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Abstract  
BK Polyomavirus (BKPyV), belongs to the same family as SV40 and JC Virus and has recently 
been associated with both Sjögrens Syndrome and HIV associated Salivary Gland Disease. 
BKPyV was previously only known for causing the rejection of kidney transplants.  As such, 
BKPyV infection of salivary gland cells implicates oral transmission of the virus.   BKPyV 
replicates slowly in salivary gland cells, producing infectious virus after 72-96 hours.  However, 
it remains unclear how this virus infects or replicates within salivary gland cells, blocking the 
development of therapeutic strategies to inhibit the virus. Thus, an intracellular, computational 
model using agent-based modeling was developed to model BKPyV replication within a salivary 
gland cell.  In addition to viral proteins, we modeled host cell machinery that aids transcription, 
translation and replication of BKPyV.  The model has separate cytosolic and nuclear 
compartments, and represents all large molecules such as proteins, RNAs, and DNA as 
individual computer "agents" that move and interact within the simulated salivary gland cell 
environment.  An application of the Boids algorithm was implemented to simulate molecular 
binding and formation of BKPyV virions and BKPyV virus-like particles (VLPs).   This 
approach enables the direct study of spatially complex processes such as BKPyV virus self-
assembly, transcription, and translation.  This model reinforces experimental results implicating 
the processes that result in the slow accumulation of viral proteins.   It revealed that the slow 
BKPyV replication rate in salivary gland cells might be explained by capsid subunit 
accumulation rates. BKPyV particles may only form after large concentrations of capsid subunits 
have accumulated.  In addition, salivary gland specific transcription factors may enable early 
region transcription of BKPyV.  

                                                
* Present Address: UNC Health Care, 1025 Think Place, Morrisville, NC 27560 USA 
† Present Address: MYS,	LLC,	202N	9th	St,	Suite	303A,	Boise,	ID	83702	USA 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 24, 2019. ; https://doi.org/10.1101/746149doi: bioRxiv preprint 

https://doi.org/10.1101/746149
http://creativecommons.org/licenses/by-nc/4.0/


2 

Keywords	
agent-based model, Polyomavirus, BKPyV, Salivary Gland Disease 

Introduction  
BKPyV, a polyomavirus family member, is a non-enveloped, small, double-stranded DNA 
virus.  The BKPyV genome codes for structural (VP1, VP2, VP3) and non structural 
(agnoprotein, small and large t antigen) genes whose transcription is controlled by a regulatory 
region.  BKPyV is believed to cause a harmless latent infection in healthy people but may 
reactivate if the immune system has been compromised (Padgett and Walker, 1976). BKPyV is 
known to cause BKPyV nephropathy (BKN) a kidney transplant complication where reactivated 
BKPyV induces cell necrosis due to immunosuppressive drug regimens (Nickeleit et al., 2003). 
BKPyV sequences have been found in many organs in the human body—kidneys, liver, stomach, 
lungs, parathyroid glands, lymph nodes, tonsils, lymphocytes, bladder, prostate, uterine cervix, 
vulva, lips and tongue (Tognon et al., 2003).  Recently, BKPyV has been detected in HIV 
positive patients with HIV associated salivary gland disease (HIV SGD) and shown capable of 
reproducing in salivary gland cells (Burger-Calderon et al., 2014; Jeffers et al., 2009). Since 
salivary gland diseases such as HIV SGD or Sjögren’s Syndrome do not have a known 
etiological agent, the association with BKPyV is intriguing and thus the study of the BKPyV 
replication process can aid in the understanding of the pathogenesis of the disease. We are 
pursuing this relationship with BKPyV using a computational model to reproduce the replication 
and assembly of BKPyV within a salivary gland cell.    
 
Much	of	what	is	understood	regarding	BKPyV	cell	entry	and	intracellular	trafficking	have	
been	from	Monkey	kidney	Vero	cells.	However,	recently,	studies	from	human	renal	
proximal	tubular	epithelial	cells	(HRPTEC)	have	been	conducted	since	tubular	epithelial	
cells	are	the	main	natural	target	of	BKPyV	infection	(Moriyama	and	Sorokin,	2008).	
Compared	to	Vero	cells,	the	BKPyV	course	of	infection	in	HRPTEC	seems	to	be	relatively	
slow	with	the	process	taking	at	least	24–48	h.		Pastrana et al identified distinct BKPyV 
genotypes with different cellular tropisms suggesting a potential for a BKPyV genotype 
preference for salivary gland cells (Pastrana et al., 2013). While	we	have	recently	determined	
that	salivary	gland	cells	are	permissive	for	BKPyV	replication,	BKPyV	replication	is	even	
slower	when	compared	to	HRTECs,	with	the	process	taking	at	least	72	hours	(Burger-
Calderon	et	al.,	2014;	Jeffers	et	al.,	2009).	

