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FOREWORD TO THE SECOND EDITION

The Neurology of AIDS is both a well-crafted and timely offer-
ing. The book will broadly appeal to the medical community
through its thorough evaluation of basic and applied research
targeting cognitive, behavioral and mental health issues facing
so many HIV-infected people. This book will certainly also be
valuable to students, scientists, and health care providers who
are involved in research or in the clinical care of people with
HIV/AIDS. The contributors are well-respected leaders in
AIDS research and clinical care, some of whom have benefit-
ted, in part, from the vision and financial support offered by
the American Foundation for AIDS Research (amfAR). We
were touched that for this reason and to acknowledge the con-
tributions of amfAR to the fight against AIDS, we were asked
to write this dedication.

It is profoundly gratifying to us to see not only the publica-
tion of an updated second edition of the encyclopedic text on
AIDS neurology reflecting extensive new information col-
lected in the past half-decade, but also to see the contribution
we made to it, however modest, so genuinely appreciated.

It is difficult to condense in a few lines how our individual
concerns for the people afflicted with HIV/AIDS, and our
indignation at the gross prejudices and the many injustices
they have had to suffer in addition to their disease, brought the
three of us together. It is even more difficult to recount how a
myriad of heartbreaks, struggles, disappointments, frustra-
tions and shattered hopes did not destroy our faith in ecither
the power of modern biomedical science or the decency and
generosity of spirit of most Americans. In the early 80s, two of
us (Mathilde Krim and Elizabeth Taylor) were already deeply
concerned by the emergence of a new deadly disease whose
epidemic spread appeared so eminently predictable. We were
appalled by the failure of our health authorities and elected
officials to promptly institute prevention programs in the
communities at risk and to provide adequate federal funds for
critical research work. We had soon reached the conclusion
that the independent nonprofit sector had to step in and start
assuming a significant part of these tasks. We proposed that
two preexisting organizations (the AIDS Medical Foundation,
founded in New York in 1983, and the National AIDS
Research Foundation, founded in 1985 in Los Angeles with a
substantial gift from the dying Rock Hudson) had to unify
their operations and form a single, truly national nonprofit
organization. This was done and this larger organization has
operated ever since under the name of American Foundation
for AIDS Research (amfAR). The third signatory to this dedi-
cation (Sharon Stone) became deeply involved somewhat later
but with equal determination after the shattering personal
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experience of losing a close and important friend to the
epidemic.

Since its inception, amfAR’s mission has been to foster and
support biomedical research on the prevention, pathogenesis,
and treatment of HIV infection and AIDS, as well as to con-
duct public education and advocacy efforts on behalf of all
people with HIV disease or at high risk for it, so that their civil
rights are protected, and their rights to dignity, care, and pri-
vacy respected. Much progress was made in these regards
through the early and sustained efforts of amfAR.

The support of AIDS-relevant basic biomedical research
has always been at the core of amfAR’s mission. As do all
responsible grant-making agencies, amfAR selects its grantees
through stringent peer review. For this, it has enlisted the ser-
vices of more than 100 volunteer professionals, who are experts
in the Foundation’s diverse programmatic areas. The senior
editor of The Neurology of AIDS, Dr. Howard E. Gendelman,
is a dedicated member of amfAR’s Scientific Advisory
Committee (SAC), as are many of this book’s contributing
authors. For its granting decisions, amfAR relies on its SAC’s
recommendations. These are based on the originality, prom-
ise, and technical excellence of the research proposed in the
grant applications it reviews as well as the skills, facilities, and
financial needs of the applicants. As an independent founda-
tion, amfAR can respond to funding requests with greater
speed and flexibility than government agencies; and it can nar-
rowly focus its funding on HIV/AIDS-relevant proposals.
Fields of work to which Zhe Neurology of AIDS pays particular
attention—innovative treatment strategies, emerging oppor-
tunistic infections, disease trends, anti-retroviral drugs, health
care delivery, psychosocial aspects of disease, and strategies in
vaccine research—all are major concerns of amfAR.

As a research-centered organization, amfAR has helped
achieve substantial scientific and medical advances and, in cer-
tain instances, it has opened important new avenues to scien-
tific inquiry. This includes the very early studies of Dr. Nancy
T. Chang on HIV's protease that spurred the development of
protease inhibitors, the drugs that have so dramatically
improved the treatment of people with HIV/AIDS in recent
years. And, amfAR funded Dr. Ruth M. Ruprecht’s preclinical
studies in the use of zidovudine for the prevention of vertical
retrovirus transmission. Her experiments proved successful
and they provided the scientific and ethical rationale for a
National Institutes of Health trial in pregnant women that
succeeded in “markedly reducing” mother to infant HIV
transmission. Another exciting result of amfAR support was
the first demonstrations by Dr. Stephen A. Johnston that



“naked DNA” can induce humoral and cellular immunity
which opened the novel field of “genetic immunization.” In
1992, Dr. Carl Wild, an amfAR Fellow, first synthesized and
characterized the anti-HIV activity of the peptide T-20 that
the Food and Drug Administration approved for marketing in
March 2003. T-20, now called Fuzeon, is the first of a class of
drugs known as “entry inhibitors.” More recently, in 1996, Dr.
Nathaniel R. Landau discovered the CCR5 HIV co-receptor
with a grant from amfAR, making it now possible to design
drugs to block that receptor to prevent infection.

As carly as 1986, amfAR’s public education and advocacy
efforts had started to impact very significantly on AIDS-
related policy decision-makingat the federal, state, and munic-
ipal levels. This Foundation has, in addition, provided
substantial support to community-based clinical research
groups. And, after a $30 million amfAR investment over sev-
eral years in the creation and training of 24 such groups, their
nationwide network had become capable of operating inde-
pendently of amfAR. Its successful completion of a number of
amfAR- and industry-sponsored clinical studies has produced
important results that have helped improve the medical man-
agement of HIV disease. In prevention, innovative, and com-
prehensive approaches (including syringe exchange programs)
were funded and continue to be funded and evaluated.

Our goals remain to contribute significantly to: (1) the
control of HIV disease until it is fully medically manageable,
and (2) the worldwide control of HIV’s epidemic spread,
which must include safe and highly effective immunization.
To date, amfAR has invested over $220 million in its pro-
grams, primarily in grants to more than 2,000 research teams
worldwide.

The second edition of The Neurology of AIDS provides an
important glimpse into how far we have come to a better
understanding of how HIV infection can damage the nervous
system and, even more importantly, how this damage can be
prevented. Fresh perspectives are provided in this second edi-
tion on viral infection and opportunistic diseases of the brain,
spinal cord, and peripheral nerves, which are among AIDS
research’s most difhicult frontiers.

As did its first edition, this book offers a most comprehen-
sive and well-organized description, in both format and style,
of some of the most devastating complications of HIV infec-
tion. Topics covered span from a basic science review—the
structure and function of HIV genes and gene products—to
neurobiology, clinical disease manifestations and diagnosis,
pathological outcomes of viral infection, and therapeutics.
Recent scientific advances are newly included, such as
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chemokine receptor expression in brain cells and stem cells;
brain immunity in health and disease; common disease mech-
anisms of neurodegenerative disorders; neuroimaging; and
molecular markers. All are discussed in some detail. In addi-
tion, this book informatively addresses the psychiatric mani-
festations of HIV disease and its complications, including its
psychological impact on the patients themselves as well as
their caregivers and the legal implications of such disease
manifestations. Several clinical chapters written by patients
themselves—an unusual occurrence in the medical litera-
ture—provide unique and very moving insights into the
torments of both people living with HIV and their caregivers.
Importantly, this book also reports on, and discusses, the
extraordinary progress afforded by both highly active
antiretroviral and adjunctive therapies that can, in no small
measure, reverse the neurological and psychiatric manifesta-
tions of nervous system involvement in HIV infection. As
HIV disease can be made to change from an acute to a more
chronic illness, it is important that state-of-the-art therapeutic
approaches be described and discussed in some detail.
Altogether, we have here a quite monumental undertaking
that offers a view of singular breadth and depth on manifesta-
tions of HIV disease that have long appeared mysterious and
intractable.

Of course, many unresolved questions remain and research
in this important field must continue unabated. But this book
can be a solid basis of enlightenment for all those interested in
the neurological aspects of HIV/AIDS, and we wholeheart-
edly congratulate the book’s many contributing authors and
its editors, for an outstanding achievement.

Mathilde Krim, PhD
Founding Chairman and
Chairman of the Board
American Foundation for
AIDS Research (amfAR)

Dame Elizabeth Taylor

Founding International Chairman
American Foundation for

AIDS Research (amfAR)

Sharon Stone

Chairman, Campaign for
AIDS Research
American Foundation for
AIDS Research (amfAR)
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PREFACE

The Neurology of AIDS is a comprehensive treatise on the
neurological, behavioral, motor, sensory, cognitive, psychiat-
ric, developmental, and basic research of human immunodefi-
ciency virus (HIV) infection. Since the start of the epidemic,
neurological disorders emerged rapidly as the most feared and
significant complication of progressive HIV infection. Despite
considerable advances in combination active antiretroviral
therapy (cART), these disorders continue, albeit at a chronic
level. The disorders include peripheral neuropathy; myopathy;
myelopathy; and, most significantly, HIV-associated neu-
rocognitive disorders (HAND), comprising cognitive, motor,
and behavior abnormalities.

The mechanisms by which the virus invades the nervous
system and induces neurological disorders are complex. They
give rise to novel pathological processes and, when understood
correctly, point to therapeutic interventions that are relevant
to many neurodegenerative disorders. The neurological disor-
ders are becoming an even more important component of the
HIV epidemic, as patients live longer and increasingly pro-
ductive lives. Accordingly, separate chapters on aging and on
linkages between HAND and other neurodegenerative disor-
ders are included in the text. This third edition expresses our
collective vision and our collective hope to move research even
faster from laboratory bench to patient bedside. With contin-
ued new insights emerging for disease causation, considerable
emphasis was placed on basic science at the molecular, cellular,
animal, and applied human levels. With a focus on genomics,
we redoubled our efforts to tie this work to an understanding
of host antiretroviral immunity and to include discussions of
both the positive potential and the possible pitfalls in vaccine
developments. The text goes on to provide thorough and
updated reviews of the epidemiological, psychological, and
psychiatric aspects of HAND. One unique aspect of the text
lies in the section on clinical and personal perspectives. Based
on the popularity of this section, the chapters were expanded,
and now include a broader disease view from infected patients,
who describe their life journey living with HIV/AIDS in their
own terms and in their own way. Personal experiences are pro-
vided on what it is like living daily with the challenges and
difficulties of peripheral neuropathy, sexual dysfunction, sub-
stance abuse, anxiety, and depression. These patient perspec-
tives supplement the descriptions written by physicians and
scientists. The emerging fields of stem cell biology, protecom-
ics, and adjunctive therapies serve to define how host factors
affect active viral replication and neurodegenerative events—
and some of the discoveries from these fields are harnessed as
biomarkers to improve diagnosis and therapeutic monitoring.
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The ultimate goal will be to use combined approaches to pre-
vent or reverse disease by positively affecting the processes of
neuronal injury and death. Such information, we believe, will
serve to define HIV neurology. The advances reflected in this
text have already aided in developing new therapeutics for
many neurodegenerative disorders, including but not limited
to Alzheimer’s and Parkinson’s disease, amyotrophic lateral
sclerosis, and Huntington’s disease.

Overall, significant advances in ¢ART have reduced the
incidence of HIV-1-associated dementia, while peripheral
neuropathy remains common. Neuropsychological tests to
monitor cognitive impairments are now more precise, and as
patients continue to live longer, more subtle neurological dys-
functionsare now the most common disease features. Advances
in studies of viral neuropathogenesis, diagnostics, and thera-
peutics for HAND are provided. A panel discussion by inter-
nationally recognized authorities in HIV biology and HAND,
including some of the editors, addresses timely questions on
neurovirulence, cellular factors influencing viral replication,
therapeutic challenges, and the constantly changing epidemio-
logical patterns of disease.

Since the first edition, the book has evolved from 4 to now
12 major sections. The dedication is provided by scientific and
public leaders. We acknowledge their contributions, insights,
and support for the three decades of the epidemic. Clearly, the
merger of efforts between community leaders, scientists, phy-
sicians, and policy makers has enabled sustained success in
both biomedical research and patient care. Discussion of
HAND in the developing world, including links to new
research efforts, is provided throughout this volume.

The basic science components of the text were once again
revamped considerably from the prior edition. Comprehensive
reviews are provided into the molecular and cellular biology,
immunology, and neuroscience of HIV infection and into
host genomics. A novice reader who picks up the book for the
first time can gain a broad understanding of the basic aspects
of HIV/AIDS, and its relationships to neurological disease
manifestations, without having to refer to other information
sources. The next section then focuses on the innate and adap-
tive immune systems and how they affect the pathogenesis of
other neurodegenerative disorders and can be used to develop
protective vaccines. A significant feature of the neurological
disease complex involves disorders of the blood-brain barrier.
Discussions of this barrier’s structure and function are pro-
vided, as are discussions of mechanisms of viral and cell entry
into the brain at both the organ and cellular level. One of the
most critical aspects of HIV disease is the disordered regulation



of glial function. The section on this topic was expanded
substantively, as deficits in innate glial immunity often under-
lie the pathogenesis of HIV infection and peripheral neuropa-
thy. Adjunctive medicines that target glial secretory functions,
including agents that deactivate microglial responses, can
affect both productive viral replication and neurotoxic activi-
ties. The means to deliver adjunctive medicines, as well as
ART, now have expanded into the field of nanomedicine.
Neurotoxicity may manifest through both cellular and viral
products and can affect neurogenesis and cellular functions.
These neurotoxic products are covered in greater depth, both
at the molecular and cellular levels, with viral targets described
in relationship to progenitor cells, mononuclear phagocytes,
and astrocytes. Animal model systems remain pivotal for stud-
ies of viral pathogenesis and developmental therapeutics, and
for developing vaccine approaches to prevent disease. As most
lentiviral infections show prominent neurological manifesta-
tions, a range of infectious disorders is covered, including the
simian and feline immunodeficiency viruses, caprine arthritis-
encephalitis, and visna-maedi infections of goats and sheep, as
well as the more recently developed murine viral systems for
HAND, including transgenic and immunodeficient systems.
Several chapters discussing the role of drugs of abuse in the
disease process are provided. These chapters look at the inter-
relationships, as observed both in the laboratory and at the
patient bedside, among virus, immunity, and drugs of abuse as
they pertain to disease progression and protection.

Subsequent sections and chapters provide a “bread and
butter” description of the clinical and pathological aspects of
disease. These cover features of dementia, neuropathology,
drugabuse, spinal cord disease, peripheral neuropathy, myopa-
thy, neoplasms, opportunistic infections including hepatitis
C, and psychiatric disorders.

Significant progress has been made in methods for diag-
nosing and monitoring cognitive function following HIV
infection. These methods are now reviewed in chapters on
structural brain imaging, magnetic resonance spectroscopy,
evoked potentials, neuropsychological assessments, and mea-
sures of cellular and viral products as molecular markers of
disease and disease progression.
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The section on pediatric manifestations of HIV disease
was expanded once again to include clinical and neuropatho-
logical features along with evaluation of neurodevelopmental
deficits and psychosocial aspects. The severity of neurological
disease in children is more significant than observed in adults
and often devastating. The breakthroughs of ART for children
and for prevention of maternal-fetal transmission are also dis-
cussed; these breakthroughs have altered markedly the natural
history and severity of disease.

A complete section is provided on new treatment para-
digms for opportunistic infections. This section should pro-
vide the clinician with a comprehensive set of up-to-date
management paradigms as well as an understanding of future
prospects for adjunctive therapies that target specific disease
pathways and mechanisms. The book concludes with a pro-
spectus on changes in HIV epidemiology and the evolution of
the disease complex. The clinical and neuropathological
aspects of disease in the cART era provide new perspectives
for disease and the changing outcomes for neurological impair-
ments that are being developed.

We suspect that the reader, whether a student, researcher,
or health care provider, will find this book an important
resource and reference on the neurological aspects of HIV
infection. Synthesizingin one text contributions from patients,
activists, health care providers, scientists, and clinicians proved
to be a fascinating undertaking. On reflection, this synthesis
provides a unique perspective not only on HIV neurology but
on the field of HIV/AIDS as a whole—and on the continued
positive prospects for the future.

Howard E. Gendelman, MD
Igor Grant, MD

Ian Paul Everall, MD
Howard S. Fox, MD, PhD
Harris A. Gelbard, MD, PhD
Stuart A. Lipton, MD, PhD
Susan Swindells, MD
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INTERACTIVE TOPICAL DISCUSSION
ON AIDS NEUROLOGY

PAST, PRESENT, AND FUTURE

Moderator: Howard E. Gendelman

Participants: Roger J. Bedimo, Linda Chang, Ian Paul Everall, Howard S. Fox, Harris A. Gelbard, Igor Grant,
Scott L. Letendre, Stuart A. Lipton, Eliezer Masliah, Susan Swindells, and Babafemi Taiwo

he authors thank Ms. Lana J. Reichardt for her organi-
zational, literary, and transcriptional skills, which
proved invaluable for this teleconference discussion.

INTRODUCTION

While the pages of our book offer the reader a comprehensive
review of the neurological, behavioral, motor, sensory, cogni-
tive, psychiatric, developmental, and basic research performed
on HIV-1 infection of the nervous system, a frank discussion of
the field, its future direction, and needs was lacking. To this end,
our faculty (the editors, with assistance of other chosen clini-
cian-scientists) used a platform of an interactive conference to
discuss what we considered to be the timely questions facing the
field. The listed contributors are active investigators and author-
ities on HIV/AIDS. Particular emphasis is placed within this
discussion on current thinking about disease pathogenesis,
patient care, and the evolution of these areas for the future. Each
question posed to the expert panel is followed by several
responses. Each response is preceded by the speaker’s last name.

QUESTION 1

“What is the evidence that there are pathobiological and clinical
manifestations of human immunodeficiency virus (HIV) infec-
tion on the central nervous system (CNS) for the period immedi-
ately following the viral seroconversion reaction? What are the
mechanisms for such effects and could early intervention attenuate
the development of HIV-associated neurocognitive disorders
(HAND)?”

Grant: 1 think that the evidence for early neurocognitive
impairment and clinical neurological symptoms in the acute
phase of infection remains controversial. There are certainly
people who develop early seroconversion illness with neuro-
logical symptoms but I think this is not really what we are
focusing on here in this discussion. The question is whether the
neurocognitive complications, that is, HAND, begin early.

There is some evidence that that may be true. For example,
Dr. Serena Spudich and colleagues reported on changes in cere-
brospinal fluid (CSF) profiles in relationship to systemic infec-
tion and antiretroviral treatment early in the course of infections
that were also linked to molecular measures of HIV-1 variants
(Spudich et al., 2005; Schnell et al., 2009). Recently, our group
completed some work that showed that from a neurocognitive
standpoint people with acute and early infection scored inter-
mediate between noninfected controls and people with estab-
lished infection, but the changes were very subtle. So I think it
remains an open question. The other point I would make is that
there are quite a few data now that suggest that having experi-
enced avery low CD4+ T cell count, that is, a low nadir, predis-
poses to neurocognitive complications later. And so the
question arises whether preventing low CD4 during the acute
phase could spare the brain from injury.

Fox: I would like to speak on the mechanism since, as Dr.
Grant said, we do not know the cause. What we do know
about the early infection period is that there is consistent evi-
dence for early infection of the CNS during this acute period
(Chakrabarti et al., 1991; Davis et al., 1992; Lane et al., 1996;
Pilcher et al., 2001; Roberts et al., 2004). This evidence is
derived from studies on the brain and cerebrospinal fluid in
nonhuman primates and people. So certainly, there are early
events that affect the brain. This is seen with reactions of both
the innate as well as the adaptive immune response in the
CNS. Early treatment in the SIV-monkey model revealed a
decrease in functional (neurophysiological) CNS abnormali-
ties and a decrease in brain viral load, potentially pointing to a
role for early antiviral intervention (Marcondes et al., 2009).

Letendre: I will just add a point that was made about the
low nadir CD4 count and what impact that may have on the
nervous system. Dr. Ronald Ellis saw a patient in the hospital
recently along with our infectious disease team at the
University of California-San Diego. The person presented
with acute encephalitis and coma and had no infections other
than acute HIV infection and had 10 million copies per cubic
millimeter of HIV-1 RNA in cerebrospinal fluid (CSF) and
with only 1 million copies per cubic millimeter of virus in his
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plasma. While this is an extreme case, I think that it is a very
clear example that HIV along with the attendant immune
response can result in altered sensorium. It may be that there is
substantial migration of immune cells in response to new
infection and that the damage caused by these cells could
account for the cognitive decline that has been described. If
this is true, then this damage could potentially be prevented or
treated by antiretroviral therapy.

Swindells: The treatment of acute or early or primary HIV
infection remains controversial from the clinician perspective.
It is unclear really whether we are benefiting people in the long
run by starting treatment acutely, and if you do should it then
be interrupted? But I think the ongoing debate of when to start
antiretroviral therapy is informed to a degree by concern about
neurological damage. Concerns exist about virus-induced end
organ damage that may be irreversible even if subtle, and there
are observational data that support the idea that earlier initia-
tion of therapy may help to prevent neurologic disease from
the HIV that develops significantly later on in the course of
viral infection (Ellis et al., 2010; CROI abstract 429).

QUESTION 2

What is the importance of combination antiretroviral therapy
(cART) for treatment or prevention of HAND? Is the CNS effective-
ness of ART important in managing HAND or in preventing it?

Letendre: The data have been accumulating in recent years
to support the idea that better-penetrating antiretroviral regi-
mens better reduce HIV in the nervous system. Most—Dbut
not all—of the studies that have been performed looking
at cognitive performance support the idea that better-
penetrating therapy improves impaired performance or main-
tains normal performance. However, there are no controlled
trials. The field has moved from performing cross-sectional
analyses to prospective observational uncontrolled studies,
but randomized clinical trials have not yet been completed.
Dr. Ronald Ellis is leading a randomized controlled clinical
trial for treatment of HAND; randomizing people to better-
penetrating or worse-penetrating therapy. I am here in Beijing
now setting up our new NIH-funded randomized clinical trial
of better-penetrating versus worse-penetrating therapy for the
prevention of HAND. We need the data from these trials for
the field to move forward, particularly since not all the obser-
vational data have been supportive. In the last two years there
have been a couple of publications that have indicated that
antiretroviral therapy could be neurotoxic, at least under cer-
tain circumstances. These data highlight the need for random-
ized clinical trials and tell us that certain drugs with neurotoxic
potential may have to be used with caution because they could
either cause mild impairment or could limit recovery from
impaired neuropsychological performance.

Taiwo: I would just like to add that one of the most impor-
tant things that we are able to do is to help prevent the neuro-
logical consequences of HIV infection that clearly persist
despite ART. There is very strong evidence that the longer you
wait to start therapy the worse the outcome will likely be. But
I think for us to really know how best to intervene we have to
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understand better the mechanisms of injury to the CNS. As
had been said, perhaps it is cryptic viral replication, or maybe
persistent immune activation or irreversible neuronal injury
from these mechanisms, that plays the dominant role. Inmune
reconstitution from treatment and direct adverse effects of
ART are potential pathways for neurological injury as well.
Currently, the field suffers from limited understanding of the
relative contribution of these potential mechanisms. So, it is
still very difficult to say how best to intervene and in the same
vein to define which ART regimen will be most beneficial
because there may be subtle differences in their effects. For
example, it is unknown if CCRS inhibition will lead to dif-
ferential neurological effects. This is one of the important
areas for future inquiry.

Lipton: Obviously, with effective ART, the disease has
changed. It is a more mild disease, but that said, and this will
be brought up in subsequent questions, the prevalence partic-
ularly of more mild cases of HAND is still increasing. So,
clearly we are not getting to all of the infection or its conse-
quences in the brain. That still needs to be addressed with
improved treatments.

Bedimo: Dr. Scott Letendre has done more work on this
but I would also like to add that there is not as close a correla-
tion between the viral load in the CNS and the clinical signs
of HAND as there is between immune activation and neu-
ronal damage (Kelder, Arthur, Nance-Sproson, McClernon,
& Griffin, 1998). In fact, treatment discontinuation in stable
patients has recently been shown to be associated with
improved cognitive function (Robertson et al., 2010). This
suggests that HIV invasion of the CNS might not be suffi-
cient, but other mechanisms might be necessary to cause
HAND. So I guess that brings up the next question that you
are going to ask about adjunctive therapies. Maybe getting a
handle on the mechanisms of HAND will be required in order
to evaluate the potential role of adjunctive therapies, and for
clinicians to be able to decide whether they’re likely to benefit
an individual patient.

Swindells: 1 think from where I sit, the jury is still out on
whether clinicians should include CNS antiretroviral pene-
trance in decision making about choices of antiviral therapy.
And it is certainly something we think about and talk about.
At the moment, our “go-to” combination for treatment-naive
patients is the simplest: three drugs in one pill—a combina-
tion consisting of emtricitabine, tenofovir, and efavirenz—the
elements of which do have reasonable penetrance. But there
may be patients for whom a different regimen might be prefer-
able for brain-protective effect or for trying to reverse neu-
ronaldamage fromuntreated HIV disease. As Scott mentioned,
I think results of randomized controlled clinical trials would
be really helpful in informing the field and changing treatment
guidelines. So for now, the guidelines don’t include this piece
and perhaps in the future they will.

Everall: While we still have a long way to go in terms of
collecting information regarding eflicacy of treating and pre-
venting HAND, as Scott and Susan have just commented on,
I think we still have to remember that we have come such a
long way since the era when we had no treatment to now
having treatment and we have to sort out which is the best

INTERACTIVE TOPICAL DISCUSSION ON AIDS NEUROLOGY



regimen (Everall et al., 2009). I was reminded of just how far
we have come a few weeks ago when I saw a patient with the
most severe HIV-associated dementia (HAD) that I’ve seen in
15 years. The patient knew that he was living with HIV for 20
years but refused all treatment and antiretroviral drugs so I
saw almost a historical presentation of the HIV dementia
complex. So, as I say, we have come a very long way.

QUESTION 3

“What is the place for adjunctive therapies for neuroAIDS? How
should it or they be utilized? What is the best developmental
scheme?”

Gelbard: 1 think that after my comments Dr. Stuart
Lipton’s insights would nicely dovetail for this discussion. I
obviously share previously mentioned viewpoints that infec-
tion of the CNS happens early with HIV-1, with subsequent
events that presumably result in an altered homeostasis
between immune effector cells and normal synaptic function.
And I believe that normalization of immune indices, particu-
larly those that reflect peripheral immune function, do not
adequately reflect the environment that continues to exist in
the CNS. I think that even with “perfect” control of viral load,
or near-perfect control (currently below 50 copies/mL), we
will continue to have CNS disease, and thus we will need
adjunctive therapy (Gelbard et al., 2010). The problems with
adjunctive therapy in the past have been largely due to limited
choice of a single agent with variable pharmocodynamic and
pharmocokinetic characteristics that might hinder optimal
concentrations in brain regions that are most vulnerable to
damage by the virus. The fact remains that many of the same
principles that have guided combination chemotherapy for
the virus also can and likely should be applied to the adjunc-
tive therapies. By that, I specifically mean because this loss of
homocostasis between the peripheral immune system and
cells in the CNS, particularly with respect to normal synaptic
function, involves more than one target, it is likely that we
need more than one agent at a time to best effect neuroprotec-
tion or neurorestoration with adjunctive therapy.

Lipton: 1 agree with my colleague Dr. Harris Gelbard that
there are many cases of HAND even when ¢cART has been
optimized. So, clearly, adjunct therapy or better antiretrovirals
are needed. I think today, however, the studies with these sec-
ondary agents just have not been innovative enough or careful
enough. Dr. Gelbard indicated many of the reasons and we
need more of an innovative approach to neuroprotection in
the brain. We also have to pay more attention to the absorp-
tion, distribution, metabolism, excretion, and toxicity
(ADME/T) of drugs to insure that they get into the brain
adequately, and, unfortunately, many scientists are not remain-
ing aware of these factors in their efforts to make a feasible
drug. In the brain a lot of things have to happen for a drug to
work and to avoid intolerable side effects. So I think we need
a better system of communication between academic institu-
tions and pharmaceutical companies in order to attack this
problem in a more coherent manner and produce better neu-
roprotective agents.
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Bedimo: 1 would like to say as a clinician that the best
developmental scheme would be translating currently avail-
able information on potential pathogenic mechanisms into
clinical trials evaluating therapies that are likely to address
those mechanisms. As far as we understand now, potential
pathogenic mechanisms leading to HAND include inflamma-
tion, excitotoxicity, and oxidative stress. AIDS Clinical Trials
Group (ACTG) 5235 is a study that it is focusing on the anti-
inflammatory effect of minocycline for the management of
HAND and I am not exactly sure of how that study has pro-
gressed. Memantine has also been used as a neuroprotective
agent to counter the excitotoxicity leading to HAND. To my
knowledge, all the adjunctive therapies have yet to yield any
positive outcomes.

Lipton: 1 am involved with the drug memantine as the
inventor listed on worldwide patents and I just want to dis-
close this fact. That said, many of these studies with meman-
tine and other drugs have been ill conceived, and the large
variability in the placebo group was belied by the power analy-
sis. At the end of the day, we have found that with several stud-
ies cither there were not sufficient patients entered or the study
was not long enough to allow a real test of efficacy. Then a type
IT statistical error can be made in which we determine that a
drug is not effective, but in fact it might have been had the
proper trial be carried out. Having run some of these trials
myself, I know that clinical studies are difficult to perform
well. Patients are demented, forget to take their medicines,
may share medicines between the active group and the placebo
group, and I think we need to take better care of exactly how
we perform trials. Results can be biased for technical reasons
that change the outcome and determine whether the trial was
successful or failed for essentially trivial reasons.

Fox: That is a very good point, Dr. Lipton. And let me add,
as you and others mentioned, that the clinical presentation is
certainly different from severe dementia seen previously. And
my question is whether the mechanism is the same, and so, as
to the last part of this question, what type of drug should be
developed? How much are we using what we have known
from the excellent studies on dementia and HIV encephalitis,
and how much is due to what we know about the pathogenesis
of HAND in its current presentation? I will just leave that as
an open question.

Everall: 1 would like to make one response. I think that the
assessment and measurement of neuropsychological outcomes
is a critical issue to advising the effectiveness of ARVs and how
to treat people with HAND. Let’s remember that we still don’t
have any actual documented guidelines that treatment of
HAND with antiretrovirals by themselves improves cogni-
tion. I think that maybe we need to have treatment guidelines
established that will then help guide us in terms of the use of
potential adjunctive therapies as well.

Gendelman: 1 will add one point. It is clear that HAND in
its current form, while mild, remains a persistent problem. It is
also clear, despite cART and its therapeutic efficacy in reduc-
ing viral load and while significant and confers positive bene-
fits in ameliorating disease severity and comorbid conditions,
that adjunctive therapies will likely be needed. The search for
new pathways and new means to alter the pathobiological
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responses that remain even following effective therapy will be
a continued mainstay for the future treatment of HAND
(reviewed by Kraft-Terry, Buch, Fox, & Gendelman, 2009;
Kraft-Terry, Stothert, Buch, & Gendelman, 2010).

QUESTION 4

“What are the most useful animal model systems for neuroAIDS?

How should they be used and do they have a role in studies of
disease, pathogenesis, and developmental therapeutics?”

Masliah: Although the simian models and rodent models
expressing the HIV genome have demonstrated to be highly
useful for studies of pathogenesis and therapeutic develop-
ment, models over-expressing HIV-1 proteins such as gp120,
tat, and vpr have demonstrated to be of interest in terms of
uncovering the mechanisms of neurotoxicity. For example,
studies in GFAP-gp120 tg mice have shown that selectively
neuronal populations including glutaminergic pyramidal neu-
rons are more susceptible via activation of the CDK/cyclin
signaling pathway, in contrast, over-expression of Tat under
the GFAP promoter has shown activation of other pathways
of neurodegeneration such as the GSK3 signaling pathway.
This is also of interest because such models could allow us to
screen in a rapid manner for compounds with therapeutic
potential that selectively target these signaling pathways, such
as roscovitine and lithium, respectively.

Fox: One principle advantage of nonhuman primates is
that they enable the study of the CNS and immune and other
organ systems together, with parameters that are the closest to
people. Differences in brain structure and function between
rodents and primates are well known, and differences in the
immune system are becoming increasingly recognized.
Significant attention is now being paid to the relatively poor
translatability of rodent studies to humans (Davis, 2008;
Schnabel, 2008). While they are more difficult to work with,
monkeys have great translatability. One excellent example is
the role of the gastrointestinal tract in HIV pathogenesis, dis-
covered in monkeys (Veazey et al., 1998), leading to a wealth
of findings in people, including a link between GI microbial
translocation and HIV dementia (Ancuta et al.,, 2008). Other
examples are the studies on early viral entry into the CNS
(referred to above) and the state of the CNS during stable
chronic (non-end stage) infection in the absence or presence
of treatment (Roberts et al., 2006; Zink et al., 2010). That
said, measuring some of the effects manifest in HAND, in
particular the cognitive effects, is difhicult. It was much easier
in the pretreatment era when people and monkeys got more
severe neurologic disease. It is now difficult to measure the
finer nuances of cognitive dysfunction in monkeys and corre-
late those with the current functional findings in people. Still,
SIV-infected monkeys are an excellent model for studying a
variety of molecular, immune, viral, neuronal, and neurophys-
iologic properties of the brain due to chronic infection and
even with antiretroviral therapy or any adjunctive or other
therapy on top of this, with the realization that your group size
and number of groups that you can study will be smaller than
other lower animal model systems. One has to then balance
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the translatability with the ability to examine more hypotheses
and perform larger studies, uncovering mechanisms that can
then be examined in monkeys and people.

Everall: 1would also like to say that the primate model has
actually provided insights into human disease and especially in
the simulation of disease progression. But those experiments
take a long time and they obviously cannot be easily repeated
due to costs and access. For quicker experiments to generate
informative data, you can actually use rodent models. We have
been using one of those models and have actually found it very
useful in terms in elucidating certain mechanisms of neuro-
toxicity as well as neuroprotection and they are especially
useful in assessing agents and potential agents. A clear experi-
mental path can be to take experiments from tissue cultures
through to rodent animal models and then through clinical
trial. So while there are limitations with the rodent model, I
think this model certainly helped us progress understanding
in the field.

Lipton: 1 would like to say this before giving Dr. Howard
Gendelman the floor: I had the great privilege of seeing the
data compiled from his new rodent model, which I believe
will be revolutionary. It is a new rodent model for neuroAIDS.
Many of you know about it but I want to make it clear for our
readers; it involved reconstitution of the mouse with a human
immune system, allowing HIV infection in the brain, and it is
from Dr. Howard Gendelman’s laboratory done with several
of his colleagues. I really think it is the first time that a mouse
model has recapitulated many of the features of HAND, and
particularly in its most severe form, HAD. I think this mouse
will provide a tremendous advantage to the entire field in elu-
cidating the pathophysiology and in testing drugs before we
go into people in clinical trials. With that I would like to hand
the floor to Howard so he can tell us alittle bit more about this
new model.

Gendelman: Thank you, Dr. Stuart Lipton. I would just
like to review very briefly the path that led us to these new
studies (Dash et al., 2011; Gorantla et al., 2010). There were
limited model systems available during the 20 years when we
first were involved in developing early systems. Preceding this
model were the HIV-1gp120 and viral gene systems, including
other transgenic models where HIV subgenomic fragments
were put under the control of robust promoters to elicit histo-
pathologic correlates of human disease, along with a broad
range of human-cell-mouse-brain reconstitutions and viral
chimeras (Toggas et al., 1994; Zou et al., 2007; Potash et al.,
2005; Gorantla et al, 2007; Tyor, Power, Gendelman, &
Markham, 1993; Persidsky et al., 1996; Avgeropoulos et al.,
1998). We have recapitulated human disease components of
neuroAIDS, which centered on neuroinflammation as well as
the mechanisms of neuronal destruction. These animal model
systems have yielded a tremendous amount of data not only on
pathobiology but also in many of the developmental adjunc-
tive therapies that have come forward, although none has made
it as yet into the drug combination therapies commonly used
in patients. These models nonetheless taught us a lot about
mechanisms of neuronal destruction and likely built a founda-
tion for the future for new successful therapies that are in the
pipeline today. In recent years, our labs and others have begun
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to use immunodeficient mice that were reconstituted with
HIV-infected cells. In the early stages these were HIV-infected
monocyte-derived macrophages, and this model was an
encephalitis model where an acute intracranial injection of
infected macrophages induces a robust inflammatory process
and encephalitis with neuronal dropout and mimics a florid
macrophage-induced neuronal and glial process. Following
that model system was the reconstitution of human leukocytes
of the use of chimeric recombinant viruses that allowed de
novo infection of murine cells. This model allowed investiga-
tors to study and begin to unravel the role of adaptive immune
function and that consisted of CD4-positive T cell subsets and
CD8 cells in disease, surveillance, and progression. In the last
three years, my lab, in collaboration with Drs. Harris Gelbard
and Larisa Polucktova, has begun to reconstitute essentially
performing bone marrow transplants in immunodeficient ani-
mals in generating, with C34-positive human stem cells, a true
humanized mouse where the bone marrow progenitor cells are
human and the reconstitution of the immune system is human
in a homeostatic environment. These are not activated T cells;
these are immunocytes that will survive over a year and will
respond to a number of antigenic stimuli, including viral infec-
tion. These animals can be infected for many months, and
about a year and a half ago we began to see results that excited
us in the field of neuroAIDS. About 50% of the animals, spon-
tancously after four, five, or six months of viral infection, would
develop a mingle encephalitis, meningitis, or low-level nervous
system disease. There was then the characterization of the
system demonstrating infiltration and infection of human
macrophages in perivascular distribution with low level of
innate astrocyte and microglial responses. In 10% of the ani-
mals, there was the development of a florid encephalitis. Eight
months ago, and in conjunction with other studies,we began
to monitor the development of neuronal aberrations, and with
support from Dr. Harris Gelbard we began to show changes in
neuronal responses. We prospectively monitored these animals
by spectroscopy and diffusion tense imaging. This was done by
Dr. Michael Boska, who showed very focal changes in N-acetyl
aspartate levels in areas that are most affected in humans, so we
saw those areas in the cortex and subcortex as well, and they
progressed. The animals were sacrificed after several months
and these animals showed very significant histopathological
correlates of disease, including changes in the neurofilament,
which mapped to the same areas of the brain shown to be
abnormal by spectroscopy and diffusion tensor imaging tech-
niques. We hope that in conjunction with our own works and
works of others that these will be used not only for studies of
antiretroviral therapy and combination therapy, but also for
adjunctive therapies to combat human disease.

QUESTION 5

“Do drugs of abuse affect the progression of HIV/AIDS and/or
neuroAIDS? If so, under what sets of circumstances and which
drugs?”

Chang: Regarding the question as to whether drugs of
abuse affect the progression of HIV and if so, under what sets
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of circumstances and which drugs: The published data have
shown that additive or interactive effects of neurotoxicity can
occur in individuals with HIV who are drug users. For exam-
ple, neurotoxicity has been shown in HIV patients who use
methamphetamine additively (Chang, Ernst, Speck, & Grob,
2005; Alicata, Chang, Cloak, Abe, & Ernst, 2009) or interac-
tively (Jernigan et al., 2005). Our neuroimaging studies that
used magnetic resonance spectroscopy to measure N-acetyl-
asprate (NAA) and other metabolites showed additional
decreased NAA or further elevation of choline or myo-
inositol, which is indicative of neurodegeneration and astro-
gliosis, especially in the subcortical brain regions and notably
the basal ganglia (Chang et al., 2005). However, instead of
seeing an additive effect, you might actually see an interactive
effect, such as in the work done by Dr. Terry Jernigan’s group
where they saw enlarged subcortical brain structural changes
in methamphetamine users but smaller subcortical volumes in
HIV-infected people (Jernigan et al., 2005). However, in the
HIV subjects who used methamphetamine, they found rela-
tively normal basal ganglia structures (Jernigan et al., 2009).
Hence, the different imaging techniques demonstrate differ-
ent brain changes that are associated with the combined effects
of HIV and drugs of abuse. For instance, the interactive effect
of HIV and marijuana use on brain glutamate also was docu-
mented using MR spectroscopy techniques (Chang, Cloak,
Yakupov, & Ernst, 2006). There are other neuroimaging tech-
niques such as PET imaging, which found that HIV patients
who used cocaine had additional decreases in the brain dop-
amine transporters (Chang et al., 2008). The dopamine recep-
tors were also found to be decreased, especially in the HIV+
cocaine users, but the effects on the receptors were primarily
related to nicotine use, which is quite prevalent in both the
HIV-infected population and amongst drug users. So there
are really many examples of human studies as well as animal
studies that have actually shown an accelerated disease pro-
gression of HIV associated with drug use. For example, both
cocaine and methamphetamine can enhance viral replication
which can lead to further neurotoxicity.

Everall: This is a very complex issue and the interaction of
drugs of abuse with HIV occur at many different levels that
could be biological, behavioral, personality, and so on. At the
biological level, some studies have shown that drugs such as
opiates, through binding at the u-opioid receptor, increase
viral replication, which is obviously going to have an effect on
progression of HIV disease. With regard to stimulants, such as
methamphetamine, I would like to mention the neuropatho-
logical findings from the work done by Dr. Eliezer Masliah
and myself, that has demonstrated a selective degeneration of
calbindin-expressing GABAnergic inter-neurons that results
in more severe memory deficits in HIV-infected methamphet-
maine users. In addition to the biological mechanisms, there is
also the issue of behavior. Drug-using individuals may well be
prone to impulsive or sensation-seeking behavior, which puts
themselves and others they interact with at risk of infection. It
is also known that individuals who regularly take drugs of
abuse may well have personality issues and more chaotic life-
styles, which means that they are much less likely to engage
and retain in HIV mental health services and be less adherent
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to any antiretroviral medication, which again is going to have
a negative impact upon their well-being and possibly increase
the progression of the HIV disease and/or development of
HAND.

Grant: 1 think Linda and Ian have covered alot of the issues
and I would like to underscore a couple and then add a couple
of more. One is that these drugs, some of them like metham-
phetamine and alcohol and central nervous system depres-
sants, can independently cause neurocognitive impairment.
That impairment is probably most likely to be seen in connec-
tion with length of abstinence, in other words, in most cases as
people refrain from drug abuse their cognitive disturbance
relative to drugs decreases. So part of the issue of the interac-
tion between HIV and drugs needs to be seen within a time-
frame of detoxification as well. The second point is that not all
drugs are alike; so methamphetamine has been mentioned by
Linda and Ian as neurotoxic, but, for example, drugs like mari-
juana are really not known to independently produce substan-
tial neurocognitive changes in the long run in people who are
abstinent. And, in fact, some studies suggest that concurrent
use of marijuana and meth actually confers a better neuropsy-
chological outcome than using meth alone, perhaps suggesting
a neuroprotective action of the cannabinoids. The third point
I would make is that substance abusers are also more likely to
have dual HIV infection or HCV infections that also can
affect neurological function. The final point would be that this
has been really a relatively understudied area in the context of
large clinical trials such as those being conducted by ACTGs
and HPTNs and so forth. Historically, substance users are
cither excluded or not properly diagnosed in these settings and
that is a situation that needs to be corrected if we are really to
understand the long-term neurological effects of these drugs in
relation to HIV and HIV treatments.

Fox: Dr. Grant nicely raised the issues of different effects
of different drugs, and certainly when it comes to people the
predominant case is poly drug abuse. It is rare that a drug user
uses only one substance, and as pointed out, these may have
the opposite effects of different drugs on HIV and the brain.
The sum of the data on human drug abusers reveals that there
is not a profound effect. People just don’t show dramatic
changes, and often the apparent effects of drug abuse can be
attributed to other factors such as access to health care, medi-
cation compliance, and so on. (Ellis et al., 2003; King, Alicata,
Cloak, & Chang, 2009). The concept of protection, while
seemingly counterintuitive, can arise from the effects drugs
have on their receptors not only in the brain but also the
immune system. In addition to the human studies with can-
nabinoids that Dr. Grant refers to, Dr. Robert Donahoe per-
formed a study in SIV-infected monkeys revealing that
constant doses of opiates leads to improved survival (Donahoe
et al., 2009). But of course human opiate abusers don’t have
regular supplies of drugs taken on regular schedules. But it
serves as an example that, for the true sense of effects of drugs
of abuse on infection, they certainly are not dramatic nor
always adverse. We did try to mimic human abuse patterns in
our studies on the effects of methamphetamine on SIV in
monkeys. In the time period that we examined, there was not
an effect on progression of disease nor on peripheral viral
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perimeters; however, we did see increased virus in the brain
and effects on macrophages and natural killer cells (Marcondes,
Alicata, Cloak, & Chang, 2010). So, I think the results of the
drugs may be subtle and require very careful control to get
around issues such as poly drug abuse, compliance, co-infec-
tions, and other comorbidities. So, I agree with Igor that it is
an open question and more studies need to be done but the
variables and confounds may be large.

Lipton: Because of drug abuse in humans, the situation is
very different from that seen in animal models of HAND,
which is much cleaner. Human drug abusers usually bring a
whole set of other comorbidities, including head injuries,
abuse histories, and so on. Hence, further studies are necessary
to look at the effect of interaction of comorbidity, drugs, and
HIV.

Everall: T would just like to make an additional comment
to Igor’s very important point about the potential protection
of cannabis. Clinically, my role is a psychiatrist and we know
that the more potent forms of cannabis are associated with an
increased risk for psychosis. There are a number of active
ingredients in cannabis and we need to clarify which ingredi-
ents are associated with neuroprotection and which exacer-

bate psychosis.

QUESTION 6

“How significant is HAND in the cART era? What need clini-
cians be mindful of ?”

Swindells: We have already had some discussion from con-
tributors on the conference call that the overall incidence of
what is considered classic AIDS dementia has decreased.
Thanks in large part to the availability of effective antiretroviral
therapy, this is something we see rarely now in the clinic.
However, there are subtle impairments that are still present,
and particularly in untreated patients, which are worse with
more advanced disease. But, you also have to look for it.
Occasionally, it will be obvious, but diagnosis requires careful
attention to cognitive impairment and that is difficult in the
context of a busy HIV clinic. However, there are some tools
that are available that do not require extensive formal neurop-
sychological testing (Power et al., 1995). There are tools that
take a few minutes to apply and we in fact use those in screening
and they are extremely helpful for us in terms of assessing sever-
ity of impairment and also monitoring progressively to see
whether patients make a full or partial recovery neurologically.

