obtained to detect a 

variety of different patterns of DNA staining. We examined the infection on a cellular level and 

used an automated analysis pipeline to find populations of cells with interesting DNA patterns 

that may not have been obvious using manual examination due to their frequency in the total 

population of cell. We identified cells that displayed a ‘TAg and DNA exclusion’ phenotype, 

wherein there are very distinct regions of intense DNA and TAg signals that occupy non-

overlapping regions of the nucleus. Heterochromatin has been proposed to be organized in 

phase-separated domains 39. These domains restrict access to the chromatin, but in more complex 

ways than were previously understood. Rather than just being size-excluded, as was expected, 

data indicate that a molecules’ ability to interact with the heterochromatin in these phase-

separated domains is dependent on the molecules’ solubility 40. The heterochromatin in these 

domains is still highly methylated at histone H3K9, a marker of heterochromatin, and is bound to 

heterochromatin protein 1 (HP1). I propose that the cells with the exclusion phenotype contain 

examples of these phase separated domains, and that agnoprotein may be partly responsible for 
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their development. JCPyV’s agnoprotein has been shown to bind HP1alpha 41. Given the 

homology shared by the viruses, BKPyV’s likely does as well. This phenotype was only detected 

in cells with high TAg and DNA content at 2 days or later, indicating that the late proteins 

should be present by this point. Agnoprotein may be binding to HP1 and contributing to this 

unusual phenotype. While agnoprotein is normal cytoplasmic, it is occasionally found in the 

nucleus, and this may be one of those occasions. There are a few places to start to answer some 

of these questions. One would be a pull-down assay to see if BKPyV’s agnoprotein really does 

bind to HP1alpha. Another would be to see if the intensely stained areas of DNA contained 

markers of heterochromatin. A straightforward first experiment would be to repeat my single-cell 

microscopy BKPyV infection assay, but to focus on heterochromatin by using H3K9me3 and 

HP1 antibodies. I would still stain for TAg and DNA as before and look for prior phenotypes, 

but this time in the context of chromatin markers. I anticipate that the areas of the nucleus that 

display the ‘TAg and DNA exclusion’ phenotype will be sites of co-localized H3K9me3 and 

HP1 signal, indicating that they are indeed heterochromatin. I would also stain the cells with an 

antibody against BKPyV agnoprotein to determine agnoprotein’s location in the cell as it relates 

to TAg and DNA. 

BKPyV infection remains a cause of morbidity and mortality for patients following 

transplants, and we are still without effective antivirals or vaccines. Substantial work has been 

done over the last fifty years to bring the field of BKPyV research to where it is today. Nearly 

every basic science study of BKPyV has relied on bulk populations of cells. While these studies 

have been essential, it is now important to gain insight into BKPyV infection on a single-cell 

level. The first BKPyV single-cell study was performed by An, et al. focusing on transcriptomics 

on cells during viral infection 3. In this dissertation I have described the results of the second 
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single-cell study of BKPyV infection. This includes results that are consistent with the prior 

single-cell study’s findings of significant infection heterogeneity, including highly variable TAg 

expression levels. Additionally, I found that TAg expression was the defining characteristic for 

clusters of cells only when it was at high levels and that this population of cells with high TAg 

levels could be sub-set into two clusters. These two clusters were distinguished by their PML-

NB characteristics, reinforcing the absence of a direct TAg-PML interaction. 

In summary, this dissertation has presented a better understanding of BKPyV infection and a 

method to help expand our knowledge. Bulk population studies in tissue culture have been the 

cornerstone of work in this field until recently and have been necessary tools for understanding 

PyV biology. Using single-cell technology, we have narrowed the focus of our experimental 

questions from ‘what does BKPyV do in cells?’ to ‘what does BKPyV do in THIS cell?’. Using 

single cell high content microscopy, we asked that question about tens of thousands of cells and 

learned that the answers were varied. Our analysis of DNA, TAg, and PML-NBs during a 3-day 

infection revealed a more heterogeneous landscape of cells than previous bulk studies would 

have predicted. This study will be a starting point for future discovery among BKPyV 

researchers. 
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