In the kidney cell, BKPyV is believed to enter the cell through caveolae-mediated 
endocytosis (Eash et al., 2004; Moriyama et al., 2007) after binding with ganglioside 
GD1b or GT1b (Dugan et al., 2005; Low et al., 2006) on the cell surface.  Recently, the same 
receptor was confirmed for entry into salivary gland cells (Jeffers et al., 2009). It was determined 
that BKPyV may enter an acidic compartment after entry (Jiang et al., 2009). It is then believed 
to use the cell’s cytoskeleton (Eash and Atwood, 2005; Jiang et al., 2009; Moriyama and 
Sorokin, 2008) where it is transported to the ER, bypassing the Golgi, eventually gathering in the 
perinuclear region (Drachenberg et al., 2003; Inoue et al., 2015).  Gathering in the perinuclear 
region was also observed in salivary gland cells (Jeffers et al., 2009). In HRPTECs, BKPyV 
particles are found in the ER at 6–8 hours after infection (Moriyama and Sorokin, 2008). BKPyV 
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disassembly occurs due to VP1 cleavages prior to reaching the ER (Jiang et al., 2009).  The 
nuclear localization signal located on VP2 and VP3 capsid proteins aid BKPyV entry into the 
nucleus where viral replication occurs (Bennett et al., 2015).  BKPyV egress may occur by cell 
lysis but BKPyV virions have also been observed in vesicles in the cytoplasm (Drachenberg et 
al., 2003).  The agnoprotein is also believed to play a role in nuclear egress (Johannessen et al., 
2008; Okada et al., 2005) including acting as a viroporin (Suzuki et al., 2010) and by possibly 
inhibiting cell proliferation when interacting with PCNA, a gene involved in DNA replication 
(Gerits et al., 2015).   
 
We	assume	that	the	steps	in	the	BKPyV	life	cycle	within	kidney	cells	are	very	similar	to	
salivary	gland	cells.	 See	Figure	1	for	a	representation	of	BKPyV	entry	into	a	salivary	
gland	cell.	There	is	much	unknown	about	the	BKPyV	life	cycle	in	salivary	gland	cells.		Thus,	
we	developed	an	intracellular	model	of	BKPyV	replication	and	assembly	within	a	salivary	
gland	cell	to	assess	BKPyV	assembly.		Viral	transcription	and	replication	using	host	cell	
machinery	is	modeled	leading	to	the	eventual	assembly	of	virus	like	particles	(VLP)	as	well	
as	BKPyV	virions	to	capture	viral	rates	of	production.		By	reproducing	the	BKPyV	
replication	process,	we	will	be	able	to	understand	the	viral	replication	process,	the	
progression	of	disease	and	how	to	inhibit	it. 

  

Figure	1.	A)	Mock-up	of	BKPyV	entry	into	a	salivary	gland	cell.  B) Biological and 
computational model of the BKPyV Life Cycle reading from left to right.  The portions of the 
viral lifecycle incorporated in the model are indicated in red.  The arrows indicate transport of 
components from one compartment to the next.  

Traditionally,	the	majority	of	viral	pathogenesis	models	are	mathematically	based	using	
differential	equations.		The	models	represent	host	cell	and	virus	interaction,	modeling	only	
virus	and	host	cell	concentrations	(Kepler	et	al.,	2007;	Perelson	et	al.,	1996;	Ribeiro	et	al.,	
2002).	 These models did not examine intracellular viral function or replication at the molecular 
level.  Complex structures, patterns and phenotypes in biology are often the result of biochemical 
interactions between molecules.  The T=7 icosahedral structure of BKPyV and other 
polyomaviruses is an intriguing example of this.  Through the interaction of host cell 
transcription and translation machinery with the BKPyV genome and the simple interactions of 
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the capsid proteins, a complex icosahedral-shaped BKPyV virion forms.  These simple 
interactions are essential to the life cycle of PKPyV and our lab found that the use of ODEs made 
it difficult to model these interactions as well as capture the spatial and temporal heterogeneity of 
interacting molecules. 

As a result, we decided to utilize an alternate modeling technique--agent-based modeling.  
Agent-based modeling is well suited for modeling emergent properties like viral capsid 
formation and other molecular interactions.  The ABM consists of autonomous agents that 
represent individual genes, RNAs, and proteins interacting stochastically with each other and 
their environment based on a set of rules that mimic the biology.  

Recently, ABMs have been applied to host pathogen modeling.  Duca et al (Duca et al., 2007) 
created an ABM to produce a virtual model of the tonsils of the nasopharyngeal cavity and 
peripheral circulation. The host immune response in granuloma formation in response to 
tuberculosis infection was also modeled using an ABM (Segovia-Juarez et al., 2004).  Both these 
models showed the importance of modeling spatial and temporal dynamics of interacting 
pathogens and cells.  

Host cells essentially determine the growth rate of a virus, and we present an ABM that mimics 
the salivary gland cell’s support and hindrance of the BKPyV life cycle.  We observed that (a) 
the Boids algorithm can be successfully used for modeling molecular binding, (b) high 
concentrations of capsid subunits are necessary for virion formation, (c) only small amounts of 
Tag are necessary for viral replication and (d) there may be salivary gland specific interaction 
with the regulatory region that enables early region transcription. The model’s source code is 
available from the GitHub repository, https://github.com/drsuuzzz/assembly.   

Results  

Using the Repast Simphony agent-based modeling platform, a single-cell salivary gland model 
initially infected with one BKPyV virion was designed to investigate the BKPyV replication and 
assembly process, https://repast.github.io. At	present,	only	known	cellular	molecules,	which	
affect	viral	transcription	and	translation,	are	represented	as	agents	in	the	model.		Small	
molecules	like	calcium,	as	well	as	other	parameters	such	as	pH,	temperature	and	salt	
concentrations	are	currently	excluded	from	the	model	(Imperiale	and	Major,	2007;	Jiang	et	
al.,	2009).	  

Our	model	is	a	simplified	representation	of	a	cell,	consisting	only	of	nucleus	and	
cytoplasm/endoplasmic	reticulum	(CER)	compartments.			There	is	evidence	that	
polyomavirus	capsid	proteins	and	viral	DNA	co-localize	in	promyelocytic	leukemia	nuclear	
bodies	(PML)	for	viral	assembly	to	occur	(Erickson	et	al.,	2012).	For	the	purposes	of	this	
model,	the	nucleus	compartment	is	a	simplified	representation	of	a	PML	domain	of	the	
nucleus.		

