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PERSPECTIVE
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Since their introduction, monoclonal
antibodies have found an ever expand-
ing role in the treatment of a wide number
of disorders. However, the perturbation of
the immune system that attends their use
may also increase the risk for the develop-
ment of disorders that arise in the setting
of immunosuppressive conditions, such as,
opportunistic infection and malignancy.
In this paper, we address the association
between some monoclonal antibodies and
the development of a rare demyelinating
disease of the brain, progressive multifocal
leukoencephalopathy (PML). PML results
from infection with a ubiquitous polyoma
virus, JC virus, and typically occurs in
the setting of impaired immunity, most
commonly, AIDS. It was first recognized
as a potential complication of monoclonal
antibody therapy in patients with mul-
tiple sclerosis and Crohn disease being
treated with natalizaumab, an 04f1 and
047 integrin inhibitor. Subsequently,
efalizumab, a monoclonal antibody used
in the treatment of psoriasis, was also
demonstrated to be associated with PML.
An increased risk has been suggested for
rituximab, although most of the patients
developing PML with that monoclonal
antibody have been treated for B-cell
disorders that predispose to the devel-
opment of PML. Based on our current
understanding of the biology of JC virus
and the pathogenesis of PML, we propose
an explanation for the increased risk for
PML that is observed with natalizumab
and certain other monoclonal antibodies.

Background

Progressive multifocal leukoencephal-
opathy (PML) was first described in 1958
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by Astrom, Mancall and Richardson.!
They reported three patients, all with an
underlying lymphoproliferative disorder,
who presented with neurologic deficits
as a consequence of an otherwise unex-
plained progressive white matter disorder.
At the time of their report, the etiology of
this disorder had yet to be described. In
1965, ZuRhein suggested that a papova-
virus was the cause of PML on the basis
of intracellular paracrystalline inclusions
observed on electron microscopic studies.?
Subsequent studies in which viral replica-
tion was supported by human fetal glial
cells glial confirmed that hypothesis.’ The
virus has been classified as a polyoma and
referred to as JC virus from the initials
of the individual from whom it was first
isolated.

Seroepidemiologic studies have consis-
tently reported a high incidence of anti-
body to JC viral capsid antigen, VPI, in
the world’s populations. Between the ages
of 1 and 5 years, approximately 10% of
children demonstrate antibody to JCV,
and by age 10, it can be observed in
40-60% of the population. The acquisi-
tion of JC virus during childhood appears
to occur slowly’ and primary infection
has yet to be correlated with identifiable
clinical disorder. By adulthood, 70-80%
of the population has been infected.’
Seroconversion rates to JCV exceed 90%
in some urban areas.” The mechanism of
infection remains uncertain. Transient
JC viral shedding in urine has been dem-
onstrated in 30,° to more than 50% of
immunologically normal individuals” and
appears to increase with age.® Conversely,
the virus is not detectable in the saliva or
oropharyngeal washings of young healthy
adults.” The virus has also been detected

583



worldwide in virtually every sample of
sewage that has been examined.” Indeed,
Bofilll-Mas and Girones have proposed
contaminated food and water as potential
sources of infection.’

PML was a rare disorder until the begin-
ning of the AIDS pandemic in 1981. In the
largest review of PML to that date in 1984,
Brooks and Walker were able to identify
only 230 cases that had been published in
the English language or from their own
experience.'’ Of these only 69 were patho-
logically confirmed and only 40 both viro-
logically and pathologically confirmed."
Ninety-five percent of the patients in this
series had a recognized underlying condi-
tion that predisposed them to PML. As in
the seminal cases, nearly two thirds had an
underlying lymphoproliferative disorder,
chiefly, B-cell disorders. An underlying
primary immunodeficiency disorder was
evident in approximately 16%, but, at the
time, there were only five cases of AIDS-
associated PML in the literature.!"