Grant: 1 think this is an important question, as Dr.
Swindells mentioned. It is a real challenge in clinics: how to
ascertain and monitor these complications. Just to remind
readers, we do see at least mild neurocognitive impairment in
anywhere from one-third to over one-half of people with HIV
disease, most of whom are well treated on cART. So this is a
problem that persists. It is important to the patient because it
affects their everyday functioning, in some instances including
ability to continue with their regular work, may affect driving
skills, adherence to complex medical regimens, and other life
activities. So, it is not a trivial issue even though the impair-
ments can be considered mild. As to how to monitor this, it is
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a bit of a dilemma. As with any complex medical problem,
such as for example the diagnosis of mild heart disease, it is
not easy to do this at the bedside. It does require specialized
evaluations, and so what is then also needed is a high index of
suspicion as to the possibility a person may be experiencing
neurocognitive decline. Some points to alert the clinician to
someone at greater risk would be the patient who has had a
low nadir CD4, the patient who has continued viremia despite
treatment, and of course patients who complain of memory
and other cognitive problems. However, self-report of cogni-
tive difficulties can also be increased when the patient is
depressed. Dr. Swindells mentioned that there are brief neu-
rocognitive screens, and they should be employed routinely in
the monitoring of persons with HIV, but they do have their
limitations, unfortunately. To diagnose mild forms of impair-
ment there is no getting around performing more comprehen-
sive neuropsychological testing whenever the clinician suspects
that neurocognitive change may be occurring. Examples of
test batteries that are sensitive to neurocognitive complica-
tions of HIV can be found in the publication describing the
Frascati Criteria for HAND (Antinori, et al., 2007), and in
the CHARTER Study report (Heaton et al., 2010).

Chang: In the clinical setting, the scales that are developed
to assess HIV-1-associated dementia or HAND are better
than the traditional clinical examinations, such as the HIV
dementia scale instead of the MMSE (which is more useful for
assessing Alzheimer’s disease but not too sensitive for detect-
ing HIV-associated dementia or HAND). Another major
issue is that it is often difhicult to diagnose the comorbid con-
ditions that Igor mentioned and that we discussed earlier, such
as, the comorbid effects of substance abuse can additionally
impact the cognitive dysfunction. Lastly, in the era of cART,
some of the antiretroviral medications themselves may be neu-
rotoxic and may lead to additional brain abnormalities that
can be assessed with neuroimaging techniques (Schweinsburg
et al,, 2005; Chang et al., 2008), and so some of the cognitive
deficits you are seeing may not be due to HIV directly, but to
the treatment. There are many issues that we don’t have com-
plete understanding of and how much of each component
contributes to the cognitive dysfunction, and it would be wise
to do more research in these areas.

Bedimo: 1 just wanted to add for the readers one good ref-
erence on the incidence and determinants of HAND: the
CASCADE cohort (Bhaskaran et al., 2008). They were able
to show that compared to the pre-HAART era, the incidence
of HAND has decreased about tenfold in the later part of the
HAART era (2003-2006). I believe it has also been shown
that the prevalence of HAND has not decreased and may in
fact be increasing, especially as we are getting better at detect-
ing the more subtle forms of the disorder. A few years ago
there was an international HIV dementia scale published that
looked at three arcas—memory, psychomotor skills, and
motor speed (Sacktor et al.,, 2005). This tool might be more
useful at differentiating HIV-1-associated dementia from
other forms of dementia in the aging HIV population, given
the psychomotor slowing accompanying memory deficits and
the accumulation of intraneuronal amyloid beta and alpha
synuclein in the former (Achim, Adame, Dumaop, Everall, &
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Masliah, 2009; Khanlou et al., 2009). And also one thing that
I have seen and am not sure what others think about it, it is
said that there is significant olfactory deficits in HAND and
this might be clinically useful to test (Zucco & Ingegneri,
2004).

Gendelman: Hepatitis C and neuroAIDS in resource-lim-
ited settings. Dr. Letendre, if you can respond in order to
provide a broad clinical perspective, this would balance the
discussion.

Letendye: I want to quickly support what has recently been
said, which is that HAND in the clinic has to be interpreted
in the context of other complications, which has been termed
either multimorbidity or polypathology, depending on which
term you prefer. What is clear is that there are several factors
that increase with time including age, duration of HIV infec-
tion, duration of treatment, the number of comorbidities, and
the number of concomitant medications. Those morbidities
not only include cardiovascular disease, bone loss, and renal
disease, but chronic co-infections, such as the viral hepatiti-
dies. I think it is clear that hepatitis C does affect the brain
cither by infecting glial cells—and I think there is very strong
evidence that supports that—or by other mechanisms such as
an indirect effect from liver disease. I think this is going to
become increasingly important in the next few years because
of the new hepatitis C treatments that are going to be moving
into the clinic. With these new treatments, many of the issues
that we have dealt with in terms of penetration into the brain
of antiretrovirals may now also apply to penetration of these
new protease and polymerase inhibitor drugs for hepatitis C.
In terms of the international setting, I think the comment that
was just made about the international HIV scale is good. Of
course, we need geographically and culturally relevant screen-
ing instruments to use in the clinic everywhere and the inter-
national HIV dementia scale promises to do that, but Iam not
certain that it always succeeds. We must ensure that we screen
for the comorbidities that are relevant in each setting and
account for them in our assessments. I just want to quickly add
there may also be an impact in differences in host genetics.
Gene frequencies of several polymorphisms and copy number
variants differ by geographical region. Subtypes of HIV also
differ geographically and may also be important to account for
since subtype C HIV may be less neurovirulent and subtype D
may be more neurovirulent, at least in adults.

Gendelman: We should address survival at this point in
time, as people live longer and complications of other neuro-
degenerative disorders or comorbidity conditions related to
Alzheimer’s, Parkinson’s, or other diseases. What do we think
of its importance of comorbid neurodegenerative diseases and
in HIV-infected patients? Is this going to be a problem? Is this
something we need to be mindful of and what might do we do
for the future?

Swindells: The short answer to your question is that it is
extremely important and an area of great interest from the
affected community and the research institutes and founda-
tions. There are often aging-related complications that appear
to occur prematurely in people who are infected with HIV
and this is not restricted only to neurological disease, but we
see this with cardiovascular disease, bone disease, and overall
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frailty, and so this is an area of active ongoing investigation.
My prediction is the more that we look for premature brain
aging; the more likely we are to find it. There is evidence now
from cardiovascular studies, which in some ways are a little
easier to implement and interpret, that patients with HIV
disease may have a heart of someone ten years older than them.
And I think that is a reasonable analogy that also may be
applied to brain discase. Lastly, there is some carly but
concerning signal that other neurodegenerative diseases such
as Alzheimer’s disease may be becoming more common going
forward as the population living with HIV ages.

Lipton: Just to follow up on what has been said by other
people, the interplay of HIV infection and aging on neurocog-
nitive effects and structural brain imaging are very complex
and merit further study. In part, chronicity of infection, as I
believe Dr. Ian Everall mentioned, and the treatment, which
itself can be neurotoxic, plus the development of other sys-
temic complications linked to inflammation can all affect cog-
nitive functioning. So, I think that the manifestations of
HAND in the elderly may appear somewhat different, both
neuropathologically and neurocognitiviely, than HAND in
younger people. That is yet to be determined, but something
worthy of study. Finally, there may also be an important impact
of mild cases of HAND in elderly persons who may already
have had some cerebral compromise, such as a stroke or vascu-
lar disease, and this could play out with more severe effects on
activities of daily living, including driving, and so forth, so this
will need to be addressed.

Chang: 1 just had this thought when we were talking about
the neurodegenerative diseases in the aging HIV population.
We really don’t know what the prevalence is of comorbid
Alzheimer’s disease, Parkinson’s disease, or other diseases that
might affect the HIV-infected population as they get older.
They should at least have the same prevalence as uninfected
individuals. One way to possibly track something like that is to
maybe create a registry so that everyone could then log onto to
the database and record comorbid conditions, including AD,
PD, or other degenerative conditions. This would be similar to
how we track other neurological conditions or treatment effects,
for example, if we were looking for a new pattern of toxicity
associated with a new drug, we would form a registry and every-
one would log in and report on that. Perhaps something like
that could facilitate and allow us to get a handle on the preva-
lence of comorbid neurodegenerative conditions. For example,
I am especially concerned about Parkinson’s discase because
HIV-infected patients already have a subcortical type of demen-
tia and they have motor slowing or dysfunction, so perhaps that
could hasten the development of Parkinson’s disease, and their
prematurely aging brains also might lead them to be more vul-
nerable for Alzheimer’s disease; both are diseases of aging.

Lipton: This is often a bit difficult to assess because many
young patients with HIV have Parkinson’s symptoms because
of the involvement of HIV in the striatum. This form of
parkinsonism in HIV, as opposed to Parkinson’s disease, which
is really a progressive neurodegenerative disorder, needs to be
discerned.

Chang: That is right, but that is why it is somewhat different
because PD is a progressive disease whereas parkinsonism in
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HIV can be rather static and I think most neurologists can tell
the difference. HIV patients come into the clinic with a broad
range of brain disorders.

Lipton: Sometimes it can be difficult to tell the difference,
particularly early on in the symptomatology.

QUESTION 7
“What is the ‘true’ neuropathology of HAND in the cART

era?”

Masliah: 1 appreciate the comments of Dr. Lipton crediting
our studies of neurodegeneration in the brains of patients with
HIV and in animal models. In the cART era, we have noted
that HIV encephalitis has gone from a sub-acute neuro-inflam-
matory disorder to a protected chronic condition accompanied
by astrogliosis, microgliosis, and lower levels of HIV, but more
widespread degeneration accompanied on several occasions by
accumulation of misfolded proteins such as Abeta, Tau, and
alpha-synuclein. It appears that in aged HIV-positive individu-
als, mechanisms of aggregated protein clearance failed and in
combination with HIV trigger more widespread neurodegen-
eration. Other comorbidities that contribute to the neurode-
generative processin patients with HIV include HCV infection,
drug abuse, psychiatric conditions, immunological reconstitu-
tion syndromes, and toxicity of antiretrovirals.

Everall: Assessment of the “true” neuropathology in
HAND is somewhat complicated by the dramatic effective-
ness of cART in significantly reducing mortality, thereby lim-
iting the number of brains that we can assess at autopsy. With
those brains we do have access to I think that pathologic
changes still do exist. We do not see the multinucleated giant
cells any longer but we certainly see viral infection in the brain
by either immunohistochemistry for viral proteins or by RNA
as a measure of brain viral load. We recently published a paper
assessing neuropathological changes in a large brain cohort of
individuals who were recruited by the National NeuroAIDS
Tissue Consortium with advanced HIV disease. We observed
high rates of HIV encephalitis and other pathological changes.
In addition, there were high rates of clinical cognitive impair-
ment during life in this cohort so it was not possible to assess
whether the HIV encephalitis predicted cognitive impair-
ment. In a separate study assessing the brains of individuals
with HIV aged 55 years and older, we noted high rates of
deposition of a-synuclein and b-catenin, which are markers of
Parkinson’s disease and Alzheimer’s disease, respectively. So,
we are now worried that the “true” neuropathology has
extended to other neurodegenerative disorders.

Gelbard: 1 think I would just add that we should empha-
size in the future investigation of mechanisms that may under-
lie impaired homeostasis between immune effector cells and
synaptic architecture as opposed to sole focus on viral load
because in gaining an equally deep understanding of the bio-
logic substrates for multiple clinical entities that comprise
HAND, I think that this body of knowledge will help advance
us toward a more informative use of biomarkers and a greater
understanding of key molecular targets for the development
of new drugs. That may be the next generation of adjunctive
therapy.
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Chang: A quick comment regarding the value of in vivo
neuroimaging studies. In general, when we evaluate neuropa-
thology, we are waiting until the patients have died, and by
then many of them might have suffered severe end-stage AIDS
or some other kinds of peri-mortem complications. So, being
able to assess in vivo living pathology is important; the work
we do with neuroimaging is important and can allow us to
assess the severity and progression of HIV-associated brain
injury, and all the comorbid conditions in the living patients.

Lipton: 1 wanted to follow up on something that Dr.
Gelbard said. I think that Dr. Eliezer Masliah deserves a lot of
credit for looking at HAND in terms of a chronic neurode-
generative condition that affects synaptic function. This is why
I think we need to look at neurodegenerative diseases in a
broader context. I think it is becoming increasingly clear that
virtually every neurodegenerative disorder, including cogni-
tive dysfunction in HAND and particularly in HAD, is prob-
ably closely correlated with synaptic damage. Protecting the
synapse seems to be the real disease modification that is
needed, not only in HAD but probably also in Alzheimer’s
disease and other forms of dementia. The synaptic damage
may occur in different areas of the brain for reasons that are
still unclear even after all these years, but as Dr. Gelbard said,
it is going to be very important to afford neuroprotection at
the synapse, and it is going to be critical that our future thera-
peutic approaches look at this issue very carefully. Certainly,
microglial infection leads to the production of toxins, is going
to become a dominant way that we need to interfere with the
disease in order to affect neuroprotection or prevent neuroin-
flammation, or both, as Dr. Gelbard stated earlier.

This is why we need to look at neurodegenerative diseases
more broadly. It is becoming increasingly clear that nearly that
every virtually every neurodegenerative disorders, including
cognitive dysfunction in HAND and particularly in HAD, is
probably closely correlated with synaptic damage. Protecting
the synapse seems to be the real disease modification that is
needed, not only in HAD but also in Alzheimer’s disease and
other forms of dementia. The synaptic damage make occur in
different areas of the brain for reasons that are still unclear
even after all these years, but as Dr. Gelbard said, it is going to
be very important to afford neuroprotection at the synapse,
and it is going to be critical that our future therapeutic
approaches look at this issue very carefully. Recent papers
show that microglia can affect the syanpse. I think that micro-
glia infection, as well as immune stimulation of microglia to
produce toxins, are going to become a dominant way that we
need to interfere with the disease in order to effect neuropro-
tection or prevent neuroinflammation, or both, as Dr. Gelbard
stated earlier.

Everall: We became interested in looking at whether HIV
was also disrupting emerging mechanisms that regulate the
translation of mRNA into protein. We assessed specifically the
expression of microRNA (miRNA). Micro RNAs are non-
coding RNAs that regulate whether the mRNAs become
translated into proteins. So we looked at the expression of
micro RNAs in the brain in individuals with HIV and com-
pared those with HIV in individuals that had also had a recent
documented episode of majoremajor depressive disorder
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(MDD) (Tatro et al., 2010). We found that there were in fact
a two separate signatures of microRNA dysregulation in the
brains of individuals who had HIV and HIV with MDD. This
may be another mechanisms by which HIV is disrupting the
function of the brain during advanced HIV disease.

Letendre: Another broad area that deserves attention is the
role of neural progenitor cells in the brains of patients with
HAND. I think there is mounting evidence from a number of
groups that progenitor cells may be important in the recovery
of the brain from injury. Relevant to HIV disease, neural pro-
genitor cells express CXCR4, one of the entry receptors used
by virus. Since infection or injury of neural progenitor cells by
HIV may limit recovery from nervous system injury, this is a
potentially fruitful area for future research.

Gendelman:In closing,letme acknowledge the outstanding
support we received from our Oxford colleagues and notably
Craig Panner and Kathryn Winder who made this teleconfer-
ence and other unique aspects of this book possible. Lana
Reichardt’s organizational and transcriptional skills are appre-
ciated beyond any thank you. The impetus for this teleconfer-
ence and the book itself rests with our patients and students,
who are our singular driver towards excellence in all we do.
The neurological complications of HIV-1 infection have
continued and will certainly do so until a protective vaccine or
a better means to eliminate viral sanctuaries is realized. We are
dedicated to seeing the dream of viral eradication, whatever
the means, turned into reality. Until this is realized, a thor-
ough means to understand the disease process, the means to
best diagnose and stage it, and pathways towards suitable ther-
apeutics as presented herein serves to best address our patients’
needs.

REFERENCES

Achim, C. L., Adame, A., Dumaop, W., Everall, I. P., & Masliah, E.;
Neurobehavioral Research Center. (2009). Increased accumulation of
intraneuronal amyloid beta in HIV-infected patients. ] Neuroimmune
Pharmacol, 4(2), 190-9.

Alicata, D, Chang, L., Cloak, C., Abe, K., & Ernst, T. (2009). Higher dif-
fusion in striatum and lower fractional anisotropy in white matter of
methamphetamine users. Psychiatry Res, 174(1), 1-8.

Ancuta, P., Kamat, A., Kunstman, K. J., Kim, E. Y., Autissier, P., Wurcel,
A., et al. (2008). Microbial translocation is associated with increased
monocyte activation and dementia in AIDS patients. PLoS One, 3,
e2516.

Antinori, A., Arendt, G., Becker, ]. T., Brew, B. ], Byrd, D. A., Cherner, M.,
et al. (2007). Updated research nosology for HIV-associated neu-
rocognitive disorders. Neurology, 69(18), 1789-1799.

Bhaskaran, K., Mussini, C., Antinori, A., Walker, A. S., Dorrucci, M.,
Sabin, C., et al.; CASCADE Collaboration. (2008). Changes in the
incidence and predictors of human immunodeficiency virus-associated
dementia in the era of highly active antiretroviral therapy. Ann Neurol,
63(2), 213-21.

Chakrabarti, L., Hurtrel, M., Maire, M. A., Vazeux, R., Dormont, D.,
Montagnier, L., etal. (1991). Early viral replication in the brain of SIV-
infected rhesus monkeys. Am J Pathol, 139, 1273-1280.

Chang, L., Ernst, T., Speck, O., & Grob, C. S. (2005). Additive effects of
HIV and chronic methamphetamine use on brain metabolite abnor-
malities. American Journal of Psychiatry, 162(2), 361-369.

Chang, L., Cloak, C., Yakupov, R., & Ernst, T. (2006). Combined and
independent effects of chronic marijuana use and HIV on brain
metabolites. Journal of Neuroimmune Pharmacology, 1, 65-76.

e XXXVil



Chang, L., Wang, G. J., Volkow, N. D., Ernst, T., Telang, F., Logan, J., et al.
(2008). Decreased brain dopamine transporters are related to cogni-
tive deficitsin HIV patients with or without cocaine abuse. Neuroimage,
42(2), 869-78.

Chang, L., Yakupov, R., Nakama, H., Stokes, B., & Ernst, T. (2008).
Antiretroviral treatment is associated with increased attentional load-
dependent brain activation in HIV patients. ] Neuroimmune
Pharmacol, 3(2),95-104.

Crews, L., Patrick, C., Achim, C. L., Everall, L. P.,, & Masliah, E. (2009).
Molecular pathology of neuroAIDS (CNS-HIV). Int ] Mol Sci, 10(3),
1045-63

Dash, P., Gorantla, S., Gendelman, H. E., Makarov, E., Finke-Dwyer, ],
Castanedo, A., et al. (2010). Links between progressive HIV-1 infec-
tion of humanized mice and viral neuropathogenesis. / Neurosci.

Davis, L. E., Hjelle, B. L., Miller, V. E., Palmer, D. L., Llewellyn, A. L.,
Merlin, T. L., et al. (1992). Early viral brain invasion in iatrogenic
human immunodeficiency virus infection. Neurology, 42, 1736-9.

Davis, M. M. (2008). A prescription for human immunology. Immunity,
29,835-8.

Donahoe, R. M., O’Neil, S. P., Marsteller, E. A., Novembre, F. J., Anderson,
D. C., Lankford-Turner, P, et al. (2009). Probable deceleration of pro-
gression of Simian AIDS affected by opiate dependency: Studies with
a thesus macaque/SIVsmm9 model. J Aequir Immune Defic Syndr, 50,
241-9.

Ellis, R. J., Childers, M. E., Cherner, M., Lazzaretto, D., Letendre, S., &
Grant, I: (2003). Increased human immunodeficiency virus loads in
active methamphetamine users are explained by reduced effectiveness
of antiretroviral therapy. J Infect Dis, 188, 1820-1826

Everall, I, Vaida, E, Khanlou, N., Lazzaretto, D., Achim, C., Letendre, S.,
et al.; National NeuroAIDS Tissue Consortium (NNTC). (2009).
Cliniconeuropathologic correlates of human immunodeficiency virus
in the era of antiretroviral therapy. ] Neurovirol, 15(5-6), 360-70.

Gelbard, H. A., Dewhurst, S., Maggirwar, S. B., Kiebala, M., Polesskaya, O.,
& Gendelman, H. E. (2010). Rebuilding synaptic architecture in HIV-1
associated neurocognitive disease: A therapeutic strategy based on
modulation of mixed lineage kinase. Neurotherapeutics, 7(4), 392-8.

Gorantla, S., Makarov, E., Finke-Dwyer, J., Castanedo, A., Holguin, A.,
Gebhart, C. L., et al. (2010). Links between progressive HIV-1 infec-
tion of humanized mice and viral neuropathogenesis. A4z J Pathol.

Gorantla, S, Liu, J., Sneller, H., Dou, H., Holguin, A., Smith, L., et al.
(2007). Copolymer-1 induces adaptive immune anti-inflammatory
glial and neuroprotective responses in a murine model of HIV-1
encephalitis. ] Immunol, 179(7), 4345-56.

Heaton, R. K., Clifford, D. B., Franklin, Jr. D. R., Woods, S. P., Ake, C.,
Vaida, E, et al, the CHARTER Group. (in press). HIV-associated
neurocognitive disorders persist in the era of potent antiretroviral
therapy. Neurology.

Jernigan, T. L., Gamst, A. C., Archibald, S. L., Fennema-Notestine, C.,
Mindt, M. R., Marcotte, T. D, et al. (2009). Effects of methamphet-
amine dependence and HIV infection on cerebral morphology. J Affect
Disord, 119(1-3), 84-91.

Jernigan, T. L., Gamst, A. C., Archibald, S. L., Fennema-Notestine, C.,
Mindt, M. R., Marcotte, T. D, et al. (2005). Effects of methamphet-
amine dependence and HIV infection on cerebral morphology. Am J
Psychiatry, 162(8), 1461-1472.

Kelder, W., McArthur, J. C., Nance-Sproson, T., McClernon, D., & Grithn,
D. E. (1998). Beta-chemokines MCP-1 and RANTES are selectively
increased in cerebrospinal fluid of patients with human immunodefi-
ciency virus-associated dementia. Ann Neurol, 44(5), 831-5.

Khanlou, N., Moore, D.J., Chana, G., Cherner, M., Lazzaretto, D., Dawes,
S., et al.; HNRC Group. (2009). Increased frequency of alpha-synu-
clein in the substantia nigra in human immunodeficiency virus infec-
tion. J Neurovirol, 15(2), 131-8.

King, G., Alicata, D., Cloak, C., & Chang, L. (2010). Neuropsychological
deficits in adolescent methamphetamine abusers. Psychopharmacology
(Berl), 212(2), 243-9.

King, W. D., Larkins, S., Hucks-Ortiz, C., Wang, P. C., Gorbach, P. M.,
Veniegas, R., et al. (2009). Factors associated with HIV viral load in a
respondent-driven sample in Los Angeles. AIDS Behav, 13, 145-153.

Kraft-Terry, S. D., Buch, S. J., Fox, H. S., & Gendelman, H. E. (2009). A
coat of many colors: Neuroimmune crosstalk in human immunodefi-
ciency virus infection. Neuron, 64(1), 133-45.

Kraft-Terry, S. D., Stothert, A. R., Buch, S., & Gendelman, H. E. (2010).
HIV-1 neuroimmunity in the era of antiretroviral therapy. Neurobiol
Dis, 37(3), 542-8.

Lane, J. H,, Sasseville, V. G., Smith, M. O., Vogel, P., Pauley, D. R., Heyes,
M. P, et al. (1996). Neuroinvasion by simian immunodeficiency virus
coincides with increased numbers of perivascular macrophages/micro-
glia and intrathecal immune activation. / Neurovirol, 2, 423-432.

Marcondes, M. C., Flynn, C., Huitron-Rezendiz, S., Watry, D. D.,
Zandonatti, M., & Fox, H. S. (2009). Early antiretroviral treatment
prevents the development of central nervous system abnormalities in
simian immunodeficiency virus-infected rhesus monkeys. AIDS, 23,
1187-95.

Marcondes, M. C., Flynn, C., Watry, D. D., Zandonatti, M., & Fox, H. S.
(2010). Methamphetamine increases brain viral load and activates
natural killer cells in simian immunodeficiency virus-infected mon-
keys. Am ] Pathol, 177, 355-61.

Persidsky, Y., Limoges, J., McComb, R., Bock, P., Baldwin, T., Tyor, W,
et al. (1996). Human immunodeficiency virus encephalitis in SCID
mice. Am ] Pathol, 149(3), 1027-53.

Pilcher, C. D., Shugars, D. C,, Fiscus, S. A., Miller, W. C., Menezes, P,
Giner, J., et al. (2001). HIV in body fluids during primary HIV infec-
tion: Implications for pathogenesis, treatment and public health.
AIDS, 15, 837-45.

Potash, M. J., Chao, W., Bentsman, G., Paris, N., Saini, M., Nitkiewicz, J.,
et al. (2005). A mouse model for study of systemic HIV-1 infection,
antiviral immune responses, and neuroinvasiveness. Proc Natl Acad Sci
US4, 102(10), 3760-5.

Roberts, E. S., Burudi, E. M., Flynn, C., Madden, L. J., Roinick, K. L.,
Watry, D. D., et al. (2004). Acute SIV infection of the brain leads to
upregulation of IL6 and interferon-regulated genes: Expression pat-
terns throughout disease progression and impact on neuroAIDS. J
Neuroimmunol, 157, 81-92.

Roberts, E. S., Huitron-Resendiz, S., Taffe, M. A., Marcondes, M. C.,
Flynn, C. T., Lanigan, C. M., et al. (2006). Host response and dysfunc-
tion in the CNS during chronic simian immunodeficiency virus infec-
tion. | Neurosci, 26, 4577-85.

Robertson, K. R., Su, Z., Margolis, D. M., Krambrink, A., Havlir, D. V.,
etal.; A5170 Study Team. (2010). Neurocognitive effects of treatment
interruption in stable HIV-positive patients in an observational cohort.
Neurology, 74(16), 1260-6.

Sacktor, N. C., Wong, M., Nakasujja, N., Skolasky, R. L., Selnes, O. A.,
Musisi, S., et al. (2005). The International HIV Dementia Scale: A new
rapid screening test for HIV dementia. AIDS, 19(13), 1367-74

Schnabel, J. (2008). Neuroscience: Standard model. Nature, 454,
682-5.

Schnell, G., Price, R. W, Swanstrom, R. & Spudich, S. (2010).
Compartmentalization and clonal amplification of HIV-1 variants in t
he cerebrospinal fluid during primary infection. J Virol, 84(5),
2395-407.

Schweinsburg, B. C., Taylor, M. J., Alhassoon, O. M., Gonzalez, R., Brown,
G. G,, et al.; HNRC Group. (2005). Brain mitochondrial injury in
human immunodeficiency virus-seropositive (HIV+) individuals
taking nucleoside reverse transcriptase inhibitors. J Neurovirology,
11(4),356-64.

Spudich, S. S., Nilsson, A. C., Lollo, N. D., Liegler, T. J., Petropoulos,
C. J., Deeks, S. G., et al. (2005). Cerebrospinal fluid HIV infection
and pleocytosis: Relation to systemic infection and antiretroviral
treatment. BMC Infect Dis.

Tatro, E. T., Scott, E. R., Nguyen, T. B,, Salaria, S., Banerjee, S., Moore,
D/]J.,etal. (2010). Evidence for alteration of gene regulatory networks
through microRNAs of the HIV-infected brain: Novel analysis of ret-
rospective cases. PLoS Oxe, 5(4),10337.

Veazey, R. S., DeMaria, M., Chalifoux, L. V., Shvetz, D. E., Pauley, D. R.,
Knight, H. L., et al. (1998). Gastrointestinal tract as a major site of
CD4+ T cell depletion and viral replication in SIV infection. Science,
280,427-31.

xxxviii ¢« INTERACTIVE TOPICAL DISCUSSION ON AIDS NEUROLOGY



Toggas, S. M., Masliah, E., Rockenstein, E. M., Rall, G. E,, Abraham, C. R,
& Mucke, L. (1994). Central nervous system damage produced by
expression of the HIV-1 coat protein gp120 in transgenic mice. Nature,
367(6459), 188-93.

Tyor, W. R., Power, C., Gendelman, H. E., & Markham, R. B. (1993). A
model of human immunodeficiency virus encephalitis in SCID mice.
Proc Natl Acad Sci USA, 90(18), 8658—62.

Zink, M. C., Brice, A. K., Kelly, K. M., Queen, S. E., Gama, L., Li, M., et al.
(2010). Simian immunodeficiency virus-infected macaques treated
with highly active antiretroviral therapy have reduced central nervous

INTERACTIVE TOPICAL DISCUSSION ON AIDS NEUROLOGY

system viral replication and inflammation but persistence of viral
DNA.]Inﬁ’[tDis, 202,161-70.

Zou, W, Kim, B. O., Zhou, B. Y., Liu, Y., Messing, A., & He, J. ]. (2007).
Protection against human immunodeficiency virus type 1 Tat neuro-
toxicity by Ginkgo biloba extract EGb 761 involving glial fibrillary
acidic protein. Am J Pathol, 171(6), 1923-35.

Zucco, G. M. & Ingegneri, G. (2004). Olfactory deficits in HIV-infected
patients with and without AIDS dementia complex. Physiol Behav, 80,
669-674.

* XXXIiX



This page intentionally left blank



SECTION 1

1.1

1.2

1.3

1.4

1.5

HIV-1 BIOLOGY AND IMMUNOLOGY

Harris A. Gelbard

HIV-1 Biology 3

Sergey lordanskiy and Michael Bukrinsky

HIV-1 Immunology 22
Sabita Roy, Krishnakumar Devadas, Subbash Dhawan, and Shilpa Buch

Chemokines 36
Richard J. Miller

Viral and Host Genetic Factors 50

Jennifer A. McCombe, Shaona Acharjee, M. John Gill, and Christopher Power

Genetic Susceptibilities for NeuroAIDS 71
Srinivas Mummidi, Jason F. Okulicz, Edwina J. Wright, Weijing He, and Sunil K. Abuja



This page intentionally left blank



1.1

HIV-1 BIOLOGY

Sergey lordanskiy and Michael Bukrinsky

Viral determinants necessary for efficient human immuno-
deficiency virus (HIV) infection of cells of the central nervous
system (CNS) parallel those of the immune system. Factors
that regulate viral infection of its host and instigate specific
pathogenic outcomes are often a combination of host and virus-
specific products. Any understanding of how HIV affects the CNS
must first start with a thorough analysis of functional and
molecular properties of the virus. This chapter serves this stated

purpose.

OVERVIEW

Many patients infected with human immunodeficiency virus
type 1 (HIV-1) develop a syndrome of neurologic deteriora-
tion known as HIV-1-associated neurocognitive disorders
(HAND); the most severe form is HIV-associated dementia
(HAD). Well-accepted neuropathologic correlates of HAD
include encephalitis, increased numbers of macrophages in
the brain, and the presence of HIV antigen-positive micro-
glial cells (for a recent review see Kaul, 2009). Neurons are
not productively infected by HIV-1; thus, the mechanism of
HIV-induced neuronal injury is most likely indirect. It is gen-
erally accepted that the primary host cells for productive HIV
infection within the brain are cells of the macrophage lineage,
such as perivascular macrophages and microglial cells, point-
ing to a pivotal role for the macrophage in the development
of HAND. The most likely mechanisms for HIV-induced
central nervous system (CNS) injuries is neuronal apoptosis.
Microglial and glial activation, directly or indirectly related
to HIV infection, plays a major role in neuronal death, pos-
sibly through the mediation of oxidative stress (Turchan
et al., 2003; Gray et al., 2001; Louboutin, Agrawal, Reyes,
Van Bockstaele, & Strayer, 2007).

HIV neurotropism does not always correlate with neuro-
virulence, as some patients do not show signs of neuronal
damage despite the presence of replicating HIV-1 in the brain
(Gorry et al., 2001). Prototype HIV-1 isolates from the CNS
are macrophage (M)-tropic, non-syncytia-inducing (NSI),
and use CCRS for entry (RS strains). However, in vitro stud-
ies have shown that X4 viruses induce neuronal apoptosis
more frequently than R5 viruses (Ohagen et al., 1999; Zheng
et al,, 1999), and highly neurovirulent X4 strains can be iso-
lated from the CNS (Yi et al., 2003; Zheng et al., 1999).
Interestingly, despite X4 tropism, these viruses effectively
replicate in macrophages. Similarly, X4 viruses are generally

more cytopathic than RS viruses for cells of the immune
system.

In this chapter, which will overview the molecular biology
of HIV, we will focus on those aspects of HIV biology that
are important for replication of this virus within cells of

the CNS.

HIV-1 GENOMIC ELEMENTS
AND PROTEINS

HIV-1 belongs to the group of complex retroviruses whose
replication is controlled by several regulatory and accessory
proteins that are expressed in addition to classical retroviral
structural proteins and enzymes encoded by gag, pol, and
env genes. The nucleotide sequencing of the original HIV-1
isolates revealed multiple overlapping open reading frames
(ORFs) in addition to these archetypal retroviral genes
(Figure 1.1.1).

HIV-1 LONG TERMINAL REPEAT (LTR)

The LTRs are two identical regions at the ends of viral DNA
that are generated during the process of reverse transcription.
In the integrated proviral DNA, the LTRs serve as the main
function of regulating viral RNA synthesis. The highly com-
plex structure of the LTR contains important regulatory
regions for transcription initiation and polyadenylation. The
630 bp-long HIV-1 LTR is functionally divided into three
regions. The R (repeat) region of the LTR corresponds to a 92
nucleotide repeat located at both termini of the HIV-1
genomic RNA. The U5 region is an 84 nucleotide sequence
located at the 5 end of the viral genome; it is positioned
immediately downstream of the R region in the LTR. The U3
segment (454 nucleotides) corresponding to the sequence at
the 3’ end of the viral genome is located 5’ to the R region in
the LTR. Thus, the overall arrangement in the LTR is 5’-U3-
R-U5-3’ The U3 region of the LTR also harbors part of the
nef ORFE, which contributes to the larger size of HIV-1 U3 as
compared to other retroviruses.

During replication, LTR sequences serve additional
functions (beyond regulation of transcription), both at the
DNA and RNA levels. DNA and RNA sequences in the
R region of LTR participate in the formation of DNA-RNA
hybrids in an early step of reverse transcription (first tem-
plate switch). During integration, LTR sequences (47z) at the
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Figure 1.1.1 Genomic maps of HIV-1, HIV-2, and SIV. The provirus genomic organization is shown.

termini of the full-length linear DNA mediate insertion
into the host cell genome (Masuda, Kuroda, & Harada,
1998). Sequences in the U5 RNA are involved in the pack-
aging of the progeny HIV-1 RNA genome during viral
assembly.

Since the main function of the LTR is to serve as a pro-
moter region, it contains several elements that facilitate Pol II
activity on an HIV-1 template. These include a variety of gen-
eral transcription factors, such as TFIID, that bind to the
TATA elements upstream of the transcription initiation site
(Baltimore, 1970), thus setting the stage for the assembly of
the transcription complex. Other transcription factors that
bind to HIV-1 LTR include Spl, NF-xB, NRE, Ap-3-like,
DBF-1 (Pereira, Bentley, Peeters, Churchill, & Deacon, 2000).
The HIV-1 genome codes for three factors that can modulate
5’-LTR transcription - Nef, Vpr, and Tat (see below). In addi-
tion, chromatin structure associated with the LTR contributes
to the activation and repression of the LTR in response to
external stimuli (He, Ylisastigui, & Margolis, 2002; Blazkova
et al., 2009; Holmes, Knudsen, Key-Cushman, & Su, 2007).
Regulation of the HIV-1 genome expression plays a pivotal
role in the replication and pathogenesis of this virus and the
LTR is central to these events.

TAT RESPONSIVE ELEMENT (TAR)

TAR, or the target sequence for viral transactivation, is the
binding site for the viral transactivating protein, Tat, and its
partner cellular proteins involved in HIV-1 transcription.
TAR RNA forms a hairpin stem-loop structure 59 nucleotides
long in HIV-1 and 100 nucleotides long in HIV-2 and simian
immunodeficiency virus [SIV]) with a side bulge. The bulge is
necessary for Tat binding and function. The minimal TAR
element maps between bases +19 and +43 and contains three
important components: a base-paired stem, a trinucleotide

4 e

bulge that contains UCU at positions +23 to +25 and a hexa-
nucleotide G-rich loop (Greenbaum, 1996). TAR functions
as an RNA element that recruits cellular RNA polymerase
machinery to the HIV-1 promoter, thus stimulating viral
transcription.

REV RESPONSIVE ELEMENT (RRE)

RRE is a cis-acting RNA element present in all unspliced
and partially spliced viral mRNAs. It consists of approxi-
mately 200 nucleotides (positions 7327 to 7530 from the
transcription start in HIV-1, spanning the border of gp120
and gp41). It has a complex secondary structure containing
several stem-loop arrangements branching from a large cen-
tral bubble (Grate & Wilson, 1997). The RRE is a binding
site for Rev, a viral protein regulating nuclear export of viral
intron-containing RNAs (e.g., Gag, Env, and genomic
RNAs). Other lentiviruses (HIV-2, SIV, visna) have similar

RRE elements in similar locations within ezv.

STRUCTURAL PROTEINS (GAG, POL, ENV)

Gag

Gag is the genomic region encoding group-specific antigens.
Gag proteins are necessary and sufficient for the formation of
noninfectious, virus-like particles. Retroviral Gag proteins are
synthesized as a polyprotein precursor (Figure 1.1.2) contain-
ing the p55 myristylated protein (Pr55 Gag), which is
processed to p17 (MAtrix), p24 (CApsid), p7 (NucleoCapsid),
and p6 proteins by the viral protease during virus maturation,
which occurs after budding of the nascent virions from
the infected cell. Gag associates with the cholesterol- and
sphingomyelin-enriched lipid raft regions of the plasma

membrane, where virus assembly takes place. This association
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is determined by membrane-targeting signals within the MA
portion of the Pr55 Gag (see below).

Matrix Antigen (MA)

The MA domain is located at the N-terminal end of the
Gag precursor and plays several important roles during viral
life cycle. During the assembly step, it directs Pr55 Gag to the
plasma membrane via membrane-binding signals. The affinity
towards membrane is provided by the myristoylation of the
N-terminal glycine residue of pl7 (Morikawa, Hockley,
Nermut, & Jones, 2000). Another MA feature responsible for
interaction with the membrane is a patch of basic amino acid
residues that can interact with the negatively charged
phospholipids on the inner surface of the plasma membrane
(Ono & Freed, 1999). Specific targeting of PrS55 to lipid rafts
is determined by phosphatidylinositol-(4,5)-bisphosphate, a
phospholipid that is enriched in lipid rafts and can specifically
interact with the MA globular domain (Ono, Ablan, Lockett,
Nagashima, & Freed, 2004; Saad, Miller, Tai, Kim, Ghanam,
& Summers, 2006; Chukkapalli, Hogue, Boyko, Hu, & Ono,
2008). Thus, matrix plays an important role in the trafficking
of Gag to the plasma membrane and participates in assembly
of the viral particles.

It has been suggested that matrix participates in early
events following fusion between the viral and cellular mem-
branes. Mutations in the matrix protein have been shown to
impair viral reverse transcription (Kiernan, Ono, Englund, &
Freed, 1998). This effect is supposedly due to an inability of

the mutant matrix to disengage from the lipid bilayer resulting
in an uncoating defect and failure to form a functional reverse
transcription complex (Koh et al., 2000).

One of the properties of matrix that is of special interest to
this chapter is its activity in the HIV-1 infection of nondividing
cells, in particular, macrophages. The basic domains located in
the N-terminal part of matrix resemble nuclear localization sig-
nals of cellular nuclear proteins and were proposed to play a role
in translocating the viral preintegration complex to the nucleus
(Bukrinsky et al., 1993; Haffar et al., 2000). This interesting
step of the HIV-1 life cycle is discussed later in this chapter.

Capsid Antigen (CA)

The CA protein also functions in the carly and the late
stages of the viral replication. It contains two structural and
functional domains. The N-terminal portion forms the core
domain and the C-terminal is the dimerization domain (Freed,
2001). The core domain is a helical structure and has the cyclo-
phylin A (CypA)-binding loop (Luban, Bossolt, Franke,
Kalpana, & Goff, 1993). Incorporated CypA is required
during an early post-entry step of de novo infection (Braaten
& Luban, 2001), likely by protecting the incoming HIV from
ahost restriction factor (Sokolskaja & Luban, 2006), but exact
mechanisms of this activity are still debated.

Nucleocapsid (NC)
The NC is involved in the specific encapsidation of full-
length, unspliced genomic RNA into virions. HIV-1 NC
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Figure 1.1.2 HIV-1 protein processing. The Gag-Pol precursor of 160 kDa (Pr160) is processed by the viral (aspartyl) protease into seven proteins,
which include four Gag proteins (MA, p17; CA, p24; proline—rich, p6; NC, p9), protease (PR, p10), reverse transcriptase (RT, p66/p51) and
integrase (IN, p32). The Env precursor (gp160) is processed by a cellular protease into the surface glycoprotein (SU, gp120) and the transmembrane
glycoprotein (TM, gp41). Viral regulatory and accessory proteins, which include Tat (p14), Rev (p19), Nef (p27), Vif (p23), Vpr (p15), and Vpu

(p16), are not processed. M, myristyolated (Figure courtesy of J. Levy).
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protein contains two zinc-finger motifs, which can bind zinc
strongly in virions and in vitro (Feng et al., 1996). Mutations
or drugs that eliminate zinc-binding capacity of NC greatly
diminish viral infectivity (McDonnell, De Guzman, Rice,
Turpin, & Summers, 1997). The specificity of HIV genome
encapsidation is based on the interaction between NC and a
120-nucleotide sequence located between the 5’-LTR and the
Gag initiation codon. Thus, this sequence is called packaging
signal, encapsidation element, or -site (Lawrence, Stover,
Noznitsky, Wu, & Summers, 2003).

NC is also required for efhicient reverse transcription and
initial integration processes in a target cell (Buckman,
Bosche, & Gorelick, 2003). This NC activity also involves
the zinc fingers and appears to be mediated by a protective
effect of NC on the full-length viral DNA.

PO Protein

Retroviral gag genes encode a variety of additional ORFs
that are generally unique to particular genera of retroviruses.
HIV-1 has a proline-rich 6 kD protein, called p6, at the
C-terminus of the Pr55 Gag. The p6 region of p55 is respon-
sible for incorporation into virions of another viral protein,
Vpr (Checroune, Yao, Gottlinger, Bergeron, & Cohen, 1995).
P6 also contains specific sequences, YPLTSL and PTAP, called
the late domains, which bind cellular proteins normally func-
tioning as part of the endosomal sorting complexes required
for transport (ESCRT') machinery (Garrus et al., 2001). The
ESCRT machinery normally mediates the budding of vesicles
into the late endosomal lumen, and by recruiting this machin-
ery HIV achieves separation of the budding virions from the
membrane of a producer cell (Bieniasz, 2006; Morita &
Sundquist, 2004). Thus, PTAP binds Tsgl01 (a component of
ESCRT-I) and YPLTSL binds ALIX (an ESCRT-I- and
ESCRT-III-binding protein). Mutations in late domain
sequences lead to inefficient release of the virions, which
accumulate at the plasma membrane.

Pol

The pol gene represents the genomic region encoding the viral
enzymes protease (PR), reverse transcriptase (RT) and inte-
grase (IN). These enzymes are produced as a Gag-Pol precur-
sor polyprotein, Gag-Pol Pr160, which is processed by the
viral protease. The Gag-Pol precursor is produced by ribo-
some frameshifting at the C-terminus of the gag gene, thus
allowing the ribosomes to avoid the Gag termination codon
and fusing the Gag and Pol reading frames (Figure 1.1.2). The
pol gene is the most conserved region of HIV-1. The pol-
encoded viral enzymes are targets for currently used anti-HIV

drugs.

Protease

The HIV-1 protease plays a critical role in late stages of the
viral life cycle. It mediates the production of mature, infec-
tious virions by cleaving the Gag Pr55 and Gag-Pol Pr160.
This proteolytic digestion is mandatory for viral infectivity.
Retroviral proteases are related to pepsin and similar “aspar-
tic” proteases (Dunn, Goodenow, Gustchina, & Wlodawer,
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2002). Interestingly, while the primary sequences of retroviral
proteases are highly divergent, their tertiary structures are
remarkably similar. The HIV-1 protease functions as a dimer,
which carries flexible overhangs that cover the binding site
(Dunn et al., 2002). Introduction of protease inhibitors into
anti-retroviral drug cocktails has revolutionized the efhcacy of
anti-HIV therapy.

Reverse Transcriptase (RT)

The retrovirus nomenclature is consistent with the proper-
ties of this enzyme. By definition, the replication cycle of all
retroviruses includes a step of reverse transcriptase (RNA-
dependent DNA polymerase) mediated conversion of the
RNA genome into a DNA copy. RT directs synthesis of both
minus and plus strands of viral DNA and also degrades the
tRNA primer and genomic RNA present in the RNA-DNA
hybrid intermediates with its RNAse H activity. Reverse tran-
scription of the HIV-1 RNA genome is a complex process
completed via multiple steps (Jonckheere, Anne, & De Clercg,
2000). A plethora of RT inhibitors have been developed and
are currently used in highly active antiretroviral therapy

(HAART).

Integrase (IN)

Retroviruses insert their full-length genome into the host
cell genome via activity of the integrase. Integrase is a 32 kDa
protein generated by the viral protease-mediated cleavage of
the C-terminal portion of the HIV-1 Gag-Pol polyprotein
precursor. Integrase inhibitors potently suppress HIV replica-

tion and represent a recent advance in anti-HIV therapy
(Marchand, Maddali, Metifiot, & Pommier, 2009).

Envelope (Env)

Viral envelope glycoproteins are produced as a heavily glyco-
sylated precursor protein (gp160). At a late stage of synthesis,
most probably in the trans-Golgi network, gp160 is cleaved by
furin or other related subtilisin-like proteases into the surface
(SU; gpl120) and transmembrane (TM; gp4l) subunits
(Moulard & Decroly, 2000). The gp120 and gp41 proteins
then remain noncovalently associated, forming the functional,
native trimeric gp120-gp41 complex (Figure 1.1.3), which is
delivered to the plasma membrane via the endoplasmic reticu-
lum network (Chen, Lee, & Wang, 2001; Ou & Silver, 2005;
Bultmann, Muranyi, Seed, & Haas, 2001; Leung et al., 2008).
Since the noncovalent interaction between gp120 and gp41 is
weak, a substantial amount of gp120 can be released in the
medium. The gp120 is the major antigenic determinant of
HIV-1 that triggers a potent antibody response in infected
individuals. The viral Env glycoproteins play a major role in
viral entry into target cells. Gp120 contains the binding sites
for the CD4 receptor and the chemokine co-receptor that
serve as attachment sites for HIV-1, whereas gp41 mediates
fusion between the viral and target cell membranes (Melikyan,
2008). Interestingly, virus-cell fusion occurs not at the cell sur-
face, as was surmised for a long time, but inside the cell, after
endocytosis of the virus-receptor complex (Miyauchi, Kim,
Latinovic, Morozov, & Melikyan, 2009).

