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SUMMARY Progressive multifocal leukoencephalopathy (PML) is a fatal demyelinating
disease caused by the John Cunningham virus (JCV). While it is known to cause lytic
infection in oligodendrocytes, many questions remain as to how this virus remains
asymptomatic and dormant during initial infection throughout childhood and throughout most
of the population’s adulthood. JCV becomes neurotropic under very specific conditions such
as autoimmune disease and the use of disease-modifying therapies, which are commonly
monoclonal antibody drugs designed to suppress some part of the adaptive immune system.
This paper addresses how JCV crosses the blood brain barrier, what host and viral genetics
enable neurotropism and virulence and how monoclonal antibody drugs aid in the reactivation
of the virus. Based on the current literature, the rearrangement of the non-coding control
region and VP1 capsid protein are key determinants of whether the virus becomes
neurotropic. Host immune factors such as permissive alleles and overexpression of Spi-B, a
ubiquitous transcription factor, can also lead to immune evasion and increased viral
replication by JCV. A model is proposed wherein JCV use B cells as a “Trojan Horse” to
cross the blood brain barrier. Co-infection with Epstein-Barr virus (EBV) can result in B cell
fusion with oligodendrocytes and transmission of JCV. Finally, disease-modifying therapies

. . . . . . . Citation: Baeva ME. 2018. Crossing Barriers:
play a role by primarily supressing the immune system and upregulating the migration of How ]G Virus Crosses the Blood Brain Barrier
leukocytes, allowing the mobilization of JCV-infected cells to the blood brain barrier. Future and Induces Progressive Multifocal
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rogressive multifocal leukoencephalopathy (PML) is a demyelinating neurological /Adlives @rmesanss i Mar- Bzt B
disease and is characterized by rapid damage to the white matter of the brain [1]. PML mariaclizabeth.bacva@gmail.com
is fatal in up to 50% of cases and survivors are left with severe neurological disability [2].
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There is currently no cure for PML [2]. It has been known for over four decades that PML is
caused by John Cunningham virus (JCV), a common and asymptomatic virus that over half
of the population is infected with during childhood resulting in a chronic but benign infection
[1]. The virus seems to primarily infect kidneys [3, 4], but can also infect tonsils [5, 6], B
cells [5, 7], oligodendrocytes [8] and hematopoietic stem cells (HPSC) [5, 9]. The virus causes
PML by infecting oligodendrocytes, the main myelinating cells of the central nervous system
[8]. Once the oligodendrocytes are infected, the JCV T-antigen interacts with the
oligodendrocyte myelin gene transcription factor, MEF-1/Pura, and this induces the lytic
stage of the infection and the virus can infect nearby oligodendrocytes [10]. Without
myelination, the neurons quickly degenerate. It is still unknown exactly how viral
transmission occurs, although current hypotheses suggest it is transmitted via the oral route
from parent to child [11]. Estimates suggest that 75-80% of the population worldwide are
infected with this virus [1]. Once considered a rare disease, incidences of PML are now
increasing [1]. This is in part due to the increased risk of JCV reactivation when patients with
autoimmune disorders such as HIV [1], theumatoid arthritis [9] and multiple sclerosis (MS)
[12] are treated with disease-modifying therapies (DMT) [1]. The most common DMTs
associated with PML are monoclonal antibodies such as rituximab [13, 14] and natalizumab
[15, 16], which are designed to suppress parts of the adaptive immune system.

RESEARCH QUESTIONS

This paper will address what is currently known about the interactions between JCV,
DMTs and PML and propose several models to explain this relationship. First, the genetics
of both the host and the virus will be examined to determine whether mutations in the virus
or genetic susceptibilities of the host increase risk of PML. Next, the question of how JCV
crosses the blood brain barrier will be explored. Finally, how monoclonal antibodies such as
rituximab and natalizumab reactivate JCV and allow the virus to become neurotropic will be
addressed. Future directions will also be considered to suggest new areas of research with
regards to JCV and PML. The main goal is to provide a hypothesis for how this common,
asymptomatic virus can cause a destructive disease such as PML.

PROJECT NARRATIVE
What are the genetic susceptibilities of JCV-induced PML?

The Virus JCV is a double-stranded, circular DNA virus [17] in which the genome is
divergently transcribed with the non-coding control region (NCCR) acting as a promoter-
binding site in between the two regions [18]. First, early proteins (large T antigen, small T
antigen, and T' antigen) are transcribed and are involved in transcription and replication. Late
proteins (agnoprotein and three viral capsid proteins, VP1, VP2, and VP3) are later
transcribed and are used to exit the nucleus and build the capsid [18].