AIDS and PML

The onset of the AIDS pandemic was asso-
ciated with a steep rise in the frequency
with which PML was observed. In 1991,
a surveillance study of patients diagnosed
with AIDS in the San Francisco Bay area
revealed a PML prevalence rate of 0.3%.
That same year, a study of vital statistics
on patients with AIDS reported to the
Centers for Disease Control revealed that
0.72% of death certificates listed PML
among the diagnoses.”® A study of hos-
pitalized patients at a large, university-
affiliated, public health trust hospital in
Miami, Florida, revealed that nearly 4%
of all hospitalized AIDS patients had
PML.!* An autopsy series of nearly 1,000
patients reported in 1991 similarly showed
that 4% of HIV-infected individuals
died with neuropathologically confirmed
PML." Repeated studies in the pre-highly
active (HAART) or combined antiretrovi-
ral therapy (cART) era have demonstrated
that approximately 1 in 20 HIV-infected
persons will die with PML. In 1993,
AIDS accounted for 87% of the under-
lying causes of immunosuppression pre-
disposing to PML."® The effect of cART
on PML incidence has been controversial
with some studies demonstrating a decline
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in incidence'?* and others failing to doc-

ument any change.?** Regardless, PML
remains one of the four most common
HIV-associated CNS opportunistic infec-
tions?®> and PML occurs with HIV/AIDS
ten times more commonly than with other
underlying immunosuppressive disorders.
Conversely, the occurrence of PML in oth-
erwise immunological healthy individuals
is extraordinarily rare.

Monoclonal Antibodies and PML

Treatment with monoclonal antibody
products is a unique, newly identified pre-
disposing factor for the development of
PML. Among the monoclonal antibodies
that increase the risk of PML are natali-
zumab (Tysabri®), an a4fl and a4f7
antagonist, and efalizumab (Raptiva®),
an anti-CD-1la antibody. Rituximab
(Rituxan®), an anti-CD20 antibody, may
also increase the risk of PML. Another
monoclonal  antibody, alemtuzumab
(Campath®), an anti-CD52 antibody
that depletes both T and B-cells, has not,
as yet, been recognized to meaningfully
increase the risk of PML.

Natalizumab has demonstrated effi-
cacy in MS likely as a result of its ability
to prevent activated lymphocytes from
entering the brain. As a consequence, it
is currently marketed for the treatment
of relapsing-remitting multiple sclerosis
as monotherapy. It was initially removed
from the market on February 28%, 2005,
as three patients had developed PML with
the drug; two patients were in the Sentinel
study for MS and had developed PML
while on a combination of intramuscu-
lar interferon alb (Avonex®) and natali-
zumab.?*? A third received natalizumab
in a clinical trial of Crohn disease treat-
ment.”® Approximately 3,000 individuals
had been treated with natalizumab at that
time suggesting that as many as 1 in 1,000
treated individuals developed thisillness in
concert with treatment of natalizumab.?’
And subsequent estimates suggested that 1
in 1,000 persons would develop PML after
17.8 months of treatment.?® Natalizumab
returned to market in July 2006 and as of
July 2009, 10 cases have been seen in this
time frame? with an estimated PML risk
of 1 in 1,133 for patients treated greater
than 24 months. Importantly, prior to the
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use of natalizumab for MS and Crohn dis-
ease, neither disorder had been previously
associated with PML.

Efalizumab is an anti-CDl1la IgGl
antibody with demonstrated efficacy in
moderate to severe plaque psoriasis.’®' It
targets psoriasis pathogenesis at multiple
levels, importantly by inhibiting the ini-
tial T-cell activation in lymph nodes, pre-
venting binding of T-cells to endothelial
cells and blocking trafficking of T-cells
from the circulation into the psoriatic skin
preventing their reactivation in the dermal
and epidermal layer.>* More than 6,000
patients had been treated with efalizumab
before its removal from the European and
U.S. markets in the spring of 2009; of
these, only 166 patients had received more
than three years of therapy. Four patients
ranging in age from 47 to 73 years old
treated with efalizumab for more than
three years for psoriasis have developed
PML. PML was confirmed in three cases
and suspected in one. As with MS and
Crohn disease, PML had not previously
been observed complicating psoriasis.