HIV-1 BIOLOGY AND IMMUNOLOGY
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Figure 1.1.3 Schematic representation of the mature virion. This schematic representation of the virus shows the relative locations of the structures
and proteins. The virion proteins that make up the envelope (each knob represents trimeric gp120 non-covalently attached to trimeric gp41)
and nucleocapsid (p24, p17, p9, p7) are noted. The genome consists of diploid RNA associated with reverse transcriptase and integrase.

Regulatory Proteins (Tat, Rev)

HIV-1 encodes two essential regulatory proteins, Tat and Rev.
The Tat protein interacts with the regulatory element TAR
and Rev interacts with RRE. They both modulate transcrip-
tional (Tat) and posttranscriptional (Rev) steps of viral gene
expression.

TransActivator of Transcription (Tat)

The HIV Tat increases the steady-state levels of viral RNA
several hundred fold (Marcello, Zoppe, & Giacca, 2001).
HIV-1 Tat is a nuclear protein containing 101 amino acids
encoded by two exons. It acts by binding to the TAR RNA
element and activates transcription elongation by recruiting to
the HIV-1 transcription unit the pI'EFb factor, which phos-
phorylates the C-terminal domain of RNA polymerase II,
thus increasing its processivity (Liang & Wainberg, 2002). It is
the first eukaryotic transcription factor known to interact
with RNA rather than DNA and may have similarities with
prokaryotic anti-termination factors. Tat is also found in the
extracellular milieu and can be taken up by cells in culture to
activate LT R-driven transcription.

Regulator for Expression of Viral Proteins (Rev)

For HIV progeny to be produced, unspliced HIV-1 Gag-
Pol encoding RNA and partially spliced Env-encoding RNA
need to exit the nucleus to associate with ribosomes for trans-
lation. However, cellular nuclear export machinery does not
support export of unspliced or incompletely spliced RNAs. To
circumvent this limitation, HIV-1 relies on Rev. Rev is a 19
kDa phosphoprotein localized primarily in the nucleolus/
nucleus. It binds to the RRE sequence present in viral Gag,
Gag-Pol, and Env mRNAs and promotes their nuclear export
by connecting them to the cellular exportin protein, CRM1,
which is responsible for nuclear export of cellular messenger

RNAs (Cullen, 1998). In addition, Rev regulates HIV splic-
ing by engaging a number of cellular cofactors, such as eIF5a,
hRIP, Sam68 and RNA helicases (Suhasini & Reddy, 2009).

Accessory/Auxiliary Proteins (Vif, Vpr, Vpu, Nef)

HIV-1 encodes four additional virion- and non-virion-associ-
ated proteins, Vif, Vpr, Vpu and Nef. They are referred to as
accessory or auxiliary proteins as early evidence suggested that
their presence was not essential for HIV-1 replication.
However, later studies demonstrated that these proteins are
highly conserved in viral isolates and play important roles in
viral replication in vivo. The mechanisms of their activity are
actively investigated, and current evidence suggests that the
role of these HIV proteins is to either counteract intrinsic cel-
lular anti-viral activities termed restriction factors (Bieniasz,
2004) or down-regulate cellular proteins that inadvertently
interfere with HIV replication.

Viral Infectivity Factor (Vif)

Vif is a basic 192 amino acid protein with the molecular
mass of 23 kDa, which promotes the infectivity of HIV-1
without affecting production of viral particles. Vif is essential
for viral replication in HIV natural targets, primary CD4+ T
cells and macrophages. Certain cell lines support replication
of vif-deficient viruses, and cell fusion experiments indicated
that such cells lack expression of inhibitory factor(s) that nat-
urally block viral replication when Vif is absent (reviewed in
Malim & Emerman, 2008). Analysis of mRNA expression
profiles in cells restrictive for replication of Vif-deficient
HIV-1 identified APOBEC3G (A3G) as a cellular anti-HIV
inhibitory factor targeted by Vif (Shechy, Gaddis, Choi, &
Malim, 2002). This protein is a member of the APOBEC
family of editing deaminases, and its activity leads to
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deamination of the cytidine (C) to uridine (U) in the first
newly synthesized DNA strand of HIV-1 cDNA, resulting in
massive guanosine (G)-to-adenosine (A) transitions in the
complementary strand (Zennou, Perez-Caballero, Gottlinger,
& Bieniasz, 2004). In the absence of Vif, host cellular A3G is
packaged into budding viral particles through interactions
with viral RNA and Gag (Bogerd & Cullen, 2008; Soros,
Yonemoto, & Greene, 2007) and consequently carried for-
ward to newly infected cells where it impairs viral reverse tran-
scription (Harris & Liddament, 2004). About 10% of G
residues can be mutated to A as a result of this process, which
is sufficient to stop further viral spread through the gross loss
of genetic integrity (Malim & Emerman, 2008).

Vif effectively antagonizes the antiviral effects of A3G
through induction of polyubiquitylation and subsequent deg-
radation of A3G (Conticello, Harris, & Neuberger, 2003;
Mehle et al., 2004). By eliminating A3G from virus-producing
cells, Vif allows progeny viral particles to be free of A3G. It
should be noted here that 43G is one of a family of seven cyti-
dine deaminase genes encoded in human genome (Holmes,
Malim, & Bishop, 2007b); another member of this family, A3F,
is also active in restricting replication of Vif-deficient HIV-1,
and Vif induces its polyubiquitylation and degradation (Liu
etal,, 2005).

Viral Protein R (Vpr)

Vpr is a 96-amino acid (14 kDa) accessory protein, highly
conserved among primate lentiviruses (Tristem, Purvis, &
Quicke, 1998). Vpr is incorporated into the virion due to
interaction with the NC p7 and p6 portions of Pr55 Gag pre-
cursor (Lavallee et al., 1994; de Rocquigny et al., 1997).
Proposed activities of Vpr include the nuclear import of the
viral pre-integration complexes, growth arrest of target cells in
the G2 phase, induction of apoptosis in infected cells, and
transactivation of viral genes (Bukrinsky & Adzhubei, 1999;
Planelles & Benichou, 2010). The ability to cause cell cycle
blockade is conserved among Vpr proteins from different iso-
lates and thus is important for HIV-1 infection. A likely
reason for this is that G, arrest may promote optimal tran-
scription from the LTR and an increase in viral output (Goh
et al,, 1998; Hrimech, Yao, Bachand, Rougeau, & Cohen,
1999; Andersen, Le, & Planelles, 2008). Data about pro-
apoptotic activity of Vpr and association of the Vpr-induced
apoptosis with cell-cycle arrest are still controversial. Some
studies suggest that Vpr-induced apoptosis of infected cells is
linked to the pathway leading to G2 arrest (Andersen et al.,
2006). However, other evidence suggests that cell cycle block-
ade and cytopathicity are independent functions, at least in
CD4+ T (Chen et al, 1999; Nishizawa, Kamata, Mojin,
Nakai, & Aida, 2000; Bolton & Lenardo, 2007). Moreover,
some reports indicate that the cytostatic effect of Vpr serves to
prevent cell death and, by some accounts, protects against
apoptotic stimuli ((Bartz, Rogel, & Emerman, 1996; Conti
et al., 1998). The reason for this controversy is likely due to
the different experimental conditions used in different stud-
ies, and in particular the level of Vpr expression. It is possible
that low levels of Vpr expression protect cells from apoptosis,
whereas high expression promotes cell death. Notably, some
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of these activities, and in particular the G2 arrest, depend on
association of Vpr with DCAF1/VprBP (Le et al.,, 2007).
DCAF1 bridges Vpr to DDBI, a core subunit of Cul4 E3
ubiquitin ligases, which are involved in regulation of protein
degradation by proteasomes.

Intriguingly, Vpr activity is much more pronounced in
macrophages than in CD4+ T cells (Subbramanian et al,,
1998). Initially, this finding was explained by the role of Vpr in
HIV nuclear import, which was considered to be required for
viral replication in non-dividing, but not in proliferating cells.
However, later studies demonstrated that travel through the
nuclear pore is a necessary step in HIV replication in both
dividing and non-dividing cells (Bukrinsky, 2004; Yamashita
& Emerman, 2006; Riviere, Darlix, & Cimarelli, 2010).
Recent evidence suggests that a close relative of Vpr, the Vpx
protein found in SIV and HIV-2, functions to counteract an
as yet unidentified cellular restriction factor that limits viral
replication in macrophages (Sharova et al., 2008; Srivastava
et al,, 2008). This activity of Vpx depends on interaction with
DDBI1-Cul4 E3, the same ubiquitin ligase that interacts with
Vpr (Bergamaschi et al., 2009; Gramberg et al., 2010; Sharova
et al., 2008; Srivastava et al., 2008). Nevertheless, Vpr appears
not to target this hypothetical restriction factor, as Vpx
potently stimulates replication in macrophages of a Vpr-
positive HIV-1 (Sharova et al., 2008). Therefore, either Vpr is
aweaker inhibitor of a Vpx-targeted restriction factor, or Vpr’s
target is different from that of Vpx. Vpr and Vpx may both
work in concert with an ubiquitin-proteasome system to limit
cellular factor(s) restricting HIV replication in macrophages,
and additional factors determine the target of this activity.

Viral Protein U (Vpu)

Vpu is unique to HIV-1 and SIVcpz, a close relative of
HIV-1. There is no similar gene in HIV-2 or other SIVs. Vpu
is a 16-kDa (81-amino acid) type I integral membrane pro-
tein with at least two biological activities: (a) degradation of
CD4 in the endoplasmic reticulum, and (b) virion release
from the plasma membrane. Vpu is not incorporated into viri-
ons, and its function is essential in virus-producing cells. The
effect of Vpu on CD4 disrupts the complex between nascent
gp120 and CD4 formed in the endoplasmic reticulum and
allows delivery of Env proteins to the plasma membrane. The
effect on virus release is due to ability of Vpu to counteract
activity of a cellular interferon-induced restriction factor
called B cell stromal factor 2 (BST-2), also known as CD317
or tetherin. This factor prevents release of enveloped viruses,
including retroviruses, from the plasma membrane (Neil,
Zang, & Bieniasz, 2008; Neil, Sandrin, Sundquist, & Bieniasz,
2007; Van Damme et al., 2008). Since HIV-1, as many other
enveloped viruses, is known to accumulate and bud from lipid
raft regions of the plasma membrane, tetherin may form con-
nections between lipid rafts on plasma and viral membranes
and thereby physically tether virions to cells (Perez-Caballero
etal., 2009). As a result, viral particles made in the absence of
Vpu in tetherin-expressing cells fail to detach from the plasma
membrane and are transported to endosomes and degraded
(Malim & Emerman, 2008). It is still not clear how Vpu coun-
teracts tetherin activity. It may directly target tetherin for
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proteasomal degradation (Neil et al., 2008) or reduce the
surface expression of tetherin (Van Damme et al., 2008).
Interestingly, macrophages express higher levels of tetherin
than CD4+ T cells, explaining ability of viruses carrying
certain Vpu mutations to replicate in T cells but not in
macrophages (Schindler et al., 2010).

Negative Factor (Nef)

Nef is a multifunctional 27-kDa myristoylated protein
produced by an open reading frame located at the 3’-end of
the HIV-1 or SIV genome. It is an early protein abundantly
expressed at all stages of infection. Nef is predominantly
distributed in cytoplasm but can associate with the plasma
membrane via the myristyl residue linked to the conserved
second amino acid (Gly). One of the first HIV proteins to be
produced in infected cells, Nef is the most immunogenic of
the accessory proteins. Despite its original misleading name—
the “negative factor,” attributed to dispensability of Nef for
in vitro infection—Nef in HIV and SIV is essential for effi-
cient viral spread and disease progression in natural infections
of different species of primates (Schindler etal., 2006). Viruses
with defective Nef have been found in some HIV-1-infected
long-term non-progressors (Dyer et al., 1997). Nef downreg-
ulates CD4 and MHC class I molecules, and these functions
map to different parts of the protein (Geyer, Fackler, &
Peterlin, 2001).

Interaction of Nef with the cytoplasmic tail of CD4
accelerates endocytosis of CD4 from the surface of infected
cells with subsequent internalization through clathrin-coated
pits, with transport to endosomes, and then lysosomes for
degradation (Chaudhuri, Lindwasser, Smith, Hurley, &
Bonifacino, 2007). Nef performs this function synergistically
with another accessory protein, Vpu (described in the previ-
ous section). Downregulation of MHC I by Nef proceeds
through a different, endocytosis-independent mechanism.
Instead, Nef-induced MHC-I downregulation depends on
PACS-1 (phosphofurin acidic cluster sorting protein-1) to
sortand sequester MHC-I to the trans-Golgi network (Piguet
etal.,, 2000; Crump et al., 2001). Suppression of MHC class I
function blunts cytotoxic T cell (CTL) recognition of
infected cells and provides a selective advantage to the virus
(Malim & Emerman, 2008). Nef also downregulates CD28, a
major co-stimulatory receptor that mediates effective T-cell
activation (Swigut et al.,, 2001). In addition, Nef interacts
with components of host cell signal transduction and clath-
rin-dependent protein sorting pathways (Fackler & Baur,
2002). Nef also is a major regulator of viral cholesterol, as it
targets the cellular cholesterol transporter ABCA1, which
reduces the amount of cholesterol delivered to assembling
virions (Mujawar et al., 2006). Nef is incorporated into HIV
virions and stimulates early post-entry steps of HIV replica-
tion through the interaction with proteins involved in the
rearrangements of actin filaments to penetrate the cortical
actin network, a known barrier for intracellular parasitic
organisms (Campbell, Nunez, & Hope, 2004; Pizzato et al.,
2007). In summary, most Nef activities are associated with
modulation of cellular proteins in the infected cell to provide
optimal conditions for viral propagation.

HIV-1 REPLICATION IN CELLS OF THE
MONOCYTE/MACROPHAGE LINEAGE

It is generally accepted that the primary host cells for produc-
tive HIV infection within the brain are cells of the macrophage
lineage, such as perivascular macrophages and microglial cells.
Therefore, in this section we will focus on peculiarities of
HIV-1 infection of macrophages as compared to infection of
another susceptible cell type, CD4* T lymphocyte. The differ-
ences in HIV-1 replication between these two types of suscep-
tible cells provide an understanding of what viral features
define the neurotropism of HIV-1.

HIV-1 ENTRY/TROPISM

Since identification of CD4 as an essential component of
HIV-1 receptor, it has been appreciated that additional mole-
cules are required for the entry of HIV-1 into target cells. This
idea came from experiments with several nonhuman cell lines,
which remain resistant to HIV infection even when engi-
neered to express human CD4. The nature of additional co-
receptors  remained elusive for many years, untl the
breakthrough report from Berger’s group (reviewed in Berger,
1998). Using expression cloning, these authors identified an
orphan 7-transmembrane domain G protein-coupled recep-
tor (which they named fusin) as a co-receptor for T cell line-
adapted HIV-1 strains. This co-receptor was later identified as
a receptor for chemokine SDF-la and renamed CXCR4.
Following this report, another chemokine receptor, CCRS,
was described by several groups as the main co-receptor for
primary, macrophage-tropic HIV-1 isolates (Alkhatib et al.,
1996; Deng et al., 1996; Dragic et al., 1996). The importance
of CCRS for HIV-1 transmission is underscored by the find-
ing that individuals homozygous for a defective CCRS allele
(a 32 base pair deletion in the gene encoding CCRS resulting
in truncation of the receptor and its retention in the endoplas-
mic reticulum) are almost completely protected from HIV-1
infection (Liu et al., 1996). Transmitted HIV-1 strains are
almost uniformly CCRS5-tropic, but later in disease X4 strains
may evolve. Emergence of X4 viruses is usually associated with
rapid development of immunodeficiency and poor clinical
prognosis (Casper et al., 2002).

In addition to promoting virus entry, interaction with
chemokine co-receptor also contributes to post-entry steps of
HIV replication by initiating signal transduction (Davis et al.,
1997; Yoder et al., 2008). The signaling induced by gp120-
CCRS or CXCR4 interaction might facilitate various stages
of the HIV replicative cycle, such as trafficking of the RTC
through the cytoplasm, reverse transcription, and integration
(Yoder et al.,, 2008; Lin et al., 2002). A correlation between
the capacity of RS HIV-1 strains to signal through CCRS and
to replicate in macrophages has been reported (Arthos et al.,
2000). These data are consistent with a model of M-tropism in
which early events in HIV replication in macrophages, in
particular reverse transcription, are facilitated by signaling
initiated by envelope-CCRS interaction. Intriguingly, replica-
tion in macrophages of some primary X4 isolates could be
enhanced by addition of CC chemokines (Arthos et al., 2000).
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This observation indicates that signaling through CC
chemokine receptors may promote the replication in mac-
rophages of some primary CXCR4-utilizing isolates.

The mechanism by which envelope or CC chemokine sig-
naling promotes HIV-1 replication in MDMs may involve
changes in the cytoskeleton. Bukrinskaya et al. demonstrated
that after viral entry, reverse transcription complexes rapidly
localize to the cytoskeletal compartment (Bukrinskaya et al.,
1998). In addition, they showed that actin polymerization is
a prerequisite for efficient reverse transcription. CCRS stim-
ulation by CC chemokines promotes actin polymerization
(Premack & Schall, 1996). Because M-tropic envelopes share
with CC chemokines the ability to transduce signals through
CCRS, it appears likely that CCR5-utilizing envelopes may
also induce actin polymerization. This hypothesis is sup-
ported by our observation that heterologous desensitization
of CCRS by the B-oligomer of the pertussis toxin blocks
gp120-induced capping of CD4 and CCRS, a process depen-
dent on actin polymerization (Alfano, Schmidtmayerova,
Amella, Pushkarsky, & Bukrinsky, 1999). A recent report
indicated that signaling through CXCR# activates a cellular
actin depolymerization factor, cofilin, to promote the cortical
actin dynamics that are critical for viral intracellular migra-
tion across the cortical actin barrier (Yoder et al., 2008).
While this effect has been described for infection of T cells
(Wu et al., 2008), it remains to be determined whether simi-
lar activities can be found in macrophages.

Molecular studies of viral sequences found in the brain
underscore the critical role of macrophages and macrophage-
tropic viruses in CNS disease. While an early report suggested
that CCR3 (a receptor for chemokine eotaxin [CCL11]) may
function as an HIV-1 co-receptor for infection of microglial
cells (He et al., 1997), later studies demonstrated that CCRS
is the major co-receptor for HIV-1 infection of macrophages
and microglia (Gabuzda & Wang, 1999). Furthermore, CCR5
is the principal co-receptor used by HIV-1 viruses isolated
from the brain (Smit, et al., 2001; Li et al., 1999). However,
CCRS usage by primary brain-derived HIV-1 isolates is nei-
ther necessary nor sufficient for neurotropism (defined as the
ability of viruses to replicate in microglia), as infection of
microglial cells by some isolates occurs via the CXCR4 co-
receptor (Gorry et al., 2001; Yi et al, 2003). Importantly,
some RS isolates described in the Gorry et al. study did not
replicate in macrophages due to a block to virus entry, indicat-
ing that additional factors, beside co-receptors, are involved in
regulating macrophage- and neuro-tropism.

One such factor may be CD4 density on the surface of
macrophages. Studies in rhesus macaques demonstrated that
low levels of CD4 on macrophages account for the lack of
infection by M-tropic HIV-1 or T-tropic SIV strains (Bannert,
Schenten, Craig, & Sodroski, 2000; Mori et al., 2000). Indeed,
CD#4 expression levels on macrophages are lower than on T
lymphocytes, and this difference might explain in part low
efficiency of entry into macrophages of X4 strains (Dimitrov
etal,, 1999). It may also restrict entry of some RS viruses (Platt,
Wehrly, Kuhmann, Chesebro, & Kabat, 1998). Other possible
factors affecting macrophage tropism are affinity of the
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interaction between gp120 and the co-receptor (CCRS or
CXCR4) and the exposure of the co-receptor binding site on
gp120 (Doms, 2000).

Overall, macrophage (M)-tropism appears to fully deter-
mine the capacity of an HIV or SIV isolate to replicate in the
CNS. Macrophage tropism is necessary for the virus to remain
in the CNS and for the development of encephalitis.

REVERSE TRANSCRIPTION

Following HIV-1 entry into a target cell, viral RNA genome is
converted to a DNA form by the viral RNA-dependent DNA
polymerase, reverse transcriptase. While reverse transcription
is completed intracellularly, it may be initiated within virions
outside the cell (“endogenous” reverse transcription); and this
capacity may contribute to efficiency of HIV infection process
(Zhang, Dornadula, & Pomerantz, 1998; 1996). Intracellular
reverse transcription of HIV-1 entirely depends on the cellular
dNTP pool. Treatment with hydroxyurea, which blocks de
novo dN'TP synthesis, has been shown to inhibit HIV-1 repli-
cation in acutely infected peripheral blood mononuclear cells
(PBMC) and primary macrophages (Lori et al., 1994). The
observed low dNTP pools in quiescent T cells and mac-
rophages might explain the slow rate of reverse transcription
in these cells as compared to activated T lymphocytes
(Meyerhans et al., 1994; O’Brien et al,, 1994; Collin &
Gordon, 1994; Zack et al,, 1990). Indeed, activated T cells
reverse transcription is completed within 6 hours, while in
macrophages it can take as long as 36-48 hours (O’Brien et al.,
1994). However, in contrast to quiescent T lymphocytes,
where inefficient reverse transcription is one of the main
blocks to HIV replication (Zack etal., 1990), substrate limita-
tions in mononuclear phagocytes slow but do notarrest HIV-1
reverse transcription. As a result, virus replicates efficiently in
macrophages, albeit with slower kinetics.

Interestingly, the effects of cell activation on the fate of the
virus are opposite in T cells and macrophages. While activated
T cells are highly susceptible to HIV-1 infection, in part due
to high efficiency of viral reverse transcription in such cells,
activated macrophages are resistant to infection by HIV-1
(Zybarth et al., 1999; Pushkarsky et al., 2001). This resistance
probably stems from increased degradation of the viral RNA,
which is not compensated by an increased efficiency of reverse
transcription in activated macrophages.

One characteristic feature of the genome of HIV-1 and
other lentiviruses is the presence of two additional cis-acting
sequences, the central polypurine tract (cPPT) and the cen-
tral termination sequence (CTS). The effect of these sequences
on reverse transcription is formation of a three-stranded
DNA structure, the central DNA flap, which is essential for
viral replication (Charneau, Alizon, & Clavel, 1992; Charneau
et al., 1994; Arhel et al., 2006). This central DNA flap con-
tributes to PIC (pre-integration complex) nuclear import
(Zennou et al., 2000), likely by promoting uncoating (loss of
CA p24) of the RTC at the nuclear membrane, thus prepar-
ing the RTC for translocation through the nuclear pore
(Arhel et al., 2007).
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NUCLEAR IMPORT

A crucial factor in HIV-1 replication in macrophages is the
capacity of this virus to transport its reverse transcribed
genome through the intact nuclear membrane. Although
one report suggested that macrophage infection occurs
during rare cell division events, possibly during monocyte-
to-macrophage maturation process (Schuitemaker et al.,
1994), an overwhelming evidence supports the notion that
HIV-1 can infect terminally differentiated, non-dividing
macrophages (Weinberg, Matthews, Cullen, & Malim, 1991;
Schmidtmayerova et al., 1997; and reviewed in Stevenson &
Gendelman, 1994). To be able to replicate in such cells, a

mechanism for nuclear importation through intact nuclear

membrane of the viral pre-integration complex (PIC) carry-
ing HIV-1 genome is required. Inability to cross the nuclear
membrane of the interphase cell is the main barrier that
restricts replication of simple retroviruses to proliferating
cells (Roe, Reynolds, Yu, & Brown, 1993).

The journey of the HIV-1 PIC to the cells nucleus is
comprised of several distinct steps. To deliver its PIC through
the cytoplasm and into the nucleus, HIV-1 relies on the cellular
machinery. Following the fusion of the viral and cell membranes,
the HIV-1 nucleocapsid is released into the cytoplasm. This
process is accompanied by partial dissociation of the capsid shell
composed of the CA p24 (uncoating) and the formation of a
reverse transcription complex (RTC) (step 1 in Fig. 1.1.4).

Reverse Transcription Complex

(RTC)
_RNA

l reverse transcription

TNPO3
importin 7
importin [
importin

Vp_r DNA @

= Pre-integration complex (PIC)

nucleoporins

Nucleus

Chromosomal
DNA

Figure 1.1.4 A model of HIV-1 nuclear translocation. Following binding to cell-surface receptors (CD4 and CCRS or CXCR4), HIV-1 fuses with
the cellular membrane resulting in the entry of the viral core into the cytosol. Entry is accompanied by initiation of a poorly defined step termed
uncoating, the most characteristic feature of which is dissociation of the capsid shell made of capsid antigen (CA) and the formation of a reverse
transcription complex (RTC) (step 1). Of note, uncoating continues along the translocation of the RTC through the cytoplasm and is completed at
the nuclear membrane. Upon reverse transcription of the viral genomic RNA, the complex becomes competent for integration and is termed
pre-integration complex (PIC) (step 2). Several cellular nuclear transport proteins, including importins « and §, bind to karyophilic proteins within
the PIC, such as Vpr, MA, and IN, and target the complex to the nuclear pore (step 3). Importin 8 and Vpr mediate the interaction between the PIC
and the nuclear pore proteins (nucleoporins). Transfer of the PIC through the nuclear pore is likely accompanied by dissociation of MA, Vpr, and NC
proteins (step 4), leaving IN, which mediates integration of the viral genome into the host cell DNA.
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Uncoating is likely a gradual process which proceeds in parallel
to reverse transcription and the movement of the RT'C through
the cytoplasm, with final steps occurring at the nuclear mem-
brane (Arhel et al., 2007). Because of the high viscosity of the
cytoplasm, movement of RTCs by diffusion is likely to be very
limited, especially considering the size of the HIV-1 RTC,
which has been estimated to be at least 50 nm in diameter
(Miller, Farnet, & Bushman, 1997). To overcome this obstacle,
HIV-1 utilizes the cellular cytoskeleton. Initial movements of
the virus within the peripheral regions of the cell cytoplasm
occur in association with the actin cytoskeleton (Bukrinskaya
et al., 1998). However, subsequent translocation of the HIV-1
pre-integration complex towards the nucleus takes place along
the microtubule network (McDonald et al., 2002). Transfer
from the actin to the microtubule network is consistent with
the evidence that actin can be used to gain access to tubulin
(Taunton, 2001). The structural basis for interaction of the
RTC and microtubules remains to be determined. This interac-
tion likely engages a cellular dynein-dependent motor complex,
which has both minus end (towards the microtubule-organiz-
ing center located close to the nucleus)- and plus end (towards
cell periphery)-directed motor activities. A similar mechanism
is used by herpes simplex virus (HSV)-1 (Sodeik, Ebersold, &
Helenius, 1997) and adenovirus (Suomalainen et al., 1999) for
intracellular transport.

Reverse transcription occurs during this translocation
converting the HIV-1 RTC to an integration competent pre-
integration complex (PIC) (step 2 in Fig. 1.1.4). Once near
the nuclear membrane, HIV-1 most likely relies on the cellular
nuclear import proteins to pass through the nuclear pore (step
3 in Figure 1.1.4), although other mechanisms, such as entry
through reversible ruptures of the nuclear membrane made by
the Vpr protein (de Noronha et al., 2001), might contribute to
this process.

Cellular Nuclear Import Machinery

Nuclear transport of macromolecules occurs through the
nuclear pore complexes and is controlled by nuclear localiza-
tion signals (NLSs). The most common type of NLS is a short
stretch of basic amino acids introducing an overall net positive
charge crucial for the nuclear targeting properties of these
sequences (reviewed in Dingwall & Laskey, 1991). Import of
NLS-containing proteins across the nuclear pore complex is
mediated by karyopherin o/ heterodimers (also termed NLS
receptor/importin), which bind NLS-containing proteins in
the cytosol and target them to the nucleus (Mattaj &
Englmeier, 1998). Karyopherin o affinity for the NLS is
enhanced by karyopherin . Karyopherin f also mediates
docking of karyopherin-NLS protein complexes to nucleo-
porins (a collective term for nuclear pore complex proteins)
containing FG peptide repeats (Terry & Wente, 2009;
Moroianu et al., 1995; Rexach & Blobel, 1995). Some NLSs
interact with karyopherin $ directly, without engaging the
adapter protein karyopherin o (Barry & Wente, 2000). The
small guanosine 5’-triphosphate (GTP) binding protein, Ran
(Moore & Blobel, 1993; Melchior, Paschal, Evans, & Gerace,
1993), is a key regulator of the import process. Ran switches
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between the guanosine S’-diphosphate (GDP) and GTP-
bound states by nucleotide exchange and GTP hydrolysis. The
concentration of Ran-GTP is high in the nucleus and low in
the cytoplasm. It is believed that this gradient is used to
provide direction to the nucleo-cytoplasmic exchange. In par-
ticular, by directly binding to karyopherin f: in the nucleo-
plasm, Ran-GTP disassembles the import complex and thus
terminates the import process (Gorlich et al., 1996). It also
stimulates assembly of the karyopherin ¢ complex with cellu-
lar apoptosis susceptibility (CAS) factor, a protein originally
implicated in apoptosis and cell proliferation but then redis-
covered as an export factor (Kutay, Bischoff, Kostka, Kraft, &
Gorlich, 1997). CAS promotes re-export of karyopherin o
into the cytoplasm for recycling.

Nuclear Entry of the HIV-1 PIC

The model favored by investigators working in the area of HIV
nuclear import is that the PIC itself is nucleophilic. This
implies that a component or components of the complex con-
tain targeting signals that direct the PIC to the nucleus. The
most likely candidates for this role are viral proteins associated
with the PIC (see below), although they can do it indirectly by
binding to karyophilic cellular proteins (Gupta, Ott, Hope,
Siliciano, & Boeke, 2000). Nuclear import of HIV PIC
requires timely uncoating to expose the complex to cellular
nuclear targeting machinery, so it is not surprising that
mutations that accelerate or delay uncoating impair nuclear
translocation and replication of HIV (Yamashita, Perez, Hope,
& Emerman, 2007; Yamashita & Emerman, 2006). Several
karyopherins/importins, including importins « and 8 (Hearps
& Jans, 2006; Nitahara-Kasahara et al., 2007), importin 7
(Fassati, Gorlich, Harrison, Zaytseva, & Mingot, 2003), and
TNPO3/transportin-SR2 (Christ et al., 2008) have been
implicated in nuclear targeting of the HIV-1 PIC. TNPO3
was also identified in genome-wide screens for factors essential
for HIV-1 replication, which used proliferating cells to moni-
tor HIV replication, indicating that this importin, and by
extension the process of nuclear import, is critical for HIV
replication regardless of cellular proliferation status (Goff,
2008; Riviere, Darlix, & Cimarelli, 2010).

Role of MA, IN, and Vpr in HIV Nuclear Import

MA was the first protein implied in HIV-1 nuclear import
(Bukrinsky et al., 1993). However, later studies questioned
this role of MA (Fouchier et al., 1997; Freed, Englund, &
Martin, 1995). It appears that HIV-1 MA carries functional,
yet rather weak, NLSs whose activity may be enhanced by Vpr
(Haffar etal.,, 2000). While MA is clearly required for efhicient
nuclear import of the HIV-1 PIC, its role is most likely nones-
sential (Reil, Bukovsky, Gelderblom, & Gottlinger, 1998).
Gallay and coworkers have proposed a role for IN in
HIV-1 nuclear import (Gallay, Hope, Chin, & Trono et al,,
1997). They demonstrated that IN associates with kary-
opherin « and can target a fusion GST-IN protein into the
nucleus of microinjected cells. A report from Malim’s group
(Bouyac-Bertoia et al., 2001) extended this observation. This
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group identified an unusual NLS spanning residues 161-173
within the central core domain of IN and demonstrated that
certain mutations within this NLS, such as V165A or R166A,
disrupt nuclear import of the viral PIC but do not affect IN
catalytic activity. However, these results could not be repro-
duced in later studies demonstrating that the mutations
described by Bouyac-Bertoia and colleagues primarily
affected integration and not the PIC nuclear import (Bouyac-
Bertoiaetal.,2001; Limon, Nakajima, Lu, Ghory, & Engelman,
2002). IN was also reported to interact with lens epithelium-
derived growth factor/p75 (LEDGF/p75), which is a karyo-
philic protein that may facilitate nuclear localization of IN
and PIC (Maertens, Cherepanov, Debyser, Engelborghs, &
Engelman, 2004). HIV-1 IN is likely an important factor
in HIV-1 nuclear import (Woodward, Prakobwanakit,
Mosessian, & Chow, 2009; Levin et al., 2009).

Vpr is another important contributor to HIV-1 nuclear
import (Nie et al., 1998; Popov, Rexach, Ratner, Blobel, &
Bukrinsky, 1998a; Popov et al., 1998b; Vodicka, Koepp,
Silver, & Emerman, 1998). Three hypotheses (not necessarily
mutually exclusive) for the mode of action of Vpr have been
proposed: i) Vpr targets the HIV-1 PIC to the nucleus via a
distinct, karyopherin o/B-independent pathway (Gallay,
Stitt, Mundy, Oettinger, & Trono, 1996; de Noronha et al,,
2001; Jenkins, McEntee, Weis, & Greene, 1998); ii) Vpr-
mediated import requires karyopherin a, but not  (Vodicka
et al., 1998); and iii) Vpr modifies cellular karyopherin «/f-
dependent import machinery (Popov et al., 1998a; Popov
et al., 1998b). The first model is based on the observation
that in an in vitro nuclear import assay Vpr can enter nuclei
in the absence of soluble import factors ( Jenkins et al., 1998).
Later, the same group reported that Vpr induces dynamic dis-
ruptions in nuclear envelope integrity, which may serve as
entry points for large complexes such as HIV-1 PIC (de
Noronha et al, 2001; Segura-Totten & Wilson, 2001).
However, this latter assumption has not been tested experi-
mentally. In addition, the effect of Vpr on the nuclear enve-
lope was demonstrated in HeLa cells, where HIV-1 replication
is Vpr-independent (Gallay et al., 1997). The second hypoth-
esis relies on the ability of Vpr to bind nucleoporins (Fouchier
et al,, 1998; Popov et al.,, 1998a) and proposes that nuclear
translocation of the HIV-1 PIC is mediated by direct bind-
ing of Vpr to the nuclear pore. The third model is based on
findings that Vpr binds to karyopherin o (Popov etal., 1998b;
Vodicka et al., 1998) and changes its affinity for the nuclear
localization signal (NLS) (Popov et al., 1998b), and that
nuclear import and docking of the HIV-1 pre-integration
complex to nucleoporins are inhibited by antibodies to kary-
opherin B (Popov et al., 1998a). Most of the experimental
data supporting these models have been obtained using indi-
vidually expressed Vpr. The actual mechanism for Vpr activ-
ity in the nuclear importation of the HIV-1 PIC remains
unresolved. In any case, Vpr is definitely involved in the pro-
cess of HIV-1 nuclear import in macrophages. However, its
role is not strictly essential, as viruses lacking Vpr can still
replicate in macrophages, albeit with reduced efliciency
(Heinzinger et al., 1994).

How could all these seemingly conflicting results be
assembled into a unified model? One likely possibility is that
all the mentioned constituents contribute to HIV-1 nuclear
importin aredundant manner. Such redundancy would ensure
the efficiency of this extremely important step for the virus. It
is also possible that HIV-1 uses different pathways for the
nuclear import, depending on the cell type and the activation
state of the target cell (Lee et al., 2010; discussed in Levin,
Loyter, & Bukrinsky, 2010). Such flexible use of the nuclear
import machinery would employ different viral proteins under
different conditions. Based on studies with HIV and other
viruses replicating in the nucleus, it appears safe to assume that
the HIV-1 PIC is delivered to the nuclear envelope along the
microtubule network and enters the nucleoplasm through
the nuclear pore. The simplified model depicting the main
steps in the process of nuclear translocation of the HIV
genome is shown in Figure 1.1.4. During the passage through
the nuclear pore or shortly after entering the nucleus, the PIC
likely undergoes additional disassembly, getting rid of the fac-
tors unnecessary for integration, such as MA and Vpr (step 4
in Fig. 1.1.4). The detailed mechanisms responsible for the

steps shown in Figure 1.1.4 await their resolution.

INTEGRATION

Integration of the HIV-1 DNA into the host-cell genome, cat-
alyzed by the integrase (IN) protein, is a prerequisite for viral
replication in both T cells and macrophages. Integrase is a
recombinase responsible for the cutting-and-joining reaction
that leads to the covalent ligation of the viral genome with the
cellular DNA and the formation of the provirus. Integration
usually proceeds in multiple steps (Pluymers, De Clercq, &
Debyser, 2001). First, two to three nucleotides from the ini-
tially blunt 3" ends of the viral DNA are removed to form a
preintegration substrate. This step presumably occurs in the
cytoplasm (Kulkosky & Skalka, 1994). Second, in the nucleus,
integrase catalyzes a staggered cleavage of the cellular target
DNA. Third, the cellular DNA repair machinery repairs
the gaps and ligates the 3’ recessed ends to the 5’ overhangs.
The integrated viral DNA is called provirus and is retained in
the host genome throughout the life of the infected cell. Some
low-level replication in macrophages of an integrase-defective
HIV-1 mutant has been described (Cara, Guarnaccia, Reitz,
Gallo, & Lori, 1995). However, replication of this mutant virus
was ineflicient and self-limiting. While extra-chromosomal cir-
cular forms of viral DNA are produced in both peripheral
blood lymphocytes (PBLs) and macrophages, they cannot sus-
tain viral replication, despite their reported stability, at least in
T cells (Pierson et al., 2002).

Studies using integration in vitro have clarified factors
influencing integration site selection in simplified models.
Access of integration complexes to target DNA can be
obstructed by DNA binding proteins bound at or near the
integration sites (Pryciak & Varmus, 1992). In contrast, pro-
teins that induce DNA bending, such as nucleosomal histones,
can actually promote integration (Pryciak & Varmus, 1992;
Pruss, Reeves, Bushman, & Wolffe, 1994b; Pruss, Bushman, &
Wolfte, 1994a). In vivo, nucleosomal DNA is assembled into

1.1 HIV-1 BIOLOGY =+ 13



higher-order chromatin. A recent analysis of HIV-1 integra-
tion sites in vivo using genomics approaches revealed that
genes were clearly preferential integration targets in vivo but
not in vitro (Schroder et al., 2002). Transcriptional profiling
revealed a strong correlation between gene activity and inte-
gration targeting. In addition, hotspots for integration were
detected, for example, a 2.5 kb region that contained 1% of all
integration events (Schroder et al., 2002). Therefore, there is a
certain degree of specificity in the integration targeting
by HIV.

How can this specificity be accomplished? Obviously,
cellular proteins must be involved, as integration in vitro is
random. Search for cellular proteins interacting with
HIV-1 integrase produced a number of candidates, including
LEDGEF/p75, transportin-SR2 (TNPO3), von Hippel-
Lindaubindingprotein 1 (VBP1), and sucrose non-fermenting
S (SNFS) (Rain, Cribier, Gerard, Emiliani, & Benarous,
2009). Further studies are required to determine the role of
these factors in HIV-1 integration.

Efficiency of HIV-1 integration in CD4* T cells and mac-
rophages appears to be influenced by the activation state of the
target cell. HIV gp120 induces multiple cellular signaling
pathways, including the phosphatidylinositol 3-kinase (PI3-
kinase) pathway. The PI3-kinase inhibitor LY294002 inhib-
ited infection of CD4* T cells and macrophages with X4 and
RS HIV-1 strains (Francois & Klotman, 2003). The inhibi-
tion of the PI3-kinase signaling pathway suppressed virus
infection post-entry and post-reverse transcription but prior
to HIV gene expression, suggesting an effect at the step of
integration. So far, there is no indication in the literature that
differences exist between T cells and macrophages with regard
to the mechanism of HIV-1 integration.

TRANSCRIPTION

Despite some evidence that unintegrated HIV-1 DNA can be
transcribed (Poon & Chen, 2003; Wu & Marsh, 2003), the
vast majority of HIV-1 transcription occurs from integrated
proviral DNA. Main elements of HIV transcriptional control
are located in the 5’-LTR. Transcriptional regulation depends
on the recognition of ¢/s regulatory regions in the 5-LTR by a
set of transcription factors which interact with the basal tran-
scriptional complex (reviewed in Cullen, 1991). A TATA box,
which recruits host cell RNA polymerase II, three Spl sites,
and a strong enhancer composed of two NF-xB sites are
located in the U3 region (Nabel & Baltimore, 1987).
Additional binding sites for transcriptional regulatory pro-
teins have been identified 5 to the NF-xB enhancer, in the
so-called NRE of the HIV-1 LTR. The NRE includes binding
sites for USE, AP1, LEF, NF-AT, and ETS transcription fac-
tors (Naghavi et al., 2001, and references therein). Inducible
activation of the viral LTR appears to depend principally on
the generation of a functional NF-xB complex and requires a
trans-activating protein, Tat, to interact with a trans-activating
responsive element, TAR. NF-xB defines a family of transcrip-
tion factors composed by members of the NF-xB/Rel family,
namely NF-xB1 (p50), NF-«B2 (p52), RelA (p65), RelB,
v-Rel, and c-Rel, all sharing a sequence homology over a 300
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amino acids (“rel homology domain”) (Siebenlist, Franzoso,
& Brown, 1994). NF-«B proteins form homo- or heterodim-
ers that bind with different affinities to the NF-xB enhancer of
HIV-1.

Transcription and splicing of HIV mRNAs is a complex
process, in which the viral regulatory proteins Tat and Rev
play essential roles. HIV-1 genes are expressed through the
complex splicing of a single mRNA precursor, leading to three
major classes of transcripts: unspliced (US), singly spliced
(SS), and multiply spliced (MS) mRNAs. In vitro, reactivation
of latent HIV-1 infection is characterized by an early increase
in MS transcripts, followed by a rise in SS and US viral mRNA
(Cullen & Greene, 1989). Thus, early in the infection only MS
transcripts are produced, which encode the regulatory proteins
Tat, Rev, and Nef. Accumulation of Tat and Rev has profound
effects on viral transcription. Tat greatly enhances the proces-
sivity of transcription from the HIV LTR, while Rev is essen-
tial for the export of SS and US viral transcripts from the
nucleus into the cytoplasm. Together, these regulatory pro-
teins ensure accumulation of the viral structural proteins
required for efficient production of new viral particles.
Interestingly, HIV infection of macrophages in vitro is charac-
terized by a dramatic reduction of Tat expression following
the peak of productive infection, perhaps accounting for the
slower non-cytopathic infection of cells of the macrophage
lineage (Sonza et al., 2002).

VIRUS PARTICLE ASSEMBLY

The final steps of the viral life cycle include assembly of an
immacture viral particle on the cytoplasmic face of a cell mem-
brane, encapsidation of the viral RNA, viral budding and
release of the viral particles from the infected cell, and prote-
olytic processing of Gag and Gag-Pol polyprotein-precursors
resulting in formation of infectious virions. These steps are
controlled by Gag polyproteins, Pr55 Gag and Pr160 GagPol
synthesized from unspliced genomic RNA. Gag itself is
enough for a formation and budding of virus-like particles
(VLP) independently of an active viral encoded protease (PR)
(Klein, Reed, & Lingappa, 2007). The assembly process is
driven primarily by elements within Gag, such as the
N-terminal membrane-targeting domain (M), central Gag-
Gag interaction domain (I), the NC (nucleocapsid) domain
which binds RNA enabling packaging of the viral genome,
and a C-terminal proline-rich late assembly (L) domain
located in the p6 region of Gag, which is required for separa-
tion of the virion from the host cell membrane (Pincetic &
Leis, 2009; Bieniasz, 2009).

HIV assembly begins with Gag precursor molecules
coming into close contact with each other to form a Gag pro-
tein sphere within a lipid bilayer envelope (Hermida-
Matsumoto & Resh, 2000). Gag localization in the cell
membrane is not uniform and seems to be concentrated in
lipid rafts (the membrane areas highly enriched in cholesterol,
sphingolipids, and glycosylphosphatidylinositol-linked pro-
teins) (Ono & Freed, 2001) where the Env complexes are also
preferentially accumulated. Some data provide evidence that
HIV-1 Gag monomers might multimerize and associate with
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viral RNA in the cytoplasm prior to arriving to the membrane
and then diffuse through the cytoplasm to sites of assembly on
cell membranes (Yuan, Yu, Lee, & Essex, 1993; Gomez &
Hope, 2006). Other observations suggest that Gag remains
entirely monomeric or forms low-order multimers in the cyto-
plasm and Gag oligomerization occurs only at the cell mem-
brane (Datta et al., 2007).

Interestingly, studies in macrophages initially contra-
dicted the model of HIV particle assembly at the inner face of
plasma membrane, as considerable amounts of HIV-1 Gag
protein and/or mature virion particles were detected in late
endosomes (Nydegger, Foti, Derdowski, Spearman, & Thali,
2003; Sherer et al, 2003; Pelchen-Matthews, Kramer, &
Marsh, 2003). These findings suggested that at least in mac-
rophages Gag was initially targeted to late endosomal mem-
branes, virions were formed by budding into the endosomal
lumen, and extracellular particles were liberated via an endo-
some-based secretory pathway (Nguyen, Booth, Gould, &
Hildreth, 2003). Consistent with this view, virion budding
requires the ESCRT proteins, which normally mediate the
budding of vesicles into the late endosomal lumen (Bieniasz,
2006). However, later studies demonstrated that in this cell
type, productive HIV-1 assembly occurs at the plasma mem-
brane (Jouvenet et al., 2006). Large areas of the macrophage
plasma membrane are sequestered within the cell, forming
invaginations that have the appearance of an intracellular
compartment. However, this “compartment” is bounded by a
plasma membrane that is continuous with the conventional
plasma membrane. Virions assembled in these intracellular
pseudo-compartments bounded by the plasma membrane
become trapped and accumulate therein, presenting an
impression of enriched production at intracellular sites as
compared to the conventional plasma membrane upon ultra-
structural analysis. These intracellular pseudo-compartments
may represent favored sites for HIV-1 assembly in mac-
rophages, but it is not currently clear whether they are static
or dynamic or whether they represent exocytic, endocytic, or
phagocytic intermediates (Bieniasz, 2009).