At	the	start	of	a	simulation,	the	nuclear	compartment	contains	randomly	placed	agents	
representing	the	BKPyV	genome,	host	Transcription	Factors	and	host	DNA	Polymerase	
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promoter	sites.			The	CER	compartment	contains	agents	representing	Ribosomes	placed	in	
random	locations.		Agents will move stochastically within the compartments and may have 
chance encounters with other agents.  These chance encounters may result in the agents binding 
with one another and the formation of new agents simulating the transcription, translation and 
replication and assembly of the BKPyV virus.    

Modeling Molecular Binding as a Flock of Birds 
Movement and binding of agents is essentially what drives the model and allows the progression 
of the BKPyV life cycle as most rules will not execute unless an agent is bound to another.  For 
example, a host transcription factor agent binding with the viral genome agent allows the 
transcription rule to be executed producing an mRNA agent.  Biologically, intramolecular 
interactions are governed by binding affinity/repulsion, stoichiometry, conformational change 
and biochemical reactions.  To simulate this, agents move stochastically, simulating Brownian 
motion, about the compartment and encounter other agents purely by change.  Molecular binding 
and interactions occur based on these chance encounters and is simulated by the Boids algorithm 
(Reynolds, 1987), which is summarized here and detailed further in Materials and Methods.  

It is challenging, algorithmically, to model independent entities moving together without 
crowding or overlapping one another as in bird flocking behavior. Boids is a solution to this 
problem initially proposed and utilized in the computer graphics and animation field. 
Notwithstanding, bird flocking is somewhat analogous to molecular binding in that bound 
molecules maintain a distance from each other while moving together without colliding.  As 
such, the Boids implementation in this model consists of simple position calculations and 
adjustments similar to biochemical electrostatic properties of attraction, repulsion and 
momentum.  In Boids terminology, this is analogous to cohesion, separation and alignment as 
shown in Figure 2.  Repulsion: if the agents are too close together, the agent position is adjusted 
away from the neighboring agent.  Attraction: if the agents are too far apart, the agent position is 
adjusted towards the neighboring agent.  Momentum: the agent position is adjusted towards the 
calculated average velocity of all neighboring agents.  All three calculations together help 
maintain a separation distance between agents such that they all move together, in the same 
direction, at the same rate without colliding. 
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Figure 2. Boids rules. Separation/Repulsion: move away from neighbors. Cohesion/Attraction: 
move towards average position of neighbors. Alignment/Momentum: move towards average 
heading of neighbors.   

The execution of these rules by the individual agents results in the binding of mRNA agents to 
ribosome agents to simulate translation, transcription factor agents to promoter agents to 
simulate transcription and the binding of capsomere agents to form the viral capsid to name a 
few examples from the ABM.  

The most important emergent property resulting from the execution of these rules is the final step 
in the replication of the BKPyV virus—formation of the viral, icosahedral-shaped capsid-like 
structure of encapsidated and unencapsidated BKPyV particles.  From simple interactions, 
complex patterns emerge. 

Host Cell Transcription and Translation of BKPyV Proteins	
Replication	of	BKPyV	is	guided	by	regulation	of	the	viral	genome’s	regulatory	region,	Figure	
3a.		Transcription	follows	a	somewhat	orderly	fashion	in	that	first	the	early	region	is	
transcribed	which	leads	to	proteins	that	aid	in	the	replication	of	the	viral	genome	and	
finally	the	transcription	of	the	late	region	occurs	leading	to	genome	encapsidation,	Figure	
3b.		Since	host	cell	machinery	is	integral	to	successful	viral	replication,	the	model	
implements	host	processes	in	order	to	explain	the	differences	in	replication	rates	observed	
between	salivary	gland	and	kidney	cells.		

Early	Transcription.	To	initiate	early	region	transcription,	host	transcription	factors	must	
be	recruited	to	the	regulatory	region.		Many	host	transcription	factors	have	been	identified	
which	bind	to	the	BKPyV	regulatory	region	and	they	are	represented	by	a	single	agent-
type	in	the	model	(Bethge	et	al.,	2015;	Liang	et	al.,	2012;	Moens	and	Vanghelue,	
2005).		Although	we	know	there	is	BKPyV	tropism	for	salivary	gland	cells,	it	is	not	known	
which	transcription	factors	aid	early	transcription.		In	our	model	we	set	the	number	of	
transcription	factors	to	a	relatively	low	number	to	study	rates	of	virion	production.	When	
the	transcription	factor	agent	binds	with	the	genome	agent,	an	mRNA	agent	is	created,	
Figure	4a.		

This	mRNA	agent	is	an	immature	mRNA	until	the	alternative	splicing	rule	is	executed	
(Materials	and	Methods)	forming	large	T	antigen	(Tag)	and	small	t	antigen	(tag)	transcripts	
(Eash	et	al.,	2006). Small	t	antigen	(tag)	transcripts	are	ignored	at	present	in	the	model.			