Two forms of JCV exist: archetypal JCV which infects kidneys and is asymptomatic, and
neurotropic JCV which is found in PML patients. This could suggest that two separate
infections occur, however it is more likely that intra-patient mutations are occurring [19].
Neurotropic and archetypal JCV are both found in B cells and in HPSCs, suggesting these
cells are the site of genome rearrangement [9, 20].

The two major areas of interest with regards to the virus genome have been the VP1
protein and the NCCR. The VP1 capsid protein mediates the tropism of the virus. Archetypal
JCV can bind to renal proximal tubular epithelial cells, B cells, T cells and peripheral blood
mononuclear cells [19]. Mutations in the capsid gene can induce changes in cell tropism such
as losing the ability to bind to sialylated molecules and to a variety of peripheral cell types
[19]. However, it retains the ability to bind central nervous system glial cells. Therefore, it
does not seem that rearrangement of VP1 causes the JCV to necessarily gain the ability to
bind to oligodendrocytes, rather it loses the ability to bind to all other types of cells.

The Host The biggest change in the genome between the archetypal and neurotropic JCV is
in the NCCR. JCV isolated from PML patients shows rearranged NCCRs (rr--NCCR)
compared to archetypal JCV. While almost all cases have a deletion in the D segment and
involve tandem repeats, the overall changes in sequences seem to unique to each patient [21],
presenting a challenge as to creating a therapeutic that could block this key region. As is
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FIG. 1 Model for the sequestration of Spi-B and immune system evasion by neurotropic JCV. Inside kidney cells, Spi-B
is unable to bind to the archetypal NCCR region on the JCV. In B cells or hematopoietic stem cells, Spi-B has increased
expression and is sequestered to the JCV by re-arranged (rr-) NCCR. This retards the B cell receptor development and hinders
the immune system’s ability to respond to viral pathogens. As antigen-presenting cells, B cells with permissive MHCs to JCV
such as DRB1*¥13, -DQA1*01:03, -DQB1*06:03 prevent the presentation of JCV to T cells, allowing further immune evasion.

predictable, the host genetics may also influence JCV pathogenesis and the likelihood of
developing PML. Interestingly, to the knowledge of this author, there have been no studies
looking at major histocompatibility complex (MHC) I or CD8" T cell specific genetic defects
with regards to JCV infection. These are crucial components of the Type [ immune response
to pathogens. MHC I proteins are found on nearly all cells and are used to present intracellular
pathogen antigens, such as viruses, to immune cells such as CD8+ T cells. Those T cells will
then recognize the pathogen and eliminate the infected cell. This presents a gap in the current
knowledge of JCV immunity as the Type 1 response is a vital aspect of how the immune
system eliminates viruses, and it is known that CD8" T cells can be activated in response to
JCV [22]. However, there has been research investigating genetic polymorphisms of MHC II
molecules and their role in JCV pathogenesis. These molecules are important as they are key
to the role of antigen-presenting cells, which allows the adaptive immune system to create
specific antibodies to the pathogen. It has been noted that certain MHC II alleles offer a
protective effect against JCV, as was determined by measuring the production of anti-JCV
antibodies. These include HLA-DRB1*15, -DQA1%01:02, -DQB1%06:02 [23]. Interestingly,
these are dominant alleles. Alleles that are permissive to JCV have also been identified,
mainly HLA-DRB1*13, -DQA1*01:03, -DQB1*06:03 [23]. In contrast to the protective
alleles, these ones are additive.

Spi-B is a host transcription factor associated with RNA Polymerase that has garnered
interest with regards to JCV. This transcription factor seems to be ubiquitously expressed, but
it is highly expressed in immune cells [24]. Specifically, Spi-B seems to be involved in the
development of the B cell receptor [24]. Archetypal JCV NCCR cannot bind Spi-B but the
neurotropic rr-NCCR can [24]. Spi-B binding seems to increase viral replication.
Additionally, Spi-B protein expression is upregulated 2-fold in CD19+ B cells in some
patients on natalizumab and 100-fold in CD34+ hematopoietic precursors of patients on
natalizumab [24]. Spi-B-binding JCV has been found in patients on other DMTs such as
rituximab and highly active antiretroviral therapy [24].

Figure 1 presents a model outlining how the virus avoids immune detections via genetic
susceptibilities in the host and viral rearrangements of the NCCR. When patients have
genetically susceptible MHC II alleles, antigen-presenting B cells are unable to effectively
present JCV on their MHC II molecules to elicit an immune response. Furthermore, in kidney
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cells JCV is archetypical with a non-rearranged NCCR and is thus unable to bind to Spi-B,
but in B cells and its precursors, the JCV 1r-NCCR can bind and sequester the Spi-B,
increasing viral replication. This will also have the synergistic effect of decreasing B cell
receptor development and thereby again circumventing the immune system. This presents a
potential model for how the host and viral genetics play a role in immune evasion of the virus.