HIV-1 genomic RNA is brought to the site of aggregation
of Gag, GagPol, and Env complexes through an interaction
between the cis-acting region of the viral RNA, RNA packag-
ing (psi) sequence, and the zinc fingers of the Gag precursor
NC domain (Cimarelli, Sandin, Hoglund, & Luban, 2000).
The psi region consists of four stem-loop structures (SL1, SL2,
SL3, and SL4) and is located between the 5-LTR and the Gag
initiation site (Lever, 2000). The NC domain also facilitates
dimerization of the viral RNA, a process, which seems to be
important for RNA packaging (Sakuragi, Ueda, Iwamoto, &
Shioda, 2003). Once delivered to the plasma membrane, Gag,
GagPol, and Env complexes start to interact and initiate
encapsidation of two copies of viral genomic RNA and Lysine
tRNA, which serves as a primer for reverse transcription.

The L domains of HIV-1 and other retroviruses bind
directly or indirectly to components of the ESCRT pathway
in order to complete assembly and separate the nascent virion
envelope from cell membranes (Bieniasz, 2006; Morita &
Sundquist, 2004). The HIV-1 L domains consist of peptide
sequences PTAP and YPLTSL, which bind TsglO1

(a component of ESCRT-I) and ALIX (an ESCRT-I- and
ESCRT-III-binding protein), respectively (Garrus et al., 2001;
Bieniasz, 2006; Morita & Sundquist, 2004; Bieniasz, 2009).
The ESCRT pathway is normally implicated in (1) selection
of ubiquitin-tagged transmembrane protein cargos and
their sorting into specified areas of endosomal membranes,
(2) induction of membrane invagination away from the cyto-
plasm and toward the endosomal lumen, and (3) fusion of the
neck of the induced membrane invagination to generate a
vesicle within the endosomal lumen (Bieniasz, 2009). The
model of recruitment of the ESCRT machinery components
by the retroviruses to build a budding complex for particle
release includes the following steps (reviewed in Pincetic &
Leis, 2009). (1) The PTAP L domain of HIV-1 binds to
Tsgl01. Whether this initial interaction takes place in the
cytosol or at the plasma membrane remains to be defined.
(2) The Gag polyprotein is ubiquitylated by an unidentified
E3 ubiquitin ligase. Some evidence suggests that Nedd4L may
play a role since its over-expression rescues budding of HIV-1
Gag/APTARP. (3) Gag oligomerization in the cytosol increases
membrane avidity and rapidly targets Gag to sites of assem-
bly/budding on the plasma membrane. (4) During the bud-
ding process, Gag may recruit additional ESCRT factors
eventually leading to ESCRT-III polymerization at the base of
a budding particle. (5) ESCRT-III subunits recruit the AAA
ATPase, Vps4, to mediate the disassembly of membrane-
bound ESCRT complexes and to provide the energy for mem-
brane fission. (6) Immature viral particles are released from
cellular membranes.

During or shortly after the budding of immature viral par-
ticles from the host cell, the noninfectious virions with a
spherical core composed of Pr55%* and Pr160%*¢™! polypro-
teins are transformed to infectious virions duringa step termed
maturation. During maturation, the po/-encoded HIV pro-
tease processes itself from GagPol precursor, forms homodim-
ers and then cleaves the Gag of Pr55 and Pr160 polyprotein
precursors into three major proteins (matrix, capsid, and
nucleocapsid) and three polypeptides (p6, p2, and p1), and
the Pol domain of the GagPol Pr160 precursor into the p51
and p66 subunits of reverse transcriptase and the integrase.
These events lead to reorganization of the internal virion
structure characterized by formation of conical-shaped cores
(Gross et al., 2000). Gag cleavage and maturation are essential
for infectivity.

CONCLUSION

Understanding of the mechanisms governing HIV-1 replica-
tion has lead to development of effective antiretroviral agents
and is expected to provide new therapeutic leads in the future.
Introduction ofhighlyactiveantiretroviral therapy (HAART)
dramatically improved patients’ survival; however, its impact
on the prevalence and the course of HAD and HAND
remains debatable. While multiple studies suggest that the
incidence rates of HAD and CNS opportunistic infections

are decreasing, some research indicates that the prevalence of
HAND is rising as people with HIV live longer (Kaul, 2009).
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Since the introduction of HAART in 1996, the incidence of
HAD has decreased by approximately 50%. However, as
resistance of the virus to antiretroviral drugs develops and
CD4 cell counts decline, the incidence of HAD may begin to
rise again. Poor CNS penetration of many antiretroviral
agents contributes to persistence of HIV-1 in the brain and
explains, at least in part, the sanctuary status of the CNS for
the ancestral viral variants (Van Marle et al., 2002; Nowacek
& Gendelman, 2009; Liu et al., 2000). It is clear that new
drugs, especially those that can cross the blood-brain barrier
and are tailored to inhibit HIV-1 replication in macrophages,
will be needed to eliminate HAND from the list of diseases
associated with HIV infection.
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1.2

HIV-1 IMMUNOLOGY

Sabita Roy, Krishnakumar Devadas, Subbash Dhawan, and Shilpa Buch

This chapter serves as a bridge between the molecular and
structural biology of the human immunodeficiency virus type
one (HIV-1) and the immunological consequences that viral
infection produces. The innate and adaptive immune systems
and their responses play a critical role in the control of HIV
replication. Unfortunately, immune dysfunction is common in
HIV-infected individuals and the virus as well is capable of
developing strategies to evade host defenses. Thus, in most
untreated individuals, if viral replication is not fully contained,
persistent viremia is sustained, eventually resulting in progressive

disease and the development of acquired immunodeficiency
syndrome (AIDS).

GENETIC ORGANIZATION OF HIV-1

HIV primarily targets the immune system and therefore the
clinical consequences are manifested because of immune dys-
function and depletion. HIV-1 is a member of the primate
lentivirus subgroup of retroviruses (Weiss et al., 1986, 2008;
Burton & Weiss, 2010 Kellam & Weiss, 2006), and is a close
relative of HIV-2 and simian immunodeficiency viruses
(SIV). The HIV-1 particle is composed of two identical (+)
strand RNA copies of the viral genome (Weiss et al., 1986,
2009). Following infection of host cell, the RNA genome is
reversed transcribed into DNA or a provirus. The 5” and the
3’ ends of the provirus contain 634 nucleotides of long termi-
nal repeat structures (Figure 1.2.1). While the 5" LTR regu-
lates the initiation of RNA transcription, the 3’LTR regulates
RNA termination and polyadenylation. Gag and env genes
encode the structural protein of the virus particle. Virus entry
is regulated by the envelope proteins which are embedded in
the lipid bilayer and mediate receptor bindingand membrane
tusion. The pol gene encodes the viral protease, reverse tran-
scriptase, ribonuclease H, and integrase. The regulatory pro-
teins Tat and Rev influence the replication of HIV by
mediating their effects through the Tat response element and
the Rev response element (RRE), respectively. Accessory
proteins, which are at least partially dispensable for virus
replication in vitro, are encoded by Vif, Vpr, Vpu, and Nef.
Vif, a virion infectivity factor, promotes infectivity of virus
particles but is not packaged to a significant extent in the
virus particle. Vpr, a viral protein R, is homologous to Vpx, a
viral protein X, of HIV-2 and SIVs, and is packaged into the
virus particle, but its function is incompletely described. Vpu,
viral protein U, is required for eflicient virus budding and
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CD4 downregulation. Nef, that is, “negative factor,” has mul-
tiple effects on virus replication and T cell activation. The
envelope proteins play an important role in interactions with
cellular receptor membrane, in membrane fusion effects, and
in initiation of signal transduction into cells. The presenta-
tion of viral proteins to T cells is a critical early step in the
immune response to HIV-1. Class 1 and class II restricted
epitopes are located throughout the HIV-1 env protein.
Analysis of these epitopes has provided new insights into
antigen processing pathways and vaccine design strategies.

EARLY EVENTS FOLLOWING
HIV-1 INFECTION

Attachment of the virus particle to the cell surface is the
initial step in the infection process. Fusion of the viral and
cellular membranes allows for the delivery of the viral core
into the cytoplasm of the cell. The process of attachment and
fusion is mediated by the interaction of viral glycoprotein
spikes with cell surface receptors. HIV-I glycoprotein spikes
specifically interact with the CD4 receptor and a seven-trans-
membrane G-protein coupled co-receptor on the cell surface.
There is 1:1 binding stoichiometry of a monomer of gp120
with CD4. The binding of one CD4 molecule by a single
gp120 in the trimeric spike is sufficient to induce conforma-
tional changes in all three glycoprotein subunits of the trimer
(Salzwedel & Berger, 2000). The interaction of CD4 and co-
receptor with the gpl20 causes a rearrangement in gp4l
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Figure 1.2.1 Genetic organization of the HIV-1 genome. Location of
each gene are shown together with their function.



exposing the hydrophobic fusion domain, which then comes
in contact with the cell membrane and becomes embedded
into it, leading to viral entry (Figure 1.2.2).

During the viral entry process, the viral envelope disassoci-
ates from the virion, initiating the process of uncoating. Once
inside the cell, further uncoating involves the disintegration of
the viral capsid core and shedding of the capsid proteins
(Figure 1.2.3).

The uncoating process involves the cellular protein cyclo-
philin A, which interacts with HIV-1 Gag polyprotein and is
incorporated into the virion prior to reverse transcription
(Franke, Yuan, & Luban, 1994; Thali, Bukovsky, & Kondo,
1994; Braaten, Franke, & Luban, 1996). The main early event
in the life cycle of HIV-l is the reverse transcription of viral
RNA into double-stranded DNA. This is catalyzed in the
cytoplasm of the infected cell by the virus-encoded reverse
transcriptase through the use of a cellular lysine tRNA mole-
cule as a primer (Cen et al., 2001). Several viral and cellular
factors are involved in the formation of the replication com-
plex. The replication complex consists of the viral DNA/
RNA, reverse transcriptase, integrase, viral matrix protein
p17, viral protease, the accessory protein Vpr, and cellular his-
tones and non-histone proteins. During the formation of the
replication complex, various core viral proteins are lost. This
replication complex, also termed the pre-integration complex,
is subsequently transported into the nucleus.

The entry of the HIV-] pre-integration complex into the
nucleus is mediated by the interaction between the cellular
receptor karyopherin alpha and the nuclear localization sig-
nals (NLS) present on viral proteins, matrix, and integrase
(Bukrinsky & Haffar, 1999). The viral protein Vpr increases
the affinity of interaction between the viral NLS and the
cellular receptor karyopherin alpha, facilitating nuclear

Gpl120 env
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Lipid bilayer

Reverse
Transcriptase
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Figure 1.2.2 Structure of the HIV-1 virion. The envelope subunit
proteins (gp41 and gp120), matrix protein (p18), viral capsid protein
(p24), viral genomic RNA (RNA), and the reverse transcriptase enzyme
CRT) are illustrated.

transport of the pre-integration complex (Popov et al., 1998).
Additional factors contribute to the nuclear transport of the
pre-integration complex, including a triple-stranded interme-
diate produced during reverse transcription, called the DNA
flap (Sherman & Greene, 2002). The viral integrase then cata-
lyzes a series of reactions whereby the intact viral DNA is
inserted into the cellular chromosomal DNA forming the
provirus. The first step of the integration process is the removal
of two nucleotides from the 3’ ends of the viral DNA. In the
second step, the host chromosome is randomly cut producing
a 5-base staggered cut. This is followed by the insertion of the
viral DNA. The third and final step consists of removal of
unpaired bases at the 5’ end of viral DNA, gap filling, and liga-
tion. The first two steps are catalyzed by integrase, but the
repair and ligation steps are thought to be mediated by cellular
enzymes (Craigie, 2001).

The early phase of the viral replication cycle ends following
DNA integration and the virus enters the late phase of its life
cycle and begins to multiply. The provirus is far more efficient
in transcription of viral RNA than the free unintegrated
HIV-1 viral DNA. The provirus produces multiple copies of
the progeny viral RNA and mRNAs that are later translated
into viral proteins. HIV-1 proviral transcription is greatly
influenced by the activation state of the host cell and is regu-
lated by sequences in the 5’ long terminal repeat (LTR) of the
viral genome. A large number of these regulatory sequences
are able to specifically bind cellular transcription factors, thus
enabling the HIV-1 provirus to use the cellular transcription
machinery to replicate.

The HIV-1 primary transcript is the 9.2 kb mRNA, which
is the full-length transcript encoding the Gag and Pol proteins.
Translation initiation starts with the Gag open reading frame.
The major translation product is the Gag polyprotein (p55),
which is first translated as a precursor polyprotein and later
cleaved by the viral protease. The Gag precursor polyprotein
(p55) is also modified by myristoylation. The mature proteins
derived from the gag precursor polyprotein consist of the
matrix protein (MA) p17, the capsid protein (CA) p24, the
nucleocapsid protein (NC) p7, and the p6 protein that binds
to the Vpr protein. The minor translation product is the Gag-
Pol precursor p160. The Pol gene products derived from the
Gag-Pol polyprotein are the viral protease (Pr) pll, reverse
transcriptase (RT) p66, and integrase (IN) p31. The primary
transcript also serves as genomic RNA for the production of
progeny virions after being capped at the 5’ end and polyadeny-
lated at the 3’ end. The 4 kb transcript contains mRNAs encod-
ing the Env proteins, Vif, Vpr, and Vpu proteins, as well as
mRNAs for the minor forms of the Tat protein. The 4 kb tran-
script coding for the envelope proteins is first translated as a
polyprotein and subsequently glycosylated. The glycosylated
precursor polyprotein (gpl60) is transported to the rough
endoplasmic reticulum where it forms oligomers and enters the
secretory pathway. A cellular enzyme in the Golgi apparatus
then cleaves these oligomers to produce the surface glycopro-
tein (gp120) and the transmembrane glycoprotein (gp4l). The
oligomeric forms of gp120 and gp41 are finally transported to
the plasma membrane. The 2 kb transcript contains mRNAs
encoding Nef, Rev, and the major forms of Tat proteins
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Figure 1.2.3 The replication cycle of the HIV-1 virion. HIV binds to CD4 receptors on the surface of T cells or macrophages and to one of two
co-receptors, CCRS and CXCR4. The next event involves the fusion of the viral protein gp41 to the host cell membranes. After the fusion event, the
virus capsid is partially uncoated to form a ribonucleoprotein complex capable of reverse transcription. Viral genomic RNA is reverse transcribed to
yield double stranded viral DNA. Viral DNA forms the pre-integration complex and is transported to the cell nucleus where it is integrated in to the
cellular chromosome to form the provirus. From the provirus, the viral RNAs and proteins are expressed. Viral assembly and budding occur at the cell

membrane forming the progeny virus.

(Purcell & Martin, 1993). All HIV-l RNA transcripts contain
a transcription regulation sequence called TAR (transactivation-
responsive or Tat-activation responsive) sequence. The 9 kb
and 4 kb HIV-l RNA transcripts also contain a post-
transcription regulatory sequence called an RRE (Rev-
responsive element) sequence. These sequences are involved in
the activation and regulation of viral RNA expression through
interactions with the viral regulatory proteins Tat and Rev.
The exact mechanism of viral assembly and maturation is
poorly understood. Viral assembly is energy dependent and
probably involves unidentified cellular factors (Treitel & Resh,
2001). Viral assembly involves the transportation of the Gag
and Gag-Pol precursor polyproteins and the envelope glycopro-
teins to the plasma membrane followed by the assembly of the
viral capsid proteins and finally the packaging of HIV-l genomic
RNA. Budding, the final stage of progeny virus production, is
by the process of exocytosis. The Gag precursor proteins and
viral components form the major components of the budding
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virus. In addition, cellular components including tRNAs and
proteins are also incorporated into the budding virions.

Viral budding occurs at the plasma membrane of infected
T cells, whereas in infected macrophages budding occurs at
intracellular membrane sites, forming vacuoles containing the
viral progeny (Gelderblom, 1991). During the maturation
stage, the Gagand Gag-Pol precursor polyproteins are cleaved
to yield mature viral proteins, the capsid core is formed, and
the dimerization of viral RNA takes place. These events are
believed to occur after budding has taken place.

An alternate route of HIV-l infection is by cell-to-cell
transmission. One mechanism is the fusion of HIV-l infected
cells with uninfected susceptible cells. The fusion event brings
the infectious viral components into the uninfected cell, form-
ing multinucleated giant cells (syncytia). This process is very
efficient and does not involve cell-free virus. The other
mechanism involves the unidirectional budding of HIV-I at
the site of cell-to-cell contact.

HIV-1 BIOLOGY AND IMMUNOLOGY



IMMUNE RESPONSE FOLLOWING
HIV-1 INFECTION

HIV infection disrupts the immune system through general-
ized immune activation and CD4+ T cell depletion. HIV
infection can generally be broken down into four distinct
stages: primary infection, a clinically asymptomatic stage,
symptomatic HIV infection, and progression from HIV to
AIDS, with individual variation in length, symptoms, and
severity (Fauci, 1993). Primary HIV infection is the first stage
of HIV disease, typically lasting only a week or two, when the
virus first establishes itself in the body (Figure 1.2.4).

Some researchers use the term acute HIV infection to
describe the period of time between when a person is first
infected with HIV and when antibodies against the virus are
produced (usually 6 to 12 weeks) and can be detected by an
HIV test. This stage is associated with high levels of viral rep-
lication followed by aloss of CD4+ T cells in the gut and later
in the blood (Hasse, 1999). This phase is characterized by the
replication and infection of cells that express both
CD4+CCR5+ T cells and remains localized in genital/rectal
mucosa and draining lymph nodes (Gasper-Smith et. al, 2008;
McMichael et al., 2010). Virus then spreads via the blood to
other lymphoid tissue, especially in the gut. Even at an early
stage of infection, the CD 44T lymphocytes appear to be the
major targets (Haase, 1999). There, it replicates profusely and
the level of free virus in the blood rises exponentially and
reaches a peak, often millions of virus copies per milliliter of
plasma, 21-28 days after infection. Virus population doubles
every 6 to 10 hours and the infected cell can productively
infect 20 new cells (Nowak et al., 1997; Little, McLean, Spina,
Richman, & Havlir, 1999). Virus levels then fall, rapidly at
first, until a stable level is reached. This high level of viremia at
the primary stage may be responsible for the systemic infec-
tion of the peripheral lymphoid organs. Within a few weeks of
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Figure 1.2.4 Time course of HIV-1 infection (redrawn from Pantaleo
etal,, 1993, with permission).

the initial viremia, the level of the virus decreases in the blood.
This decrease coincides with the development of an immune
response to HIV-L. Virus-specific cytolytic T lymphocytes
(CTL) appear early and may play an important role in down-
regulation of virus replication (Borrow et al., 1991 Pantaleo
et al, 1994; Schmitz et al,, 1999). HIV-1 infection may go
undetected for long periods due to the nonspecific nature of
the symptoms (Weber, 2001). Early CD8+ T cell responses
are generally credited for controlling the initial peak of viral
replication and establishment of a viral set point and partial
recovery of CD4+ T cells in the periphery (Koup, Safrit, &
Cao, 1994; Goonetilleke et al., 2009; Almeida et al., 2007).
When CD4+ T cell numbers decline to critical levels, cell-
mediated immunity is compromised, and the patient develops
AIDS.

It is uncertain how the peak viremia of acute HIV-1 infec-
tion is controlled. Some mathematical models (Phillips, 1996;
Davenport et al., 2007; Petravic, 2008) suggest that the
rampant carly infection results in the massive destruction of
CD4+ T cells in the gut (Brenchley, 2004; Guadalupe et al.,
2003) and elsewhere such that the cell substrate becomes
limiting. However, studies in rhesus macaques infected
with simian immunodeficiency virus (SIV) show that reduc-
tion of peak viremia is dependent on the presence of
CD8+ cells (Schmitz et al., 1999) and either T or NK cells, or
both. In HIV-1 infection, virus-specific CD8+ T cells first
appear in the blood just before the viremia peaks and
then expand and contract as virus load falls (Borrow et al,,
1991 Koup, Safrit, & Cao, 1994; Wilson et al., 2000).
HIV-1-specific CD8+ T cells are detectable before the devel-
opment of detectable specific antibodies to HIV-1 and long
before neutralizing antibodies (Huber & Trkola, 2007) are
detected.

Three mechanisms are proposed by which CD8+ T cells
suppress viral replication. In the first mechanism, IFN-gamma,
an antiviral cytokine, is produced, which in turn inhibits
HIV-1 replication (Meylan, Guatelli, Munis, Richman, &
Kornbluth, 1993; Emilie, Maillot, Nicholas, Fior, & Galanaud,
1992). In addition, the chemokines MIP-1 -alpha, MIP-1
beta, and RANTES are secreted to suppress HIV-1 replica-
tion by competing or downregulating the cellular co-receptor
CCRS. Downregulation of the co-receptor protects unin-
fected cells by limiting the availability of virus co-receptor
(Wagner, Yang, & Garcia-Zepeda, 1998; Price et al., 1998).
The second mechanism involves the lysis of virus-infected
‘target’ cells via Fas—FasL interaction, and FAS mediated
apoptosis. Inhibition of HIV-1 replication in the third mecha-
nism involves lysis of the cell through secretion of perforins
and granzymes (Kagi, Seiler, & Pavlovic, 1995). CD8+ CTLs
recognize viral antigens that have been intracellularly pro-
cessed into peptides. These viral peptides, which are typically
8-11 amino acids in length, are presented on the infected cell
together with a class I major histocompatibility complex
(MHC) molecule and 2 microglobulin. The receptor on the
CD8+ T cells recognizes the MHC class I molecule, 32 micro-
globulin, and the viral peptide complex. This recognition by
the CTLs triggers the lysis of the infected cells. Cultured
HIV-1 specific CTLs have been shown to lyse CD8+ CTL
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cells in vitro (Yang, Kalams, & Rosenzweig, 1996). The virus-
specific CD8+ T-cell responses are narrowly directed against
a limited number of CTL epitopes despite exposure to a high
level of viral antigens (Yu et al., 2002). The most frequently
recognized viral epitopes are derived from the Gag, Pol, Env,
and Nef proteins (Goulder et al 1996). Interestingly, epitopes
derived from Tat, Rev, and Vif proteins are encountered at a
lower frequency (Lamhamedi-Cherradi, Culman-Penciolelli,
& Guy, 1995). In addition, viral replication is downregulated
by the expression of membrane-bound Fas ligands that induce
apoptosis in Fas-expressing cells (Kagi et al., 1995).

In addition to the CTL responses, cellular immune
response consists of specific CD4+ T helper (Th-I) cell
responses. Viral proteins that are endocytosed by anti-
gen-presenting cells are cleaved into peptide antigens trigger-
ing the CD4+ T cell response. The antigens that are presented
on the surface of the antigen-presenting cells, together with
the MHC class II molecules are recognized by the CD4+ T
cell receptor, which triggers the activation and differentiation
of the CD4+T cells. Activated Th-1 cells produce cytokines
such as interleukin-2 (IL-2) and IFN-y ('Th-1 response), which
help to sustain the CTL response. Th-2 effector T cells secrete
interleukins IL-4, IL-5, IL-6 and IL-1 0, which help in pro-
moting B-cell responses to infection. In addition, the Th-1
cells activate antigen-presenting cells, such as dendritic cells,
which further promote an effective immune response.

The combined effects of CTL and other elements of
immune response cause the viral load in blood to decrease
drastically. The cellular immune response is followed by an
effective humoral response (Koup, Safrit, & Cao, 1994). In
the primary acute phase of HIV-1 infection, partial viral clear-
ance occurs before the specific antibody response is generated.
Despite the early appearance of a vigorous immune response,
this response ultimately fails to eliminate the virus. Several
virological characteristics, such as the replication and muta-
tion rate, proviral latency, and sequestration of viral reservoirs,
play an important role in the immune evasion of HIV-1
(McMichael & Rowland-Jones, 2001). Transition of virus
from RS to X4 type, when the co-receptor requirement is
changed from CCRS5 to CXCR4 makes the virus resistant to
inhibition by chemokines released by activated T cells. Other
factors, like the downregulation of MHC molecules (Collins
et al, 1998) and the upregulation of Fas ligands (Xu et al.,
1999), contribute to the immune evasion and persistence of
HIV-1 infection leading to disease progression.

The second phase of HIV-1 infection is the long asymp-
tomatic period between the acute primary infection phase and
the development of clinical immunodeficiency (AIDS).
During this stage, HIV-1 continuously replicates in the
infected cells and can be readily detected in the lymphoid tis-
sues. This persistent viral replication and the associated chronic
immune stimulation have been proposed to be responsible for
the progressive destruction of lymphoid tissue and deteriora-
tion of the immune system. The immunological hallmark of
this asymptomatic period leading to progression of AIDS is
the gradual Joss of CD4+T cells. The rate of CD4+ T-cell loss
correlates with the level of ongoing viral replication; however,
the exact mechanism by which HIV-I causes the depletion of
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CD4+ T cells is not known. There is increasing evidence that
T cell activation, accelerated cell turnover, and imbalance of
cytokines induces “cell cycle dysregulation” (CCD), which
can result in the depletion of both CD4+ and CD8+ unin-
fected T cells (Gallati & Bocchino, 2007). A series of recent
studies have proposed that the depletion of CD4+ T cells is
more rapid and severe at the level of gut-associated lymphoid
tissue than in peripheral blood and secondary lymphoid
organs (i.c., lymph nodes and spleen) (Haase, 2005; Paiardini,
Frank, Pandrea, Apetrei, & Silvestri, 2008). Identifying dis-
tinctions between pathogenic HIV and simian immunodefi-
ciency virus (SIV) infections and nonprogressive SIV in
natural African primate hosts might provide key insights into
HIV pathogenesis. Similar to pathogenic HIV infection in
humans, natural SIV infections result in high viral replication
and massive acute depletion of mucosal CD4+ T cells. A key
distinction of natural SIV infections is a rapidly developing
anti-inflammatory milieu that prevents chronic activation,
apoptosis, and proliferation of T cells, and preserves the func-
tion of other immune cell subsets, thus contributing to the
integrity of the mucosal barrier and the lack of microbial
translocation from the gut to the peritoneum. Immunologic
features observed during natural SIV infections suggest
approaches for designing new strategies for producing novel
second-generation vaccines and therapeutic approaches to
inhibit disease progression in HIV-infected humans (Pandrea
etal., 2008).

More recently, the FOXP3(+)/CD8(+) T (Treg) popu-
lation has been implicated to play a key role in controlling
the magnitude and duration of adaptive immune responses
through suppression of T cell activation (Torheim et al,
2009). A rapid expansion of CD25(+)/FOXP3(+)/CD8(+)
regulatory T cells (Tregs) in the blood, lymphoid and col-
orectal mucosal tissues, preferential sites of virus replication,
has been demonstrated following a pathogenic SIV infection
in rhesus macaques (Nigam et al., 2010). Expression of mol-
ecules associated with immune suppressor function such as
CTLA-4 and CD39 were associated with these Tregs with
suppressed proliferation of SIV-specific T cells in vitro. These
also express low levels of granzyme B and perforin, suggest-
ing that these cells do not possess killing potential. Expansion
of CD8+ Tregs correlated directly with acute phase viremia
and inversely with the magnitude of antiviral T cell response.
Expansion was observed in HIV-infected humans but not in
SIV-infected sooty mangabeys with high viremia, suggesting
adirect role for hyperimmune activation and an indirect role
for viremia in the induction of these cells. These results sug-
gest an important but previously unappreciated role for
CD8+Tregs in suppressing antiviral immunity during immu-
nodeficiency virus infections. These results also suggest that
CD8+ Tregs expand in pathogenic immunodeficiency virus
infections in the non-natural hosts and that therapeutic
strategies that prevent expansion of these cells may enhance
control of HIV infection.

The final phase of infection (symptomatic HIV infection,
and progression from HIV to AIDS) is characterized by the
onset of clinical immunodeficiency commonly known as
acquired immunodeficiency syndrome (AIDS). Prior to the
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onset of clinical immunodeficiency, there is a rapid decline in
CD4+ T cell count and an overall increase in viral load
(Connor, Mohri, Cao, & Ho, 1993). Viral replication occurs
in many sites in addition to the lymphoid tissue (Reinhart
et al., 1997). When the CD4+ T cell counts fall below 200
cells/ml, opportunistic infections begin to surface. The aver-
age period for the development of AIDS after initial infection
varies among infected individuals. Prospective studies involv-
ing large cohorts of HIV-infected individuals clearly indicate
that while some individuals remain asymptomatic for as long
as 10 years after initial infection (long-term non-progressors;
LTNPs), others develop AIDS within 24 months (rapid pro-
gressors; RPs). Among these individuals are some who prog-
ress to AIDS similarly to rapid progressors, but in whom both
clinical and laboratory parameters remain stable for an unusu-
ally long period of time once the disease progression has
occurred (slow progressors; SPs).

Between the multitude of factors that govern the natural
history and pathogenesis of HIV-1 infection, viral and host
factors and their complex interactions are considered crucial
determinants of disease outcome (Fauci, 1993; Schnittman
& Fauci, 1994; Pantaleo, Graziosi, & Fauci, 1997; Burinsky,
Stanwick, & Dempsey, 1991; Wahl & Orenstein, 1997;
Haynes, 1996; McCune, 1995;; Pantaleo & Fauci, 1994). For
instance, LTNPs appear to have predominantly Th1 -T cell
profiles, strong CD8+ lymphocyte antiviral responses,
absence of enhancing antibodies, low viral loads, and pre-
dominantly non-syncytium-inducing (NSI) viral pheno-
types, whereas RPs have high viral loads and predominantly
syncytium-inducing (S1) viral phenotypes. RPs are believed
to be infected with more rapidly replicating virulent HIV
strains, whereas NPs may be infected with less pathogenic
HIV variants. Thus, preservation of immune function and
low viral replication are common findings in HIV-infected
subjects with non-progressive disease, whereasloss of immune
function and high viremia are characteristic features for rapid
progression (Haynes et al., 1996). However, with the advent
of combination antiretroviral therapies, there are some
changes in the natural history of HIV disease (Feinberg &
McLean, 1997).

CLINICAL PROFILE OF HIV-1 INFECTION

Acute HIV-] infection is symptomatic in 90% of the infected
individuals (Bell et al., 2010). The clinical manifestations of
acute HIV-l infection appear in some cases within days, but
most often 2—6 weeks after exposure to the virus. The period
of illness associated with the acute phase is generally 10 days,
but may also vary from 3 to 25 days (Pedersen, Lindhardt, &
Jensen, 1989). The symptoms commonly include fever, night
sweats, fatigue, headache, weight loss, and a mononucleosis-
like illness consisting of fever, pharyngitis, and adenopathy. In
addition, an erythematous, maculopapular, non-pruritic rash
distributed on the face and trunks may also be evident. In gen-
eral, oral candidiasis is not seen in patients with acute infec-
tion, but it can occur as a manifestation of initial infection.
Oral or genital lesions may also occur. The central nervous

system (CNS) may also manifest symptoms resembling a
syndrome of meningoencephalitis (Tambussi et al., 2000).
Laboratory findings in patients with acute HIV-l infection
may include thrombocytopenia, leukopenia, and elevated liver
enzyme values; however, none of these are diagnostic. During
this early symptomatic phase, antibodies are not yet generated
and a standard diagnostic test based on antibody reactivity
will be negative (Busch & Satten, 1997). However, plasma
viral RNA detection methods and assays detecting the p24
antigen in plasma, in general, give positive results during this
symptomatic early phase of infection (Bollinger, Brookmeyer,
& Mechendale, 1997). Since none of the clinical or laboratory
findings are distinctive for the acute retroviral syndrome, the
main factor that facilitates diagnosis is a history of exposure.
All patients who present with a compatible syndrome should
be questioned about their risk for HIV-l infection and, if sus-
picion is high, a presumptive diagnosis can be made. During
the chronic asymptomatic phase of HIV-l infection, persistent
generalized lymphadenopathy is observed in individuals who
are otherwise well. HIV-l-related lymphadenopathy persists
for at least 3 months. The progression of HIV-l infection is a
result of a decline in immunocompetence that occurs due to
increased replication of HIV-] from previously latent sites.

As the disease progresses, infected individuals may suffer
from constitutional symptoms, such as weight loss, nausea and
vomiting, and hematological disorders. Administering
antiretroviral drugs, which can abrogate viral replication, can
control or reverse these symptoms of disease.

Initial discase symptoms that follow the asymptomatic
period are a sudden and unexplained loss in body weight, also
known as wasting syndrome, usually accompanied by diar-
rhea; persistence of generalized lymphadenopathy; and the
onset of neurological disease. The infected individual also suf-
fers from dangerously high fevers, causing night sweats.
Furthermore, HIV can spread to the brain and cause neuro-
logical damage by itself or by creating an immunocompro-
mised environment that is permissive for other opportunistic
infectious agents. About one-third of all AIDS patients exhibit
some form of the following neurological symptoms: dementia
caused by brain damage leading to loss of mental function;
myelopathy leading to the weakness of limbs or paralysis; and
a sensory neuropathy causing numbness, especially in the feet,
and sensations of burning or stinging in the hands or feet.

As the disease progresses into the symptomatic phase, the
immune system is severely compromised, resulting in a wide
range of adverse immunological clinical conditions. The two
major consequences of immunological damage are the occur-
rence of opportunistic infections, caused by infectious agents
that seldom cause discase in healthy individuals, and the devel-
opment of cancers.

INNATE IMMUNE RESPONSES
FOLLOWING HIV-1 INFECTION

The early immune response to HIV-1 infection is an impor-
tant factor in determining the clinical course of disease. The
innate immune system is the first line of defense against
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invading organisms that rapidly functions to limit bacterial
and viral infection before the activation of the adaptive
immune system can occur. The elements of the innate (non-
specific) immune system include anatomical barriers, secre-
tory molecules, and cellular components. Among the
mechanical anatomical barriers are the skin and internal
epithelial layers, the movement of the intestines, and the
oscillation of bronchopulmonary cilia. Associated with these
protective surfaces are chemical and biological agents. The
anatomical barriers are very effective in preventing coloniza-
tion of tissues by microorganisms. However, when there is
damage to tissues the anatomical barriers are breached and
infection ensues. Both soluble and cellular components con-
tribute to the innate immune response. Dendritic cells, mac-
rophages, interferon-producing cells, natural killer (NK) cells,
neutrophils, eosinophils, 8 T cells, NK T cells, CD8+ T cells
with non-cytotoxic antiviral activity, and B 1 cells are the cel-
lular components of the innate immune system (Levy, 2001).
These cells are normally rapidly recruited and/or activated at
the site of virus infection. The key soluble molecules of innate
immunity include cytokines, chemokines, complement,
defensins, acute phase reactants, mannan-binding lectins, and
C-reactive proteins (Levy, 2001). HIV-1 infection causes a
wide range of abnormalities in the innate immune system,
contributing to the lung pathology observed in HIV-l-infected
individuals (McMichael et al., 2010; Hewson et al., 1999;
Agostini & Semenzato, 1996), downregulation of the normal
continuous production of nitric oxide (NO) by the lung epi-
thelium, upregulation of NO production by tissue mac-
rophages, aberrations in systemic and pulmonary glutathione
metabolism, and alteration in macrophage function. (Voelkel
et al 2008 Adams et al., 1993).

Neutrophils, DCs, NK cells, NK T cells,y8 T cells, CD8+
T cells, and B1 cells are the other important cellular compo-
nents of the innate immune system. Neutrophils are rapidly
recruited to the site of viral infection by chemokines secreted
by activated macrophages and virus-infected cells (Chang and
Altfeld 2010). Neutrophils release proteins and inflammatory
cytokines that help in controlling infection by pathogens.
HIV-1 infection can cause a decrease in neutrophil function
(Szele, McMicheltree, Roberts, & Stichm, 1992). Dendritic
cells are highly specialized in capturing and presenting anti-
gens to T cells and stimulating the differentiation and prolif-
eration of B cells (Banchereau & Steinman, 2007;). They are
thought to be key modulators of adaptive immune response
during viral infections. Upon activation, dendritic cells are
known to secrete a number of antiviral and immunoregulatory
cytokines such as interferons; tumor necrosis factor alpha
(TNF-a); and interleukins IL-l, IL-6, IL-12 and IL-18
(Stockwin, McGonagle, Martin, & Blair, 2000). DCs express
chemokine receptors used for HIV-1 entry. Chemokine recep-
tors facilitate the migration of DCs to areas of inflammation
where they can secrete cytokines and type Il interferons, which
can suppress HIV-l infection. In addition, the NK cells can be
rapidly recruited into infected organs and tissues by chemoat-
tractant factors produced by virally infected cells and activated
macrophages. NK cells can eliminate HIV-l-infected cells by

28 o

cell-dependent cytolysis and secreted cytokines such as IFN-«,
TNF-alpha, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and -chemokines. The y0 T cells generally
present in mucosal surfaces exhibit a more restricted reper-
toire compared with that of af T cells. These cells interact
directly with non-peptide antigens or cellular stress proteins
and serve as a link between innate and adaptive immune sys-
tems (Medzhitov & Janeway, 2000). Furthermore, these cells
have the ability to lyse HIV-1 infected cells (Wallace et al.,
1996). Monocytes from infected individuals exhibit decreased
phagocytosis, chemotaxis, intracellular killing, and cytokine
expression. Similarly, the granulocyte subset of neutrophils
exhibit decreased phagocytosis and intracellular killing.

Mannose-binding lectins and complement are among the
soluble components of innate immunity that exhibit anti
HIV-1 activity. These soluble products can bind to HIV-1
and bring about the lysis of the virus or help macrophages to
efficiently engulf them by phagocytosis (Sato et al.,, 2011).
Studies have shown that individuals with low levels of circu-
lating mannose-binding lectins are more susceptible to HIV-
infection and enhanced disease progression (Garred, Madsen,
& Balslev, 1997). Complement can also cause the rapid clear-
ance and destruction of HIV-L It has been shown that com-
plement lyses HIV-] in the presence of antiviral antibodies
(Sullivan etal., 1996). In addition, it also serves as an opsonin
for phagocytosis of HIV-1 virus (Spear, Sullivan, Landay, &
Lint, 1990). Thus, the complement system is involved in
both the innate immune system and the adaptive immune
system. Other soluble components of the innate immune
system such as cytokines and chemokines are released follow-
ing interaction of pathogens with cells. Cytokines like IL-4,
IL-6 and IL-12 secreted by the innate immune response can
determine whether a Th-I or Th2-type adaptive immunity
prevails. Furthermore, other cytokines like TNF-« and inter-
ferons can modulate HIV-I replication. Similarly, the pro-
duction of chemokines can function as chemoattractants
recruiting NK cells, T cells, and macrophages to sites of
infection.

T CELL RESPONSES FOLLOWING
HIV-1 INFECTION

CD4 + T cells are the major reservoirs of both actively repli-
cating and latent HIV-1 throughout the course of disease.
While both naive and memory T cells have the capacity to be
infected with HIV-, only activated memory T cells preferen-
tially replicate virus (Woods, Roberts, Butera, & Follzs, 1997;
Chun et al., 1995). Naive T cells do not have the ability to
replicate HIV-], even after activation (Roederer et al., 1997).
These data lend support to the theory that antigen-specific
interactions between infected macrophage or dendritic cells
and uninfected memory CD4+ T cells leads to dissemination
of HIV-1 and explain, in part, why chronic immune activation
in the context of antigen presentation and cell activation such
as seen in people from sub-Saharan Africa, may accelerate

HIV-l disease progression.
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T-cell abnormalities such as CD4+ T cell lymphopenia,
characterized by decreased Iymphoproliferation and a
decreased number of cells having naive phenotype, are seen in
HIV-1-infected individuals. In addition, infected individuals
demonstrate a decreased delayed hypersensitivity skin test
response to recall antigens. CD8+ T cells exhibit impaired
cytokine production and cytolysis. Other viral immunomod-
ulation strategies by the virus include chemokine and cytokine
modulation, inhibition of apoptosis, inhibition of NK cell
activity, and interference with MHC class I and class Il antigen
presentation.

The acute primary HIV-] infection is characterized by a
TH 1 profile including the secretion of pro-inflammatory
cytokines IL-l, IL-2, IL-6, TNF-a, IFN-gamma (Graziosi
etal., 1996; Rinaldo et al., 1990), as well as the other cytokines
IL-4, IL-7, IL-10, IL-12 and IL-13 (Chehimi, Starr, & Frank,
1994; Chehimi et al., 1996; Than et al., 1997; Patella, Florio,
Petraroli, & Marone, 2000). Several viral proteins, such as
gp120, Tat, Nef, and Vpr, are able to induce the secretion of a
number of cytokines. The Th-1 type cytokines help to induce
the strong cellular response that is responsible for the initial
control of viremia. The progression of disease in HIV-I-
infected individuals is associated with the switch of cytokine
response from Th-1 to Th-2. The exact mechanism that causes
this shift during AIDS progression is not known. However,
reports suggest that HIV-I viral proteins may contribute to the
shift in Th-2 immune response. The viral protein Nef has been
reported to decrease the production of IFN-gamma and IL-2
(Collette et al., 1996) and impair the signaling of Th-1 cytok-
ines (Collette, Dutartre, Benziane, & Olive, 1997). In addi-
tion, Tat induces the expression of the IL 4 receptor alpha
chain (Husain, Leland, Aggarwal, & Puri et al., 1996) and
inhibits IL-2 production (Ito, Ishida, & He, 1998). These
functions of the HIV-1 proteins may contribute to the shift in
cytokine profile as the infection progresses.

A major host defense against viruses is induction of apop-
tosis of infected cells. However, many viruses can counteract
these cellular responses by targeting specific stages of the
downstream apoptotic pathways by using proteins that often
mimic or counteract host cell functions. While apoptosis plays
an important role in the destruction of HIV-I-infected T cells,
other cell types such as myeloid cells become chronically or
latently infected and serve as reservoirs for HIV-1. Anti-
apoptotic pathways are likely to play an important role in the
establishment and maintenance of latency by preventing
infected cells from being rapidly killed. HIV-1 can inhibit
TNF-alpha-mediated apoptosis by using mechanisms that
persistently activate NF-xB, thus protecting myeloid cells
from destruction (DeLuca, Kwon, Pelletier, Wainberg, &
Hiscott, 1998). In addition, HIV-1 Tat protein can apparently
upregulate cellular Bcl-2 in different cell types, and Vpr pro-
tein can inhibit NF-xB activation leading to suppression of
T-cell receptor (TCR)-mediated apoptosis in resting T cells
(Roulston, Marcellus, & Branton, 1999).

HIV-I expresses two proteins, Nef and Vpu, that have been
shown to downregulate the expression of surface MHC class
molecule (Piguet et al, 1999). HIV-I glycoprotein, Nef,

downregulates the expression of class  HLA -A2 protein on
the surface of infected cells. Vpu prevents the cell surface
expression of class I molecules by interfering with the process-
ing of these molecules and destabilizing them (Kerkau, Bacik,
& Bennink, 1997). This downregulation of the MHC class I
molecule protects HIV-Tinfected cells from NK-cell-mediated
lysis (Collins et al., 1998).

Although HIV-1 does not directly reduce expression of
MHC class II molecules in infected cells, it can markedly
impair MHC class II antigen-specific pathways. HIV-I viral
proteins, Vpu, Env, and Nef, cooperate in the degradation of
CD4, leading to a significant reduction of CD4 expression on
T cells (Aiken, Konner, Landau, Lenburg, & Trono, 1994;
Anderson, Lenburg, Landau, & Garcia, 1994; Fujita, Omura,
& Silver, 1997). CD4 serves as a co-receptor during antigen
recognition by the TCR on T cells, and ligation of CD4
increases the sensitivity of a T cell antigen presented by MHC
class IT molecules. The reduction of CD4 expression on T cells
contributes to the gradual loss of responsiveness of T lympho-
cytes to MHC class Il-restricted antigens (Louie, Wahl,
Hewlett, Epstein, & Dhawan, 1996).

B CELL RESPONSES IN HIV-1 INFECTION

Although HIV-l does not replicate in B cells, it produces
severe B-cell abnormalities eventually leading to B-cell deple-
tion (Patke & Shearer, 2000; Rodriguez, Thomas, O’Rourke,
Stichm, & Placger, 1996). The B-cell abnormalities detected
in HIV-1 infected individuals are a decrease in B-cell number,
detection of circulating immune complexes, elevated levels of
autoantibodies, and increased production of nonspecific
immunoglobulins G, A and M. Impaired production of spe-
cific antibodies to new and recall antigens is also seen. This
includes both T-dependent and -independent antigens (Shirai,
Cosentino, Leitman-Klinman, & Klinman, 1992; Yarchoan,
Redfield, & Broder, 1986; Borkowsky et al., 1992; Gibb et al.,,
1995). Recent reports have identified a subpopulation of B
cells with low CD21 expression in high viremia patients. These
cells, which are poor antibody responders and low secretors of
immunoglobulins, could be partly responsible for causing the
humoral defects seen in HIV-l-infected individuals (Moir,
Malaspina, & Ogwaro, 2001). Furthermore, HIV-] gene prod-
ucts like gpl20 can modulate B-cell function apparently by
binding to the VB3 domain of membrane immunoglobulin
(Goodglick, Zevit, Neshat, & Braun, 1995).

HIV-l activates complement through alternative and classic
pathways (Montefiori, Robinson, & Mitchell, 1989). Although
there is deposition of C3 on viral surfaces, there is decreased
activity of the complement C5-C9 membrane attack complex.
In addition, HIV-I downregulates cell surface complement
receptors after infection (Munson, Scott, Landay, & Spear,
1995). HIV-1 infection decreases CRI expression on B cells
and erythrocytes by proteolytic cleavage of the receptor (Jouvi,
Rozenbaum, Russo, & Kazatchkine, 1987). HIV-1 infection
also downregulates CR2 expression by altered transcription
(Larcher, Schultz, & Hofbauer, 1990). HIV-1 gp120 decreases
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C5a receptor expression and thus impairs the chemotatic
response of monocytes to inflammatory stimuli (Wahl et al,,
1989). In some cases, HIV-1 may infect cells using complement
receptors. Villous processes of follicular dendritic cells express-
ing high levels of complement receptors and Fc receptors trap
numerous particles of opsonized HIV-1 virus particles that are
highly infectious (Heath, Tew, Szakal, & Burton, 1995).