Rituximab is an anti-CD20 that tar-
gets B-lymphocytes. It has been employed
chiefly in the treatment of lymphopro-
liferative diseases, although it has found
application in other autoimmune diseases
including rheumaroid arthritis, systemic
lupus erythematosus,” and even multi-
ple sclerosis® and neuromyelitis optica.®
From 1997 to 2008, 52 patients with
lymphoproliferative disorders (generally
B-cell malignancies), 2 with SLE, 1 with
rheumatoid arthritis, and 1 with autoim-
mune pancytopenia have been reported
with PML after rituximab therapy.® All
had been treated with other immunosup-
pressive regimens, including hematopoi-
etic stem cell transplantation in seven.
B-cell malignancies, after HIV/AIDS,
are the second most common predispos-
ing factor for PML, therefore, the occur-
rence of PML with these disorders is not
uncommon. Garcia-Suarez and colleagues
have even argued that the use of rituximab
after high dose therapy and hematopoietic
stem cell transplantation delays the onset
of PML.** However, it is likely that the
number of cases of PML reported with
rituximab is an underestimate of the true
incidence. There are at least 26 cases of

PML that have been reported with SLE
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and over 40% of cases have occurred with
minimal immunosuppression, suggest-
ing that SLE itself predisposes to PML.¥
PML has also been reported with rheuma-
toid arthritis in the absence of rituximab
therapy.'?

Barriers to the Development of
PML

As 70-80% of the world’s population
is infected with JC virus, the barriers to
the development of this disorder among
immunologically healthy individuals must
be extraordinary. Indeed, it is likely that
there are multiple barriers to the devel-
opment of the disease and an increased
risk for its development requires that
more than one is lowered. Mechanisms
by which HIV infection may increase
the risk for PML have been addressed in
a prior publication.’® Some parallels likely
exist between those mechanisms and the
ones that underlie the increased risk with
some newer biological agents, including
natalizumab, efalizumab and possibly,
rituximab. Unfortunately, our under-
standing of PML remains incomplete in
some measure because of the lack of ani-
mal models for the disorder; however, we
will propose what we believe best explains
this increased risk.

Development of PML proceeds is a
stochastic sequence of events. The series
of barriers that must be overcome in order
to develop the disease can be divided into
those that relate to the virus and those that
result from an effective immune system.
The proposed series of events that might
lead to development of PML are outlined
in Table 1.

Viral Factors

Firstly, one must be infected with the JC
virus. Although speculative, it is probable
that the initial infection is with a form of
the virus referred to as archetype virus.
This virus is the one detected in the urine
of infected individuals. It is not capable of
replicating effectively in glial tissues and
therefore, does not increase the risk of
PML. Following infection, it is presumed
that the virus establishes latency in most,
if not all, individuals. Latent sites of infec-
tion include renal tubular epithelium, bone
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Table 1. Proposed stages of PML development

Initial infection (typically <20 years)

Establishment of latent infection

Alteration in the non-coding regulatory region of JCV in latent sites converting the virus to a
neurotropic strain

Failed immunosurveillance in the periphery

Periodic re-expression of JCV in PBMCs

Productive JCV infection of PBMC—dependent on B cell maturity and expression of
transcriptional factors

Entry of JCV into brain

Establishment of productive oligodendrocyte infection

Failure of immunosurveillance in the brain

Note: JCV, JC virus; PBMC, peripheral blood mononuclear cells; PML, progressive multifocal

leukoencephalopathy.

marrow, spleen, tonsils, lymph nodes and
perhaps other sites.” Whether the virus
establishes latency in the brain remains
controversial. If the initial infection is
with the archetype JCV, it must mutate
with an expansion of the non-coding
control region of the virus (Fig. 1) in order
to be capable of growing efficiently in
glial tissues. In the absence of this genetic
modification, PML is not a serious threat.
Gene rearrangement in the NCCR region
permits it to bind to the NF-1X binding
protein found in the nuclei of glial cells,
a protein shared by B-cells.**> How the
gene rearrangement occurs is unclear, but
its latent presence in somatic cells uniquely
designed to rearrange the genome, namely,
B-cells is intriguing. We propose that the
machinery for gene arrangement utilized
for immunoglobulin synthesis, specifi-
cally, the recombination activating gene
and cytidine deaminase, in infected cells
of B-cell lineage facilitates the develop-
ment of a neurotropic strain of the virus.
This hypothesis fits with the observation
of the presence of both archetype JC virus
and that with a rearranged regulatory
region in the bone marrow.” Genetic rear-
rangement in the promoter region may not
be the only alteration that increases the
neuropathogenecity of the virus. Amino
acid substitutions in the VP1 capsid pro-
tein of the virus may also play a role in
virulence.*®