How does JCV cross the blood brain barrier?

The primary site of JCV infection is thought to be the kidneys, as evidenced by anti-JCV
antibodies being found in urine of children and adults without PML [25, 26]. The question
has remained as to how JCV becomes neurotropic and infects the oligodendrocytes. Before
infecting the central nervous system, JCV must cross the blood brain barrier. Since PML
seems to occur in patients with autoimmune disorders, this could suggest that inflammatory
cells and cytokines play a role in the increased permeability of the blood brain barrier [27]. It
is known that blood brain barrier permeability increases in patients with MS [28, 29]. This
may be related to why PML seems to occur primarily in patients with autoimmune disorders,
as an increasingly permeable blood brain barrier could be more permissive to viral infections.

There are two models for how JCV most likely crosses this permeable barrier. The first
suggests that free-circulating JCV passes endothelial cells lining the blood brain barrier
transcellularly and subsequently bind to oligodendrocytes. This is supported by experiments
demonstrating in vitro infection and replication of archetypal JCV in human brain
microvascular endothelial cells [30]. However, this study used archetypal JCV and would
suggest that some rearrangement of the JCV genome must occur just after crossing the blood
brain barrier that enables them to enter and replicate inside the oligodendrocytes. The second
hypothesis, which is becoming more widely accepted, is that JCV-infected B cells cross the
blood brain barrier paracellularly via a “Trojan Horse” strategy and JCV are then able to
escape and infect oligodendrocytes [7]. The current consensus regarding JCV infection
supports this second theory as it has been shown that JCV can infect and replicate inside B
cells and that JCV-infected B cells are able to transmit infection to naive glial cells [20].
Therefore, this is the theory my model is based on.

At this point one more question remains, how would the typically dormant JCV exit the
B cell, enter the oligodendrocyte and become lytic? A proposed explanation may not require
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FIG. 2 Model for how JCV uses B cells to cross the blood brain barrier and infect oligodendrocytes. B cells co-
infected with JCV and EBV cross the disrupted blood brain barrier. The permeability of the blood brain barrier can be
increased due autoimmune diseases or disease-modifying therapies. Once the B cell has crossed the membrane, the EBV
causes a fusion of the B cell to the oligodendrocyte. The JCV is able to cross into the oligodendrocyte, where due to its
neurotropism, it enters a lytic state of infection. The death of oligodendrocytes causes the release of viable JCV able to bind
and enter other oligodendrocytes and continue replication. The destruction of myelinating cells eventually induces PML.
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the virus to exit the cell at all and involves co-infection with Epstein-Barr virus (EBV). EBV

is another common, asymptomatic virus that infects B cells [31] and is implicated in MS

pathogenesis [32, 33] and disease progression of rheumatoid arthritis [34]. An in vitro study

demonstrated that EBV-transformed B cells are able to transmit archetypal JCV to primary

human fetal glial cells [7]. Recent studies have also demonstrated the ability of EBV and JCV

to undergo recombination and this recombined genome has been found in PML patients [35].

EBYV has also been shown to cause cell fusion [36] and induce transfer of genetic material via

cell-cell contact [37]. While this could be an interesting mechanism, further studies will need

to be done to conclusively determine the role EBV plays in JCV pathogenesis.

My model (Fig. 2) proposes how all these findings can be used to describe entry of JCV
into the blood brain barrier and infection of oligodendrocyte. First, an existing autoimmune
dysfunction produces inflammatory cytokines and chemoattractants, which act on the blood
brain barrier and induce disruption and permeability. Circulating B cells, which are co-
infected with JCV and EBV, are then able to cross the blood brain barrier. EBV then causes
a fusion of the B cell with the oligodendrocytes, allowing the neurotropic JCV to enter the
oligodendrocytes. JCV will now establish a lytic infection and destroy the host cell. The death
of oligodendrocytes prevents myelination of the neurons, causing PML.

How do monoclonal antibody drugs aid in JCV reactivation?

Two drugs most commonly associated with PML are natalizumab (Tysabri®) and
rituximab (Rituxan®). Interestingly, the mechanism of action of each drug is quite different.
Natalizumab are anti-o4-integrin antibodies [38]. o4-integrin are transmembrane receptors
that bind to fibronectin and VCAMI and are present on activated leukocytes [39]. The
purpose of this antibody is to reduce the migration of pro-inflammatory leukocytes into the
central nervous system through the blood brain barrier [38]. However, natalizumab has other
effects on the immune system. Notably, there is an increase in CXCR3 on B cells [40], a
receptor implicated in leukocyte migration. Natalizumab also causes an increase in expression
of Spi-B in B cells [24] and an increase in migration of CD34+ progenitor cells (including
HPSCs) to the peripheral blood [41]. This evidence suggests that natalizumab, while
minimizing the binding of lymphocytes to the blood brain barrier, can increase the presence
of JCV-carrying immune cells (such as B cells and HPSCs) in the peripheral blood. This can
increase the chance that neurotropic JCV in one of those cells crosses the blood brain barrier.