ROLE OF CHEMOKINES HIV-1
PATHOGENESIS

Chemokines and their receptors play a critical role in HIV-1
infection and disease pathogenesis (reviewed in Reinhart
et al,, 2009). The seven transmembrane G-protein coupled
receptors CXCR4 and CCRS act as coreceptors for HIV-1
entry into immune cells (Feng, Broder, Kennedy, & Berger,
1996, Deng et al., 1996). Interestingly, SIVs predominantly
use CCRS for entry (Edinger et al., 1997). Deletion in CCRS
is associated with increased protection from both acquisition
of HIV-1 and subsequent disease. Secondary lymphoid tissues
are critical sites of soluble and cell-associated antigen sampling
of peripheral tissues, and they are key compartments for the
generation of cellular and humoral immune responses.
Chemokines are major mediators of cell trafhcking during
immune inductive and effector activities, and changes in their
expression patterns in lymphoid tissues could contribute to
the pathogenesis of HIV-1and SIV in multiple ways. Infection
of rhesus macaques with pathogenic SIV leads to the induc-
tion of multiple inflammatory chemokines in lymph nodes
and spleen including: CXCL8, CXCL9, CXCL10, and
CXCLI11, CCL3, CCL4, CCL5, CCL2 CCL19 and
CCL20. In a study of host responses to oral transmission of
SIV, high CXCL9 and CXCLI0 levels in lymph nodes after
infection were associated with rapid progression of disease,
whereas high levels of these chemokines in the oral mucosa
were associated with slow progression of disease (Milush et al,,
2007). When chemokine expression in peripheral blood mono-
nuclear cells (PBMCs) were examined from SIV- or SHIV-
infected nonhuman primates, CCL3, CCL4 and CCLS were
found to be upregulated (reviewed in Reinhart et al., 2009). In
contrast, the homeostatic lymphoid chemokine CCL21 and
the Th2 recruiting chemokines CCL17 and CCL22 and the
anti-apoptotic chemokines CCL25 and CXCL12 chemokines
are downregulated during SIV infection. The overall implica-
tions of the findings regarding chemokine expression associ-
ated with lymphoid tissues from SIV-infected macaques suggest
that SIV infection leads to development of a Th-1 polarized,
inflammatory milieu. These modified environments in lym-
phoid tissues are polarized toward type 1, IFN-gamma produc-
tion due to increased recruitment of T cells expressing CCR5
and CXCR3, which are found predominantly on Th-1 cells
and due to decreased recruitment of T cells expressing CCR4,
which is found predominantly on Th-2 T cells and Tregs.
Although it would be reasonable to expect that increased local
expression of CCRS ligands would decrease viral replication,
this does not appear to be the case in these tissues.
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NEUROPATHOGENESIS IN HIV-1
INFECTION—ROLE OF PERIPHERAL
IMMUNE CELLS

HIV-1-associated dementia (HIV-D) is a syndrome of motor
and cognitive dysfunction observed in approximately 5% to
10% of patients infected with HIV-1 (McArthur et al., 1993;
Sacktor et al.,, 2010). Although the neuropathogenesis of
HIV-D is not completely understood, the role of immune
cells in its manifestation is well demonstrated (Fischer-Smith,
Bell, Croul, Lewis, & Rappaport, 2008). CNS infection of
HIV-1 has been shown early during the acute phase of infec-
tion; however, the action of cytotoxic T cells eliminates pro-
ductively infected cells. At later phase of the discase,
productive infection of the CNS sets in, with the concomi-
tant development of CNS disease (Fischer-Smith &
Rappaport, 2008). The source and mechanism of this latter
infection of the CNS has been a matter of considerable
debate, with two divergent models. In the first model, the re-
emergence of the virus from a latent reservoir (Trojan horse
model) is thought to be the mechanism for the productive
infection. In the second model, new invasion of the CNS
with virus-infected cells (late invasion model; Fischer-Smith
& Rappaport, 2008) is proposed to be the causative factor. In
the Trojan horse model, it is proposed that the virus enters
the CNS early, and replicates at low levels as a reservoir sepa-
rated from the periphery. During the course of the disease, a
more virulent CNS phenotype of the virus emerges, leading
to the manifestation of disease pathogenesis. In support of
the Trojan horse model, several studies suggest CNS com-
partmentalization of the HIV virus through comparisons of
viral quasispecies found in the plasma compared with those
virus found in cerebrospinal fluid (CSF) (Clements et al.,
2005, 2008; Cunningham, 2000; Stingele et al., 2001; Strain
et al., 2005; Tashima et al., 2002). These studies demonstrate
suppression of virus replication in the CNS as early as 21
days, without loss of CNS viral DNA (Barber, 2004).
However, macrophage traflicking is also observed in this
model, negating microglial activation as the sole contributor
to CNS disease. Although these studies do not preclude the
contribution of infiltrating macrophages, the constant level
of viral DNA in CNS suggested a latent CNS reservoir as a
major contributor.

Despite the early viral entry, several lines of evidence also
support the late invasion model. According to this model,
virus entry into the CNS is due largely to the trafhcking of
HIV-1-infected monocytes/macrophages from the systemic
circulation into the CNS (Meltzer et al., 1990). The number
of total brain macrophages is dramatically increased in HIV
encephalopathy (HIVE), the pathogenic manifestation of
HIV, without additional evidence of local proliferation of
these cells (Fischer-Smith et al., 2004;). Additional studies
have shown that macrophage/microglia represent the princi-
ple productive reservoir of HIV-1 infection in the CNS (Kure
etal., 1991; Porwit et al.,1989;). The contribution of infected
macrophage and microglial cells to neuronal injury through
secretion of viral and host factors has been the subject of
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numerous reviews (Fischer-Smith & Rappaport, 2005;
Gonzalez-Scarano & Martin-Garcia, 2005).

The late invasion model proposes that the peripheral
immune compartment plays a prominent role and contrib-
utes to the development of CNS disease. Previous studies
comparing HIV-1 gp120 sequences have demonstrated the
greatest similarity between envelope sequences derived from
the brain with those derived from bone marrow and blood
(Gartner et al., 1997)). The role of monocytes/macrophage
trafficking from the periphery into the CNS is further sup-
ported by the beneficial effects of highly active antiretroviral
therapy (HAART) despite poor CNS penetration of most
of these antiretroviral compounds (Vehmas et al., 2004).
Although conclusively discriminating between resident
microglia and perivascular macrophages is difficult, combined
CD markers have been used to make this distinction. The
combination of antigenic markers for perivascular macrophage
positive for CD14 (lipopolysaccharide [LPS] receptor) and
CD4S5 (leukocyte common antigen [LCA]), neither of which
are expressed on microglia, has been used to identify two
populations of activated macrophages in the CNS of patients
with HIVE (Fischer-Smith et al., 2001). Macrophages accu-
mulating perivascularly with a CDI14+/CD45(LCA)+/
CD16+ (FeylIl receptor) phenotype appear to be the princi-
pal reservoir of productive HIV-1 infection in the CNS.
Similar observations were also reported in SIVE (Williams
et al,, 2001. Importantly, CD16+ monocytes preferentially
harbor HIV in vivo, are more permissive to HIV infection
than CD16— monocytes, and are likely important as reser-
voirs of infection and tissue dissemination (Ellery et al., 2007;
Joworoski et al., 2007). In support of the latter hypothesis,
the increase in total brain macrophages that bear antigenic
markers of the peripheral compartment appears to be due to
trafficking of monocytes/macrophage into the CNS from the
periphery, rather than local microglial proliferation (Fischer-
Smith et al., 2004).

The passage of monocyte and leukocyte into the CNS
would not occur without the complex chemokine gradient
that is established during HIV-1 infection. Chemokine
involvement in HIV-1 neuropathogenesis is well recognized
because of their abilities to: (i) recruit HIV-I1-infected
immune cells into the brain, (ii) serve as mediators for inflam-
matory responses, and (iii) serve as ligands for HIV-1 core-
ceptors, specifically CXCR4 and CCRS5 (Hesselgesser et al.,
1998). CCL2 is considered to be a critical factor involved in
the infiltration of monocytes and lymphocytes across the BBB
during CNS inflammation. Numerous studies strongly sug-
gest that increased CCL2 expression in the CNS is associated
with enhanced progression of HIVE (Dhillon et al., 2008).
Chemokines can also promote virus replication and contrib-
ute to injury and eventual loss of neurons (Asensio &
Campbell, 1999; Miller & Meucci, 1999). In addition to
CCL2, another chemokine, CXCL10 (interferon1-inducible
peptide) has also been detected in the CSF of individuals with
HIV-1 infection (Kolb et al, 1999). Understanding the
underlying mechanisms that lead to the migration of HIV-1-
infected monocytes from the periphery into the CNS are

important future directions in therapeutic strategies (Kraft-
Terry et al., 2009).

CONCLUSION

The complete eradication of HIV-1 from infected patients
remains problematic, although the use of HAART has
improved the prognosis of patients who are HIV-positive.
A major obstacle to total viral eradication is the persistence of
viral reservoirs and continuous rounds of de novo virus infec-
tion of host cells with rapid turnover of both free virus and
virus-producing cells. It is likely that various immune activa-
tion stimuli, including most pathogens, can potentially affect
the infectivity, transmissibility and pathogenesis of HIV by
influencing several aspects of HIV biology. First, infection of
monocytes/macrophages by many pathogens can induce
immune activation of monocytes and T lymphocytes, thus
increasing the infectivity of these cells to HIV. Second, these
infections can also promote disease progression by creating a
cytokine environment that favors faster replication of HIV.
Third, these infectious agents can modulate the expression of
coreceptors on the surfaces of permissive cellular targets, thus
altering the cellular tropism. Such immune pressures can lead
to emergence of viral variants that not only use multiple core-
ceptors, but also are more virulent. Collectively, all these fac-
tors are likely to increase HIV pathogenesis.
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1.3

CHEMOKINES

Richard J. Miller

HIV-1-related central and peripheral nervous system problems
are highly prevalent but the details of their pathogenesis are
poorly understood. A widely held hypothesis is that infected
cells in the nervous system secrete neurotoxins that exert
direct and indirect deleterious effects. Candidate neurotoxins
include excitotoxins, inflammatory mediators, and HIV-1 viral
proteins. There is evidence that chemokines and chemokine
receptors, which are expressed in all major cell types in the brain,
may play pivotal roles in many of these diverse neurotoxic
processes. This chapter explores these possible roles. Close atten-
tion is paid to a several proposed mechanisms, including those
involving the CXCR4 chemokine receptor and the HIV gp120
protein, whose effects may be partly mediated by cytokine-related
processes. 1o help provide a framework for understanding these
complex  pathogenic phenomena, the role of chemokines
and chemokine receptors in normal development and function is
discussed.

INTRODUCTION

It is a truth, universally acknowledged, that the consequences
of HIV-1 infection encompass not only the immune system
but the nervous system as well. The majority of individuals
infected by HIV-1 display neurological symptoms and associ-
ated neuropathology involving both the central (CNS) and
peripheral (PNS) nervous systems. (Kaul, Garden, & Lipton,
2001; Kolson & Gonzales-Scarano, 2001). The serious and
incapacitating nature of these syndromes means that neuro-
logical problems make a significant contribution to the overall
clinical picture in AIDS.

In spite of the fact that HIV-1-related neurological prob-
lems are so prevalent, there is little real understanding as to the
mechanisms underlying HIV-1-related damage to the nervous
system. Indeed, in many respects the situation is less straight-
forward than that associated with HIV-1-related problems
with the immune system. The destruction of leukocytes by
HIV-1 is associated with infection of these cells by the virus
and its subsequent replication. On the other hand, this is not
the case for HIV-1-related neuropathology (Kaul et al., 2001;
Kolson & Gonzales-Scarano, 2001). The brains of HIV-1-
infected individuals exhibit morphological changes to micro-
glia, astrocytes, and neuronal populations, although it is
widely believed that the virus only productively infects micro-
glia (Gabuzda & Wang, 2000; Garden, 2002; Kaul et al., 2001;
Kolson & Gonzales-Scarano, 2001). It is therefore not at all
obvious how such widespread neuropathology might be
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produced. A generally held hypothesis suggests that infected
cells in the nervous system such as microglia must secrete one
or more neurotoxins that elicit a cascade of deleterious effects
(Kaul et al., 2001). Although such an idea seems reasonable,
the precise nature of these secondary neurotoxins remains
obscure, even though there is a long list of possibilities. Indeed,
it is likely that HIV-1-related neuropathology stems from
more than one process. For example, problems resulting from
the presence of inflammatory reactions in the brain (HIV
encephalitis, HIVE) or from opportunistic infections may be
important (Williams & Hickey, 2002). However, other mech-
anisms directly related to the effects of the virus within the
nervous system should also be considered.

In order to understand how HIV-1 compromises the ner-
vous system, it is useful to first examine its mechanism of
action in the immune system. HIV-1 infects target cells by
binding to receptors expressed in their membranes. The major
coat protein of the virus, gp120, binds with high affinity to
one of the chemokine receptors, usually in conjunction with
the hCD4 molecule (Rossi & Zlotnik, 2000). Conformational
changes ensuing from this interaction allow the virus to fuse
its membrane with that of its target and insert its DNA into
the host cell. However, as we shall discuss, chemokine recep-
tors normally function as important signaling elements in
cells. Indeed, an increasing number of papers have now
reported that binding of HIV-1 to these receptors may do
more than just allow fusion of the virus with its target and may
also elicit important signaling events that regulate the fate of
target cells (Davis et al., 1997; Gabuzda & Wang, 2000). Are
these observations relevant for attempts to explain HIV-1-
related neuropathology? It is now clear that all of the major
cell types in the brain are capable of expressing both chemok-
ines and chemokine receptors, including those chemokine
receptors like CXCR4 that normally act as binding sites for
HIV-1 (Bajetto et al, 2001; Bajetto, Bonavia, Barbero, &
Schettini, 2002; Kolson & Gonzalez-Scarano, 2001; Martin-
Garcia et al,, 2002). An important question, therefore, is
whether, as in the immune system, chemokine receptors in the
brain are important for HIV-1-related neuropathology and, if
so, which chemokine receptors and why.

CHEMOKINES AND THEIR RECEPTORS

In order to be able to answer such questions, we should discuss
the nature of chemokines and their receptors as well as their



normal functions in the brain. Chemokines (the name is a
contraction of the words CHEMOrtactic cytoKINE) are a
family of small proteins, originally shown to play a pivotal role
in the control of leukocyte trafficking (Rossi & Zlotnik,
2000). Although this is still their best-studied function,
chemokines have now been shown to be of key importance in
the overall organization of the entire hematopoietic/lym-
phopoietic system, including the regulation of stem cell matu-
ration, the formation of secondary lymphoid tissues, and
angiogenesis (Ma, Jones, & Springer, 1999; Schwartz &
Farber, 2002; Szekanecz & Koch, 2001; Nagasawa et al.,
1996). Moreover, because chemokines and their receptors are
also intimately involved in the orchestration of inflammatory
responses and in the pathogenesis of AIDS (Berger, Murphy,
& Farber, 1999), they are considered to be important poten-
tial therapeutic targets in these diseases (Proudfoot, 2002).
Based on recent findings that chemokines and their receptors
are involved in controlling organogenesis, as well the matura-
tion and migration of different types of stem cells (Knaut,
Werz, Gelser, & Nusslein-Volhard, 2002; Doitsidou et al.,
2002; McGrath, Koniski, Maltby, McGann, & Palis, 1999;
Braun et al., 2002; Moepps et al., 2000; Tachibana et al,
1998), it is now becoming clear that chemokine-mediated sig-
naling may have a far wider influence than originally antici-
pated. Thus, aside from the hematopoietic/lymphopoietic
system, chemokines probably have important roles to play in
the development and homeostasis of all tissues.

What then, if anything, do chemokines have to do with
the nervous system? It is well known that chemokines and
their receptors have an important part to play in neuroinflam-
matory disease (DeGroot & Woodroofe, 2001). In keeping
with their traditionally defined roles as organizers of the
immune system, chemokines produced by resident brain cells
have been shown to be of central importance in guiding leuko-
cytes to sites of inflammation within the brain. In addition,
however, recent work has established that all of the major cell
types in the brain, including microglia, glia, neurons and
neural stem cells, can express different chemokine receptors,
making them all potential targets for the actions of chemok-
ines. Furthermore, it is known that these different cell types
are capable of synthesizing chemokines, suggesting that a com-
plete chemokine ligand/receptor system exists independently
within the brain. Thus, it now appears that chemokines may
play a much more complex role in the nervous system, extend-
ing far beyond their known role as local mediators of immune
and inflammatory responses.

Although these observations are intriguing, they also raise
many questions. For instance, do the effects of chemokines in
the brain merely recapitulate their well-established effects on
leukocytes or is something else afoot? Indeed, we now know
that chemokines and their receptors participate in the devel-
opment of the cerebellum, hippocampus, and many other
parts of the nervous system; regulate oligodendrocyte matura-
tion and myelination in the spinal cord; and influence axonal
growth, neuronal survival, and a host of other interesting phe-
nomena. Many of the effects described so far have involved the
CXCR4 chemokine receptor and its unique ligand, the
chemokine CXCL12/SDF-1. However, there are numerous

indications that other chemokines and their receptors are
important as well.

Over 50 chemokines have been identified to date (Berger,
Murphy, & Farber, 1999; Murphy et al., 2000; Murphy, 2002).
All of these molecules share certain similarities in their pri-
mary sequences and, more importantly, a similar overall ter-
tiary structure (Proudfoot, 2002). Chemokines can be
tentatively grouped into subfamilies according to different
structural criteria, particularly the position of a pair of cysteines
located near the N terminal of each protein (Rossi & Zlotnik,
2000; Proudfoot, 2002; Proudfoot, Shaw, Power, & Wells,
2002). If a single amino acid separates the two cysteines the
chemokine is designated an a-chemokine. If the two cysteines
directly follow one another, then the chemokine is designated
af-chemokine. Moreover, the presence of only a single cysteine
residue, such as in lymphotactin, places the chemokine in the
d-chemokine family, whereas two cysteines separated by three
amino acids as in the case of fractalkine, places it in the
y-chemokine family. The majority of chemokines are in the o
or [ families. There is only one member in the y and 3-families
known at this time. In general, chemokines are secreted from
cells. However in rare cases, such as the 3-chemokine frac-
talkine and CXCLI16, the unique ligand for the CXCR6
receptor, the chemokine moiety is found tethered to a trans-
membrane mucin-like stalk. Fractalkine can act in this teth-
ered mode or else be cleaved from its mucin stalk and act at
remote targets. Each chemokine possesses a “trivial” name,
such as stromal cell-derived factor 1 (SDF-1), as well as a
systematic name, such as CXCL12. In this chapter I will
generally use the trivial name.

All of the known effects of chemokines are transduced
through the activation of G-protein-coupled receptors
(GPCRs), whereby 6 GPCRs mediate the effects of a- and 10
GPCRs mediate the effects of f-chemokines. As for the y-and
d-chemokines, their effects are mediated by only one GPCR.
Two major patterns of chemokine/receptor selectivity are
apparent: Some chemokine receptors can be activated by mul-
tiple chemokines, whereas others, such as the CXCR4 recep-
tor, have only one known agonist, in this case the chemokine
SDEF-1. Recently, a second receptor for SDF-1 has been identi-
fied and named CXCR?7 (Thelen & Thelen, 2008). This recep-
tor, which is widely expressed in the developing and adult
nervous systems (Fig 1.3.1), also recognizes CXCL11/ITAC
(Interferon-inducible T-cell Alpha Chemoattractant). This is
a very interesting receptor as although it has a typical GPCR
structure it does not seem to signal in a typical GPCR manner.
Thus, rather than activating a G-protein, signaling resulting
from the activation of CXCR7 receptors appears to exclusively
utilize the P-arrestin signaling pathway (Rajagopal et al,
2010). How CXCR?7 contributes to the biological effects of
SDEF-1 is not yet understood. However, the phenotype of
CXCR?7 knockout mice is clearly not identical to that
of CXCR4 knockout mice. Indeed the former are viable
whereas the latter die during embryogenesis (Sierro et al.,
2007). Hence, it is clear that CXCR4 and CXCR7 must have
predominantly separate functions.

Although a rapid expansion in the number of chemokines
and their receptors is phylogenetically associated with the
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CXCRY7 -EGFP expression pattern in the hippocampus

Figure 1.3.1 Expression of CXCR7 receptors in the hippocampus of a 6 week old CXCR7-EGFP transgenic mouse. Note the expression of CXCR7

by numerous blood vessels and neurons (unpublished observations).

development of vertebrates, homologues of these molecules
have been identified in simpler systems. For instance the
genomes of several viruses encode chemokines and their recep-
tors, and these genes are of importance for viral pathogenesis
(Proudfoort et al., 2002). An observation of considerable sig-
nificance was the finding that certain chemokine receptors,
particularly CCRS5 and CXCR4, are used by HIV-1 to infect
target cells, as discussed above (Berger et al., 1999). Because
the sequence of the HIV-1 coat protein gp120 varies with
cach viral strain, different viruses exhibit greater affinity for
either CCR5 or CXCR4 receptors, which are predominantly
expressed by different subsets of leukocytes. Hence, these
observations also help to explain HIV-1 tropism—the reason
why different viral strains selectively infect different types of
cells.

BRAIN CHEMOKINE RECEPTORS IN
HIV-1-RELATED DEMENTIA

As discussed above, the view is widely held that HIV-1-related
neuropathology results from the secretion of toxic factors
from infected cells in the brain. The infected cells might be
microglia or other macrophage-like cells (perivascular mac-
rophages) that enter the brain in association with HIVE.
Furthermore, it is quite possible that more than one type of
neurotoxin might be involved. There has been no shortage of
suggestions as to the nature of these secreted toxins. For exam-
ple, glutamate-induced excitotoxicity has long been thought
to play a role in HIV-1-related effects in the brain and drugs
that block glutamate receptors have been suggested as poten-
tial therapeutic agents in HAD (Kaul, Garden, & Lipton,
2001; Kolson & Gonzalez-Scarano, 2001). Inflammatory
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cytokines, such as TNF-a, IL-1, and IL-6 have also been
frequently suggested as playing an important role (Kaul et al,,
2001; Kolson & Gonzalez-Scarano, 2001). Finally, it is also
widely believed that viral proteins, shed from replicating
viruses in microglia or other cells, may act as toxins in the
brain. These could be proteins such as gp120, the HIV-1 coat
protein, or other viral proteins such as Tat. Indeed, there is
evidence suggesting a role for many of these proteins as poten-
tial neurotoxins (Kaul et al, 2001; Kolson & Gonzalez-
Scarano, 2001; Nath, 2002). The participation of gp120 has
been the focus of considerable attention. The idea that gp120
could be an endogenous neurotoxin in HAD comes from a
variety of sources. For example, purified gp120 injected into
the brains of rodents (Corasaniti, 2001), or incubated with
neurons in culture, clearly induces neuronal death as well as
activation of microglia and astrocytes, indicating that the pro-
tein could be directly toxic to neurons or kill neurons by
inducing the release of toxins from cells such as microglia and
astrocytes (Kaul et al., 2001; Garden, 2002; Meucci et al.,
1998; Meucci & Miller, 1996). Furthermore, transgenic mice
which overexpress gp120 develop pathological signs that are
reminiscent of those in HAD. (Toggas et al., 1994) If, as these
data suggest, gpl20 is a significant participant in HIV-1
related events in the brain, then this raises the issue of how it
produces its effects. As we know that chemokine receptors are
the major binding sites for gp120, one would imagine that
these receptors in the brain would mediate the effects of the
protein. One consideration is that although many types of
chemokine receptors are expressed by cells in the brain, not all
of these are susceptible to interactions with gp120. The major
receptors of importance are likely to be CXCR4 and CCR5
receptors and possibly CCR3 receptors that are known to be
highly expressed by microglia. Neural stem cells in neurogenic
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regions of the adult brain and some neurons also express
CXCR4 receptors (Bhattacharrya et al., 2008; Tran, Ren,
Chenn, & Miller, 2007). It is therefore interesting to examine
data on which strains of the HIV-1 virus are most likely to be
associated with HAD. The development of HIV-1 in the brain
occurs separately from virus in the periphery. Currently, it is
thought that viruses with selectivity for the CXCR4 receptor
or those able to bind to both CXCR4 and CCRS are the most
likely to produce neurological symptoms (Gorry et al., 2001).
Such selectivity is only part of the story, as some brain-derived
viruses with selectivity for CXCR4 do not produce neuronal
apoptosis when tested in vitro (Gorry et al, 2001).
Nevertheless, binding of virus/gp120 to the CXCR4 receptor
would seem to be an important factor in the genesis of HAD.
It should be noted in passing that many of the studies that
have demonstrated the neurotoxic potential of gp120 have
been performed in rodents (Meucci et al., 1998; Meucci &
Miller, 1996; Toggas et al., 1994; Corasaniti et al., 2001).
Given the fact that interactions of gp120 with chemokine
receptors normally require the participation of the human
(rodent won’t do) CD4 molecule (Berger et al., 1999), one
may wonder how this is achieved. Several studies have demon-
strated that gp120s of various types can interact with neurons
and other cells in the nervous system in a “CD4 independent
manner” (Hesselgesser et al., 1998). How this occurs is not at
all clear at this time. One possibility is that these cells express
a molecule that can be used as a co-receptor instead of the
CD4 molecule. Alternatively, much of the HIV-1-related neu-
ropathology may involve the action of the virus at sites such as
Toll-like receptors (Heil et al., 2004).

THE NORMAL FUNCTIONS OF BRAIN
CHEMOKINE RECEPTORS

Prior to examining the role of chemokine receptors in the ner-
vous system in the neuropathological aspects of HIV-1 infec-
tion, it is important to understand the normal functions of
these receptors in the nervous system. Thus, if CXCR4 and
CCRS play important roles in the normal physiology of the
nervous system it would be quite possible that these might be
disrupted by HIV-1. The first papers demonstrating that
neurons and other types of resident brain cells normally
express chemokine receptors began to appear around 1997.
Subsequently, several studies have been published describing
the detailed distribution of certain chemokine receptors in the
nervous system (Jazin, Soderstrom, Ebendal, & Larhammer,
1997; Lavi et al., 1997; Moepps, Frodl, Rodewald, Bagglioni,
& Gierschik, 1997; Horuk et al., 1997; reviewed in Bajetto,
Bonavia, Barbero, & Schettini, 2002; Bajetto et al., 2001). In
those instances where the question has been examined, it
appears that individual neurons can express complex combi-
nations of different chemokine receptors (Meucci et al., 1998;
Oh etal,, 2001; Gillard, Mastracci, & Miller, 2001). Although
the significance of this diversity of chemokine receptor expres-
sion is not fully understood, specific functions for particular
chemokine receptors in the nervous system have now been

clearly identified. In particular, the CXCR4 receptor and its

sole known ligand SDF-1 are extensively expressed in the
developing embryo from very early times, including at very
high levels in the developing nervous system (McGrath et al,,
1999; Braun et al., 2002; Moepps et al.,, 2000; Jazin et al.,
1997). Patterns of CXCR4/SDF-1 expression are comple-
mentary and dynamic throughout embryogenesis, suggesting
that CXCR4 receptors might be important in the develop-
ment of the nervous system. This possibility was confirmed in
1998 when two groups described the phenotypes of mice in
which the genes for the CXCR4 receptor or SDF-1 had been
deleted (Zou, Kottmann, Kuroda, Taniuchi, & Littman, 1998,
Ma et al., 1998). These mutant mice usually die around the
time of birth and display various defects in organogenesis,
including significant alterations in the development of the
brain (Tachibanaetal.,, 1998, Zouetal., 1998, Maetal., 1998).
The first neurological problem to be described concerned the
cerebellum. During the normal course of cerebellar develop-
ment, precursors for cerebellar granule neurons proliferate
extensively during the early postnatal period (approx 4 weeks
in rodents and 2 years in man) in a specialized zone known as
the external granule layer (EGL). The EGL lies immediately
beneath a layer of externally situated meningeal cells (pia
mater), localized on the cerebellar surface. Following prolifer-
ation, postmitotic immature granule cells move to the inner
aspect of the EGL and then migrate inwards along the pro-
cesses of Bergmann glial cells to form the internal granule layer
(IGL), consisting of mature granule cells. This orderly process
was shown to be disrupted in the cerebella of CXCR4 and
SDF-1 knockout (ko) mice. It was observed that the cerebella
from mutant embryos contained groups of ectopically situ-
ated granule neurons within or beneath the Purkinje cell layer,
suggesting aberrant carly migration of granule cells and/or
their precursors out of the EGL. However, other aspects of
cerebellar development appeared to be normal. These results
make perfect sense when one considers the normal spatial and
temporal expression patterns of CXCR4 receptors and SDF-1
in the cerebellum at this time. (Klein et al., 2001, Reiss,
Mentlein, Sievers, & Hartmann, 2002) SDF-1 is not expressed
by cerebellar neurons, but is strongly expressed by the menin-
geal cells in the external pial layer. In contrast, CXCR4 recep-
tors are expressed by dividing cells, presumably granule cell
progenitors, in the EGL. Moreover, it had been previously
demonstrated that the normal development of the IGL was
dependent on the integrity of the pial layer and it had been
suggested that these cells secreted some factor that regulated
granule cell migration by attracting as well as maintaining
granule cell progenitors within the EGL (Hartmann, Schulze,
& Sievers, 1998). Indeed, the role of SDF-1 in this regard has
now been demonstrated by showing that isolated granule cell
progenitors or progenitors within EGL explants will migrate
toward a source of exogenously provided SDF-1 (Klein et al.,
2001, Zou et al,, 1998). Furthermore, the observations that
granule cell progenitors will normally migrate toward cerebel-
lar meningeal cells (Klein et al., 2001, Reiss et al., 2002,
Hartmann et al., 1998, Zhu et al., 2002), and that this migra-
tion is impeded in SDF-1 ko mice indicates that SDF-1 is the
only, or at least the major, factor that maintains granule cell
progenitors within the EGL (Zhu et al., 2002). Thus, granule
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progenitors are maintained in the proliferative environment
of the EGL through the chemoattractant effects of SDF-1
secreted from the overlying pia mater. Moreover, as demon-
strated by Klein et al. (2001), SDF-1 not only serves to local-
ize progenitors within the EGL, but also plays a role in
ensuring their proliferation through facilitatory interactions
with sonic hedgehog (SHH), an important mitogen for gran-
ule cell precursors also found within the EGL. Although the
synthesis of SDF-1 is maintained during development, at some
point, perhaps because of interactions with other receptor sig-
naling systems, granule cell progenitors downregulate CXCR4
expression and/or signaling and stop dividing. They move to
the inner aspect of the EGL and then migrate to the IGL, pre-
sumably attracted there by other chemo attractants such as
BDNF (Borghesani et al., 2002). An echo of these observa-
tions can be found in the known role of CXCR4/SDF-1 sig-
naling in lymphocyte development. SDF-1 is expressed by
cells in secondary lymphoid organs and serves to attract and
maintain CXCR4 expressing precursor cells in this prolifera-
tive environment (Bleul, Schultze, & Springer, 1998).
Moreover, deletion of the genes for SDF-1 or CXCR4 results
in inappropriate redistribution of stem cells into the circula-
tion prior to their maturation (Nagasawa et al., 1996, Zou
etal, 1998, Maetal., 1998).

When one examines the properties of embryonic cerebel-
lar neurons, it is clear that they express many types of
chemokine receptors (Gillard et al., 2001), suggesting that in
addition to SDF-1, other chemokines and their receptors may
also play distinct roles in cerebellar development. In support
of this contention, a recent study has described the changing
expression pattern of CCR1 receptors, as well as the CCR1
activating chemokine MIP-1¢, during the development of the
cerebellum (Cowell & Silverstein, 2003). It was observed that
during the first three weeks after birth, CCR1 receptors are
transiently expressed by all of the major cell types in the cere-
bellum, including granule cells, Purkinje and Golgi neurons,
astrocytes, Bergmann glia, and microglia. However, the times
at which all of these cell types express CCR1 receptors differ.
Interestingly, during the times of peak receptor expression
cach cell type exhibits close interactions with Purkinje cells.
Furthermore, the Purkinje cells themselves appear to synthe-
size the chemokine MIP-1e, a major ligand for CCRI recep-
tors. It has therefore been suggested that MIP-1a/CCR1
signaling may be of importance in the maturation of neurites
and synapse formation during this crucial period of cerebellar
development (Cowell & Silverstein 2003). Indeed, chemok-
ines and their receptors may play a widespread role in the reg-
ulation of axonal growth. A recent study has demonstrated
that SDF-1 can either attract or repel the growth cones of
developing cerebellar granule neurons or Xenopus spinal neu-
rons in culture, depending on the circumstances (Xiang et al.,
2002). When levels of cGMP are low, SDF-1 produces growth
cone repulsion, but this is transformed into attraction when
the levels of this cyclic nucleotide are high. Thus, it is possible
that CCR1 receptor signaling may play a role of this kind in
the cerebellum.

In addition to the cerebellum, the widespread expression
pattern for SDF-1/CXCR4 in the embryonic nervous system
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(McGrath et al., 1999) suggests that chemokine signaling may
be important in the development of other brain areas as well.
Indeed, it has now been demonstrated that CXCR4 receptors
play an essential role in the development of the hippocampal
dentate gyrus. Studies conducted by Lu et al. (2002) and Bagri
etal. (2002) have shown that in CXCR4 KO mice the granule
cell layer of the dentate gyrus fails to develop properly.
Normally, precursors that are destined to form these granule
cells originate in the dentate neuroepithelium (Altman &
Bayer, 1990, Sievers, Hartmann, Pehlemann, & Berry, 1992).
As they migrate away from this proliferative zone (“primary
germinal matrix”), they form a stream of migratory cells that
continue to proliferate (secondary germinal matrix), and
which eventually populate the developing blades of the dentate
gyrus, producing its typical V-shaped pattern. Subsequently,
precursor cells continue to proliferate within the hilar region
of the dentate gyrus (tertiary germinal matrix), producing very
large numbers of dentate granule neurons in the early postna-
tal period. Eventually, reduced numbers of granule cell precur-
sors settle in a narrow region between the granule cell layer
and the hilus, and these precursors continue to generate new
neurons throughout adult life. Adult neurogenesis in the hip-
pocampal dentate gyrus is thought to be of great importance
for the consolidation of memories, and disruption of this pro-
cess may also be a key event in the generation of seizures and
other abnormal brain activity (Gould & Gross, 2002). Thus, a
clear understanding of the molecular events that underlie the
formation and maintenance of the dentate gyrus has many
important implications. Using a variety of molecular markers,
cells that can be identified as dentate granule neurons can be
observed in CXCR4 ko mice, although they appear to occur
in reduced numbers (Lu, Grove, & Miller, 2002; Bagri et al,,
2002). This implies that, as in the case of the cerebellum,
SDEF-1 may have proliferative effects on dentate granule cell
precursors. Moreover, those granule cells that do occur are
mostly found localized ectopically within the migratory
stream. In other words, it appears as if reduced numbers of
dentate granule cells can go through their normal develop-
mental program, but do so without ever reaching their normal
destination. As in the case of the cerebellum, these results can
be understood by considering the normal localization of
CXCR4\SDF-1 in the developing hippocampus (Fig 1.3.2)
(Lu et al.,, 2002; Bagri et al., 2002). During embryogenesis in
rodents, from around E14 until birth, SDF-1 is highly
expressed in the meninges overlying the hippocampus as well
as in Cajal-Retzius cells. These latter cells also express the mol-
ecule reelin, which has been shown to play a critical role in
dentate granule cell migration. In contrast to the expression of
SDEF-1, CXCR#4 receptors are strongly expressed over the
same time period, but by cells in the migratory stream as well
as the developing dentate gyrus, presumably immature granule
cells and their precursors. (Fig 1.3.2) Thus, SDF-1secreted by
meningeal cells is in an excellent position to provide a guiding
chemoattractant cue for CXCR4-expressing cells as they
migrate towards the dentate gyrus. Therefore, in many respects,
this situation represents an inversion of that in the developing
cerebellum, where SDF-1 serves to maintain precursors in the
EGL prior to migration. It is interesting to note that in adult

HIV-1 BIOLOGY AND IMMUNOLOGY



(@) ()

wt mef

Figure 1.3.2 Defects in secondary proliferative cell population that forms
the dentate gyrus (DG). (A-D) Coronal sections through the E18.5
hippocampus of wild type (A and C) ir CXCR4 mutant mice (B and D),
processed to show expression of Prox1 blue or Prox1 together with
BrdUrd-labeled dividing cells (orange). In the wild type mouse, Prox1 is
expressed the forming dg (A and C). By contrast, in the mutant, Prox1 is
expressed in the vestigal DG but also along the migratory stream (ms)
(arrows in D) of dividing cells running along the ventral surface of the
hippocampus into the dg. BrdUrd-labeled cells of the ms can be stream of
cells shown in D. Numerous blue, Prox1-expressing appear among the
brown, BrdUrd-labeled cells, but the populations appear largely distinct.
(E) Higher magnification views of BrdUrd-labeled dividing cells (dark
Blue) coursing through the ms in a wild-type (F) and a CXCR4 mutant
mouse (G). About 30% fewer BrdUrd-labeled cells appear in the mutant
(G) than in the wild type (F). From Lu et al., 2002.

animals, SDF-1 and CXCR4 continue to be expressed in the
dentate gyrus, but by granule neurons and progenitor cells in
the intragranular zone respectively. This suggests that CXCR4
signaling may be of continued importance in the production
of new dentate granule neurons throughout life (Lu et al,,
2002). SDF-1 is also produced by meningeal cells covering the
surface of the entire cortex and might therefore be expected to
play a role in cortical development as well. Intriguingly, many
types of lissencephalic disease (i.e. neuronal migrational
defects that lead to abnormal sulci in the cerebral cortex) are
associated with hypertrophy of the meningeal layer and
abnormal “overmigration” of developing cortical neurons,

consistent with some chemoattractant role for SDF-1 in the
migration of these cells (Hartmann et al., 1999). Meningeal
expression of CXCLI12 controls positioning and migration of
Cajal-Retzius cells via CXCR4 signaling (Borrell & Marin,
2006; Paredes, Li, Berger, Baraban, & Pleasure, 2006).
Furthermore, SDF-1/CXCR4 signaling controls cortical
interneuron migration by focusing the cells within migratory
streams and controlling their position within the cortical plate
(Li et al., 2008; Lopez-Bendito et al., 2008; Stumm et al.,
2003; Tiveron et al., 2006).

In summary, therefore, there is good evidence for both
chemotactic and proliferative effects of chemokine signaling,
particularly through the CXCR4 receptor, in association with
several importantaspects of neuronal development. Additional
studies have indicated that different chemokines may act as
chemortactic cues for other neuronal populations, (Bolin et al.,
1998) so a widespread role for chemokines in the orchestra-
tion of neuronal development is certainly possible.

Aside from neurons, chemokine receptor signaling also
appears to be important in the development of glia. Signaling
via CXCR2 receptors, which are also widely expressed in the
nervous system throughout embryogenesis (Luan, Furuta, Du,
& Richmond, 2001), has been shown to direct the develop-
ment of oligodendrocytes and myelination in the spinal cord
(Tsai et al., 2002; Robinson et al., 1998; Wu, Miller, Ransohoff,
Robinson, & Nishayama, 2000). In the first week after birth,
oligodendrocyte precursor cells (OPCs) develop in the ventral
ventricular zone of the embryonic spinal cord and these cells
express CXCR2 receptors. At the same time, the chemokine
GRO-a, which acts as an agonist at CXCR2 receptors, is
synthesized by astrocytes in this region. GRO-« has two effects
on OPCs. First, somewhat surprisingly for a chemokine, it
inhibits their migration. This effect is achieved by enhancing
adhesive interactions between OPCs and the extra cellular
matrix. Secondly, GRO-o cooperates with platelet-derived
growth factor (PDGF), a widely expressed mitogen for OPCs,
which enhances proliferation of OPCs in the ventral cord.
These cells subsequently differentiate and myelinate axons in
this part of the cord. At later times the synthesis of GRO-« in
the ventral cord wanes, and as a result the migration of OPCs s
no longer inhibited, allowing OPCs to migrate into the dorsal
portion of the cord. Simultaneously, the synthesis of GRO-a
by astrocytes in the dorsal cord is upregulated. Thus, the prolif-
eration of OPCs is now stimulated in the dorsal cord and
myelination of axons in this region of cord can proceed. In
addition to CXCR2, it has also been reported that oligoden-
drocyte progenitors express CXCR4 receptors and that inter-
ference with SDF-1/CXCR4 signaling may disrupt the
development of oligodendrocytes in the spinal cord. Hence,
the development of oligodendrocytes may be under the control
of several chemokine signaling systems.

Chemokine receptors may also play a key role in the con-
trol of myelination in the peripheral nervous system (Kury,
Greiner-Petter, Cornely, Jurgens, & Muller, 2002). Following
peripheral nerve injury, axons distal to the lesion degenerate
and are broken down in a process known as Wallerian degen-
eration. As a result, new axons can now regenerate from the
remaining stump. During the process of nerve regeneration,
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Schwann cells, the glial cells that are responsible for myelination
in the peripheral nervous system, actively proliferate, and it
has been demonstrated that these cells express the p helix-
loop-helix transcription factor, Mash2. Furthermore, this
transcription factor is downregulated after peripheral nerve
injury and appears to be a negative regulator of Schwann cell
proliferation. Interestingly, two of the genes that are down-
stream of Mash2 are the chemokine Mob-1 (the mouse homo-
logue of the chemokine IP-10) and the CXCR4 receptor. It is
interesting to note that Schwann cells in adult peripheral
nerve have been shown to co-express Mash2 and CXCR4
receptors. Because these cells also express SDF-1, it seems
highly likely that SDF-1 is involved in the paracrine regula-
tion of Schwann cell development.

In summary, two major themes emerge from the reported
effects of chemokines in the developing nervous system. The
first is that chemokines are clearly important in directing the
movement of progenitor cells to different locales—something
that one might expect based on their well-established
chemoattractant effects on leukocytes. Interestingly, how-
ever, there appear to be multiple variations on this theme,
with chemokines acting as either “stop” or “go” signals
depending on the circumstances. The second major theme to
emerge is the apparent role of chemokines in ensuring the
continued proliferation of progenitor cell populations, some-
thing that has been observed in the cerebellum, hippocam-
pus, and spinal cord. In such cases, chemokines usually seem
to play the role of facilitating the effects of another major
mitogen such as SHH or PDGF. Thus, chemokines may act
as generally important regulators of neural progenitor cell
development—something that is clearly worth investigating
further. It is an intriguing possibility that interference of
some of the developmentally important functions of CXCR4
receptors by HIV-1 could contribute to its neuropathological
effects.

CHEMOKINE RECEPTOR FUNCTION
IN ADULT NEURONS

As we have discussed, many of the effects of chemokines that
have been described in the developing nervous system are
analogous to those observed in the developing hematopoietic/
lymphopoietic system. According to some reports, chemokine
receptors are also widely expressed in the adult nervous system
by neurons, glia, and microglia. Data from several species,
including rodents and primates, have demonstrated expres-
sion of many types of chemokine receptors by different subsets
of mature neurons and glia under normal conditions (reviewed
in Bajetto et al., 2002; Bajetto et al., 2001; Oh et al.,, 2001).
Intriguingly, many of these receptors are up- or down-regu-
lated under pathological conditions as well as in response to
stressful stimuli (Bajetto et al., 2002; Bajetto et al., 2001; Oh
et al., 2001). However, roles for chemokine receptor signaling
in adult neurons have not been completely defined at this
time, although the data so far suggests some strong
possibilities.
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GPCRs are extremely versatile molecules and can signal in
a wide variety of modes (Pierce et al., 2002). Classically,
receptor activation affords signaling through the subunits of
heterotrimeric G protein. In addition, however, activation of
GPCRs can also lead to signaling through several other path-
ways. For example, the recruitment of members of the family
of P-arrestin scaffolding proteins to GPCRs can produce
downstream activation of src, the MAP kinases as well as many
other pathways that are associated with cell survival and dif-
ferentiation. Indeed, as discussed above, the CXCR7 receptor
may signal exclusively through this pathway (Rajagopal et al,,
2010). The consequences of activating GPCRs in neurons
have been extensively studied. It has been demonstrated that
activation of heterotrimeric G protein can produce rapid
effects on neuronal ion channels that result in changes in neu-
ronal excitability and synaptic communication (Miller, 1998).
In addition, activation of GPCRs can also produce long-term
effects on the survival of neurons and other types of cells (e.g.,
Molina-Holgado et al., 2002; Yan, Lin, Irwin, & Paul, 1995;
Vaudry et al., 2002). Evidence is accumulating that chemok-
ines can produce both rapid and long-term effects on neurons
through the direct activation of neuronally expressed
chemokine receptors. For example, presynaptically localized
GPCRs often function to reduce evoked transmitter release
through the modulation of Ca and/or K channels, resulting in
the subsequent inhibition of depolarization-induced Ca entry
into nerve terminals (Miller, 1998). Experiments using heter-
ologous expression systems have demonstrated that chemokine
receptors can effectively signal to voltage-dependent Caand K
channels (Madani, Kozak, Kavanaugh, & Kabat, 1998; Oh
et al., 2002). In keeping with these observations, activation of
chemokine receptors expressed by neurons has been shown to
alter Ca** influx as well as synaptic communication in the
cerebellum (Ragozzino et al., 2002; Limatola et al., 2000;
Ragozzino et al.,, 1998; Giovannelli et al., 1998), hippocam-
pus (Meucci et al., 1998), and septum (Puma et al.,, 2001).
Activation of CXCR4 receptors in cerebellar slices produces
presynaptic inhibition of glutamate release at parallel fiber
synapses (Ragozzino et al., 2002). In addition, activation of
CXCR4, as well as several other types of chemokine receptors,
has been shown to decrease excitatory transmission between
hippocampal neurons in culture (Meucci et al., 1998) and
activation of CXCR2 receptors can inhibit voltage-sensitive
Ca*? influx into acutely isolated septal neurons (Puma et al.,
2001). Thus, as is the case with many other types of GPCRs,
activation of presynaptically situated chemokine receptors
may regulate transmitter release throughout the brain.
Moreover, chemokines may also produce other types of
electrophysiological effects resulting from activation of alter-
native signaling pathways. For example, activation of CXCR2
receptors in cerebellar slices produced Ca** mobilization,
resulting in enhanced spontancous transmitter release from
granule and Purkinje cells (Ragozzino et al.,, 1998). In the
peripheral nervous system, chemokine receptors have been
shown to be expressed by sensory neurons, particularly small
diameter nociceptors (Oh et al., 2001; Bolin et al., 1998). It
was observed that activation of these receptors by chemokines
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or gp120, the coat protein of HIV-1, produced powerful excit-
atory effects reminiscent of those produced by pain-producing
agents such as bradykinin or capsaicin. Such effects could be
of significance for our understanding of increased pain sensi-
tivity associated with inflammation or with HIV-1 infection.