Although the possibility exists that ini-
tial infection with JC virus may result in
PML, several convergent lines of evidence
suggest that the disorder results from reac-
tivated virus. Firstly, when immunoglob-
ulin to JC virus is assayed in PML, it is
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IgG; IgM to JC virus is rarely observed.”
Secondly, PML is a rare disorder in chil-
dren.®® Lastly, the JC virus genome
obtained from brains of five patients with
PML and from tissue specimens (lymph
node, spleen, bone marrow) of the same
individuals that had been banked up to
four years earlier showed that the two iso-
lates from each individual were virtually
identical.®

Mutation to a neurotropic form is, by
itself, insufficient to result in disease. The
virus must be re-expressed and circulate
in the peripheral blood, gaining access to
the brain as either free virus or cell-asso-
ciated virus. Failed immunosuppression
likely leads to periodical expression of JC
virus. The virus can be detected in both
sera and peripheral blood mononuclear
cells (PBMCs). Studies of normal healthy
controls have demonstrated variable results
from 0% to greater than 10%. The likeli-
hood of detecting circulating JC virus in
PML patients increases with immunosup-
pression as has been demonstrated in the
AIDS population.®>* The appearance of JC
virus in the blood prior to the development
of PML has been reported in the number of
instances.?®! Similarly, JC virus has been
detected in the blood of MS patients treated
with natalizumab prior to the diagnosis of
PML, and in some MS patients without
PML (Personal communication: Major EO,
March 31, 2009, Lexington, Kentucky).
This supports the hypothesis that the virus
reaches the brain by hematogenous route
as suggested by Houff et al.** In addition
to being re-expressed, the risk of develop-
ing PML is likely enhanced when the virus
is actively replicating. Studies employing
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Genesis of Neurotropic Strain

Figure I. Genesis of the neurotropic Strain of JC Virus. (Adapted from Jensen and Major®). The |C virus genome is depicted on the left. The genes
coding for its three structural proteins and three regulatory proteins (here) are highly conserved, but not the non-coding control region which dictates
whether the virus can bind to a cells NF-1X DNA binding proteins. The archetype virus’ non-coding control region is at the top; at the bottom, is the
98 bp tandem repeat sequence seen in the virus isolated from brains with PML. This is the mutation that must occur.

reverse transcriptase PCR in HIV-infected
patients indicate that despite detection of
the virus in PBMCs, active replication is a

rare event.’?

Immune Factors

As previously mentioned, immunosup-
pression increases the frequency with
which JC virus is detected in the periph-
perhaps
importantly, an effective CNS immuno-

eral blood. However, more
surveillance can check the virus even after
it has established glial infection. This has
been amply demonstrated by development
of immune reconstitution inflammatory
syndrome (IRIS) in HIV-infected individ-
uals with PML treated with highly active
antiretroviral therapy. This observation is
not limited to the HIV/AIDS population
as immune recovery that attends other
conditions associated with PML can also
result in PML-IRIS. Prolonged survival
(exceeding 12 months) with PML that
was observed in only about 10% of indi-
viduals with HIV-associated PML prior to
the introduction of HAART?®® increased

substantially afterwards. Berenguer found
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that 63.6% of HIV-associated PML
patients survived a median duration of
2.2 years with HAART and that one half
of the survivors experience neurological
improvement.”® Correlates with survival
include ahigher CD4 lymphocyte counts,”
the presence of JCV-specific cytotoxic

56,57

T-lymphocyrtes, contrast enhancement

on MRL*> and probably pathologically
demonstrated inflammatory response;>*
all indicative of the importance of the
immune response in containing the infec-

tion once established in the brain.