Genome	Replication.	For	genome	replication,	Tag	forms	a	double	hexamer	and	recruits	
DNA	Polymerase	to	the	origin	of	replication	site	of	the	regulatory	region	(VanLoock	et	al.,	
n.d.).		This	is	implemented	by	the	accumulation	of	6	Tag	agents	binding	to	the	BKPyV	
genome	agent	followed	by	the	binding	of	a	DNA	Polymerase	agent.		A	new	BKPyV	genome	
agent	is	eventually	created,	Figure	3b	and	Figure	4c.			As	BKPyV	is	a	DNA	virus,	the	cell	
must	enter	S-phase	for	DNA	polymerase	to	accumulate	and	initiate	BKPyV	genome	
replication	(Imperiale	and	Major,	2007).	Tag	stimulates	entry	into	S-phase	by	sequestering	
pRb	resulting	in	the	release	of	E2F	(Lin	and	Simmons,	1991;	Ludlow	et	al.,	1989).	In	the	
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model,	DNA	polymerase	agents	are	created	by	the	binding	of	Tag	agents	to	host	DNA	
fragment	agents--an	indirect	representation	of	this	exact	mechanism	(Figure	4c).			

Late	Transcription.	Finally,	late	region	transcription	accompanies	BKPyV	
replication	(Imperiale	and	Major,	2007).	This	is	simulated	in	the	model	by	the	
accumulation	of	Tag	agents	on	the	BKPyV	genome	agent	resulting	in	a	late	region	
transcript,	Figure	3b	and	Figure	4b.		Alternative	splicing	is	also	simulated	resulting	in	
complete	VP1,	VP2	or	VP3	transcripts.			Agnoprotein	is	not	produced	at	this	initial	phase	of	
the	model. 

  

Figure 3. A) BKPyV circular DNA genome depicting the regulatory (RR), early and late regions 
and transcripts produced.  The early region transcribes alternatively spliced RNA Tag or tag 
mRNA.  The late region transcribes alternatively spliced RNAs for translating to VP1, VP2, VP3 
and the agnoprotein.  B) The model imitates the transcription of early and late regions based on 
binding to the regulatory region of host transcription factors, Tag or DNA Polymerase.  Capsid 
assembly begins when a VP1 pentamer is bound.  

Translation of viral transcripts. Viral transcripts, mRNA agents, are exported from the nucleus 
when encountering the boundary between the nucleus and CER compartments.  Chance 
encounters with Ribosome agents with mRNA agents result in the translation of viral protein 
agents consisting of Tag, VP1, VP2 or VP3, Figure 4d. Tag is imported back into the nucleus 
when the agent encounters the boundary between the compartments.   The model assumes that 
capsid subunits consisting of VP1 pentamers in complex with either VP2 or VP3 are assembled 
in the CER before being imported into the nucleus as shown in Figure 4e (Imperiale and Major, 
2007).		Again,	upon	encountering	the	boundary	between	the	two	compartments,	the	capsid	
subunit	complex	of	a	VP1	pentamer	and	VP2	or	VP3	is	imported	to	the	nucleus	and	
translated	into	a	single	agent	for	ease	of	representing	the	capsid	self-assembly	process,	
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VP123.			The	import	process	described	is	intended	to	simulate	the	nuclear	localization	
signal	found	on	the	viral	proteins,	VP2	or	VP3,	that	is	recognized	for	transfer	of	the	protein	
complex	through	the	nuclear	pore	complex	(Bennett	et	al.,	2015).  

  

Figure 4. Snapshots of agents in a simulation.  A) Early transcription: Host Transcription Factor 
(Grey) binds with BKPyV Genome (yellow). B) Late transcription: Tag (green) binds with 
BKPyV Genome (yellow).  C) Genome replication: 12 Tag (green) bind with the BKPyV 
genome (yellow) and recruit DNA Polymerase (light gray). D) Translation: mRNA (red) binds 
with Ribosome (white). E) Assembly of capsid subunits.  5 VP1 agents (blue) binding to a VP3 
agent (cyan).  Agents in the background are ribosomes (white), mRNAs (red) and VP2 
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(magenta). F) A simulation of only capsid self-assembly showing partial capsid formation of 
VLPs (4) and virions (1).  Purple represents VP2 bound VP1 pentamers and green represents 
VP3 bound VP1 pentamers.  The white lines in the simulation indicate the separation of the 
nucleus and CER components which are represented spherically.  

Host Transcription Factors affect virion production. The model was tuned to results obtained 
from BKPyV-salivary gland cell in vitro experiments.  When	monitoring	transcript	
concentrations,	a	slow	ramp-up	is	observed	in	the	model	that	coincides	with	in	
vitro	results,	Figure	5	(Burger-Calderon	et	al.,	2014;	Jeffers-Francis	et	al.,	2015;	Jeffers	et	al.,	
2009). The correlation of the in silico model of VP1 transcript accumulations with in vitro data 
is 0.997.  However, Tag transcript and protein correlation with the in silico model is -0.84 and 
0.48, respectively.  In spite of this disagreement, the production of virions has a 0.92 correlation 
between in silico and in vitro data. Since the model is producing virions similar to in vitro 
measurements, this implies that the larger quantities of Tag in vitro are necessary for host cell 
interference.   

The replication potential of BKPyV in salivary gland cells has been linked to nucleotide 
differences in the RR (Burger-Calderon et al., 2014). This suggests that differences in 
transcription factors expressed between salivary gland cells and kidney cells affect the BKPyV 
replication efficiency. Although a number of transcription factors that interact with BKPyV have 
been identified (Bethge et al., 2015; Liang et al., 2012; Moens and Vanghelue, 2005) these 
studies have been performed in Vero or HRPTEC kidney cell lines.  There were a number of 
approaches that we could of taken to simulate this with the model such as changing probabilities 
and agent-agent interactions.  However, we felt that simply increasing the number of host 
transcription factor agents more closely represented the biology based on the previously 
mentioned studies.  Figure 5a shows the results from a simulation to mimic the replication rate of 
a kidney cell where the only parameter changed was the increase in the number of transcription 
factors from 10 to 20.  BKPyV virions were produced within the 24-48 hour window that has 
been reported in previous in vitro studies, Figure 5c.  Considering the evidence of salivary gland 
in vitro studies and model simulations, there may exist salivary gland specific mechanisms that 
enable BKPyV transcription.   
 