|
‘ Archetypal JCV mADb lImmune response to JCV
‘ Neurotropic JCV

_y@ =P Blood brain barrier
VP1 & NCCR
Rearrangement

1 Spi-B 1 Spi-B
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FIG. 3 Model for JCV infection of hematopoietic stem cells (HPSC), B cell precursors. Initial JCV infections occurs
by archetypal virus. Inside the HPSC, the virus lays dormant until monoclonal antibodies are introduced into the host. The
monoclonal antibodies (mAb) act on all aspects of the immune system, including increasing Spi-B expression, increasing
immune cell migration into the periphery and suppressing the immune response to the virus. As the HPSC differentiates
into the B cell, VP1 and NCCR rearrangement occurs and JCV becomes neurotropic but remains dormant. The B cell,
now infected with neurotropic JCV, travels to the blood brain barrier.
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On the other hand, rituximab is an anti-CD20 antibody [42]. CD20 is a receptor primarily
located on maturing and activated B cells. As expected, this antibody decreases the expression
of B cell receptor and can induce apoptosis in the B cells [43]. However, other immune side
effects can occur such as induction of T regulatory lymphocytes and an increase in naive and
immature B cells [20]. This skewing of the immune system towards an immunosuppressive
and anti-inflammatory state, especially with B cells unable to produce a strong humoral
response to the virus, could be allowing JCV to become reactivated.

The proposed model for how JCV enters the immune system is summarized in Figure 3.
This model suggests that archetypal JCV enters the tonsils and travels around the lymphatic
circularity system. Eventually, JCV infect HPSCs and lays dormant. This part of the
hypothesis is controversial, as there have been some studies that could not detect JCV DNA
in MS patients on natalizumab or in PML patients [44], but there are other studies that have
[45, 9]. Once the patient begins to express an autoimmune disorder and takes drugs which
can further imbalance the immune system, several events occur. Spi-B expression and the
circulation of progenitor immune cells in the peripheral blood are increased. At some point,
the VP1 and NCCR undergo rearrangement in which some JCV are mutated and become
neurotropic. The increased circulation of immune cells in the peripheral blood will eventually
bring the infected cells to the blood brain barrier and thus the virus is able to cross the blood
brain barrier via the mechanism explained in Figure 2. In addition, the immune-inhibitory
nature of the monoclonal antibodies prevents the immune system from effectively
recognizing and eliminating the virus.

SUMMARY AND FUTURE DIRECTIONS

The purpose of this paper was to hypothesize a big picture model for how JCV infects
immune cells, avoids detection by the immune system and eventually crosses the blood brain
barrier to infect oligodendrocytes. The evidence suggests that infection of B cells or HPSCs
allows the virus to lay dormant in infected individuals. When monoclonal antibody drugs are
taken that decrease mature B cell population and affect peripheral migration of immature
immune cells, the increase in Spi-B causes a rearrangement of the NCCR followed by VP1
in the JCV genome. Several genetic factors increase the chance of JCV into developing into
a neurotropic virus. The genetic predisposition of certain MHC alleles to be permissive to
JCV, especially in patients with autoimmune diseases such as rheumatoid arthritis and MS,
prevents the virus from being effectively contained. Once the HPSC matures into a B cell, the
carrier B cell crosses the blood brain barrier. EBV co-infection seems to allow the B cells to
fuse with oligodendrocytes, allowing the now neurotropic virus to establish lytic infection.

Based on this model, JCV-induced PML seems to require immune dysregulation through
a combination of genetic defects of MHCs and immune disorders, infection of the lymphoid
cells or lymphoid precursors, the rearrangement of VP1 and NCCR of JCV and disease-
modifying therapies with B cell effects. Future studies will need to investigate MHC I genetic
predisposition to JCV infection, analyze the JCV sequence in HPSCs at various stages of
differentiation and maturity and conclusively determine whether HPSCs can act as the latent
reservoir. Other studies should focus on elucidating the mechanism for the upregulation of
Spi-B in patients on disease-modifying therapies and how this plays into NCCR
rearrangement. The mechanism for NCCR rearrangement is a particularly large gap into how
archetypal JCV becomes neurotropic. Finally, analysis of EBV and JCV coinfection in B cells
and oligodendrocytes found in brain biopsy of PML patients should be performed to
determine how JCV enters oligodendrocytes and whether any other mechanism exists that
could explain how JCV exits the B cell and infects oligodendrocytes.
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