Lowering the Barriers to
Development of PML

The stochastic processes involved in devel-
opment of PML are influenced by a num-
ber of factors, including co-infection with
HIV, and treatment with natalizumab,
efalizumab and rituximab. In effect, these
factors appear to lower the barriers to
development of the disease.

mAbs

HIV/AIDS

In large part, the high incidence of PML
in the HIV/AIDS population is likely a
reflection of differences in the degree and
duration of cellular immunosuppression
and direct HIV-1 effects on JCV mul-
tiplication.”® It appears the greater the
degree of immunosuppression and the
longer the duration of the HIV infection,
the greater the likelihood of develop-
ing PML. The median CD4 cell counts
at the time of diagnosis of PML from
the two largest studies to date of AIDS-
associated PML were 54, and 60 cells/
cu mm.” This results in the frequent re-
expression of JCV in peripheral blood, as
well as a failure to contain and eradicate
the infection once established in the CNS.
B-cell activation seen with HIV infec-
tion’® may promote JCV transcriptional
control region gene re-arrangement,” and
also result in productive JCV infection
of the PBMC due to an upregulation of
the B-cell transcriptional factors. If JCV
enters the CNS as a cell-associated virus,
this entry is facilitated by the alteration of
the blood-brain-barrier and the increased
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expression of brain microvascular adhe-
sion molecules that attend HIV infec-
tion.” Transactivation of the JCV within
the brain may occur as a consequence of
both HIV tat protein and the expression
of a panoply of cytokines and chemokines
elicited by HIV infection.?®

Natalizumab

The explanation for the unexpected
appearance of PML with natalizumab is
also multifactorial because the product
may facilitate the development of PML by
affecting both the virus and the immune
system. The binding of a4Pl integrin
by natalizumab results in the release of
lymphocytes from bone marrow stores.
Natalizumab therapy for MS significantly
elevates circulating CD19* B-cells, par-
ticularly CD19* CDI10*pre-B-cells.®" If
these cells are latently infected with JCV,
detectable virus may be observed in the
peripheral blood. As the immature B-cells
among them mature, transcriptional fac-
tors that are capable of transactivating JC
virus are upregulated.***> Additionally,
other factors, including other infections
that arise with natalizumab therapy, such
as, HHV-6, may also transactivate the
JC virus.®® This increased expression of
actively replicating virus occurs in the very
cells that uniquely contain the necessary
genetic machinery to rearrange the virus’
transcriptional control region that may
convert it to a neurotropic strain. Coupled
with the likely increased expression of
actively replicating virus in the blood is
a failure of immunosurveillance. Firstly,
natalizumab blocks CNS entry by lym-
phocytes, particularly important would
be the blocking of JCV-specific cytotoxic
lymphocytes. The latter, commonly found
in normal individuals,** correlate very
strongly with PML survival’**” Dendritic
cells have been demonstrated to be instru-
mental in the expansion of the JCV-CTL
response.® In one patient with PML com-
plicated by natalizumab therapy for MS,
autopsy revealed a significant decrease in
CD209* denderitic cells in cerebral perivas-
cular spaces; also, no CD4* T-cells were
detected in the brain tissue.®® Therefore,
there appear to be multiple insults to
the immune system that predispose

www.landesbioscience.com

to the development of PML following
natalizumab administration.

If this explanation for the increased
incidence of PML with monoclonal anti-
bodies that affect 041 integrin is correct,
the occurrence of PML with a4f7 inte-
grin inhibition by monoclonal antibodies
would be unanticipated. The inhibition of
047 integrin is the proposed mechanism
for the efficacy of natalizumab in Crohn
disease®” and monoclonal antibodies solely
targeting 04p7 integrin are under inves-
tigation for the treatment of autoimmune
gut disorders. Similarly, anti-tumor necro-
sis factor therapy, another form of therapy
for inflammatory bowel disorders, would
also not be anticipated to significantly
increase the risk of PML and, to date, that
has been the experience.