To further validate tissue specific expression of transcription factors, 5 normal salivary gland 
samples from SRP067524 (Bell et al., 2016) and 5 normal kidney samples from SRP060355 
(Chhibber et al., 2016) were downloaded and analyzed.  Differential expression analysis revealed 
differences in transcription factor expression mainly in the homeobox family of genes including 
SIX1 and HOXA7, Supplementary table S1.  The Human Protein Atlas also shows differences in 
gene expression with the same genes between kidney and salivary gland tissues (Fagerberg et al., 
2014).  
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	Figure 5. a) VP1 transcripts, b) BKPyV encapsidated agent counts are shown for HSG and 
Kidney cell simulations. Figures A and B also show in vitro results for comparison.  

Self-Assembly of Encapsidated and Unencapsidated BKPyV  

The last phase of the replication process is encapsidation of the genome. Self-assembly	of	the	
BKPyV	virion	occurs	in	the	nucleus	and	is	believed	to	occur	more	specifically	in	a	PML	
region	(Erickson	et	al.,	2012).	The	capsid	is	comprised	of	the	structural	proteins	VP1,	VP2	
and	VP3	and	forms	a	T=7	icosahedron	where	12	VP1	pentamers	are	located	in	the	12	
vertices	of	the	icosahedron	surrounded	by	5	neighboring	VP1	pentamers	(Li	et	al.,	2003;	
Liddington	et	al.,	1991).		60	pentamers	comprise	the	rest	of	the	structure	with	6	
neighboring	VP1	pentamers	for	a	total	of	72	capsomeres	(Li	et	al.,	2003;	Liddington	et	al.,	
1991).	A	VP1	pentamer	is	bound	with	either	a	VP2	or	VP3	protein	where	the	VP2	or	VP3	
side	is	presented	internally,	towards	the	DNA,	and	VP1	is	on	the	external	surface	of	the	
capsid.	The	C-terminals	of	the	VP1	proteins	extend	to	bind	with	neighboring	VP1	
pentamers	solidifying	the	capsid	structure.	In	this	model	it	is	assumed	that	the	VP15/VP2	
or	VP15/VP3	capsomeres	are	formed	in	the	CER	and	imported	to	the	nucleus	via	the	VP2	or	
VP3	nuclear	localization	signal	(NLS).	A	single	agent,	VP123,	represents	the	imported	
capsid	subunit.		  

The model assumes that the capsid subunits can bind DNA and begin assembling around the 
BKPyV genome agent relying on genome-subunit and subunit-subunit interactions (Roitman-
Shemer et al., 2007).	However,	virus	like	particles	(VLPs)	can	form	in	the	absence	of	the	viral	
genome,	VP2	and	VP3	and	thus,	aggregation	of	the	subunits	leads	to	the	eventual	formation	
of	an	empty	capsid	(Li	et	al.,	2003).		Empty	capsid	or	VLP	formation	is	modeled	by	subunit-
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subunit	interactions	and	an	invisible	VLP	agent	that	acts	as	the	center	of	the	forming	
structure	in	order	to	enforce	the	spherical	shape	of	the	forming	VLP.		  

As stated previously, a single agent represents a capsid subunit, a VP1 pentamer bound with 
either VP2 or VP3.  Color-coding distinguishes between VP2 or VP3 bound subunits as shown in 
Figure 4b. Assembly begins upon aggregation of capsid subunits and upon encountering the 
BKPyV genome agent.   Chance encounters of randomly moving capsid agents with the BKPyV 
genome agent and with other capsid subunit agents allows the gradual formation of the capsid. 
Once capsid assembly is completed, the structure will continue to move randomly within the 
nucleus compartment.  The spherical, icosahedral structure formed is enforced by the separation 
distance defined by subunit-subunit and subunit-genome interaction.  Egress is currently 
simulated when the structure eventually encounters the boundary separating the nucleus from the 
CER compartments.  The VLP or virion is then removed from the model and a count of particles 
is maintained.  

The model supports in vitro observations of slow accumulations of capsid proteins that 
eventually lead to BKPyV virions. In addition, our model predicts that a significant accumulation 
of BKPyV capsomeres is necessary before the BKPyV virions or VLPs are produced (r = 0.91), 
Figure 6. 
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Figure 6. Accumulation of capsomeres (VP15/VP2 or VP15/VP3) correlates with an increase in 
encapsidated BKPyV virions, r = 0.91. 

Discussion  

By modeling molecular interactions within a cell during infection it is possible to understand 
how the BKPyV affects the function of the cell, to make predictions about therapeutic 
interventions and to further knowledge about viral pathogenesis in general.  While we are aware 
that there are other factors affecting salivary gland tropism such as entry, uncoating, transport to 
the nucleus and egress, we have only modeled a portion of the overall viral life cycle—viral 
replication and assembly. From this initial model we were able to study the viral self-assembly 
process and the factors that affect successful replication of a BKPyV virion. 