In addition to rapid regulation of neuronal excitability
and synaptic transmission, there is also evidence that neuronal
chemokine receptors can produce important effects on neu-
ronal survival. Several reports have demonstrated the survival-
promoting actions of chemokines on hippocampal and
cerebellar granule neurons in culture (Meucci et al., 1998;
Limatola et al., 2000; Araujo & Cotman, 1993; Meucci et al.,
2000; Kaul et al., 1999; Tong et al., 2000), and it was observed
that activation of neuronal chemokine receptors could inhibit
neuronal death produced by a variety of pro-apoptotic stimuli.
Furthermore, in keeping with the observation that different
neurons express multiple types of chemokine receptors, sev-
eral different types of chemokines seem to promote neuronal
survival depending on the neuronal population under consid-
eration. The signaling pathways through which chemokines
enhance survival appear to involve activation of ERK and Akt
(Meucci et al., 1998; Meucci et al., 2000; Lazarini et al., 2000;
Xiaetal., 2002; Xiaetal., 2000), pathways that have frequently
been linked to pro-survival responses. For example, it has been
shown that the ability of fractalkine to enhance the survival of
hippocampal neurons in culture depends on the activation of
Akt (Meucci et al,, 2000). However, it is interesting to note
that in some reports SDF-1 actually produces neuronal death
rather than increasing neuronal survival (Kaul & Lipton,
1999; Hesselgesser et al., 1998). Consistent with this, it has
been shown that stimulation of CXCR4 receptors expressed
by neuronal and non-neuronal cells can simultaneously
produce activation of multiple members of the MAP kinase
pathway, including those such as p38 that are associated with
increased apoptosis (Kaul & Lipton, 1999; Vlahakis et al,,
2002). Thus, the ultimate cellular response to activation of
some chemokine receptors may depend on a balance between
several different competing outputs—something that might
change according to circumstances.

These data also raise questions about the circumstances
under which the observed effects of chemokines might be
physiologically relevant. For instance, what are the normal
sources of chemokines that might activate these receptors and
when is chemokine signaling normally utilized in the adult
brain? Based on examination of the distribution of chemokine
receptors and their potential ligands, it seems that, in addition
to glia and microglia, neurons may also be the source of
chemokines in some instances (e.g., Cowell & Silverstein,
2003; Xia et al., 2002; Harori, Nagai, Heisel, Ryu, & Kim,
2002; Schreiber et al., 2001; Meng, Oka, & Takashima, 1999).
This can be illustrated by recent detailed reports on the distri-
bution of SDF-1 and CXCR4 receptors in the brains of
rodents and other species (Stumm et al., 2002; Banisadr et al,,
2002; Cheng et al., 2000; Banisadr et al., 2000; Gleichmann
etal.,2000; Tham et al.,2001; Van der Meer, Ulrich, Gonzalez-
Scarano, & Lavi, 2000; Westmoreland et al., 2002), whereby
SDEF-1 is clearly expressed by the granule neurons of the
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dentate gyrus as well as neurons in the entorhinal cortex. In
contrast, CXCR4 receptors are expressed by numerous neu-
rons located in the lacunosum molecular layer of the hip-
pocampus as well as in the hilar and molecular layers of the
dentate gyrus. Based on what is known about the neuroanat-
omy of this part of the brain, synaptic contacts between SDF-
1-expressing and CXCR4-expressing neurons are likely to
occur. Whether SDF-1 is actually released from neurons and
exactly what controls the secretion of chemokines in such
cases is currently unknown. However, it has been reported
that SDF-1 is tonically released from dentate granule neurons
and that this downregulates the expression of CXCR4 recep-
tors in this area of the brain (Kolodziej et al., 2008).

Neural stem cells in the subgranular zone of the dentate
gyrus that participate in adult neurogenesis also express
CXCR4 receptors (Bhattacharrya et al.,, 2008; Tran et al,
2007). SDF-1-expressing neurons and SDF-1-expressing
endothelial cells in blood vessels are observed in close proxim-
ity to CXCR4-expressing neural stem cells, suggesting that
SDEF-1 might influence the development of these cells. It is
known that the first synapses that contact developing neural
stem cells are GABA mediated. The high Cl' concentration
found in neural stem cells means that activation of GABA-A
receptors expressed by these cells results in an excitatory cur-
rent due to the efflux of CI. Prior to the establishment of bona
fide synaptic connections, release of GABA from presynaptic
neurons binds to high affinity GABA-A receptors to produce
a tonic inward current. The presence of this current can be
revealed by a GABA-A antagonist such as bicuculline, which
blocks the tonic effects of GABA and therefore produces an
outward current (Ge et al., 2007). Once GABAergic synapses
are formed, GABA-mediated postsynaptic currents (PSCs)
are also observed. When recording such GABA-mediated cur-
rents from DG neural stem cells, Bhattacharrya et al. (2008)
observed that the effects of GABA were greatly enhanced by
the addition of SDF-1. Like bicuculline, AMD3100 produced
an outward current indicating that it contributed to the tonic
inward current that can be observed in these cells. These data
indicate that both GABA and SDF-1 are released in the DG
and collaborate in producing excitatory inputs to neural stem
cells. Thus, the neuroanatomical localization of SDF-1/
CXCR4 together with the electrophysiological data indicate
that, as in the original development of the DG discussed above,
CXCR4 signaling is also important in the regulation of adult
neurogenesis. However, the source of SDF-1 changes from the
meninges (embryo/newborn) to DG interneurons (adult).
Needless to say, the role of CXCR4 signaling we have demon-
strated clearly indicates that adult neurogenesis may be a target
for T-tropic HIV-1 strains in the brain.

In other circumstances, particularly in association with
brain disease, it has been shown that chemokine synthesis and
release can be upregulated by astrocytes or microglia (DeGroot
& Woodroofe, 2001). Chemokines secreted from these cells
might then act upon neuronal chemokine receptors and given
the survival promoting effects of chemokines, it is possible
that this might represent a survival strategy in the face of
stressful stimuli.
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CHEMOKINE-MEDIATED
SIGNALING IN NEURONS

The effects produced by chemokines in the developing and
adult nervous systems take place over vastly different time
courses and presumably require the deployment of a wide
range of signal transduction options. There are now several
indications as to how this can be achieved. Interestingly,
because of the versatility of chemokine receptors, it is possible
that they can extend their signaling range through interactions
with several other signaling systems. These signaling pathways
may be blocked or inappropriately activated by HIV-1/gp120
leading to the resulting neuropathology.

As discussed above, all chemokine receptors are members
of the extended family of GPCRs, and stimulation of these
receptors will produce activated G protein subunits, which
can then mediate different types of signaling. The vast major-
ity of effects produced by chemokines in the hematopoietic/
lymphopoietic system are blocked by pertussis toxin (PTX),
indicating that chemokine receptors signal through activation
of the Gi/o subfamily of Gprotein (Rossi & Zlotnik, 2000). In
contrast, the PTX sensitivity of chemokine-mediated signal-
ing in neurons is not always apparent (Gillard et al., 2001;
Limatola et al., 2000; Xia et al., 2002). However, this may
indicate that chemokine receptors in neurons sometimes
signal through the non-PTX-sensitive Gz, which is highly
expressed in neurons and is structurally related to Gi/o.
Subsequently, activated G protein subunits may then mediate
the rapid effects of chemokines on neuronal ion channels and
synaptic communication. Furthermore, as with other GPCRes,
chemokine receptors can also undergo cycles of desensitiza-
tion, endocytosis, and resensitization in response to agonists
(Cheng et al., 2000), and this phenomenon is associated with
the binding of members of the arrestin family of scaffold
proteins to the C terminal of the receptor (Perry & Lefkowitz,
2002). Binding of arrestins can then divert chemokine signal-
ing into the MAP kinase pathway, something that might be
important for the survival-promoting effects of chemokines,
as discussed above. In addition, chemokine receptors may also
exist as higher order structures, a phenomenon that appears to
be common with GPCRs, and may even hetero-oligomerize
with other closely related members of the chemokine receptor
family (Rodriguez-Frade, Mellado, & Martinez, 2001; Issafras
et al., 2002; Babcock, Farzan, & Sodroski, 2003). Indeed,
one current model of chemokine receptor function suggests
that receptor oligomerization is a sine quae non for all
chemokine receptor signaling. It has also been suggested that
chemokine receptors bind JAK kinases, which can then
trans-phosphorylate tyrosine residues on chemokine recep-
tor subunits following dimerization, in a manner similar to
traditional cytokine receptors. As a result, these phosphoty-
rosines then act as docking sites for downstream signaling
molecules including, in this case, a G protein (Rodriguez-
Frade et al., 2001). In support of such an idea, a role for JAK
signaling has been demonstrated in mediating certain effects
of chemokinesonleukocytes (Zhangetal.,2001). Presumably
JAK-mediated signaling might also mediate some of the
effects of chemokines in the nervous system.
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What mechanisms might explain the different effects of
chemokines observed during brain development? In both the
cerebellum and dentate gyrus it has been shown that chemok-
ines can produce proliferative as well as chemotactic effects
(Kleinetal.,2001; Luetal., 2002; Bagri et al., 2002). However,
it was observed that SDF-1 itself does not directly have pro-
liferative effects on cerebellar granule cell progenitors, but
rather it facilitates the effects of SHH (Klein et al., 2001). As
it is well known that SHH signaling is inhibited by cAMP it
has been suggested that inhibition of adenylate cyclase by
SDEF-1 could underlie the observed facilitation of SHH-
induced proliferation. Subsequently, following an extended
period of proliferation, postmitotic granule cell progenitors
move to the inner aspect of the EGL and then migrate through
the Purkinje cell layer to the IGL. The signals that terminate
granule cell precursor proliferation and their SDF-1-mediated
localization in the EGL are unknown, but since SDF-1 syn-
thesis is maintained during this period, its influence must
somehow be attenuated or overcome. According to one sce-
nario, CXCR4 receptor expression by postmitotic granule
cells is actually reduced (Reiss et al., 2002). However, two
other interesting possibilities have also been suggested. One
of these involves reverse signaling via ephrin-b, the ligand for
the eph-b receptor. Both ephrin-b and its receptor are trans-
membrane-signaling molecules. Lu et al. (2001) demonstrated
that expression of ephrin-b is upregulated in the EGL in the
early postnatal period when granule cell migration is about to
commence. Furthermore, these authors also showed that the
cytoplasmic region of ephrin-b can bind a novel RGS
(Regulator of Gprotein Signaling) protein, PDZ-RGS3,
through interactions with its PDZ domain. Normally, RGS
proteins act as GAP proteins that down-regulate GPCR sig-
naling by accelerating the GTPase activity of the ¢-subunits of
heterotrimeric G protein. In this case, it is possible that
clustering or activation of ephrin-b by eph receptors would
activate PDZ-RGS3, resulting in the termination of SDF-1-
mediated signaling via CXCR4 receptors in the same cells. A
further possibility is that GPCRs localized in the internal
aspect of the EGL might antagonize SDF-1-mediated signal-
ing. For example, it has been shown that receptors for pitu-
itary adenylate cyclase activating protein (PACAP), a widely
expressed neuropeptide, are localized postnatally in the EGL
(Nicot et al., 2002). Activation of these receptors is linked to
Gs as well as increases in cAMP. Given the known ability of
cAMP to antagonize SHH-mediated signaling, these effects
would oppose the faciliatory actions of SDF-1. Moreover,
PACARP receptor activation also produces transactivation of
TrkB neurotrophin receptors (Lee, Rajagopal, Kim, Chang,
& Chao, 2002). Interestingly, TrkB receptors are not only
localized on pre-migratory granule cells but it was observed
that their activation by the neurotrophin BDNF may be a
major chemotactic influence on granule cell migration to the
IGL (Borghesani et al., 2002). Thus, PACAP receptor activa-
tion could simultaneously down-regulate SDF-1 signaling as
it up-regulates BDNF signaling, two effects that would prime
granule cell precursors for inward migration. In summary,
therefore, there are a number of ways in which SDF-1/
CXCR4 signaling might produce diverse effects on granule
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cell development through interactions with other signaling
pathways.

Further unique influences on chemokine-mediated signal-
ing that may be important during development have recently
been demonstrated. Several families of molecules that act as
axon guidance cues have been defined, including molecules of
the Slit and netrin families. Typically Slit, acting via its recep-
tor roundabout (Robo), acts as an axonal repellent (Brose &
Tessier-Lavigne, 2000). It has recently been shown that Slit/
Robo are also expressed by leukocytes (Wu et al., 2001),
whereby activation of Robo-opposed SDF-1-mediated leuko-
cyte chemotaxis. Although this type of interaction has not yet
been demonstrated in the nervous system, it seems likely that
it would occur, since Slit/Robo and SDF-1/CXCR4 are
certainly both expressed in similar regions of the developing
nervous system. Furthermore, because the interaction between
Slit and SDF-1 can be recapitulated in a heterologous expres-
sion system, this clearly indicates that the interaction between
these two factors is not cell specific.

As discussed above, the recent identifications of a new
receptor for SDF-1 named CXCR?7 has suggested that SDF-1
signaling may have another dimension (Thelen & Thelen,
2008). However, it has been difficult to understand the signal-
ing significance of SDF-1 binding to CXCR7. Reports have
indicated that no detectable signaling occurs and that CXCR7
may just function as a “decoy” receptor or that CXCR7 may
function through the formation of hetero-oligomers with
CXCR4. However, SDF-1 does produce CXCR7 endocytosis
and recent reports suggest that this may be coupled to activa-
tion of the -arrestin signaling pathway. CXCR?7 receptors are
highly expressed by neuronsand blood vessels in the developing
and adult brains and so may play several important roles in
mediating chemokine signaling in the nervous system.

HIV-1 ASSOCIATED NEUROPATHOLOGY

Considering the widespread expression of CXCR4 and other
chemokine receptors in the nervous system, we should now
consider how these are important in the neuropathogenesis of
HAD. One important question is to define which population
of cells in the brain is the most important in terms of their
interactions with HIV-1/gp120. First we should consider the
receptors that are expressed by neurons themselves. It is cer-
tainly clear that purified gp120 can be neurotoxic in vivo and
in vitro (Corasaniti et al., 2001; Meucci & Miller, 1996).
Interpretation of this data has not been entirely straightfor-
ward, however, as it is not clear whether gp120 can be directly
toxic to neurons, or whether this can only occur in the context
of other types of cells such as microglia and or astrocytes
(Bezzi et al., 2001; Kaul et al., 2001). Another complication
concerns the effects of the unique CXCR4 ligand SDF-1 on
neurons. Here some reports suggest that SDF-1 has a survival-
promoting effect on neurons, as do other chemokines (Meucci
et al., 1998), whereas other reports suggest that SDF-1 has a
uniquely pro-apoptotic effect (Hesselgesser et al., 1998). At
any rate one possibility is that gp120 might interact directly
with CXCR4 receptors expressed by neurons to produce

neurotoxicity. One way this might happen is if gp120 acts to
antagonize the survival-promoting effects of SDF-1 through
competition for the same bindingsite. Alternatively, it appears
that under some circumstances gp120 can not only bind to
chemokine receptors but also elicit signaling through them
(Davis et al., 1997). It is possible, therefore, that aberrant
signaling elicited in this way might also be pro-apoptotic. As
discussed above it has been demonstrated that activation of
the CXCR4 receptor by SDF-1 may also result in pro- or anti-
apoptotic signaling through p38 or ERK activation,
respectively (Vlahakis et al., 2002). Thus, it is conceivable that
the overall balance between these diverse outputs may deter-
mine the extent of gp120 or SDF-1-induced neuronal death
or survival. In keeping with this possibility, blockers of differ-
ent members of the MAP kinase pathway have been shown to
ameliorate gp120-induced toxicity. For example, blockade of
signaling via the JNK pathway inhibits gp120-induced neuro-
toxicity of cultured hippocampal neurons (Bodner et al,
2002). Inhibition of the enzyme MLK3, which is an upstream
activator of JNK, blocks gp120-induced apoptosis of hip-
pocampal neurons in culture, raising the possibility that this
might be a therapeutic possibility in HAD. Activation of neu-
ronal chemokine receptors aside from CXCR4 may also be
important in HAD. Chemokines that activated these recep-
tors have been widely reported to have anti-apoptotic/survival-
promoting effects. Indeed, activation of receptors such as
CX3CR1 with fractalkine can inhibit gp120-induced
apoptosis (Meucci et al., 2000). The signaling pathways that
mediate these effects include activation of the Akt pathway,
which has been widely associated with anti-apoptotic actions.

Although the direct effects of gp120/chemokines on neu-
rons may be of importance in deciphering the molecular basis
of HAD, the contribution to gpl20 neurotoxicity of
chemokine receptors expressed by glia or microglia has also
been considered (Bezzi et al., 2001), and one model suggests
that activation of glial CXCR4 receptors by gpl20 causes
them to release glutamate which might then produce excito-
toxic effects. Alternatively, it has been suggested that gp120
blocks the uptake of glutamate by neurons and/or glia, some-
thing that would also promote excitotoxicity (Vesce et al,
1997). Indeed, considering the fact that receptors such as
CXCR4 are expressed on all types of brain cells, it is quite
possible that several cellular/molecular mechanisms may
contribute to HAD.

In this context one should consider the effects of HIV-1
on cellsin the brain such as microglia, astrocytes, and endothe-
lial cells that result in the upregulated expression of multiple
inflammatory cytokines and chemokines that may then com-
promise the function of the brain through their actions. Thus
it is becoming quite clear that HIV-1 infection produces the
increased expression of numerous chemokines by these cells
which can alter the permeability of the blood brain barrier
(BBB) resulting in the influx of numerous leukocytes. As
these cells also express chemokines and their receptors, includ-
ing CXCR4/CCRS receptors, they are a secondary source of
HIV-1 as well as inflammatory cytokines of various types. For
example, it is clear that HIV-1-infected microglia can up-reg-
ulate their expression of the chemokine MCP-1/CCL2. This
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chemokine can increase the permeability of the BBB and
attract different classes of leukocytes into the brain. The pre-
cise mechanism through which HIV-1 produces up-regulated
chemokine synthesis by microglia and other cell types is not
known. However, in addition to binding to chemokine recep-
tors through their envelope protein gp120, it should also be
recognized that other HIV-1-associated proteins and nucleic
acid may also activate receptors that are responsible for these
effects. One should consider, for example, Toll-like receptors
(e.g., TLR7) which act as part of the brain’s innate immune
response and can be activated by HIV-1(Heil et al., 2004).
Hence, a scenario for the effects of HIV-1 in the CNS may be
as follows: HIV-1 enters the brain ecarly in infection by a
Trojan horse mechanism within leukocytes involved in
immune surveillance. HIV-1 infects microglia (and possibly
astrocytes) via binding to chemokine receptors expressed by
these cells. Infected cells produce a variety of chemokines and
cytokines and shed HIV-1-related proteins. These cytokines
and proteins then have a number of secondary effects on
the BBB and other structures in the brain leading to the influx
of further infected leukocytes. Infiltrating leukocytes may
then produce neurotoxic, anti-neurogenic, and other effects
due to their elaboration of inflammatory chemokines and
cytokines.

Currently, the cellular and molecular bases for HIV-1-
induced syndromes in the PNS are also unknown. These syn-
dromes constitute a group of painful neuropathies and related
problems that can be produced by the virus or by antiretroviral
drugs used to treat HIV-1 infection. It is known that pain-
transmitting small sensory nociceptors do express chemokine
receptors and that activation of these receptors can produce
excitation through a variety of mechanisms including the
transactivation of TRP channels expressed by nociceptors
(Oh et al,, 2001). As with neurons in the CNS, long-term
exposure of sensory neurons to gp120 also produces neuronal
apoptosis (unpublished observations). Thus, it is quite possible
that gpl120 might produce HIV-1-related allodynia and
sensory neuropathies through direct interactions with
chemokine receptors expressed by these neurons. In addition,
however, the effects of HIV-1 in the peripheral nervous system
may involve a scenario similar to that described above for the
CNS. Thus, HIV-1 infection may trigger the up-regulated
expression of chemokines and their receptors in the dorsal
root ganglion (DRG), peripheral nerve, and spinal cord. These
chemokines may then produce pro-algesic effects leading to
chronic pain behaviors. In particular, HIV-1-related proteins
such as gp120 or NRTIs can produce the up-regulation of
chemokine expression by DRG neurons, satellite glial cells,
and endoneurial fibroblasts in the peripheral nerve. In associa-
tion with these effects, chemokine receptor expression is
upregulated by DRG neurons, including nociceptors. As
described above, the direct effects of chemokines on DRG
nociceptors is to produce excitation. Hence, up-regulated
chemokine signaling in these nerves is inherently pro-algesic.
Hence, there appears to be two main ways in which chemokine
signaling may contribute to HIV-1-related pain syndromes.
The first of these is by direct binding of gp120 to CXCR4
receptors expressed by DRG nociceptors and the second is by
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the up-regulation of chemokine and chemokine receptor
expression by cells in the DRG and peripheral nerve, which
may also result in increased excitatory chemokine signaling in
nociceptors.

REFERENCES

Altman, J. & Bayer, S. A. (1990a). Mosaic organization of the hippocam-
pal neuroepithelium and the multiple germinal sources of dentate
granule cells. J Comp Neurol, 301, 325-342.

Altman, J. & Bayer, S. A. (1990b). Migration and distribution of two pop-
ulations of hippocampal granule cell precursors during the perinatal
and postnatal periods. J Comp Neurol, 301,365-381.

Arujo, D. M. & Cotman, C. (1993). Trophic effects of interleukin-4, -7,
and-8 on hippocampal neuronal cultures: Potential involvement of
glial-derived factors. Brain Res, 600, 49-55.

Babcock, G. J., Farzan, M., & Sodroski, J. (2003). Ligand-independent
dimerization of CXCR4, a principal HIV-1 coreceptor. J Biol Chem,
278,3378-3383.

Bagri, A., Gurney, T., He, X., Zou, Y. R,, Littman, D. R., Tessier-Lavigne,
M., etal. (2002). The chemokine SDF-1 regulates migration of dentate
granule cells. Development, 129, 4249-4260.

Bajetto, A., Bonavia, R., Barbero, S. & Schettini, G. (2002).
Characterization of chemokines and their receptors in the central ner-
vous system: Physiopathological implications. J Neurochem, 82,
1311-1329.

Bajetto, A., Bonavia, R., Barbero, S., Florio, T., & Schettini, G. (2001).
Chemokines and their receptors in the central nervous system.
Front Neuroendocrinol, 22, 147—184.

Banisadr, G., Dicou, E., Berbar, T., Rosténe, W., Lombet, A., Haour, E
(2000). Characterization and visualization of [ 1251] stromal cell-derived
factor-lalpha binding to CXCR4 receptors in rat brain and human
neuroblastoma cells. ] Neuroimmunol, 2;110(1-2):151-60.

Banisadr, G., Fontanges, P, Haour, F, Kitabgi, P., Rostene, W. &
Parsadaniantz, S. M. (2002). Neuroanatomical distribution of CXCR4
in adult rat brain and its localization in cholinergic and dopaminergic
neurons. Eur | Neurosci, 16, 1661-1671.

Berger, E. A., Murphy, P. M., & Farber, J. M. (1999). Chemokine receptors
as HIV-1 receptors: Roles in viral entry, tropism, and disease. Anz Rev
Immunol, 17, 657-700.

Bezzi, P., Domercq, M., Brambilla, L., Galli, R., Schols, D., De Clercq, E.,
et al. (2001). CXCRé4-activated astrocyte glutamate release via
TNFalpha: Amplification by microglia triggers neurotoxicity. Na#
Neurosci, 4, 702-10.

Bhattacharyya, B. J., Banisadr, G., Jung, H., Ren, D., Cronshaw, D. G.,
Zou, Y., et al. (2008). The chemokine stromal cell-derived factor-1
regulates GABAergic inputs to neural progenitors in the postnatal
dentate gyrus. J Neurosci, 28, 6720-30.

Bleul, C., Schultze, J. L., & Springer, T. A. (1998). B lymphocyte chemot-
axis regulated in association with microanatomic localization, differ-
entiation state and B cell receptor engagement. J Exp Med, 187,
753-762.

Bodner, A., Maroney, A. C,, Finn, J. P., Ghadge, G., Roos, R., & Miller,
R. J. (2002). Mixed lineage kinase 3 mediates gp120I1IB-induced
neurotoxicity. | Neurochem, 82, 1424-34.

Bolin, L. M., Murray, R., Lukacs, N. W., Strieter, R. M., Kunkel, S. L.,
Schall, T. J. et al. (1998). Primary sensory neurons migrate in response
to the chemokine RANTES. J Neuroimmunol, 81, 49-57.

Borghesani, P.R., Peyrin, J. M., Klein, R., Rubin, J., Carter, A. R., Schwartz,
P. M., et al. (2002). BDNF stimulates migration of cerebellar granule
cells. Development, 129, 1435-42.

Borrell V. & Marin O. (2006). Meninges control tangential migration of
hem-derived Cajal-Retzius cells via CXCL12/CXCR4 signaling.
Nat Neurosci, 9, 1284-93.

Braun, M., Wunderlin, M., Spieth, K., Knochel, W., Gierschik, P., &
Moepps, B. (2002). Xenopus laevis Stromal cell-derived factor 1:

HIV-1 BIOLOGY AND IMMUNOLOGY



Conservation of structure and function during vertebrate develop-
ment. ] Immunol, 168, 2340-7.

Brose, K. & Tessier-Lavigne, M. (2000). Slit proteins: Key regulators of
axon guidance, axonal branching and cell migration. Curr Opinion
Neurobiol, 10,95-102.

Cheng, Z.]., Zhao, J., Sun, Y., Hu, W., Wu, Y. L., Cen, B., et al. (2000).
Beta-arrestin differentially regulates the chemokine receptor CXCR4-
mediated signaling and receptor internalization, and this implicates
multiple interaction sites between B-arrestin and CXCR4. J Biol
Chem, 275, 2479-85.

Corasaniti, M. T., Maccarrone, M., Nistico, R., Malorni, W., Rotiroti, D.,
& Bagetta, G. (2001). Exploitation of the HIV-1 coat glycoprotein,
gp120, in neurodegenerative studies in vivo. J Neurochem, 79, 1-8.

Cowell, R. M. & Silverstein, F. S. (2003). Developmental changes in the
expression of chemokine receptor CCR1 in the rat cerebellum. J Comp
Neurol, 457,7-23.

Davis, C. B., Dikic, L., Unutmaz, D., Hill, C. M., Arthos, J., Siani, M.A., et al.
(1997). Signal transduction due to HIV-1 envelope interactions with
chemokine receptors CXCR4 or CCRS. ] Exp Med, 186, 1793-8.

DeGroot, C. J. A. & Woodroofe, M. N. (2001). The role of chemokines
and chemokine receptors in CNS inflammation. Prog in Brain Res,
132,533-544.

Doitsidou, M., Reichman-Fried, M., Stebler, J., Koprunner, M., Dorries, J.,
Meyer, D, et al. (2002). Guidance of primordial germ cell migration
by the chemokine SDF-1. Cell, 111, 647-659.

Gabuzda, D. & Wang, J. (2000). Chemokine receptors and mechanisms
of cell death in HIV neuropathogenesis. J Neurovirol, 6 Suppl 1,
S$24-32.

Garden, G. A. (2002). Microglia in human immunodeficiency virus
associated neurodegeneration. Glia, 40, 240-251.

Ge, S., Pradhan, D. A, Ming, G. L., & Song, H. (2007). GABA sets the
tempo for activity-dependent adult neurogenesis. Trends Neurosci, 30,
1-8.

Gillard, S. E., Mastracci, R. M., & Miller, R. J. (2001). Expression of func-
tional chemokine receptors by cerebellar neurons. J Newroimmunol,
124,16-28.

Giovannelli, A., Limatola, C., Ragozzino, D., Mileo, A. M., Ruggieri, A.,
Ciotti, M. T, et al. (1998). CXC chemokines interleukin-8 (IL-8) and
growth-related gene product alpha (GRO-0) modulate Purkinje
neuron activity in mouse cerebellum. J Neuroimmunol, 92,122-32.

Gleichmann, M., Gillen, C., Czardybon, M., Bosse, F, Greiner-Petter, R.,
Auer, J. et al. (2000). Cloning and characterization of SDF-1y, a novel
SDF-1 chemokine transcript with developmentally regulated expres-
sion in the nervous system. Eur ] Neurosci, 12, 1857-1866.

Gorry, P. R, Bristol, G., Zack. J. A,, Ritola, K., Swanstrom, R., Birch, C. ],
et al. (2001). Macrophage tropism of human immunodeficiency virus
type 1 isolates from brain and lymphoid tissues predicts neurotropism
independent of coreceptor specificity. J Virol, 75, 10073-89.

Gould, E. & Gross, C. G. (2002). Neurogenesis in adult mammals: Some
progress and problems. J Neurosci, 22, 619-23.

Harori, K., Nagai, A., Heisel, R., Ry, J. K. & Kim, S. U. (2002). Fractalkine
and fractalkine receptors in human neurons and glial cells. J Nexrosci
Res, 69, 418-426.

Hartmann, D., Schulze, M., & Sievers, J. (1998). Meningeal cells stimulate
and direct the migration of cerebellar external granule cells in vitro.
J Neurocyrol, 27,395-409.

Hartmann, D., De Strooper, B., & Saftig, P. (1999). Presenilin-1 deficiency
leads to loss of Cajal-Retzius neurons and cortical dysplasia similar to
human type 2 lissencephaly. Current Biol, 9,719-727.

Heil, F, Hemmi, H., Hochrein, H., Ampenberger, F, Kirschning, C.,
Akira, S., et al. (2004). Species-specific recognition of single-stranded
RNA via toll-like receptor 7 and 8. Science, 303, 1526-9.

Hesselgesser, J., Taub, D., Baskar, P., Greenberg, M., Hoxie, J., Kolson, D.
L., etal. (1998). Neuronal apoptosis induced by HIV-1 gp120 and the
chemokine SDF-1« is mediated by the chemokine receptor CXCR4.
Curr Biol, 8, 595-8.

Horuk, R., Martin, A. W., Wang, Z., Schweitzer, L., Gerassimides, A.,
Guo, H., et al. (1997). Expression of chemokine receptors by subsets of
neurons in the central nervous system. J Immunol, 158, 2882-2890.

Issafras, H., Angers, S., Bulenger, S., Blanpain, C., Parmentier, M., Labbe-
Jullie, C., et al. (2002). Constitutive agonist-independent CCRS oli-
gomerization and antibody-mediated clustering occurring at
physiological levels of receptors. J Biol Chem, 277, 34666-73.

Jazin, E. E., Soderstrom, S., Ebendal, T., & Larhammer, D. (1997).
Embryonic expression of the mRNA for the rat homologue of the
fusin/CXCR4 HIV-1 co-receptor. | Neuroimmunol, 79, 148—154.

Kaul, M. & Lipton, S. A. (1999). Chemokines and activated macrophages
in HIV-1 and gp120-induced neuronal apoptosis. Proc Natl Acad Sci,
96, 8212-6.

Kaul, M., Garden, G. A., & Lipton, S. A. (2001). Pathways to neuronal injury
and apoptosis in HIV associated dementia. Nazure, 410, 988-994.

Klein, R. S., Rubin, J. B., Gibson, H. D., DeHaan, E. N., Alvarez-
Hernandez, X, Segal, R. A. et al. (2001). SDF-1a induces chemotaxis
and enhances sonic hedgehog induced proliferation of cerebellar gran-
ule cells. Development, 128,1971-1981.

Knaut, H., Werz, C., Gelser, R., & Nusslein-Volhard, C. (2002). A
zebrafish homologue of the chemokine receptor CXCR4 is a germ-cell
guidance receptor. Nature, published online Dec 18, 2002.

Kolodziej, A., Schulz, S., Guyon, A., Wu, D. E, Pfeiffer, M., Odemis, V.,
etal. (2008). Tonic activation of CXC chemokine receptor 4 in imma-
ture granule cells supports neurogenesis in the adult dentate gyrus.
J Neurosci, 28, 4488-500.

Kolson, D.L. & Gonzalez-Scarano, E (2001). HIV-associated neuropa-
thies: Role of HIV-1, CMYV, and other viruses. J Peripher Nerv Syst, 6,
2-7.

Kury, P., Greiner-Petter, R., Cornely, C., Jurgens, T., & Muller, H. W.
(2002). Mammalian Achaete Scute homolog2 is expressed in the adult
sciatic nerve and regulates the expression of Krox 24, Mob-1, CXCR4
and p57kip2 in Schwann cells. J Neurosci, 22,7586-7595.

Lavi, E., Strizki, J. M., Ulrich, A. M., Zhang, W., Fu, L., Wang, Q., et al.
(1997). CXCR4 (Fusin), a co-receptor for the type | human immuno-
deficiency virus (HIV-1), is expressed in the human brain in a variety
of cell types, including microglia and neurons. A J Pathol, 151,
1035-1042.

Lazarini, F, Casanova, P., Tham, T.N., De Clercq, E., Arenzana-Seisdedos,
E, Baleux, E. et al. (2000). Differential signaling of the chemokine
receptor CXCR4 by stromal cell-derived factor 1 and the HIV glyco-
protein in rat neurons and astrocytes. Eur | Neurosci, 12, 117-25.

Lee, E. S., Rajagopal, R., Kim, A. H., Chang, P. C., & Chao, M. V. (2002).
Activation of Trk neurotrophin receptor signaling by pituitary adeny-
late cyclase-activating polypeptides. ] Biol Chem, 277, 9096-102.

Li, G, Adesnik, H., Li, ], Long, J., Nicoll, R. A., Rubenstein, J. L., et al.
(2008). Regional distribution of cortical interneurons and
development of inhibitory tone are regulated by Cxcl12/Cxcr4
signaling. J Neurosci, 28, 1085-1098.

Limatola, C., Giovannelli, A., Maggi, L., Ragozzino, D., Castellani, L.,
Ciotti, M. T., et al. (2000). SDF-1a-mediated modulation of synaptic
transmission in rat cerebellum. Eur ] Neurosci, 12, 2497-504.

Limatola, C., Ciotti, M. T., Mercanti, D., Vacca, F, Ragozzino, D.,
Giovannelli, A., et al. (2000). The chemokine growth-related gene
product 8 protects rat cerebellar granule cells from apoptotic cell death
through «-amino-3-hydroxy-5-methyl-4-isoxazolepropionate recep-
tors. Proc Natl Acad Sci USA, 97, 6197-201.

Lopez-Bendito, G., Sanchez-Alcaniz, J. A., Pla, R., Borrell, V., Pico, E.,
Valdeolmillos, M., et al. (2008). Chemokine signaling controls intrac-
ortical migration and final distribution of GABAergic interneurons.
J Neurosci, 28, 1613—-1624.

Lu, Q., Sun, E. E,, Klein, R. S. & Flanagan, J. G. (2001). Ephrin-B reverse
signaling is mediated by a novel PDZ-RGS protein and selectively
inhibits G protein coupled chemoattraction. Ce/l, 105, 69-79.

Lu, M., Grove, E. A, & Miller, R. J. (2002). Abnormal development of the
hippocampal dentate gyrus in mice lacking the CXCR4 chemokine
receptor. Proc Natl Acad Sci, 99,7090-7095.

Luan, J., Furuta, Y., Du, ], & Richmond, A. (2001). Developmental
expression of two CXC chemokines, MIP-2 and KC, and their recep-
tors. Cyrokine, 14, 253-63.

Ma, Q., Jones, D., Borghesani, P. R., Segal, R. A., Nagasawa, T, Kishimoto,
T, etal. (1998). Impaired B lymphopoiesis, myelopoiesis, and derailed

1.3 CHEMOKINES ¢ 47



cerebellar neuronal migration in CXCR4 and SDF-1 deficient mice.
Proc Natl Acad Sci, 95, 9448-9453.

Ma, Q., Jones, D., & Springer, T. A. (1999). The chemokine receptor
CXCR4 is required for the retention of B lincage and granulocytic
precursors within the bone marrow microenvironment. Immunity, 10,
463-471.

Madani, N., Kozak, S. L., Kavanaugh, M. P., & Kabat, D. (1998). gp120
envelope glycoproteins of human immunodeficiency viruses competi-
tively antagonize signaling by coreceptors CXCR4 and CCRS. Proc
Nat'| Acad Sci USA, 95, 8005-8010.

Martin-Garcia, J., Kolson, D. L., & Gozalez-Scarano, F. (2002). Chemokine
receptors in the brain: Their role in HIV infection and pathogenesis.
AIDS, 16,1709-1730.

McGrath, K. E., Koniski, A. D., Maltby, K. M., McGann, J. K., & Palis, J.
(1999). Embryonic expression and function of the chemokine SDF-1
and its receptor, CXCR4. Dev Biol, 213, 442-56.

Meng, S.Z., Oka, A., & Takashima, S. (1999). Development expression of
monocyte chemoattractant protein—1 in the human cerebellum and
brainstem. Brain Dev, 21, 30-35.

Meucci, O. & Miller, R. J. (1996). gp120-induced neurotoxicity in hip-
pocampal pyramidal neuron cultures: Protective action of TGF-BI.
J Neurosci, 16,4080-8.

Meucci, O., Fatatis, A., Simen, A., Bushell, T. J., Gray, P. W., & Miller, R. J.
(1998). Chemokines regulate hippocampal neuronal signaling and
gp120 neurotoxicity. Proc Natl Acad Sci, 95, 14500-14505.

Meucci, O., Fatatis, A., Simen, A. A., & Miller, R. J. (2000). Expression of
CX3CR1 chemokine receptors on neurons and their role in neuronal
survival. Proc Natl Acad Sci, 97, 8075-80.

Miller, R. J. (1998). Presynaptic receptors. Ann Rev of Pharmacol and
Toxicol, 38,201-227.

Moepps, B., Frodl, R., Rodewald, H. R., Bagglioni, M., & Gierschik, P.
(1997). Two murine homologues of the human chemokine receptor
CXCR4 mediating stromal cell derived factor—1-alpha activation of
Gi2 are differentially expressed in vivo. Ewr J Immunol, 27,
2102-2112.

Moepps, B., Braun, M., Knopfle, K., Dillinger, K., Knochel, W., &
Gierschik, P. (2000). Characterization of a Xenopus laevis CXC
chemokine receptor 4: Implications for hematopoietic cell develop-
ment in the vertebrate embryo. Eur | Immunol, 30, 2924-34.

Molina-Holgado, E., Vela, J. M., Arevalo-Martin, A., Almazan, G., Molina-
Holgado, E, Borrell, J. et al. (2002). Cannabinoids promote oligoden-
drocyte progenitor survival: Involvement of cannabinoid receptors
and phosphatidylinositol-3 kinase/Akt signaling. [ Newurosci, 22,
9742-53.

Murphy, P. M., Baggiolini, M., Charo, I. F, Hebert, C. A., Horuk, R.,
Matsushima, K., et al. (2000). International union of pharmacology.
XXII. Nomenclature: Chemokine receptors. Pharmacol. Review, S2,
145-76.

Murphy, P. M. (2002). International Union of Pharmacology. Update on
chemokine receptor nomenclature. Pharmacol. Review, 54,227-9.
Nagasawa, T., Hirota, S., Tachibana, K., Takakura, N., Nishikawa, S.,
Kitamura, Y., et al. (1996). Defects of B-cell lymphopoiesis and bone
marrow myelopoiesis in mice lacking the CXC chemokine PBSF/

SDF-1. Nature, 382, 635-8.

Nath, A, (2002). Human immunodeficiency virus (HIV) proteins in the
neuropathogenesis of HIV dementia. J Infect Dis, 186 (suppl2),
S193-198.

Nicot, A., Lelievre, V., Tam, J., Waschek, J. A., & DiCicco-Bloom, E.
(2002). Pituitary adenylate cyclase activating polypeptide and sonic
hedgehog interact to control cerebellar granule precursor cell prolifer-
ation. J Neurosci, 22, 9244-9254.

Oh, S. B., Tran, P. B,, Gillard, S. E., Hurley, R. W. Hammond, D. L., &
Miller, R. J. (2001). Chemokines and gp120 produce pain hypersensi-
tivity by directly exciting polymodal nociceptors. ] Neurosci, 21, 5027 -
5035.

Oh, S. B., Endoh, T,, Simen, A. A., Ren, D., & Miller, R. J. (2002).
Regulation of calcium currents by chemokines and their receptors.
J Neuroimmunol, 123, 66-75.

48 o

Paredes, M. F, Li, G., Berger, O., Baraban, S. C., & Pleasure, S. J. (2006).
Stromalderived factor-1 (CXCL12) regulates laminar position of
Cajal-Retzius cells in normal and dysplastic brains. J Newurosci, 26,
9404-9412.

Perry, S. J. & Lefkowitz, R. J. (2002). Arresting developments in heptaheli-
cal receptor signaling and regulation. Trends Cell Biol, 12, 130-8.

Proudfoot, A. E. 1. (2002). Chemokine receptors: Multifaceted therapeu-
tic targets. Nature Reviews Immunol, 2,106-115.

Proudfoot, A. E. L, Shaw, ]. P., Power, C. A., & Wells, T. N. C. (2002).
Chemokines. In R. M. Ransohoff, K. Suzuki, A. E. I. Proudfoot, W. .
Hickey, & J. K. Harrison, (Ed.). Universes in delicate balance:
Chemokines and the nervous system (p. 65-85). Philadelphia; Elsevier.

Puma, C., Danik, M., Quirion, R., Ramon, E, & Williams, S. (2001). The
chemokine interleukin-8 acutely reduces Ca(2+) currents in identified
cholinergic septal neurons expressing CXCR1 and CXCR2 receptor
mRNAs. ] Neurochem, 78, 960-71.

Rajagopal, S., Kim, J., Ahn, S, Craig, S., Lam, C. M., Gerard, N. P, et al.
(2010). Beta-arrestin- but not G protein-mediated signaling by the
“decoy” receptor CXCRY7. Proc Natl Acad Sci USA, 107, 628-32.

Ragozzino, D., Giovannelli, A., Mileo, A. M., Limatola, C., Santoni, A., &
Eusebi, F. (1998). Modulation of the neurotransmitter release in rat
cerebellar neurons by GRO -f. Neuroreport, 9, 3601-6.

Ragozzino, D., Renzi, M., Giovannelli, A., & Eusebi, F. (2002). Stimulation
of chemokine CXC receptor 4 induces synaptic depression of evoked
parallel fibers inputs onto Purkinje neurons in mouse cerebellum.
Neuroimmunol, 127, 30-6.

Reiss, K., Mentlein, R., Sievers, J., & Hartmann, D. (2002). Stromal cell
derived factor 1 is secreted by meningeal cells and acts as chemotactic
factor on neuronal stem cells of the cerebellar external granule layer.
Neurosci, 115,295-305.

Robinson, S., Tani, M., Streiter, R. M., Ransohoff, R. M., & Miller, R. H.
(1998). The chemokine growth related oncogene—a promotes spinal
cord precursor proliferation. J Neurosci, 18, 10457-10463.

Rodriguez-Frade, J. M., Mellado, M., & Martinez, A. C. (2001).
Chemokine receptor dimerization: Two are better than one. Trends in
Immunol, 22, 612-7.

Rossi, D. & Zlotnik, A. (2000). The biology of chemokines and their
receptors. Ann Rev Immunol, 18,217-242.

Schreiber, R. C., Krivacic, K., Kirby, B., Vaccaricllo, S. A., Wei, T,
Ransohoff, R. M., Zigmond, R. E. (2001). Monocyte chemoattractant
protein (MCP)-1 is rapidly expressed by sympathetic ganglion neu-
rons following axonal injury. Neuroreport, 5;12(3):601-6.

Schwartz, G. N. & Farber, J. M. (2002). Development and function of the
hematopoietic-lymphopoictic system. In R. M. Ransohoff, K. Suzuki,
A. E. L Proudfoot, W. E. Hickey, & J. K. Harrison, (Ed.). Universes in
delicate balance: Chemokines and the nervous system (p. 65-85).
Philadelphia; Elsevier.

Schonemeier, B., Kolodziej, A., Schulz, S., Jacobs, S., Hoellt, V., &
Stumm, R. (2008). Regional and cellular localization of the CXCI12/
SDF-1 chemokine receptor CXCR?7 in the developing and adult rat
brain. J Comp Neurol, 510, 207-20.

Sievers, J., Hartmann, D., Pehlemann, F. W., & Berry, M. (1992).
Development of astroglial cells in the proliferative matrices, the gran-
ule cell layer and the hippocampal fissure of the hamster dentate gyrus.
J Comp Neurol, 320, 1-32.

Sierro, F,, Biben, C., Martinez-Muiioz, L., Mellado, M., Ransohoff, R. M.,
Li, M., et al. (2007). Disrupted cardiac development but normal
hematopoiesis in mice deficient in the second CXCL12/SDF-1 recep-
tor, CXCRY7. Proc Natl Acad Sci USA, 104, 14759—-64.

Stumm, R. K., Rummel, J., Junker, V., Culmsee, C., Pfeiffer, M.,
Krieglstein, J., et al. (2002). A dual role for the SDF-1/CXCR4
chemokine receptor system in adult brain: Isoform selective regula-
tion of SDF-1 expression modulates CXCR4 dependent neuronal
plasticity and cerebral leukocyte recruitment after focal ischemia J
Neurosci, 22, 5865-5878.

Stumm, R. K., Zhou, C., Ara, T, Lazarini, F, Dubois-Dalcq, M.,
Nagasawa, T, et al. (2003). CXCR4 regulates interneuron migration
in the developing neocortex. J Neurosci, 23, 5123-5130.

HIV-1 BIOLOGY AND IMMUNOLOGY



Szekanecz, Z. & Koch, A. E. (2001). Chemokines and angiogenesis.
Current Opinion Rheumatol, 13,202-8.

Tachibana, K., Hirota, S., lizasa, H., Yoshida, H., Kawabata, K., Kataoka,
Y., et al. (1998). The chemokine receptor CXCR4 is essential for vas-
cularization of the gastrointestinal tract. Nature, 393, 591-4.

Tham, T. N, Lazarini, F, Francheschini, I. A., Lachapelle, F., Amara, A., &
Dubois-Dalcq, M. (2001). Developmental pattern of expression of the
alpha chemokine stromal cell derived factor 1 in the rat central nervous
system. Eur | Neurosci, 13, 845-856.

Thelen, M. & Thelen, S. (2008). CXCR7, CXCR4, and CXCL12: An
eccentric trio? | Neuroimmunol, 198, 9-13.