Efalizumab

There is insufficient data regarding the
effects of efalizumab to comfortably com-
ment on potential mechanisms by which
it increases the risk of PML. However,
efalizumab clearly affects the immune
system in a fashion akin to natalizumab,
and likely predisposes to PML by lowering
immunological barriers. Efalizumab inhib-
its T-cell activation, migration and reac-

6869 and reduces the chemotactic

tivation
properties of monocytes and neutrophils
and downregulates VLA4.° Dendritic
cells in the skin are significantly decreased
after efalizumab treatment.”! Whether the
same pertains to brain tissue is unknown.
Whether it affects viral mutation and rep-

lication remains unknown.
Rituximab

Rituximab is a monoclonal antibody
directed against CD20 expressed by pre-B
and B-cells, but not stem cells or plasma
cells.” It results in profound B-cell deple-
tion. PML has been described in more
than 50 patients treated with rituximab;
all of whom had received other immu-
nosuppressive drugs and had, with rare
exception, underlying disorders that pre-
dispose to PML.* PML was diagnosed
a median of 5.5 months after the last
rituximab dose.® With repopulation of
the peripheral B-cells, immature B-cells
predominate and certain cells such as
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memory cells are significantly delayed in
their reappearance.”” The rate of B-cell
reconstitution varies from 6 months to
up to 24 months depending on additional
anti-lymphocyte especially
stem cell transplantation.”*” Therefore,

treatments,

PML following rituximab therapy devel-
ops in conjunction with the reconstitution
of the B-cell population. Additionally,
rituximab also have reduced CD3 T-cells
in the cerebrospinal fluid.”® The temporal
profile and functional consequences of
a reduction in T-cells in patients treated
with rituximab is unknown. Many of the
mechanisms operant with natalizumab
that predispose to PML also appear to be
present with rituximab, for example, the
migration of pre-B-cells into the peripheral
circulation in response to B-cell depletion.
However, despite the numbers of observed
cases suggests that PML is less likely with
rituximab than natalizumab.
Alemtuzumab

Alemtuzumab is a monoclonal anti-
body directed against CD52, an antigen
expressed on more than 95% of B and
T-cells.”” It has been used most extensively
in lymphoproliferative diseases,”® but also
in organ and stem cell transplantation
and is under investigation in the treat-
ment of MS.’ Alemtuzumab depletes
both B and T-cells with B-cells returning
to levels greater than their baseline values
at 27 + 15 months after therapy.?® CD4
T-cells remain depleted for an average of
61 months and CD8 cells for 30 months.?°
Alemtuzumab would therefore seem to be
uniquely suited to predispose to the devel-
opment of PML, yet only three cases have
been reported to date; one patient devel-
oped PML three months after initiation of
alemtuzumab for chronic lymphocytic leu-
kemia,® another with a peripheral T-cell
lymphoma who received alemtuzumab
after eight cycles of cyclophosphamide,
doxorubicin, vincristine and prednisone,®
and a third in a lung transplant recipient
who received steroids, anti-thymocyte
globulin and alemtuzumab.?® The target
antigen of alemtuzumab is not expressed
on hematopoietic progenitor cells,** and
whether incidence rates of PML with
alemtuzumab will increase with increased
use in the future remains to be seen.
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Future Directions

The pathogenesis of PML we have pre-
sented remains speculative. We believe
that the only logical explanation for the
rare appearance of PML in otherwise
healthy individuals can only be explained
by the lowering of multiple barriers to
development of the disease, some of which
are enormous. We provide plausible expla-
nations for the high incidence of PML
with  HIV/AIDS and the unexpected
occurrence of PML after treatment with
natalizumab and rituximab based on what
is currently known about the mechanism
of action of these monoclonal antibodies.

Clearly, there are many unanswered
questions. Is PML always the result of
reactivated JCV infection? Once an indi-
vidual is infected, does the virus always
become latent? What are the sites of viral
latency and what dictates reactivation
from these sites? Is the presence of JCV
in peripheral blood predicative of the
development of PML? Could detection of
JC virus through polymerase chain reac-
tion (PCR) serve as a useful tool in risk
reduction? If not, would demonstrating
that the virus is actively replicating using
quantitative PCR or demonstrating the
presence of a neurotropic strain of virus in
the blood be a better predictor? Does the
risk of PML increase with prolonged expo-
sure? Regarding the latter question, the
appearance of PML only after three years
of efalizumab therapy and the absence of
PML in patients treated with natalizumab
for less than 12 months and an increasing
incidence after 18 months of therapy are
certainly suggestive of this possibility.

Answering these and other questions
will prove enormously helpful in address-
ing the risks for PML following treatment
with the expanding array of newer immu-
nomodulatory drugs. It will also provide
possible strategies for prevention and
treatment of PML.
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