The icosahedral structure of BKPyV and other polyomaviruses is intriguing.  Although the 
protein subunits (VP1 pentamers) have a pentagonal shape, they are packed in 6 neighboring 
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subunits (hexavalent) or 5 neighboring subunits (pentavalent) structures (Baker et al., 1989; 
Griffith et al., 1992; Li et al., 2003; Liddington et al., 1991). Several computational models have 
been built to understand how nature can form such a complex geometrical structure. One such 
model is built upon the theory that self-assembly of virus capsids is based on the interaction of 
structural proteins with neighboring protein subunits. Local rules theory creates a model of the 
virus capsid based on angles and distances between neighboring subunits approximating the 
conformation changes of the capsid subunits (Berger et al., 1994; Schwartz et al., 2000, 
1998).  The mathematical problem of pentagon packing has also been applied to the study of the 
virus structure making distinctions between loosely packed pentagons as in the case of BKPyV 
and its polyomavirus cousins and more densely packed pentagons as with papillomaviruses 
(Tarnai et al., 1995).  

Building on this theory, the ABM presented here shows a simple model of viral self-assembly 
where capsid subunits implement the three Boids rule—separation, cohesion and alignment. The 
formation of the capsid is an emergent property based on the interaction of capsid subunits with 
neighboring subunits without the need for angle and distance calculations to force the formation 
of the viral particle.  Transcription and translation, which also rely on the same simple, binding 
rules, resulted in the production of viral proteins. Further, an additional emergent property of the 
Boids implementation was a change in the momentum of the forming structure as more and more 
agents aggregated.  Structure movement slowed while moving in random directions as would be 
observed for larger molecules.     

However, for successful viral capsid assembly, it was noted that large accumulation of capsid 
subunits preceded virion and VLP formation.  Muckherjee et al noticed this phenomena when 
they observed that increased concentrations of capsid subunits encouraged particle formation 
(Mukherjee et al., 2007). In this model, interacting with the viral genome enforces the T=7 
icosahedral curvature of the capsid.  Prior work has shown that without the genome, T=1 
structures are possible when reducing disulfide bonds and removing calcium ions (Nilsson et al., 
2005).	These	types	of	structures	are	possible	with	this	model	by	simply	modifying	the	
separation	distances	between	subunit	agents	and	genome	agents.  
 
This model is a proof of principle that can be applied to the study of many other pathogens and 
cell types as we have done here with salivary gland and kidney cells. Future work for this model 
consists of implementing the complete BKPyV replication cycle and the addition of therapeutic 
agents to theorize the affects on viral replication and assembly.    

Materials	and	Methods  

BKPyV ABM  

The	ABM	was	implemented	using	Repast	Simphony	version	1.2,	https://repast.github.io,	a	
Java	based,	open-source,	ABM	framework	for	developing	and	visualizing	ABMs.		All	the	
steps	in	the	life	cycle	of	BKPyV	rely	on	host	cell	“cooperation”.		Thus,	a	two	compartment	
representation	of	a	host	cell	with	spherical	compartments	representing	the	nucleus	and	
CER	was	designed,	Figure	7.		
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Each	compartment	contains	agents	specific	to	the	compartment	as	well	as	agents	that	can	
traverse	between	the	two,	i.e.,	mRNA	agents	exported	to	the	CER	from	the	nucleus,	Table	1.	
The	environment	of	the	host	cell	was	represented	as	a	continuous	3-D	space	such	that	an	
agent's	location	was	represented	by	its	x,	y	and	z-axis	floating	point	coordinates,	i.e.,	agent	
b	is	located	at	position	(1.1,	2.05,	30.2).  When a simulation starts, agents with initial 
concentrations greater than 1 are placed at random locations within their respective 
compartments. These	initial	agents	were	Ribosome,	BK	Genome,	Host	Promoter	and	Host	
Transcription	Factor	(TF),	Figure	7	and	Table	1.		  

In	the	model,	agents	represented	various	host	and	viral	gene	products,	Table	1.		The	agents	
moved	based	on	a	simulation	of	Brownian	motion	in	a	3-dimensional	environment	
described	below.		Once	an	agent	encountered	another	agent,	interaction	rules	may	be	
executed,	Table	2.		In	some	agent-agent	interactions,	the	movement	rule	changes	to	
simulate	molecular	binding	by	using	the	Boids	algorithm	to	simulate	attraction,	repulsion	
and	momentum	as	detailed	further	below	(Reynolds,	1987).			  

  

Figure 7. Screen capture of model simulation at initial start.    

Model	Time	and	Rule	Execution	
Time	in	the	model	was	implemented	as	an	iterative	cycle	where	a	state	update	of	all	agents	
occurs	once	per	iteration.		A	time	step	was	completed	once	all	agent	rules	had	been	
attempted.		60,000 iterations were arbitrarily selected to represent a model day based on 
repeated simulations during the model parameter estimation and tuning stage.   

During a time step, agent	rule	execution	occurred	in	a	random	order.		A	rule	was	executed	
once	a	probability	threshold	had	been	met	based	on	a	random	draw	from	the	uniform	
distribution	as	shown	in	Table	2.			For	example,	the	following	occurs	when	the	translation	
rule	is	executed	for	a	Ribosome	agent.	
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if	bound	to	mRNA	then	

	 random	=	random	number	between	0	and	1	

	 if	random	<	translation	probability	then		

	 	 make	new	protein	agent	

	 end	if	

end	if	

As	a	result,	it	could	take	several	time	steps	before	a	rule	would	successfully	execute.	
Probabilities	essentially	determine	how	fast	or	how	slow	the	processes	occur	within	the	
model.	  