Tiveron, M. C., Rossel, M., Moepps, B., Zhang, Y. L., Scidenfaden, R.,
Favor, ], et al. (2006). Molecular interaction between projection
neuron precursors and invading interneurons via stromal-derived
factor 1 (CXCL12)/CXCR4 signaling in the cortical subventricular
zone/intermediate zone. ] Neurosci, 26, 13273-13278.

Toggas, S. M., Masliah, E., Rockenstein, E. M., Rall, G. E, Abraham, C.R.,
& Mucke L. (1994). Central nervous system damage produced by
expression of the HIV-1 coat protein gp120 in transgenic mice. Nazure,
367,188-93.

Tong, N., Perry, S. W., Zhang, Q., James, H. J., Guo, H., Brooks, A., et al.
(2000). Neuronal fractalkine expression in HIV-1 encephalitis: Roles
for macrophage recruitment and neuroprotection in the central ner-
vous system. ] Iimmunol, 164, 1333-9.

Tran, P. B, Ren, D., Chenn, A., & Miller, R. J. (2007). Chemokine recep-
tor expression by neural progenitor cells in neurogenic regions of
mouse brain. J Comp Neurol, 500, 1007-33.

Tsai, H. H., Frost, E., To, V., Robinson, S., French-Constant, C., Geertman,
R., et al. (2002). The chemokine receptor CXCR2 controls position-
ing of oligodendrocyte precursors in developing spinal cord by arrest-
ing their migration. Cell, 110, 373-383.

Van der Meer, P, Ulrich, A. M., Gonzalez-Scarano, E, & Lavi, E. (2000).
Immunohistochemical analysis of CCR2, CCR3, CCR5 and CXCR4
in the human brain: Potential mechanisms for HIV dementia. Exp and
Mol Pathol, 69,192-201.

Vaudry, D., Pamantung, T. E, Basille, M., Rousselle, C., Fournier, A.
Vaudry, H., et al. (2002). PACAP protects cerebellar granule neurons
against oxidative stress induced apoptosis. Eur J Neurosci, 15,
1451-60.

Vlahakis, S. R., Villasis-Keever, A., Gomez, T., Vanegas, M., Vlahakis, N.
and Paya, C. V. (2002). Gprotein coupled chemokine receptors induce
both survival and apoptotic signaling pathways. J Immunol, 169,
5546-5554.

Vesce, S., Bezzi, P., Rossi, D., Meldolesi, J., & Volterra, A. (1997). HIV-1
gp120 glycoprotein affects the astrocyte control of extracellular gluta-
mate by both inhibiting the uptake and stimulating the release of the
amino acid. FEBS Lett, 411, 107-9.

Westmoreland, S. V., Alvarez, X., deBakker, C., Aye, P., Wilson, M. L.,
Williams, K. C., et al. (2002). Developmental expression of CCRS
and CXCR4 in the rhesus macaque brain. J Neuroimmunol, 122,
146-158.

Williams, K. C. & Hickey, W. F. (2002). Central nervous system damage,
monocytes and macrophages,and neurological disorders in AIDS. Ann
Rev Newurosci, 2537-562.

Wu, Q., Miller, R. H., Ransohoff, R. M., Robinson, S., & Nishayama, A.
(2000). Elevated levels of the chemokine GRO-1 correlate with ele-
vated oligodendrocyte progenitor proliferation in the jimpy mutant.
J Neurosci, 20, 2609-2617.

W, J. Y, Feng, L., Park, H. T., Havlioglu, N., Wen, L., Tang, H., et al.
(2001). The neuronal repellent Slit inhibits leukocyte chemotaxis
induced by chemotactic factors. Nazure, 410, 948-952.

Xia, M. & Hyman, B. T. (2002). GROalpha/KC, a chemokine receptor
CXCR2 ligand, can be a potent trigger for neuronal ERK1/2 and PI-3
kinase pathways and for tau hyperphosphorylation-arole in Alzheimer’s
disease? | Neuroimmunol, 122, 55-64.

Xia, M. Q., Bacskai, B. J., Knowles, R. B., Qin, S. X., & Hyman, B. T.
(2000). Expression of the chemokine receptor CXCR3 on neurons
and the elevated expression of its ligand IP-10 in reactive astrocytes:
In vitro ERK1/2 activation and role in Alzheimers disease.

J Neuroimmunol, 108,227-35.

Xiang, Y., Li, Y., Zhang, Z., Cui, K., Wang, S., Yuan, X,, et al. (2002).
Nerve growth cone guidance mediated by Gprotein coupled receptors.
Nature Neurosci, S, 843—-848.

Yan, G. M, Lin, S. Z., Irwin, R. P., & Paul, S. M. (1995). Activation of
muscarinic cholinergic receptors blocks apoptosis of cultured cerebel-
lar granule neurons. Mol Pharmacol, 47, 248-57.

Zhang, X. F, Wang, J. F, Matczak, E., Proper, J. A., & Groopman, J. E.
(2001). Janus kinase 2 is involved in stromal cell-derived factor-lalpha-
induced tyrosine phosphorylation of focal adhesion proteins and
migration of hematopoictic progenitor cells. Blood, 97, 3342-8.

Zhu, Y., Yu, T, Zhang, X. C., Nagasawa, T., Wi, ]. Y., & Rao, Y. (2002).
Role of the chemokine SDF-1 as the meningeal attractant for embry-
onic cerebellar neurons. Nature Neurosci, S, 719-720.

Zou, Y. R., Kottmann, A. H., Kuroda, M., Taniuchi, I, & Littman, D. R.
(1998). Function of chemokine receptor CXCR#4 in haematopoiesis
and in cerebellar development. Nazure, 393, 595-599.

1.3 CHEMOKINES ¢ 49



1.4

VIRAL AND HOST GENETIC FACTORS

Jennifer A. McCombe, Shaona Acharjee, M. John Gill, and Christopher Power

Neurological disorders caused by HIV-1 infection are
common and diverse. In the present chapter we highlight
both host and viral genetic determinants of HIV-induced
neuropathogenesis in the central and peripheral nervous
systems. The key properties of neuropathogenesis including
neuroinvasion, neurotropism, neurovirulence and neurosus-
ceptibility are used as guidelines to the discussion.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) causes a
broad spectrum of neurological disorders that constitute a
substantial source of morbidity and mortality. HIV-1 infects
cells within the central nervous system (CNS) soon after
primary infection (Davis et al., 1992; Sasseville & Lackner,
1997; Poli et al., 1990) although not all individuals with HIV/
AIDS develop clinically detectable neurological disease
(Power & Johnson, 2001). This raises the question of why
some individuals develop clinically apparent neurological
disease while others do not.

In this chapter, we will discuss both host and viral
genetic factors that contribute to HIV neuropathogenesis.
HIV neuropathogenesis can be subdivided into stages
including zeuroinvasion (entry of the virus into nervous
system tissues and cells without multiplication of the virus),
neurotropism (infection of cells of the nervous system),
and neurovirulence (ability to cause neurological dysfunc-
tion). In the case of the CNS, neurovirulence has been
applied chiefly to impaired neurocognitive performance
including HIV-associated dementia (HAD) and its often
antecedent disorder, minor neurocognitive disorder (MND);
more recent studies group these two conditions under
the neuropsychological term, HIV-associated neurocogni-
tive disorders (HAND). In the peripheral nervous system
(PNS), the occurrence of distal sensory polyneuropathy
(DSP) is the chief neurological disorder assumed to be
caused directly by HIV infection with or without exacerba-
tion by specific antiretroviral drugs. We will outline various
viral and host factors which contribute to each stage of
neuropathogenesis. It can be difficult to separate viral from
host pathogenic factors as they interact, but ultimately neural
cell loss or dysfunction, presumably caused by a combination
of toxic viral proteins and host inflammatory molecules,
are usually the convergent end points (Rumbaugh & Nath,
2006).
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Other non-genetic host factors also affect an individual’s
neurosusceptibility (Patrick, Johnston, & Power, 2002),
including age; immune status; availability and compliance
with medications; concurrent infections including hepatitis
C; illicit drug use; and nutritional status (reviewed in Jayadev
& Garden, 2009); however, we will not discuss these latter
factors in this chapter. There is also increasing evidence that
drug selection may contribute to the development of neuro-
logical disease (Cysique & Brew, 2009); this latter issue
requires further study. Herein, we focus on the genetic deter-
minants of the host and virus which contribute to the develop-
ment of neurological disease.

HOST DETERMINANTS OF HIV-1
NEUROPATHOGENESIS

Neuropathogenesis is influenced by several host factors which
both increase and decrease neurosusceptibility. We will discuss
how host genetic differences have been demonstrated to con-
tribute to neuroinvasion, neurotropism, and neurovirulence.
In addition, we will briefly review how gender and ethnicity
might contribute to genetic differences observed. Finally, we
will examine host genetic factors that contribute to the
response to and side effects of antiretroviral drugs, as they
relate to neurological disease and the development of immune
reconstitution inflammatory syndrome (IRIS) and opportu-
nistic infections of the nervous system. Important host genes
and genetic polymorphisms in HIV neuropathogenesis are
summarized in table 1.4.1.

NEUROINVASION

There are five possible mechanisms by which HIV might
enter the brain (first four reviewed in Buckner et al., 2006).
The first mechanism involves infected macrophages and
lymphocytes entering the CNS with subsequent spread of
virus to resident cells. This process involves leukocyte recruit-
ment and adhesion, with subsequent migration across the
blood-brain barrier, and has been termed the Tiojan horse
mechanism (Peluso, Haase, Stowring, Edwards, & Ventura,
1985). These processes are mediated by adhesion molecules
found on leukocytes and the endothelial cells of the blood-
brain barrier. There is evidence of upregulation of adhesion
molecules in patients with HIV infection and associated neu-
rological disease (Heidenreich, Arendt, Jander, Jablonowski,



& Stoll, 1994; Nottet et al., 1996). There are also reports of
increased expression of monocyte chemoattractants expressed
in the HIV-infected brain (reviewed in Dunfee et al., 2006);
however, the precise mechanisms by which they ultimately
contribute to the development of neurological disease have
yet to be elucidated.

The second potential mechanism by which HIV enters the
CNS involves direct infection of the cells of the blood-brain
barrier by cell-free HIV (Buckner et al., 2006). Although
endothelial cells do not express the primary HIV-1 receptor,
CD4, it appears that HIV interacts with endothelial cell sur-
face proteoglycans through gpl120 (Bobardt et al., 2004;
Argyris et al.,, 2003), although this mechanism has not been
convincingly demonstrated in vivo to date. The third mecha-
nism involves endocytosis of the HIV virion by endothelial
cells and/or astrocytic foot processes (Buckner et al., 2006). A
fourth mechanism involves cell-free HIV entering the brain
directly by passing through a disrupted blood-brain barrier.
There are many studies supporting disruption of the blood-
brain barrier during HIV infection (reviewed in Toborek
etal, 2005), lending credibility to the notion that circulating
free virus might access the brain via a more permeable blood-
brain barrier. Finally, HIV infection of the choroid plexus
might also serve as a portal of entry for the virus into the brain
(Falangola, Hanly, Galvao-Castro, & Petito, 1995; Petito
et al, 1999). Again, it remains unclear which, if any, host
genetic factors contribute to these mechanisms.

NEUROTROPISM

In terms of host factors, neurotropism is determined by
individual cell types in the CNS permissive to viral entry and
replication as well as expression of individual receptor mole-
cules that mediate cellular entry by the virus. The cells produc-
tively infected by HIV-1 in the CNS are of macrophage and
microglial (myeloid) lineage. Astrocytes are also infected by
HIV-1, resulting in the expression of viral proteins with mini-
mal replication of the viral genome (Saito et al., 1994; Gorry
et al,, 1999; Messam & Major, 2000; Neumann et al., 1995;
Churchill et al., 2009). Although there is significant neuronal
loss and injury, neurons per se are not infected to any extent, as
determined by viral genome and antigen detection. There is
no compelling evidence for in vivo infection of oligodendro-
cytes or brain endothelial cells (reviewed in Gonzalez-Scarano
& Martin-Garcia 2005).

The HIV-1 envelope glycoprotein is responsible for viral
binding and entry into the cell. Apart from using CD#4 as the
primary receptor, HIV-1 also requires chemokine receptors
such as CCR5, CXCR4, CCR2b, and CCR3 to act as
co-receptors (reviewed in Berger et al., 1999; Choe et al.,
1996; Doranz et al., 1996). Cells of macrophage and micro-
glial lineage express CCRS5 and CCR3, together with CD4
(He et al, 1997; Bagasra et al., 1996; Nuovo, Gallery,
MacConnell, & Braum, 1994). Microglia and invading mac-
rophages are considered the principal reservoir for active viral
replication in the brain (Clements & Zink, 1996; Narayan,
Joag, & Stephens, 1995). Astrocytes express both CXCR4
and CCRS5 but not CD4, limiting infection in these cell types

(Saito etal.,, 1994; Gorry et al., 1999; Messam & Major, 2000;
Neumann et al,, 1995).

Several chemokine receptor polymorphisms have been
described that correlate with differences in HIV-1 disease pro-
gression and survival prognosis (reviewed in Piacentini, Biasin,
Fenizia, & Clerici, 2009). The most familiar of these is the
A32 variant of the CCRS5 co-receptor. Homozygotes for this
allele exhibit a significantly diminished susceptibility to
HIV-1 infection (Samson et al., 1996; Liu et al, 1996).
Heterozygous individuals demonstrate delayed progression of
disease (Dean et al., 1996; Meyer et al., 1997; Stewart et al.,
1997). Heterozygotes have also been noted to be less repre-
sented among patients with neurological disease (Boven, van
der Bruggen, van Asbeck, Marx, & Nottet, 1999; van Rij et al.,
1999, Singh et al., 2003). Allelic variants in the CCR5 pro-
moter region as well as other co-receptor variants have also
been described and are associated with variable progression
(reviewed in Piacentini et al., 2009). There is some suggestion
that the CCR5-59353 variant found in the promoter region
may confer protection in terms of neurological impairment
(Singh et al., 2003).

In addition to selective infection of specific cell types,
there also appear to be specific regions within the brain that
are differentially permissive to infection; white matter and
subcortical grey matter are apparently more permissive to
infection, perhaps due to the increased abundance of myeloid
cells in these regions. It has also been reported that viral enve-
lope sequences cluster together by brain region based on phy-
logenetic analyses (Chang et al., 1998; Shapshak et al., 1999).
Based on pathological studies, the basal ganglia and hip-
pocampus appear to be preferentially affected in terms of
neuronal loss (Masliah, Ge, Achim, Hansen, & Wiley, 1992;
Reyes etal,, 1991) with proportionally more gp41 immunore-
activity detected in these same regions (Kure et al., 1991).
Other brain regions including cerebral cortex and brainstem
are affected to varying degrees (Everall et al., 1999; Wiley
et al,, 1991), which may reflect the relative abundance of sus-
ceptible resident cells including perivascular macrophages and
microglia in a given anatomical site.

NEUROVIRULENCE

There are multiple host characteristics correlated with the
occurrence and severity of HIV-associated neurological
disease. These include specific host niche genes and variants
thereof. Socio-demographic aspects and co-morbidities,
although not necessarily shown to be causative, likely also
modulate the severity of HIV-1 neurovirulence.

Host Inflammatory Response

Inflammation and immune activation are pivotal contributors
to HIV neurovirulence (reviewed in Gonzalez-Scarano &
Martin-Garcia 2005). In fact, activated macrophages and
multinucleated giant cells are among the as the most robust
pathological correlates of HIV neurocognitive impairment
(Glass, Fedor, Wesselingh, & McArthur, 1995). Inflammatory
indices associated with HIV neurological disease include
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pro-inflammatory cytokines and chemokines, such as
interleukin-1f (Williams & Hickey, 2002; Gartner, 2000;
Tyor et al., 1992), tumor necrosis factor- (Sippy, Hofman,
Wallach, & Hinton, 1995; Achim, Heyes, & Wiley, 1993;
Wesselingh et al., 1993; Gelbard et al., 1994), interferon-a
(Sas et al., 2009), normal T-cell expressed and secreted
(RANTES)/CCLS (Kelder et al., 1998), and CCL2 (mono-
cyte chemoattractant protein) (Monteiro de Almeida, 2006).
Many of these important mediators of inflammation are
upregulated in the brains or cerebrospinal fluid (CSF) of indi-
viduals with HIV-associated dementia. Proteases are another
group of molecules contributing to HIV neurovirulence, as
exemplified by the conversion of the chemokine CXCLI12 to
a highly neurotoxic protein through its proteolytic cleavage by
matrix metalloproteinase (MMP)-2 (Zhang et al., 2003;
Vergote et al., 2006). However, very recent data from our
group indicate host-encoded microRNAs are selectively sup-
pressed in the brains of HIV/AIDS patients (Noorbakhsh
etal., 2010). This mechanism and many of the above, however,
have not been definitively associated with individual genetic
polymorphisms. Nonetheless, genetic polymorphisms result-
ing in gene induction or upregulation have been clearly docu-
mented for the chemokines CCL2 (Gonzalez et al., 2002),
CCL5-403A, -28G (Guerini et al., 2008; Kelder et al., 1998;
Letendre, Lanier, & McCutchan, 1999), CXCL12-3A
(Winkler et al., 1998; Singh et al., 2003), and the cytokine,
tumor necrosis factor (TNF)-a (Quasney et al, 2001,
Pemberton, Stone, Price, van Bockxmeer, & Brew, 2008);
these will be discussed in further detail below. Most of
the host genes described above are principally induced in
monocyte/macrophage cells, and perhaps, astrocytes, but
the contributions of different T lymphocyte subsets to neuro-
virulence remain largely unexplored. However, it is during
HIV infection that different populations of T cells infiltrate
the brain and dorsal root ganglia and in some instances
exert pathogenic effects (Wesselingh et al., 1993; Zhu et al,,
2005).

TUMOR NECROSIS FACTOR-A

TNF-« is upregulated in the brains and CSF of patients with
HIV-associated dementia, and increased TNF-o mRNA levels
in HAD patients is correlated with dementia severity (Achim
etal., 1993; Wesselingh et al., 1993; Gelbard et al., 1994; Tyor
et al, 1992). The genetic polymorphism TNF-2-308A has
been observed more frequently among HAD patients
(Quasney et al., 2001). Located in the promoter region, this
polymorphism causes increased TNF-a production. TNF-a
can cause direct neuronal damage and induces quinolinic acid
production (Pemberton et al., 1997), which likewise causes
neuronal damage and has been found in higher concentrations
in patients with HAD (Achim et al., 1993).

MONOCYTE CHEMOATTRACTANT
PROTEIN-1/CCL2

Increased CCL2 expression has been correlated with an
increased risk of accelerated systemic disease progression and
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the development of HAD. The 2578G variant is associated
with increased CCL2 production, presumably resulting in
increased infiltration of monocytes (Gonzales et al., 2002).
Interestingly, homozygotes for the 2578G allele have a
decreased risk of acquiring HIV; however, following infection

with HIV-1,accelerated disease progression occursasdescribed
above (Gonzales et al., 2002).

NORMAL T-CELL EXPRESSED AND SECRETED
(RANTES)/CCL5-403A, -28G

The CCL5-28G mutation has been shown to increase CCL5
expression in HIV-infected individuals, which reduces CD4+
T lymphocyte depletion rates, thus delaying the progression
of disease (Liu et al., 1999). Despite this effect, neurocogni-
tive impairment has been associated with higher levels of
CCLS5 (Letendre et al., 1999). It has been speculated that
CCLS5 may stimulate HIV-replication in the CSF (Letendre
et al., 1999). Furthermore, an increased rate of the CCL5-
403 G/A polymorphism has been documented in patients
with “non-determined leukoencephalopathy” compared to

HIV seropositive controls (see below for details) (Guerini
etal., 2008).

CXCL12/STROMAL CELL-DERIVED FACTOR-1

The chemokine CXCL12/SDEF-1 is the cognate ligand for
CXCR4, and has been reported to exhibit a genetic polymor-
phism which contributes to disease progression (Winkler
etal., 1998, van Rijetal.,, 1998). The polymorphism CXCL12-
3’A has been shown to both delay and accelerate the progres-
sion to AIDS (Winkler et al., 1998, van Rijj et al., 1998). In
addition, it has also been shown to increase perinatal transmis-
sion of HIV-1 (John et al., 2000). In a meta-analysis, however,
no significant difference between homozygotes, heterozy-
gotes, and wild-type was noted (Ioannidis et al., 2003). In a
subsequent study, CXCL12-3’A was found to be associated
with more rapid disease progression, and increased develop-

ment of neurocognitive impairment in children (Singh et al.,
2003).

APOLIPOPROTEIN (APO) E

ApoE functions in cholesterol transport (Mahley & Rall Jr.,
2000), and is produced in the CNS by glia, macrophages, and
neurons (Boyles, Pitas, Wilson, Mahley, & Taylor, 1985; Pitas,
Boyles, Lee, Hui, & Weisgraber, 1987; Han et al,, 1994).
The role of ApoE in the pathogenesis of HIV-associated
dementia remains unclear; studies report conflicting results. It
has been reported that HIV-infected patients carrying an
ApoE-¢4 allele have a higher frequency of neurological disease
(Corder et al., 1998). HAD patients with the ApoE-¢4 allele
have also been shown to have dysregulated sterol and lipid
metabolism (Cutler et al., 2004). Other studies, however, have
found no statistically significant difference between the pres-
ence of any ApoE alleles and HIV dementia (Dunlop et al,,
1997; Pemberton et al., 2008; Diaz-Arrastia, Gong, Kelly, &
Gelman, 2004).
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High Throughput Analyses of Host Genes
With the advent of high throughput technologies, including

genomics and proteomics, several host genes have been high-
lighted in HIV neuropathogenesis using brain tissues and
cerebrospinal fluid. A seminal study of brain transcriptomics
in HIV/AIDS patients with and without HAD revealed sub-
stantial dysregulation of ion channel expression that was, in
some cases, directly linked to glutamate receptors (Gelman
et al, 2004). Similarly, transcriptomic analyses of HIV-1
tat-transfected cells, using a brain-derived Tat sequence from
a person with HAD, disclosed induction of an enzyme
mediating heparan sulphate synthesis, HS3ST3B1, which
was also found to be increased in the brains of patients
with HAD (Boven et al., 2007). Similarly, transcriptomic
analyses of astrocytes transduced by HIV-1 revealed upregula-
tion of interferon-mediated antiviral responses (OASI,
IFIT1), intercellular contacts (SH3, glia-derived nexin),
cell homing/adhesion (matrix metalloproteinases), and cell-
cell signaling (neuropilin 1 and 2) (Borjabad, Brooks, &
Volsky, 2010). Protcomic studies have reported multiple
results including increased heat shock protein 70, heme
oxygenase-1, and inducible nitric oxide synthase in HIV zaz-
transfected cells (Pocernich, Sultana, Mohmmad-Abdul,
Nath, & Butterfield, 2005). Similarly, diverse findings have
been reported for proteomic analyses including monocytes
derived from patients with HIV infection (Luo et al., 2003).
Very recently, we reported that microRNA profiling in brains
from persons with and without HIV infection revealed that
microRNAs targeting caspase 6 were markedly suppressed in
HIV-infected brains (Noorbakhsh et al., 2010). Other high
throughput technologies including deep sequencing will
reveal new aspects of gene expression and regulation contrib-
uting to neurovirulence in HIV infection but will require
analyses based on substantial bioinformatics capacity and
application of a systems biology approach (Noorbakhsh et al.,
2009).

Gender

Gender differences in HIV-1 seropositive patients have been
described in association with drug abuse, with a more frequent
history of drug abuse in females compared to males (Mason
et al, 1998; Metsch et al, 1998); socioeconomic status
and education, with lower levels noted in females (Ickovics &
Rodin, 1992; Stern, Silva, Chaisson, & Evans, 1996); psychiat-
ric co-morbidities, with greater psychiatric disease described
in female patients (Melnick et al., 1994); as well as mortality
rates, with higher rates described in females (Melnick et al,,
1994). Studies examining differences in neuropsychological
profiles, however, have shown conflicting results. Several
studies have identified differences in neuropsychological
performance (Failde-Garrido, Alvarez, & Simon-Lopez, 2008),
while others have not (Tozzi et al., 2007; Pereda et al., 2000;
Rabkin et al., 2000). Failde-Garrido et al. (2008) demon-
strated different impairment patterns between genders, with
greater deficits in visual memory, attention, psychomotor
speed, and abstract reasoning noted in men while women

displayed greater deficits in attention, psychomotor speed, and
verbal memory.

In another study investigating a variety of neurologic
syndromes in HIV-seropositive patients, Lopez et al. did
not find differences in the presence of these neurological
syndromes in females compared to males (Lopez et al,
1999). Similarly, a prospective study found no difference
in the development of neurological symptoms and signs
over time in females compared to males (Robertson et al.,
2004).

Ethnicity

Many of the aforementioned genetic polymorphisms associ-
ated with varying degrees of neurological disease in HIV are
found at varying frequencies worldwide (Voevodin, Samilchuk,
& Dashti, 1998; Su et al, 1999; Martinson et al., 1997;
Su et al, 2000; Martinson et al., 2000). For example, the
CCR5-A32 allele is frequently found in European populations
but is rare in the Middle East, Asia, and Africa (Voevodin etal.,
1998; Martinson et al, 1997). Numerous studies looking
at specific allele frequencies such as CCR5-A32, CCL2-
2518GG, and TNF«-308 in particular ethnic groups demon-
strate  variable frequencies of genetic polymorphisms
(Pemberton et al., 2008; Parczewski et al., 2009; Vilades et al.,
2007).

HLA Subtypes

Multiple studies have demonstrated an association between
HLA subtypes and susceptibility to HIV-1 infection and
immune control of the virus (de Sorrentino et al., 2000; Fabio
etal., 1990; Goulder & Watkins, 2008; MacDonald et al., 2000;
Telenti, 2005). Genetic polymorphisms in the MHC region
may account for as much as 15% of the variability seen in indi-
ces of immune control such as viral load (Fellay et al., 2007). It
is reasonable to assume that improved immune control might
lead to a reduced incidence of neurological disease in these
patients. Interestingly, it has been found that HLA-DQB*0402
and DRB1*08 alleles are associated with a higher likelihood of
developing toxoplasmic encephalitis in the setting of HIV (de
Sorrentino et al., 2000). In addition, our clinical observations
imply that HIV seropositive individuals of aboriginal (North
American Indian) origin do not develop neurological discase as
often as Caucasians or other ethnic groups (Power and Gill,
unpublished); this may reflect differences in HLA background,
as reported for the same ethnic groups who develop the neuro-
myelitis phenotype of multiple sclerosis (Mirsattari et al,
2001).

Response to Antiretroviral Therapy

Host genetic polymorphisms have been suggested as contribu-
tors to the efficacy of selected antiretrovirals in addition to
their side-effects. In terms of efficacy, genetic differences in
drug transport, metabolism, and clearance have all been
described (reviewed in Phillips & Mallal, 2008). An intensively
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Table 1.4.1 IMPORTANT HOST GENES AND GENETIC POLYMORPHISMS IN HIV NEUROPATHOGENESIS

GENETIC POLYMORPHISM EFFECT

REFERENCES

Neurotropism

A32 variant of the CCRS co- Diminished neurological disease

Boven et al., 1999; van Rijj et al., 1999, Singh

receptor etal., 2003
CCR5-59353 variant (in Protection from neurological impairment Singh etal., 2003
promoter region)

Neurovirulence
TNF-a-308A Observed more frequently among HAD patients Quasney et al., 2001
2578G variant of CCL2 Correlated with the development of HAD Gonzales et al., 2002

CCL5-28G mutation
CCL5-403 G/A polymorphism

CXCL12-3’A polymorphism
impairment in children

Associated with neurocognitive impairment
Non-determined leukoencephalopathy

Increased development of neurocognitive

Letendre et al., 1999
Guerini et al., 2008
Singh et al., 2003

Other

ApoE-¢4 allele

Conflicting results

HLA-DQB*0402 and DRB1*08
alleles

Mitochondrial 4917G
polymorphism of haplotype T

TNF-a-1031*2

encephalitis in the setting of HIV
exposed patients

exposed patients

IL-12B (3_ UTR)"2
exposed patients

Polymorphism in the gene

Higher likelihood of developing toxoplasmic

Higher incidence of peripheral neuropathy in NRTI-
Higher incidence of peripheral neuropathy in NRTI-
Lower incidence of peripheral neuropathy in NRTI-

Greater incidence of neurological side-effects with

Corder et al., 1998; Dunlop et al., 1997;
Pemberton et al., 2008; Diaz-Arrastia et al., 2004
de Sorrentino et al., 2000

Hulgan et al., 2005; Canter et al., 2008

Cherry et al., 2008

Cherry et al., 2008

Haas et al., 2004

Price et al., 2001

encoding for the hepatic enzyme Efavirenz

CYP2B6

HLA-B44 and HLA-A2, B44 More common in patients who experience neuroIRIS in
DR4 the form of CMYV retinitis and/or encephalomyelitis

studied example of this phenomenon is the P-glycoprotein
drug transporter in which genetic polymorphisms are known
to affect the bioavailability of protease inhibitors and may also
influence viral replication (reviewed in Owen, Chandler, &
Back, 2005). In addition, many of the genetic polymorphisms
mentioned previously in this chapter have also been studied in
patients receiving antiretroviral therapy (Hendrickson et al,,
2008). In particular, it has been observed that the polymor-
phisms CCR5-A32, CX3CR1-V249], and CCL5 haplotype
H1 all decreased time to viral suppression, whereas the CCR5
P1 haplotype, CXCL12-3’A, and two CCCL5 haplotypes
were associated with delayed viral suppression (Hendrickson
etal.,, 2008). It is conceivable these polymorphisms might also
lead to variable outcomes in the development of neurological
disease.

Multiple studies have demonstrated how genetic polymor-
phisms contribute to the development of neurological side
effects associated with antiretroviral therapies. Nucleoside
reverse transcriptase inhibitors (NRTIs) were a frequent cause
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of distal sensory polyneuropathy in HIV-seropositive patients
although recently these drugs have been used less frequently as
aresult of this off-target effect. The putative mechanism involves
mitochondrial injury resulting in peripheral neuropathy (Cui,
Locatelli, Xie, & Sommadossi, 1997; Dalakas, Semino-Mora,
& Leon-Monzon, 2001, Zhu et al., 2007). One group has dem-
onstrated that the mitochondrial haplotype T is associated with
a higher incidence of peripheral neuropathy in NRTI-exposed
patients (Hulgan et al., 2005). This same group has demon-
strated that it is the mitochondrial 4917G polymorphism of
haplotype T which is associated with peripheral neuropathy
(Canter et al., 2008). In addition, it has been demonstrated that
specific genetic polymorphisms in inflammatory cytokines are
also associated with increased and decreased incidence of
peripheral neuropathy, suggesting a role for inflammation in
the pathophysiology of NRTT-associated peripheral neuropa-
thy (Cherry et al., 2008). Specifically, TNF-a-1031*2 was posi-
tively associated with the development of neuropathy while
IL-12B (3_ UTR)*2 appeared to be protective.
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Efavirenz, a non-nucleoside reverse transcriptase inhibitor,
is commonly associated with neurological side effects includ-
ing dizziness, concentration difficulties, somnolence or diffi-
culty sleeping, and vividly abnormal dreams (Marzolini et al.,
2001). A polymorphism in the gene encoding for the hepatic
enzyme CYP2B6 has been associated with a greater incidence
of neurological side effects (Haas et al., 2004), and this geno-
type has also been associated with a higher plasma level of the
drug suggesting that the increased side effects represent a dose-
response effect. Interestingly, in this study, all of the patients
developed tolerance to these side effects over time.

Differences in the development of hyperlipidemia and
hypertriglyceridemia have also been described among HIV
seropositive patients receiving protease inhibitors (Chang
et al., 2009; Tarr et al., 2005; Fauvel et al., 2001; Foulkes
et al., 2006). Dyslipidemia contributes to cardiovascular
disease and increased risk of cardiovascular disease in patients
with HIV (reviewed in Anuurad, Semrad, & Berglund,
2009).

Immune Reconstitution Inflammatory Syndrome

There is evidence that genetic factors might participate in the
development of neurological immune reconstitution inflam-
matory syndrome (neuroIRIS). One study has shown that
HLA-B44 and HLA-A2, B44 DR4 are more common in
patients who experience neurolRIS in the form of CMV
retinitis and/or encephalomyelitis (Price, Keane, Stone,
Cheong, & French, 2001). This same group has demonstrated
that IRIS appears to be associated with polymorphisms in the
TNF-a, IL-12B, and IL-6 genes (Price et al., 2002). Another
study examined the frequency of genetic polymorphisms
observed in the CCRS, CCLS, CCR2, and CXL12 genes
among patients with HIV-related progressive multifocal leu-
koencephalopathy(PML)oranentitytermed “non-determined
leukoencephalopathy” (Guerini et al., 2008). Guerini et al’s
term, “non-determined leukoencephalopathy,” describes a
PML-like leukoencephalopathy, which occurs after initiation
of antiretroviral therapy in the absence of detectable JC virus
in the CSF, and resembles, in many ways, neuroIRIS. In the
latter study, the investigators reported no differences in the
distribution of the mutations of CCRS, CCR2, or CXCL in
the populations studied; however, they did observe a
statistically significant increased rate of the CCL5-403 G/A
polymorphism in the non-determined leukoencephalopathy
group compared with HIV seropositive controls with
neurological disease.

VIRUS-ENCODED DETERMINANTS
OF HIV-1 NEUROPATHOGENESIS

In addition to differences in host factors, neuropathogenesis is
also affected by a variety of viral factors which contribute to
neuroinvasion, neurotropism, and neurovirulence. We will
discuss how different viral proteins and genetic polymor-
phisms thereof contribute to differences in these aspects of
neuropathogenesis. We will also address these issues in direct

relation to clade differences and in the relative occurrence of
shared genetic differences between clades.

NEUROINVASION AND NEUROTROPISM

Several mechanisms of neuroinvasion have been highlighted
above although the principal route of viral entry into the CNS
remains unclear. For example, a low CD4 T cell nadir, indica-
tive of marked immunosuppression in the peripheral
circulation at the time of HIV-1 seroconversion, confers a
greater risk of developing subsequent neurological disease. By
inference, HIV-1 strains, which replicate efficiently in blood as
a quasi-species by causing early immunosuppression, are more
likely to enter the nervous system and eventually cause disease,
as suggested by studies of simian immunodeficiency virus
(SIV) infections (van Marle & Power, 2005). What viral fac-
tors determine the relative success in terms of brain entry
remain obscure to date; although, it is evident most viral
strains entering the CNS are macrophage-tropic while both
macrophage- and dual-tropic strains are present in the PNS
(Jonesetal., 2005). The brain and peripheral nerve microenvi-
ronments are distinct from the peripheral circulation in terms
of immunological surveillance, cytokine milieu, and target cell
characteristics. This uniqueness in the CNS environment can
contribute to the variation of viral genotypic characteristics.
Analysis of viral isolates from different brain regions of HIV-
infected patients revealed the predominance of CCRS5 co-re-
ceptor usage for entry and macrophage tropism (Albright
et al,, 1999; Gorry et al,, 2001; Ohagen et al., 2003; Power
et al,, 1998). The different viral genotypes residing in diverse
areas of the brain combined with their differential tropism and
co-receptor use suggest that neurotropic variants exist that
may be governing the neurological manifestations of HIV dis-
ease in infected patients (Smit et al., 2001). In this section, the
role of different viral proteins and their genetic variations
related to neurotropism will be discussed (Table 1.4.2).

Viral Differences in Receptor Usage

As previously discussed, in the nervous system, productive
HIV infection is limited to macrophages and microglia. The
CD4 molecule expressed by microglial cells binds to the viral
envelope glycoprotein, gp120, and initiates viral entry. This
binding induces a conformational change and allows subse-
quent interaction with a chemokine receptor, usually CCRS5 or
CXCR4, leading to fusion of viral and target cell membrane
(Deng et al., 1996; Dragic et al., 1996; Wu et al., 1996). The
viral strains that are macrophage-tropic (R5) tend to use the
CCRS co-receptor while the CXCR4 co-receptor is used prin-
cipally by the lymphotropic (X4) virus strains. There are some
viral strains that are dual-tropic (X4RS) and infect both the
macrophages and lymphocytes. In fact, dual-tropic strains have
been described in both the peripheral and central nervous sys-
tems (Choe et al., 1996). Several viruses also engage different
sets of co-receptors, including CCR3 and CCR2b (Choe et al.,
1996). CCRS is chiefly used as the co-receptor in the CNS,
and macrophage tropism is essential for CNS HIV infection
(Albright et al., 1999; Gorry et al., 2001; Ohagen et al., 2003;
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Power et al., 1998). Macrophages and microglia express CCR5
and CCR3 together with lower levels of CD4 compared with
CD4+ T cells (Bannert, Schenten, Craig, & Sodroski, 2000).
Several brain-derived HIV strains have been identified in
patients with HAD that replicate efficiently in macrophages
and microglia yet have reduced dependence on CD4 and
CCRS receptors (Gorry et al,, 2002). Reduced CD4 viral
dependence on CD4 has been associated with increased mac-
rophage tropism (Thomas et al., 2007).

Env

The env gene of the HIV genome encodes the viral envelope
protein gpl60, which is subsequently cleaved into two pro-
teins: gp120 and gp41. During HIV infection, the envelope
protein gp120 binds to the CD4 receptor on susceptible cells
resulting in viral entry (Wyatt & Sodroski, 1998). The protein
gp120 is detectable in the autopsied brains of HIV-infected
patients (Jones, Bell, & Nath, 2000). It can disrupt blood-
brain barrier integrity and enhance monocyte migration,
thereby enhancing viral entry into the brain (Kanmogne et al.,
2007). Mutations in gp120, especially in the hypervariable
V3, V4,and V5 domains, are distinct in the brain compared to
other tissues (Dunfee et al., 2007; Shimizu, Shimizu, Takeuchi,
& Hoshino, 1994; Gartner et al,, 1997). Analysis of V3 region
sequences of the env gene from the brains of HIV-infected
patients with and without dementia showed predominant
CCRS use. Given that macrophages are the chief cells infected
in the CNS, the prevalence of CCRS use in brain-derived
HIV strains from patients with and without dementia may
have important clinical implications (Shah et al., 2006).
Phylogenetic analyses of full length viral sequences isolated
from blood plasma and CSF of infected individuals showed
clustering of sequences by compartment (Pond et al., 2008).
Mutations in positions 5, 9, 13, and 19 of the V3 loop have
been demonstrated as signatures for brain-derived HIV strains.
Particularly, proline at position 13 is the most significant
marker for compartmentalized HIV strain (in contrast to his-
tidine in HIV strains found in the periphery) (Power et al.,
1994; Pillai et al., 2006), even though this substitution is not
thought to influence macrophage tropism (Thomas et al.,
2007). Moreover, the V4 and V5 regions appear to be impor-
tant for neurotropism (Gartner et al., 1997). On the other
hand, a variant in the CD4-binding site of HIV gp120, Asn
283 (N283), has been identified at high frequency in the brain
from patients with HAD. N283 increases gp120’s afhinity for
CD4, enhancing the capacity of the HIV envelope to use low
levels of CD4 and increasing viral replication in macrophages
and microglia (Dunfee et al., 2006). The envelope from a neu-
rovirulent SIV strain interacts with CCRS in a CD4-
independent manner similar to that of the neurotropic HIV-1
strain (Bonavia, Bullock, Gisselman, Margulies, & Clements,
2005). Additionally, there is significant sequence diversity in
the V1-V2 loop among demented and nondemented groups
in brain-derived ezv sequences showing distinct phylogenetic
clustering (Power et al., 1994; Power et al., 1998).

In the peripheral nervous system, analysis of the C2V3
nucleotide sequences of the env gene from patients with and
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without sensory neuropathy showed no distinct clustering.
The charge and amino acid composition of the V3 loop iso-
lated from the peripheral nervous system suggests some CCR5
dependence as opposed to seemingly exclusive CCRS depen-
dence as observed in the CNS (Jones et al., 2005).

Nef

Nef is a 27KDa accessory HIV-1 protein synthesized early in
the viral cycle. It interacts with various host proteins and plays
a key role in CD4 downregulation and viral infectivity
(reviewed in Foster & Garcia, 2008). Although it is not essen-
tial for viral infection and replication, it has been observed
that nef-deleted strains of HIV have lower infectivity
(Messmer, Ignatius, Santisteban, Steinman, & Pope, 2000). In
the CNS, 7¢f mRNA and protein has been detected in the
astrocytes of brain autopsies of HIV-infected individuals
(Saito et al., 1994; Tornatore, Chandra, Berger, & Major,
1994). In vitro infection of microglia cells infected with zef-
expressing viral strains induced higher p24 levels compared
with zefnull strains, indicating its role in infecting the mac-
rophage (Si et al., 2002). Nef'also increases blood-brain bar-
rier permeability (Sporer et al., 2000) and recruits leukocytes
into the CNS (Koedel et al., 1999), perhaps resulting in
increased viral entry. Sequence analysis of 7¢f reveals that the
gene is more conserved in the brains of patients with demen-
tia, possibly as a consequence of positive selection pressure(s)
(van Marle et al., 2004).

LTR

The long terminal repeats (LTRs) within the HIV genome are
important for viral replication, playing an important role in
viral integration and acting as promoters/enhancers. The LTR
contains three regions: U5, R, and U3; the U3 region of the
promoter is comprised of the promoter, enhancer, and modu-
latory regions. The LTR relies on various viral and host tran-
scription factors for its activity. These host factors include
NF«B, Sp, ATF/CREB, and members of the C/EBP (Kilareski,
Shah, Nonnemacher, & Wigdahl, 2009). Of interest, Nef/
LTR-deleted SIV strains fail to infect the CNS because it has
diminished neurotropism or inefficient viral entry (Thompson
et al., 2003). The LTR is essential for HIV infection in the
CNS; diversity in its sequence has been reported within and
between different regions of the brain and the majority of
these variations is located in the region upstream from the
NF-kB sites (Kilareski et al., 2009).

LTR has three C/EBP binding sites upstream of the tran-
scriptional start site that play a crucial role in viral tran-
scription in macrophage-monocyte cells. Brain-derived LTRs
possess a 6G configuration (where T is substituted by G at
position 6) at C/EBP site I. This mutation is present mainly
in the mid-frontal gyrus of the brains of patients with demen-
tia and is associated with a high affinity for the C/EBP factor
resulting in a higher rate of viral replication. Conversely, a
mutation (4C) in the C/EBP site I, found predominantly in
the cerebellum of patients with HAD, is associated with
lower rates of viral replication (Ross et al., 2001; Burdo,
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Gartner, Mauger, & Wigdahl, 2004). The high affinity of C/
EBP binding may be associated with the maintenance and
pathogenesis of HIV-1 in the brain, while the low affinity
binding may be required for sustaining a reservoir for HIV
infection (Kilareski et al., 2009).

Tat

Tat is a basic protein of 104 amino acids encoded by HIV-1
that binds to the transactivation region (TAR) segment of the
LTR and regulates transcription. It is the first protein pro-
duced during viral replication and is involved in the assembly
of the pre-initiation complex during viral transcription (Brady
& Kashanchi, 2005). Tat activity is limited in the undifferenti-
ated monocyte as there isalack of cyclinT'1, a molecule through
which Tat exerts its actions on viral replication. However, dif-
ferentiation of monocytes into macrophages increases cyclinT'1
expression in the cell and results in greater Tat activity (Yu,
Wang, Shaw, Qin, & Rice, 2006). Cooperative interaction can
occur among Tat, Vpr, and CyclinT'1, leading to upregulated
transcription of the viral genome (Sawaya, Khalili, Gordon,
Taube, & Amini, 2000). Distinct functional and sequence
variation is observed in Tat between brain and periphery.
Comparison of matched brain- and spleen-derived zar
sequences indicates that similarity among brain-derived clones
was greater than that between the brain- and spleen-derived
clones, perhaps stemming from different selective pressure
between the organs (Mayne et al., 1998). Tat-mediated LTR
transactivation in astrocytes is unique, and involves complex
interplay between viral and cellular transcription factors
(Coyle-Rink et al., 2002). In certain CNS-derived cells, Tat is
capable of activating HIV-1 in a TAR-independent pathway
(Taylor et al., 1992). Zar clones derived from patients with
HAD also show different functional properties compared to
those derived from nondemented HIV-infected patients; anal-
yses of brain-derived zat sequences showed distinct clustering
between HAD and nondemented subjects (Bratanich et al.,
1998). For example, LTR transactivation is decreased while

the pro-apoptotic gene, PDCD7, is upregulated by zaz cloned
from individuals with HAD (Boven et al., 2007). Remarkably,
brain-derived zat sequences are heterogeneous in regions
which influence viral replication and intracellular transport
(Bratanich et al., 1998).

Pol

HIV-1 pol encodes a polyprotein of 1447 amino acids which is
cleaved into several functional proteins including reverse tran-
scriptase (RT), protease, RNAse H, and integrase. Like the
other viral proteins discussed before, distinct sequence varia-
tion for the po/ region is found in the CNS. Different patterns
of RT and protease mutations develop in systemic infection
compared to the CNS (Caragounis et al., 2008). However,
unlike za¢ and env, phylogenetic clustering or distinct poly-
morphisms were not observed within brain-derived RT
sequences from HIV/AIDS patients with or without HAD
(Bratanich et al., 1998). Many of the mutations in RT
sequences are within the active sites of the enzyme, possibly
leading to positive selection pressure (Huang, Alter, & Wooley,
2002). These findings are complemented by previous observa-
tions that drug-resistant mutations found in the brain and
CSF differ from those detected in the periphery (Cunningham
et al., 2000; Venturi et al., 2000).

NEUROVIRULENCE

Several experimental approaches have been utilized to delin-
cate the contributions of different HIV-1 genes and regions
to neurovirulence including in vitro and in vivo models.
Furthermore, clinically-derived HIV-1 sequences, largely
derived from the brain, have also been informative.
Recombinant viral proteins can be applied, or vectors con-
taining the viral gene of interest can be transfected into
monocytoid (macrophage/microglia) or astrocytic cells.
However, it should be kept in mind that the effects of the
proteins vary depending on the mode of delivery and give rise

Table 1.4.2 ROLE OF VIRAL PROTEINS IN NEUROTROPISM

Env « Disrupts BBB and mediates viral entry into the brain « Kanmogne etal., 2007
« Brain-derived ezvus have mutations in the V3, V4, and V5 that are associated « Dunfee et al., 2007; Shimizu et al.,
with increased macrophage tropismIncreases blood-brain barrier permeability 1994; Shah et al., 2006
« Increases viral infectivity in macrophages and microglia
Nef « Increases blood-brain barrier permeability « Sporer etal., 2000
« Increases viral infectivity in macrophages and microglia « Sietal., 2002
LTR « Essential for viral infection of CNS + Thompson etal., 2003
« Diversity in LTR sequence within and between different regions of the brain « Kilareski et al., 2009
is associated with effective viral infection
Pol « Distinct sequence variations in the RT sequence are found in the CNS, many of the which + Huangetal., 2002
occur within the active sites of the enzyme leading to positive selection pressure
Tat « Exhibits distinct functional and sequence variation between brain and periphery perhaps + Mayne etal., 1998
stemming from different selective pressure between the organs « Coyle-Rink et al., 2002

.

interplay between viral and cellular transcription factors

« Capable of activating HIV-1 in a TAR-independent pathway

Mediates LTR transactivation in astrocytes in an unique manner involving complex .