Table 1. Agents, the rules they execute and the agents they interact with 

Agent Starting 
Number at t0 

Compartment Rules Interacts with 

BK Genome 1 Nucleus move, 
transcription, 
egress 

Tag, VP123, TF, 
DNA Pol 

DNA Pol 0 Nucleus move, death BK Genome 
Host Promoter 2 Nucleus move, 

transcription 
Tag 

mRNA 0 CER, Nucleus move, splice, 
export, death 

Ribosome 

Ribosome 280 CER move, translation mRNA 
Tag 0 CER, Nucleus move, import, 

death 
Host Promoter, 
BK Genome 

TF 10 Nucleus move BK Genome 
VLP 0 Nucleus move, egress VP123 
VP1 0 CER move VP2, VP3 
VP123 0 Nucleus move BK Genome, 

VLP 
VP2 0 CER move, import VP1 
VP3 0 CER move, import VP1 
 

Parameter Estimation 
There were three important parameter types that were necessary to estimate in this ABM--size of 
the environment, initial concentration values of agents and rule probabilities.  Thus, the 
parameter space is quite large.  Parameters were estimated using a random parameter sweep 
method, where (1) initial parameter estimates were made based on biological insight, (2) 
simulations were repeated with randomized parameter values, and (3) parameters were then 
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finalized from simulations that best fit in vitro data. As simulations were repeated, rule 
probabilities were either increased or decreased to speed up or slow down molecular interactions, 
respectively.  Model results were then validated against in vitro data by Pearson’s correlation 
coefficient. 

Table 2. Interacting agents, rule execution probabilities and behavior 

Agent-agent	represents	unbound	neighboring	agents,	while	agent+agent	represents	bound	
agents	moving	together.		The	agent	location	is	represented	as	a	subscript,	i.e.,	CER	or	N	
(nucleus). 

Rules Interacting Agents Probability Resulting Action 
Bind VP1CER-VP1CER 

VP1CER-VP2CER 
VP1CER-VP3CER 
Host PromoterN-TagN 
RibosomeCER-mRNACER 
BK GenomeN-TFN 
VLPN-VP123N 
BK GenomeN-VP123N 
VP123N

>=4 

Boids 
Boids 
Boids 
Boids 
Boids 
Boids 
Boids 
Boids 
0.1 

VP1CER+VP1CER 
VP1CER+VP2CER 
VP1CER+VP3CER 
Host PromoterN+TagN 
RibosomeCER+mRNACER 
BK GenomeN+TFN 
VLPN+VP123N 
BK GenomeN+VP123N 
New VLPN 

Death DNA PolN 
TagN 
mRNACER 

0.00005 
0.0001 
0.0001 

Remove DNAPol 
Remove Tag 
Remove mRNA 

Egress BK GenomeN+VP123N
72 

VLPN+VP123N
72 

at nuclear membrane 
at nuclear membrane 

Remove BK Genome+VP12372 
Remove VLP+VP12372 

Export mRNAN 0.4 mRNACER 
Import TagCER 

VP2CER+VP15
CER 

VP3CER+VP15
CER 

0.4 
at nuclear membrane 
at nuclear membrane 

TagN 
New VP123N 
New VP123N 

Move DNA Pol, Host Genome, Host TF, 
mRNA, Ribosome, Tag, BKV 
Genome, VP1, VP2, VP123, Tag, tag, 
VLP 

Random Walk  

Splice mRNAN (early) 
mRNAN (early) 
mRNAN (late) 
mRNAN (late) 

0.2 
0.8 
0.2 
0.7 

tag mRNAN 
Tag mRNAN 
VP2 or VP3 mRNAN (0.5) 
VP1 mRNA 

Transcription BK GenomeN+Host TFN 
BK GenomeN+DNAPolN+Tag6

N 
BK GenomeN+TagN 
Host PromoterN + TagN 

0.2 
0.00025 
0.004 
0.0005 

New mRNAN (early) 
New BK GenomeN 
New mRNAN  (late) 
New DNA PolN 

Translation RibosomeCER+mRNACER 0.4 New Tag, tag, VP1, VP2 or 
VP3 

 

Rules and Agent States 
The	BKPyV	genome	is	a	circular	minichromosome,	Figure	3a,	and	can	be	divided	into	three	
regions:	early,	late	and	the	regulatory	regions	(RR).		The	model	followed	the	early	and	late	
transcription	biological	model,	Figure	3b,	by	implementing	a	simple	state	machine	driven	
by	the	BK	genome	agent	and	it’s	interaction	with	other	agents.		The	output	of	a	state	was	
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either	an	mRNA	or	new	BK	genome	agents.		The	input	to	a	state	was	an	agent	binding	with	
the	BK	genome	agent.		Successful	execution	of	rules	shown	in	Table	2	resulted	in	new	
agents	being	created	(i.e.	proteins	in	the	case	of	translation)	or	the	changing	of	
compartments.	  

Move Rule. All agents implemented the move rule.  The move rule is a rather simple simulation 
of Brownian motion in a 3-dimensional environment where the next position or step the agent 
makes is determined based on a random draw from a uniform distribution from -0.5 to 0.5 
determining the x, y and z coordinates of the direction vector. If a next position calculation 
would result in an agent overstepping a compartment boundary, it is recalculated to reverse the 
agent's direction in order to remain within its compartment.  This, in many cases, results in the 
appearance of the agent "bouncing" off of the compartment boundaries.  

Transcription Rule. The BK genome agent implemented the transcription rule and its 
successful execution resulted in the creation of a new early mRNA, late mRNA or new BK 
genome agent depending on the state of the BK genome agent and agents bound to it. The new 
agent was then placed within a random location inside a 4 unit radius from the BK genome 
agent. Once transcription had completed successfully, bound agents would unbind and move 
freely once again.  

Splice Rule. The splice rule simulated alternative splicing on an immature early or late mRNA 
agent.  The spliced transcript was determined based on probabilities.  If a probability was met, 
the state of the mRNA was marked complete and its transcript type was set.  For early mRNAs, 
successful execution of the splice rule resulted in the mRNA identifying as either a Tag or tag 
transcript.  For late mRNAs, the splice rule resulted in the mRNA agent identifying as a VP1, 
VP2 or VP3 transcript.  

Export Rule. The export rule was only executed for mature (complete) mRNAs when they 
encountered the boundary between the nucleus and CER containers.  Upon successful execution, 
the agent was moved to the other side of the boundary where it then moved freely within the 
CER container.  

Translation Rule. The translation rule was executed after the binding of an mRNA agent to a 
Ribosome agent.  Successful execution of the rule resulted in the creation of a new protein agent 
depending upon the type of mRNA that was translated.  Tag, VP1, VP2 or VP3 agents were 
created by this rule.  tag is not implemented at this time.  The new agent was placed within an 
arbitrarily determined 4 unit radius from the Ribosome agent.  The Ribosome agent then 
unbound from the mRNA agent.  

Import Rule. The import rule was similar to the export rule in that agents were moved from the 
CER to the nucleus.  The rule was executed when the agent encountered the nucleus boundary.    

Death Rule. mRNAs are known to randomly degrade, as such a death rule was implemented to 
mimic this.  DNA Pol and Tag also implemented this rule in order to prevent exceedingly high 
accumulation of the agents and to reduce unnecessary consumption of computational resources.  
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Bind Rule. The bind rule utilized the Boids algorithm to simulate molecular binding	(Reynolds,	
1987).		The	simple	Boids	rules	were	(i)	Separation-steering	to	avoid	crowding,	(ii)	
Alignment-steering	towards	the	average	heading	of	neighbors	and	(iii)	Cohesion-steering	
to	move	towards	the	average	position	of	neighbors.		Electrostatically	speaking	these	rules	
can	be	interpreted	as	repulsion	(separation)	and	attraction	(cohesion)	steps	in	the	binding	
process	of	two	molecules.	 

The	Boids	implementation	of	the	bind	rule	calculated	the	next	position	of	an	agent	based	on	
the	position	and	velocity	of	neighboring	agents.		If	the	agent	was	too	close,	the	next	position	
was	calculated	such	that	it	moves	away	from	the	other	agent	a	small	amount	
(separation/repulsion).		If	it	is	too	far	away,	a	position	towards	the	agent	was	calculated	
(cohesion/attraction).		In	addition,	the	average	velocity	of	the	neighboring	agents	was	
calculated	in	order	to	adjust	the	velocity	of	the	agent	to	match	its	neighbors	
(alignment/binding).		Combined,	these	rules	ensure	that	the	agents	moved	together	in	the	
same	direction	with	the	same	velocity.		However,	if	an	agent	made	too	large	of	a	step	when	
changing	position	it	may	have	disappeared	from	a	neighbors	view	and	the	agent	was	then	
unbound.  

VP2,	VP3	and	BK	Genome	agents	only	implemented	the	alignment/binding	phase	of	the	
Boids	algorithm.		This	was	necessary	to	facilitate	binding	of	neighboring	agents	on	all	sides	
of	the	agent.		  

VP1 agents aggregated into pentamers binding with either VP2 or VP3 agents based on 
successful execution of the Bind rule.  Once a VP15/VP2 or VP3 complex was successfully 
formed and its position was close to the nucleus, successful execution of the import rule caused 
the removal of the 5 VP1 and associated VP2 or VP3 agents.  The VP15/VP2 or VP3 complex 
was then represented as a single agent, VP123, to facilitate viral self-assembly within the 
nucleus.    
 
The distance maintained from the genome agent enforced the curvature of the icosahedral shape 
of the aggregating capsid subunits.  To enforce a similar curvature for VLPs, an invisible agent 
was created when at least 4 capsid subunits began to aggregate.   While subunits can bind 
arbitrarily around the genome agent, subunit-subunit binding was only allowed when forming the 
VLP around the invisible agent.  VP123 agents have a preference for binding with the genome 
agent over the formation of a VLP.  

Egress Rule. Lastly, the egress rule was essentially a method to identify whether or not a 
completed virion or VLP had encountered the nucleus boundary.  This rule modeled the as yet 
unknown process of BKPyV egress from the nucleus.  The agents involved in the viral complex 
were then removed from the model and a count was kept of virions or VLPs produced.  

BKPyV assays  

Material and methods for collection of BKPyV data assayed in salivary gland cell lines is as 
previously described in Jeffers et al (Jeffers-Francis et al., 2015; Jeffers et al., 2009).   
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Differential Expression Analysis 

Samples were downloaded from the SRA and FASTQs extracted using the SRA Toolkit.  
FASTQs were quality and adapter trimmed with trim_galore, 
https://github.com/FelixKrueger/TrimGalore.  Alignment and gene quantification of the resulting 
FASTQs was performed using RSEM (Li and Dewey, 2011) and the hg19 version of the human 
reference.  Expected gene counts were log transformed and upper-quantile normalized.  Of the 
25 kidney samples, 5 samples were selected based on the principal components analysis and 
clustering of the upper-quantile normalized gene counts allowing for a balanced statistical 
analysis with the 5 salivary gland samples.  The Bioconductor package sva (Leek and Storey, 
2008, 2007) was used to remove any batch effects.  Differential expression was determined 
utilizing a t-test assuming equal variance.  The fold change is the difference between group 
medians.   

Transcription factors were identified using information from gene ontology (Ashburner et al., 
2000; The Gene Ontology Consortium, 2017), the Unitprot database (The UniProt Consortium, 
2017) and the Animal TF DB (Zhang et al., 2015). 
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