Taylor et al., 1992
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to contradictory results. Similarly, HIV-1 gp120 has been
transgenically expressed in mice using a GFAP promoter that
limits its expression largely to the CNS (Toggas et al., 1994)
and PNS (Keswani, Jack, Zhou, & Hoke, 2006). A vpr trans-
genic animal expresses Vpr only in monocytoid cell lines
(Jones et al. 2007) while transgenic animals for zef, zaz, and
LTR express the transgene in T cells (Brady, Pennington,
Miles, & Dzierzak, 1993; Lindemann et al., 1994; Brady et al.
1995). This section summarizes the role of different viral pro-
teins in neurovirulence based on the ex vivo and in vivo data

(Table 1.4.3).

Envelope Proteins

Gp120 mediates its neurotoxic effects by direct action on the
neurons or indirectly by activating macrophages, microglia,
and astrocytes (Lipton, Sucher, Kaiser, & Dreyer, 1991;
Lipton, 1992; Lannuzel, Lledo, Lamghitnia, Vincent, &
Tardieu, 1995). Gp120 might elicit oxidative stress in neurons
and astrocytes through calcium signal dysregulation, although
neurons are more susceptible to injury (Haughey & Mattson,
2002; Mattson, Haughey, & Nath, 2005). An anti-oxidant
enzyme, Mn-superoxide dismutase, is reported to be down-
regulated in neurons and upregulated in astrocytes by gp120,
rendering differential effects on astrocytes and neurons (Saha
& Pahan, 2007). The interaction of gp120 with the chemokine
receptors CXCR4 and CCRS activates intracellular pathways
leading to neuronal apoptosis (Kaul et al., 2005). This action
is mediated by a number of downstream molecules including
RNA-activated protein kinase (Alirezaei et al., 2007), p38,
and mitogen-activated protein kinase (Singh et al., 2005).
Gpl120 can also induce host molecules, including MMPs
(Russo et al.,, 2007), IL-1B (Cheung et al., 2008), and TNF-«
(Buriani et al., 1999).

Gp120 induces excitotoxicity by suppressing the expres-
sion of the glutamate transporter gene, EAAT2 (Wang et al.,
2003), or by activating NMDA receptors. The V3 region
within gp120 binds to the NMDA receptor at the glycine
binding site and stimulates glutamate release (Pattarini et al.,
1998). However, NMDA receptor antagonists have not been
able to reverse gp120-mediated neurotoxicity (Alessia & Italo,
2004). Dopaminergic neurons also appear to be vulnerable to
gp120-mediated injury (Bennett, Rusyniak, & Hollingsworth,
1995). Gp120 can act synergistically with some drugs of abuse
including methamphetamine and cocaine that also damage
the dopaminergic system (Nath et al., 2000).

Gp41 has been readily detected in the autopsied brains of
patients (Kure et al.,, 1990). It induces NOS2 production,
resulting in neurotoxicity mediated by the N-terminal domain
of the protein (Adamson et al., 1996; Adamson, Kopnisky,
Dawson, & Dawson, 1999). Gp41 might also be involved in
increasing excitotoxicity by eliciting the release of glutamate
and noradrenaline (Wang & White, 2000).

HIV-1 gp120 also participates in the pathogenesis of
peripheral neuropathy. It can exert axonal toxicity directly
resultingin “dying back” of axons and nerve damage (reviewed
in Cornblath & Hoke, 2006). Gp120 is also involved in elic-
iting peripheral pain responses (Milligan et al., 2000;
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Herzberg & Sagen,2001), and perineural HIV-1 gp120 expo-
sure induces a persistent mechanical hypersensitivity (Wallace
etal., 2007). Gp120 may also act through its interaction with
the CCR2 or CXCR4 receptors on Schwann cells, leading to
the release of toxic cytokines and subsequent neuronal injury
(Bhangoo, Ripsch, Buchanan, Miller, & White, 2009).

Transgenic mice expressing gp120 under control of the
GFAP promoter, permitting expression in astrocytes, exhibit
features which are reminiscent of HIV-associated dementia,
including neuronal injury and glial activation. Moreover, these
same animals show neurobehavioral deficits. Likewise, trans-
genic expression of g120 in the PNS is limited to Schwann
cells without an apparent neurobehavioral or neuropathologi-
cal phenotype. However, if these animals are exposed to neu-
rotoxic antiretroviral drugs, they exhibit features of peripheral
neuropathy (Toggas et al., 1994; Keswani et al., 2006).

Importantly, many of the studies described above use
gp120 genes or proteins derived from representative HIV-1
sequences, includingviruses from patients with HI V-associated
dementia. However, there are multiple studies indicating that
HIV-1 gpl120, particularly from brain-derived sequences,
contains mutations highly associated with the development of
dementia (Power et al., 1998). Several of these mutations have
been shown to influence in vitro neurovirulence but none
have been expressed in vivo in transgenic mice or in other
in vivo models (Bonavia et al., 2005).

Vpr

HIV-1 Vprisa 96 amino acid (14KDa) accessory viral protein
synthesized late in the viral life cycle (Schwartz et al., 1991)
and it is essential for infection of macrophages and mono-
cytes. Vpr is a soluble protein that is released by infected cells
although the conditions governing its release remain unclear
despite its potent extracellular actions. Vpr plays an important
role in different cellular functions, including cell cycle arrest
in the G, phase, induction of apoptosis, and nuclear import of
viral DNA into macrophages and other nondividing cells
(Ayyavoo etal., 1997). It is detectable in CSF and brain tissue
from HIV-infected subjects (Levy, Refacli, MacGregor, &
Weiner, 1994; Jones et al., 2007). Vpr can bind to the LTR
sequence of HIV-1 and contributes to viral production. A
substantial proportion of patients with HAD exhibits a par-
ticular sequence at the C/EBP binding site I in the LTR
derived from the brain allowing Vpr to bind with high affinity
to the C/EBP binding site, thereby influencing viral replica-
tion (Burdo, Gartner, Mauger, & Wigdahl, 2004). Vpr expres-
sion in microglia induces chemoattractant CCLS5, which is
essential for viral infection (Si et al., 2002). Application of
recombinant Vpr (rVpr) as well as intracellular Vpr expression
induces neuronal apoptosis through caspase-9 activation
(Patel, Mukhtar, & Pomerantz, 2000; Patel, Mukhtar, Harley,
Kulkosky, & Pomerantz, 2002; Chenget al., 2007; Jones et al.,
2007). rVpralso inhibits axonal outgrowth in neurons through
induction of mitochondrial dysfunction; however, point
mutations of arginine residues at sites 73, 77, or 80 can render
soluble rVpr incapable of causing axonal damage (Kitayama
et al,, 2008). Of interest, a similar point mutation (R77Q) in
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blood-derived HIV-1 stains has been associated with
long-term nonprogressive HIV infection (Lum et al., 2003;
Mologni et al., 2006). Vpr induces H,O, and mitochondrial
ROS (reactive oxygen species) production in the microglia,
underscoring its role in generating oxidative stress in the brain
(Rom et al., 2009; Deshmane et al., 2009); although, neuroin-
flammation is not a feature of Vpr’s pathogenic actions unlike
gp120 and Tat. HIV-1 Vpr has also been proposed to form ion
channels within the plasma membrane (Piller, Ewart,
Premkumar, Cox, & Gage, 1996; Piller, Ewart, Jans, Gage, &
Cox, 1999). This proposed channel-forming property has
been attributed to the N-terminal of the peptide, and the
channels are thought to be open at negative potentials. Vpr can
also alter membrane properties by inducing rapid changes in
neuronal membrane currents by inhibiting voltage-dependent
potassium channels (Jones et al., 2007).

Recent findings suggest that Vpr can exert its actions
directly on astrocytes and microglia. Exposure to Vpr dimin-
ishes expression of astrocyte-specific markers and causes
caspase-6 mediated apoptosis (Noorbakhsh et al., 2010). Vpr
also drives the expression of HIF-1e in microglia cells, which
can lead to oxidative stress (Deshmane et al., 2009). Induction
of calcium signal by Vpr has been observed in astrocytes and
neurons (Rom et al., 2009; Noorbakhsh et al., 2010), and can
cause dysregulation of intracellular signaling pathways.
Alteration or dysfunction of astrocytes and glial cells, in turn,
can cause neuronal damage.

Studies from our group indicate that Vpr is expressed in
the PNS of HIV-infected persons and indeed, a transgenic
mouse expressing Vpr in the PNS exhibits mechanical allo-
dynia with evidence of dorsal root neuronal injury (Acharjee
etal., 2009).

Nef

Nefappears to play an important albeit undefined role in HIV
neuropathogenesis. Nef has an N-terminal myristoylation site
which is co-translationally modified (Hammes, Dixon, Malim,
Cullen, & Greene, 1989) and associates with the plasma mem-
brane (Bentham, Mazaleyrat, & Harris, 2006). Recent studies
also indicate that Nef may be secreted (Campbell et al., 2008);
antibodies to Nef have been detected in the serum in a large
proportion of HIV-infected individuals, suggesting Nef is
secreted extracellularly (Ameisen et al., 1989; Cheingsong-
Popov et al., 1990). Nevertheless, the presence of extracellu-
lar Nef remains controversial. Recombinant Nef (rNef) is
cytotoxic to neurons and glial cell culture (Trillo-Pazos,
McFarlane-Abdulla, Campbell, Pilkington, & Everall, 2000).
HIV-1 Nef might contribute directly to neuropathogenesis by
causing astrocyte death together with indirect neuronal death
through the cytotoxic actions of induced IP-10 on neurons
(van Marle et al., 2004). Grafting of Nef-transduced mac-
rophages into the rat hippocampus induced monocyte/mac-
rophage recruitment, expression of TNF-alpha, astrogliosis,
and behavior changes in rats (Mordelet et al., 2004). Nef is
also shown to induce quinolinic acid production in mac-
rophages (Smith et al., 2001). Quinolinic acid is a neurotoxic
molecule, and indeed, it is elevated in the brains of

HIV-demented individuals (Heyes et al., 1991). Nef has
sequence and structural similarity to a neurotoxic scorpion
peptide and also shares some of its functional properties
(Werner et al., 1991). Nefinduces a range of host genes includ-
ing MMP-9, MCP-1, IL-6, TNF-«, IFN-y, and CCLS in the
CNS which can influence neuronal viability (Koedel et al,,
1999; Sporer et al., 2000; Si et al., 2002). Transgenic expres-
sion of zef under the control of the LTR did not exhibit neu-
ropathogenic effects despite itsimmunosuppressive phenotype
(Hanna et al., 2009).

Tat

Tat is a secreted viral protein with diverse effects on neural
cells in the CNS (Li et al,, 2009). Tat causes neuronal damage
by acting directly on neurons or indirectly by activating glial
cells. Tat-induced neuronal injury occurs through multiple
cellular pathways; Tat induces neuronal apoptosis through
mitochondrial dysfunction and caspase activation (Kruman,
Nath, & Mattson, 1998). Several types of neurons in the den-
tate gyrus, striatum, and the CA3 region of the hippocampus
are more vulnerable to Tat (Rappaport et al., 1999; Maragos
et al,, 2003; Li et al,, 2009). In vivo and in vitro studies have
shown that Tat can affect dopaminergic neuron function
(Zauli et al., 2000; Ferris, Frederick-Duus, Fadel, Mactutus,
& Booze, 2009; Zhu et al., 2009). Tat induces cytosolic cal-
cium in neuronal cells using extracellular sources and IP, sen-
sitive intracellular stores of the cell (Haughey, Holden, Nath,
& Geiger, 1999). Tat also activates ryanodine receptors in the
endoplasmic reticulum, inducing an unfolded protein
response and mitochondrial hyperpolarization (Norman
et al., 2008). Mitochondrial hyperpolarization leads to gen-
eration of ROS, activation of caspases, and ultimately, apop-
tosis (Kruman et al., 1998; Singh et al., 2004). Amino acids
31-61 of Tat are thought to be the active region that is
involved in electrophysiological changes, specifically, by depo-
larizing the membrane (Magnuson et al., 1995; Nath et al.,
1996; Cheng et al., 1997), increasing the whole-cell inward
current and decreasing membrane resistance (Brailoiu,
Brailoiu, Chang, & Dun, 2008). Tat interacts with neurons
through at least two receptors, heparan sulfate and lipopro-
tein receptor associate protein (LRP) (Liu et al., 2000).
Heparan sulfate helps Tat to localize to the cell membrane
while LRP helps to internalize it through endocytosis. Tat
can also bind to the NR1 subunit of the NMDA receptor
(Li et al., 2008). Tat’s interaction with NMDA receptors is
yet another way by which it exerts its effects. Tat induces cal-
cium entry through NMDA receptors and causes synaptic
loss in neuronal cultures (Kim et al., 2008). LRP, an NMDA
receptor and the post-synaptic density protein-95 (PSD-95)
form a complex and Tat stimulates this complex leading to
neuronal injury (Eugenin et al., 2007). Tat might also cause
synaptic dysfunction by upregulating mir-128, which is a
neuron-encoded microRNA involved in regulating SNAP25
expression. Tat can also act synergistically with other toxic
molecules, like gp120, (Bansal et al., 2000; Nath et al., 2000a)
and substances of abuse (Nath et al. 2002), resulting in
exacerbation of neuronal dysfunction.
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In addition to direct toxicity, Tat acts on the glial cells
causing them to release host toxic molecules. Tat stimulates
production of a multitude of host cytokines and chemokines,
including TNF-¢, CCL2, CCLS5, CXCLI10, and SDF-1 (Li
et al,, 2009). MMPs (Johnston et al., 2001), NOS2 (Polazzi,
Levi, & Minghetti, 1999), and quinolic acid (Smith et al., 2001)
expression are induced by Tat, all of which can result in neuro-
toxicity. Sequence variation in Tat is linked to differences in neu-
rotoxic potential. For example, clade B Tat is more neurotoxic
compared with clade C Tat, and alteration in a dicysteine motif
within the neurotoxic region of clade B Tat is associated with this
difference (Mishra, Vetrivel, Siddappa, Ranga, & Seth, 2008).

Virus-encoded microRNAs

MicroRNAs (miRNA) are small RNA molecules encoded
from the genomic (host or viral) DNA in the same manner

as RNA. The hairpin secondary structure in the RNA is rec-
ognized and cleaved sequentially by the action of two
enzymes, Dicer and Drosha, giving rise to an miRNA which
is a duplex of two RNA strands approximately 22 nucleotides
long (Yeung, Bennasser, Le, & Jeang, 2005). The microRNA
binds to the 3 UTR with imperfect complementarity and
functions as a transcription repressor. There is growing evi-
dence that many viruses express miRNA and regulate their
replication and host response (Klase et al., 2007; Klase et al.,
2009). Recent studies show that HIV also encodes microR-
NAs through processing of the HIV-1 TAR element by the
Dicer enzyme (Klase et al., 2007). This viral miRNA is
detectable in infected cells and appears to contribute to viral
latency and alters cellular function (Klase et al., 2007; Klase
et al, 2009). Further research may elucidate the role of
miRNA and differential Dicer enzyme expression in HIV
replication in the CNS.

Table 1.4.3 ROLE OF VIRAL PROTEINS IN NEUROVIRULENCE

GENE FUNCTION REFERENCE
Env « Elicit oxidative stress in neurons and astrocytes Haughey et al., 2002; Mattson, 2005
« Induce neuronal apoptosis Kaul et al., 2005
« Cause glutamate excitotoxicity by suppressing the expression of glutamate Pattarini et al., 1998; Wang et al., 2003
transporter gene, EAAT2 or by activating NMDA receptors Reviewed in Cornblath & Hoke, 2006; Wallace,
« Induces painful peripheral neuropathy 2007; Bhangoo et al., 2009
Nef « nefsequence is more conserved in the brains of patients with dementia, van Marle et al., 2004
possibly as a consequence of positive selection pressure(s) Mordelet et al., 2004
« Causes astrogliosis and astrocyte death Smith et al., 2001
« Mediates behavior changes in rats Koedel et al., 1999; Sporer et al., 2000; Si et al.,
« Induces quinolinic acid production in macrophages 2002
« Activates host genes including MMP-9, MCP-1, IL-6, TNF-, IFN-y,
and CCLS5 in the CNS which can influence neuronal viability
Vpr « Expression in microglia induces chemoattractant CCLS, which Sietal., 2002
is essential for viral infection Patel et al., 2000; Patel et al., 2002; Cheng et al.,
« Expression induces neuronal apoptosis through caspase-9 activation 2007; Jones et al., 2007
« Inhibits axonal outgrowth in neurons through induction of mitochondrial Kitayama et al., 2008
dysfunction Rom et al., 2009; Deshmane et al., 2009
« Induces H,0, and mitochondrial ROS production in the microglia, Piller et al., 1996; Piller et al., 1999; Jones et al.,
underscoring its role in generating oxidative stress in the brain 2007
« Alters neuronal membrane properties Noorbakhsh et al., 2010
« Causes astrogliosis and causes caspase-6-mediated apoptosis Acharjee et al., 2009
« Can cause peripheral neuropathy
Tat « Induces neuronal apoptosis through mitochondrial dysfunction Kruman et al., 1998

and caspase activation

« Causes cytosolic calcium influx in neuronal cells

« Induces unfolded protein response, mitochondrial hyperpolarization,
generation of ROS, activation of caspases, and ultimately, apoptosis

« Alters neuronal membrane properties by inducing membrane
depolarization, increasing whole-cell inward current, and decreasing
membrane resistance

« Affects dopaminergic neuron function

« Activates NMDA receptor and causes neuronal injury

« Causes synaptic dysfunction by upregulating mir-128 which is a neuron-
encoded microRNA involved in regulating SNAP25 expression

« Acts synergistically with other toxic molecules, like gp120, and substances
of abuse resulting in exacerbation of neuronal dysfunction

« Stimulates production of a multitude of host toxic molecules including
TNF-a, CCL2, CCL5, CXCL10, and SDF-1, MMP, iNOS, and quinolic
acid which can result in neurotoxicity

Haughey et al., 1999

Norman et al., 2008; Kruman et al., 1998; Singh
etal., 2004

Magnuson et al., 1995; Nath et al., 1996; Cheng
et al., 1997; Brailoiu et al., 2008

Zauli et al., 2000; Ferris et al., 2009; Zhu et al.,
2009.

Lietal., 2008; Kim et al., 2008

Eletto et al., 2008

Bansal et al., 2000; Nath et al., 2000a; Nath et al.,
2002

Lietal., 2009, Johnston et al., 2001, Polazzi et al.,
1999, Smith et al., 2001
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HIV-1 CLADE-RELATED
NEUROPATHOGENESIS

There are four genetic groups of HIV-lvirus recognized
worldwide: group M (major), group O (outlier), group N
(new, non-M, non-O) (Hemelaar, Gouws, Ghys, & Osmanov,
2006), and group P (Plantier et al., 2009). Group M accounts
for the vast majority of cases and is subdivided into nine major
subtypes or clades (Hemelaar et al., 2006). Clade C accounts
for 50% of cases worldwide, followed by clades A (12%), B
(10%), G (6%), and D (3%) (Hemelaar et al., 2006). Clade B
is the subtype most frequently encountered in North America
and Europe (Hemelaar et al., 2006) and is therefore the clade
which has been the most studied in the clinic. Prevalence of
subtypes differs markedly throughout the world with the larg-
est variability in clade prevalence in Africa (Hemelaar et al,,
2006). The classification system was initially based on the env
sequence but applies to all regions of the viral genome
(Hemelaar et al.,, 2006). Of interest, we reported that molecu-
lar diversity in brain-derived HIV-1 A and D clade env
sequences displayed greater evolutionary distance than B clade
brain-derived viruses (Zhangetal., 2001). Similarly, molecular
diversity between matched brain and spleen env clones was
clade-dependent and concentrated in the hypervariable V4
region (Zhang et al., 2001).

Whether HIV clade contributes to pathogenesis, progres-
sion to AIDS, mortality, drug resistance, or neuropathogene-
nesis remainsa topic of ongoing debate and research (Hemelaar
etal., 2006; Liner, Hall, & Robertson, 2007). There is evidence
supporting differences in disease progression comparing dif-
ferent subtypes in isolated populations (Kiwanuka et al., 2008;
Kaleebu et al., 2002; Vasan et al., 2006). There have also been
several studies highlighting possible differences in neurological
complications comparing different subtypes. This topic was
reviewed by Liner and colleagues (Liner et al, 2007).
Previously, it was believed that the prevalence of HIV-
associated dementia was rare in clade C-seropositive patients
(Teja, Talasila, & Vemu, 2005; Wadia et al., 2001). This notion
is also supported by the observation that the pathological
changes seen within brains from HIV-1 clade C-infected
patients are different from those described in clade B patients
with the striking absence of multifocal microglial nodules and
multinucleated giant cells (Mahadevan et al., 2007). More
recently however, Gupta and colleagues found a prevalence of
60.5% of mild to moderate cognitive impairment among a
group of HIV-1 clade C-seropositive adults from South India,
which is similar to reports of prevalence in clade B infection.
No cases of severe cognitive impairment were identified in this
cohort (Gupta et al., 2007). In a prospective study completed
in South Africa, Modi and colleagues reported a 38% preva-
lence of HAD, similar to that reported in clade B infection
(Modi, Hari, Modi, & Mochan, 2007). Significant differences
in the frequency of HAD comparing HIV-1 clade D and clade
A have also been reported (Sacktor et al., 2009). It appears as
though conflicting evidence regarding prevalence of various
neurological complications among HIV-1 clades exists and
further study is therefore warranted.

Possible mechanisms have also been explored for viral
subtype differences in disease progression. One postulated
mechanism relates to subtype differences in viral tropism
related to differences in the use of chemokine receptors by dif-
ferent virus subtypes. CCRS is the co-receptor used by non-
syncytium-inducing variants for viral entry and CXCR4 is the
co-receptor most commonly used by syncytium-inducing vari-
ants (Peeters et al., 1999; Kaleebu et al., 2007; Zhang et al.,
1996; Tscherning et al., 1998). Strains utilizing the CXCR4
co-receptor replicate more quickly which is correlated with
faster discase progression (Peeters et al., 1999; Tscherning
et al, 1998). Many HIV-1 strains also change co-receptor
usage as the disease progresses with higher frequency of co-
receptor CXCR4 use later in the disease during the rapidly
progressing end-stage (Kaleebu et al., 2007). There also appears
to be an earlier shift to CXCR4 co-receptor use from CCR5
co-receptor use in clade D compared to clade A, which has
been postulated as a reason for increased systemic pathogenic-
ity seen in clade D (Kaleebu et al., 2007). In the CNS, how-
ever, macrophage tropism and use of CCRS as co-receptor for
viral entry appear to be important prerequisites for infection
(Power et al., 1998; Reddy et al., 1996; Gorry et al., 2001;
Albright et al., 1999; Chan et al., 1999). CXCR4-dependent
viruses and dual tropic viruses are infrequently found in the
CNS (Reddy et al., 1996; Gorry et al,, 2001), and although
these differences in co-receptor use may prove to be important
when considering differences in disease progression, it seems
unlikely that these differences explain the variation seen in
neurological disease among subtypes.

One possible mechanism for subtype difference relates to
the Tat protein and excitotoxicity. HIV-infected macrophages
can cause neuronal injury through the extracellular release of
Tat protein (Magnuson et al., 1995). Tat activates the NMDA
receptor (Song, Nath, Geiger, Moore, & Hochman, 2003),
resulting in excitotoxicity. It appears as though this activation
occurs through the direct binding of Tat protein to the
NMDA receptor and the resulting neurotoxic response is
clade specific (Li et al., 2008; Mishra, Vetrivel, Siddappa,
Ranga, & Seth, 2008). When comparing clades B and C, it
appears as though there is an equal amount of Tat protein
released; however, the Tat released from clade C results in sig-
nificantly lower toxicity (Li et al., 2008; Mishra et al., 2008). It
is thought that the Cys31Ser mutation in clade C Tat may be
critical for activation of the NMDA receptor with resultant
excitotoxicity without affecting the binding of Tat to the
NMDA receptor (Li et al., 2008).

Differences between clades B and C have also been dem-
onstrated using the SCID mouse HIV encephalitis model
(Rao et al,, 2008). Clade B infected mice develop more severe
neurobehavioral deficits as compared to clade C infected mice
with similar brain viral loads. Mice infected with clade C,
however, showed decreased pathology and reduced monocyte
chemortaxis (Rao et al., 2008). It appears as though chemotaxis
is induced by macrophages through the release of Tat (Rao
et al., 2008), which also results in the release of CCL2 by
astrocytes and monocytes (Conant et al., 1998; Weiss et al.,
1999; D’Aversa, Yu, & Berman, 2004). It appears as though
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there is reduced release of CCL2 chemokine with infection by
clade C virus, resulting in reduced monocyte chemotaxis.

Another possible mechanism involves differences in the
V3 loop of the envelope glycoprotein, gp120, between sub-
types, which also may affect neurovirulence (Liner et al., 2007;
De Jong et al., 1992; Zhong et al,, 1995). Clade D strains
appear to have a more variable pattern of the V3 loop as com-
pared to clade C, and in particular, this variability has been
shown in HIV entry into the CD4 cell (Hwang, Boyle, Lyerly,
& Cullen, 1991; Zhang et al.,, 2001). Similar types of viral
envelope diversity have also been shown to affect the progres-
sion of neurological disease in other retroviruses (Johnston
et al.,, 2000; Mankowski et al., 1997). The V3 region of the
envelope has been shown to influence the release of neurotox-
ins from macrophages and has been postulated to be directly
neurotoxic (Liner et al., 2007; Kaul et al., 1999; Kong et al.,
1996; Power et al., 1998; Yeung, Pulliam, & Lau, 1995; Zhao,
Kim, Morgello, & Lee, 2001).

FUTURE PERSPECTIVES

Most of the studies described herein have been performed
using the models of HIV-infected brain cells or using brain
tissues from patients with or without HAD from HIV-1 clade
B-infected persons. The full spectrum of non-clade B virus-
related neurological disease remains unknown. With increas-
ing migration, there is growing viral subtype diversity globally,
which may impact on care and provides increasing impetus for
the further study of all viral subtypes (Krentz et al., 2009).
Similarly, the contributions of viral and host genetic diversity
to the occurrence of HIV-associated neurological disease and/
or neurodevelopment in children remains unclear to date.

In addition, genome-wide scans of different popula-
tions infected by HIV will likely highlight new susceptibil-
ity loci or mutations for HIV-related neurological disorders.
Comprehensive molecular studies of peripheral neuropathy
are lacking and it is plausible individual differences in the devel-
opment of HIV DSP and other peripheral nervous system
manifestations of HIV infection may also be, in part, affected
by viral and host genetic differences. Moreover, the impact of
antiretroviral therapy and ensuing drug resistance mutations
on the neurological disease phenotypes and response to treat-
ments remains to be defined. The increasing use of advanced
technologies such as pyrosequencing as well as verifiable clini-
cal and epidemiological data are imperative for the ongoing
understanding of HIV/AIDS neuropathogenesis, permitting
the development of new diagnostic and therapeutic options for
this broad group of disabling neurological disorders.
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GENETIC SUSCEPTIBILITIES FOR NEUROAIDS

Srinivas Mummidi, Jason F. Okulicz, Edwina J. Wright, Weijing He, and Sunil K. Abuja

Among HIV-1 infected patients, clinical involvement of the
central and peripheral nervous systems is widespread but far
from universal, even among untreated patients. The precise
basis for differences among individuals in the natural history
of HIV-1 disease is largely unknown. Conceptually, these
differences may be attributed to environmental, viral, host,
and other factors. Ihis chapter focuses specifically on host
genetic polymorphisms that influence susceptibility to the
spectrum of HIV-1 associated neurological disorders, peripheral
neuropathies, and central nervous system (CNS) opportunistic
infections. Particular attention is paid to polymorphisms for
cytokines, chemokines and their receptors, and a number of
other cellular products (apolipoprotein E, mannose-binding
lectin).  Also discussed are polymorphic determinants of
drug-related CNS effects (efavirenz) and of progressive
multifocal leukoencephalopathy and nondetermined leukoen-
cephalopathy.

INTRODUCTION

One of the hallmarks of HIV infection is the involvement of
the central and peripheral nervous systems. Approximately
one-third of patients with advanced, untreated HIV disease
develop neurological disorders, including central nervous
system (CNS) opportunistic infections (OIs); HIV-1-
associated neurocognitive disorders (HAND), including the
most severe form, HIV-associated dementia (HAD); and
HIV-related distal sensory peripheral neuropathy (SN).

The advent of highly active antiretroviral therapy
(HAART) in 1996 afforded a highly salutary increase in
patient survival and decrease in the incidence of CNS disor-
ders including CNS OIs and HAD (Bhaskaran et al., 2008;
Dore et al., 1999). However, the availability of HAART has
attenuated but not extinguished disorders of the CNS: In
HIV-infected patients receiving long-term HAART, milder
HIV-associated neurocognitive disorders remain present in
up to 40% of patients (Cysique & Brew, 2009; Sacktor et al.,
2002); SN remains prevalent in patients in both resource-
poor (Wright, 2009) and -rich countries (Ellis et al., 2010) as
a consequence of HAART toxicity. Additionally, CNS
immune restoration disease (IRD) occurs in up to 20% of
patients initiating HAART in the setting of CNS opportunis-
tic infections (Muller et al., 2010). Hence, neurological disor-
ders remain an ongoing challenge for HIV-infected patients
and their treating clinicians.
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The precise basis for the inter-subject differences in the
prevalence of CNS disorders during HIV infection is
unknown. Conceptually, these differences may be due to
inter-subjectdifferencesin environmental (e.g., co-infections),
viral (e.g., neurotropism of infecting strain), and host (e.g.,
genetic polymorphisms) determinants as well as other comor-
bid conditions such as Alzheimers Disease (AD) or
Parkinson’s Disease (PD). There is increasing evidence that
genetic variations in human genes may predispose individuals
to neurological disorders such as Alzheimer’s disease (Bras &
Singleton, 2009; Brouwers, Sleegers, & Van Broeckhoven,
2008; Cacabelos, 2009; Pardo & van Duijn, 2005; Pinholt,
Frederiksen, & Christiansen, 2006; Rademakers, Cruts, &
Van Broeckhoven, 2003; Rademakers & Rovelet-Lecrux,
2009; Tsuang & Bird, 2002) neurodevelopmental and periph-
eral nerve disorders (Baloh, 2008; Stankiewicz & Lupski,
2010; Verhoeven et al.,, 2006; Verpoorten, De Jonghe, &
Timmerman, 2006), and epilepsy (de Kovel et al., 2010). Asa
corollary, there has been increasing emphasis on evaluating
the role of host genetics in the pathogenesis of viral infections
of the nervous system and studies have focused mainly on
infections with HSV-1 (Hill, Bhattacharjee, & Neumann,
2007), West Nile virus (Ahuja & He, 2010; Glass et al., 2006;
Lim etal.,2009; Lim et al., 2008; Lim et al., 2010), tick-borne
encephalitis (Kindberg et al., 2008), and HIV-1 (reviewed in
Hill, 2006). In this chapter, we have reviewed the host genetic
polymorphisms that influence pathogenesis of HAND,
including HIV-1-associated dementia, peripheral neuropa-
thies, CNS opportunistic infections, and drug metabolism
relevant to CNS disorders.

HIV-1-ASSOCIATED NEUROCOGNITIVE
DISORDERS

The term HIV-associated neurocognitive disorders is an
umbrella term used to describe asymptomatic neurocognitive
impairment, mild neurocognitive disorder, and HAD
(Antinori et al., 2007). Asymptomatic neurocognitive impair-
ment occurs in at least 15% of patients (Antinori et al., 2007;
Wojna et al., 2006) and is characterized by abnormal perfor-
mance on neuropsychological testing. However, this abnor-
mal performance is not reflected in the patients’ day-to-day
lives, whereby patients are asymptomatic and fully functional.
Mild neurocognitive disorders occur in up to 40% of patients
(Robertson et al., 2007) and are characterized by abnormal



neurocognitive performance and mild interference in
performance of activities of work and daily living.

HIV-1-ASSOCIATED DEMENTIA

HIV-1-associated dementia (HAD) is one of the leading
causes of dementia in young adults worldwide (Sackeor et al.,
2001). Before the introduction of HAART, 15-20% of
patients with advanced untreated HIV disease developed
HAD. In the pre- and post- HAART eras the estimated inci-
dence of HAD is 6.49 and 0.66 per 1000 person years, respec-
tively (Bhaskaran et al., 2008). HAD is a subcortical dementia
characterized by the triumvirate of severe cognitive impair-
ment, psychomotor slowing, and behavioral disturbance that
significantly interfere with a patient’s activities of daily living
and the capacity to work. HAD lies at the severe end of the
spectrum of HAND. Approximately half of HIV-infected
individuals with HAD had neuropathological changes at post-
mortem, discovered during autopsy, and a quarter had a triad
of clinical cognitive, behavioral, and motor abnormalities
ranging from mild motor/cognitive deficits to overt dementia
(Gendelman et al., 1997; McArthur et al., 1993). The intro-
duction of HAART has considerably reduced the incidence of
HAD (Bhaskaran et al., 2008; Dore et al., 1999).

However, due to increased longevity associated with
HAART there has been a significant increase in other clinical
manifestations of HAND. For example, Sacktor et al. com-
pared HIV-associated cognitive impairment before and after
the advent of HAART, and found that though HAART had
reduced the incidence of HIV dementia, HIV-associated cog-
nitive impairment continued to be prevalent in patients receiv-
ing HAART (Sacktor et al., 2001). Similar findings were
noted in an Australian study by Cysique et al. (2004). Recently,
the prevalence rate for HAND was found to be approximately
50% in HIV-1-infected individuals from the United States
(McArthur & Brew, 2010). Furthermore, additional factors
such as age (Cherner et al., 2004), and comorbid conditions
including co-infection with hepatitis C virus (Cherner et al.,
2005), vascular disease (Becker et al., 2009; Wright et al.,
2010), and substance use (Rippeth et al., 2004) are thought to
contribute to the development of cognitive disorders in HIV-
infected patients. Furthermore, there is evidence to suggest
that neurodegenerative diseases, notably AD and PD are
occurring with increased frequency in HIV-infected patients
receiving antiretroviral therapy (Brew et al., 2009; Tisch &
Brew, 2009). Brew et al. have hypothesized that there are path-
ways common to aging, HIV infection, and neurodegenera-
tive diseases that may afford thisaccelerated neurodegeneration
and that host factors and antiretroviral toxicity may contrib-
ute to this process (Brew et al., 2009). To support this, recent
data show an overlap between protein expression from the
frontal lobes of patients with AD and patients with HAD
(Zhou et al., 2010).

The greater life expectancy of HIV-1-infected individuals
in the HAART era coupled with the increasing age of HIV-
positive populations (Murray, McDonald, & Law, 2009)
suggests that the current prevalence of HAND, albeit
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compounded or modified by the above-mentioned factors,
may persist or rise over the next decade. A proportional
increase in HAD compared with other AIDS-defining ill-
nesses and a marked increase in the median CD4 cell count at
HAD diagnosis have occurred since the introduction of
HAART (Dore et al, 1999). Furthermore, several recent
studies suggest that HANDs are prevalent in persistently
treated aviremic patients (recently reviewed by McArthur
et al., 2010). It should also be noted that in resource-poor
countries, the prevalence of HAD is high (Riedel et al., 2006)
and hence likely has a negative impact upon the workforce and
hence the social and economic framework of these countries.
Surprisingly, there is discordance between the manifested
neurocognitive disorders and characteristics related to HIV,
including plasma viral load, host immune status, and disease
progression rates. HIV-induced neuropathology has been
often linked to infiltration of mononuclear phagocytes (MP)
from the periphery and inflammatory mediators produced
during HIV encephalitis. Clinical disease is often, but not
always, correlated with neuropathologic features of HIV-
induced encephalitis (HIVE). HAD is a subcortical dementia
that traditionally affects the basal ganglia and deep white
matter. It is characterized by productive infection of brain
macrophages and microglia, giant cell formation, macrophage
infiltration into the brain, and neocortical atrophy (neuronal
loss, dendritic arbor damage, and spatial neuron alterations)
(Asare et al., 1996; Everall et al., 1999; Masliah et al., 1997).
Glass et al. demonstrated that the best histopathologic corre-
late of HAD is the number of inflammatory MPs in the CNS
(Glass et al., 1993). Interestingly, most patients with HIVE
have HAD, but not all HAD patients have HIVE. Even mini-
mal increases in the numbers and, perhaps even more impor-
tantly, the state of MP immune activation could be sufficient
to cause neurological dysfunction. Activated MPs produce a
variety of neurotoxins including arachidonic acid and its
metabolites, platelet-activating factor, pro-inflammatory
cytokines, quinolinic acid, neurotoxic amines and nitric oxide
(Achim, Heyes, & Wiley, 1993; Adamson et al, 1996;
Bukrinsky et al., 1995; Garden et al.,, 2002; Gelbard et al.,
1994; Genis et al., 1992; Giulian et al., 1996; Grimaldi et al.,
1991; Heyes et al., 2001; Nottet et al., 1995). Viral proteins
such as gp120, gp41, and Tat or virions binding to chemokine
receptors expressed on neurons can also affect neuronal viabil-
ity and/or function. Indeed, there is widespread microglial
activation and accompanying reactive astrogliosis in the areas
with pronounced dendritic damage (Adle-Biassette et al,
1999; Giometto et al., 1997). Thus, the initial events that lead
to entry of the virus into the brain culminate in neurodegen-
erative changes that manifest as neurocognitive disorders and
MPs likely play an important role in both of these processes.
On the basis of the aforementioned, it can be envisaged
that polymorphisms that impact on the expression of genes
encoding inflammatory mediators can lead to inter-individual
differences in MP recruitment and activation, and in turn
influence susceptibility to developing the full spectrum of
HAND. However, the precise repertoire of host genetic fac-
tors/networks that influence HAD/HAND pathogenesis
remains largely unknown. Polymorphisms in genes other than
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those classically involved in inflammatory response have also
been implicated in HAND susceptibility (e.g., APOE alleles).
Furthermore, host genetic polymorphisms have been found
to be involved in CNS side effects resulting from antiretrovi-
ral therapies and have provided impetus to develop personal-
ized therapeutic regimens as discussed in the later sections of
this chapter. For example, a powerful and an exciting example
of use of personalized genetics in clinical therapy is screening
for patients for HLA subtype B*5701 allele, as this was found
to be associated with hypersensitivity to abacavir (Mallal
etal., 2008).

HOST GENETIC VARIATIONS RELATED
TO HAND

Overview

Before discussing individual genes that have been implicated
in the genetic susceptibility to HAND, we will provide a brief
overview on the role of various cytokines and chemokines
in HIV-1-induced neuroinflammation. HIV is thought to
enter the CNS during very early stages of infection. It has
been proposed that there is continuous recruitment of

Table 1.5.1 POLYMORPHISMS ASSOCIATED WITH HIV-ASSOCIATED NEUROCOGNITIVE DISORDERS AND

NEUROPATHIES.?

NAME GENETIC VARIATION MECHANISMS EFFECT ON HAND AND/OR REFERENCES
PERIPHERAL NEUROPATHIES
Chemokine Receptors
CCR5 CCRS5 A32 (rs333) Truncated CCRS protein A32/+ genotype associated with significantly Singh, 2003
CCR5-2135"T>C Increased CCRS expression delayed disease progression, including less Boven, 1999
(rs1799988) neurocognitive impairment and low risk of onset  van Rij, 1999
of AIDS dementia complex. Singh, 2003
59353 C/C genotype associated with CNS
abnormalities
CCR2 CCR2-p.Val64lle * Linkage disequilibrium with The CCR2 64I bearing allele was associated with  Singh, 2004
(rs1799864) CCRS variants; heterologous faster rate of progression to neuropsychological
receptor desensitization of CCR5  impairment in HIV-1-infected adults
and CXCR4
CX3CRI CX3CR1-p.Val249Ile Presence of 280Met reduces Children with 249]Ile in homozygous state Singh, 2005
(rs3732379); receptor expression and experienced accelerated disease progression
CX3CRlp. binding of the cognate ligand and a trend toward greater CNS impairment;
Thr280Met(rs3732378) CX3CLI1(fractalkine) while Children with 249Val-280Thr bearing haplotype
249Val-280Thr does the opposite  experienced significantly less disease progression
and CNS impairment
DARC DARC —46T>C Regulate circulating chemokine ~ —46C/C protected against the rate of progression  He, 2008
(rs2814778) levels; influences binding of of neurocognitive deficits to HAD
HIV-1 and transinfection of
HIV target cells; in linkage
disequilibrium with p.Asp42Gly
which associates with serum levels
of CCL2, CCLS5 and CXCLS.
Chemokines
CCL3LI CCL3L1 low copies Modulation of CCRS expression  Accelerated rate of disease progression to HAD ~ Gonzalez,
plus detrimental CCR5  levels; HIV-1 suppression 2005
genotypes
CCL3 rs1130371 Possible linkage disequilibrium  TT genotype for the CCL3 rs1130371 was Levine, 2009
(MIP-1a) with variation in CCL3, CCL4 or associated with a twofold increase in risk for HAD
CCL18
CCLs CCL5-403G>4 —403A associated with increased ~ CCLS5 —403 G/A polymorphism was significantly Guerini, 2008
(RANTES) (rs2107538) CCLS5 expression associated with PML-like leukoencephalopathy,
known as nondetermined leukoencephalopathy
(NDLE)
CXCLI2 c¢.*519G>A (rs1801157) Increased levels of CXCL12 Children with the SDFI-3'A4/A genotype Singh, 2003
(SDF-1) Other Names: mRNA and had a faster decline in neurocognitive faculties
(SDF1-3"-4) enhanced mRNA stability
(Continues)
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Table 1.5.1 (CONTINUED)

NAME GENETIC VARIATION MECHANISMS EFFECT ON HAND AND/OR REFERENCES
PERIPHERAL NEUROPATHIES
CCL2 CCL2-2578 A>G CCL2 -2578G allele associated ~ CCL2-2578G homozygosity was associated with ~ Gonzalez,
(MCP-1) (rs1024611) with increased transcription, a50% reduction in the risk of acquiring HIV-1 2002
Other Names: protein production and monocyte but accelerated disease progression and a 4.5-fold ~ Singh, 2006
CCL2-25184>G recruitment. It is also associated  increased risk of HAD
with elevated CCL2 levels in CSF.  CCL2-2518G allele was marginally associated
with central nervous system (CNS) impairment in
HIV-infected children
Cytokines
TNF-a TNF-A4-308G>A TNFA —308A is associated with TNFA —-308A was more common in AIDS Pemberton,
(rs1800629) increased production of TNF-a.  dementia complex (HAD) compared to HIV- 2008
Other Names: Possible LD with SNPs in other ~ negative controls. High risk of HAD in African ~ Quasney,
TNEA2 genes involved in inflammation American individuals with —308A. 2001
TNEA -1031C>T NA Carriage of TNEA —1031*2 is associated with Peterson,
(rs1799964) highest risk for nucleoside analog-associated 2004
Other Names: sensory neuropathy (NRTI-SN).
-1031*2
IL-12 (p40) ILI2B (c.*159A>C) Increased expression? Conflicting  Carriage of IL12B (3’ UTR)*2 is protective for Cherry, 2008
(rs3212227) reports. nucleoside analog-associated sensory neuropathy
Other Names: (NRTI-SN).
3'UTR (+1188 A>C)
IL12B (3’ UTR)*2
IL-1B IL1B 3954C>T IL1B 3954T allele is associated IL1B 3954C>T polymorphism was less frequent  Asensi, 2008
(rs1143634) with increased IL-1@ expression  in patients with lipodystrophic syndrome
Other Names: compared with those without; absence of the
3953C>T 3954T allele was significantly associated with
lipodystrophic syndrome.
Others
MBL2 MBL-2 0/0 genotype Low plasma concentration and MBL-2 O/O genotypes associate with more rapid Catano, 2008
(rs5030737; rs1800450;  structural damage of MBL HIV-1-related disease progression and CNS Spector, 2010
rs1800451) impairment, predominantly in children younger
than 2 years
APOE APOE €2, APOE apoE4 enhances HIV cell entry APOE ¢4 allele is associated with HAND but Burt, 2008
€3, APOE ¢4 alleles in vitro . not in all cohorts. May be age dependent. Corder, 1993
(rs429358; rs7412) Spector, 2010
CYP2B6 CYP2B6516G>T Efavirenz metabolism; higher The CYP2B6 G/T and T/T genotypes were Haas, 2005
(rs3745274) plasma levels of efavirenzlead to  associated with greater severity of CNS symptoms  Rotger, 2005
CNS side effects
Mitochon-  m.49174>G Asparagine to aspartic acid change The mitochondrial 4917G polymorphism may Canter, 2008
drial DNA  Haplogroup T in the ND2 subunit of ComplexI. increase susceptibility to antiretroviral therapy- ~ Hulgan, 2005

Oxidative phosphorylation?

associated peripheral neuropathy

This is a common European mitochondrial
haplogroup that may predict NRTI-associated
peripheral neuropathy

NOTES: * Studies that showed positive associations with HAND or other neuropathies are shown. Please refer to the text for additional references.

*CCRS polymorphism nomenclature is according to Mummidi et al. (2000).

tAbbreviations used: p, protein; ¢, coding DNA; m, mitochondrial DNA; LD, linkage disequilibrium.

monocyte-macrophage lineage cells into the brain. The pre-
dominant cell type that is recruited is the CD16+ activated
macrophage. The CD16+ monocytes are expanded following
HIV-1 infection and are elevated in patients with dementia
when compared to patients without dementia (Pulliam et al.,
1997). The recruitment of CD16+ cells is probably mediated
through the soluble form of CX3CL1 (fractalkine) that is
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physiologically expressed by brain tissue (Ancuta et al., 2003).
Of note, the CD16+ fraction of the monocytes express high
levels of the fractalkine receptor, CX3CR1 (Ancuta et al,
2003). HIV-1 preferentially infects CD16+ cells and probably
gains entry to the CNS through this physiological recruitment
(the “Trojan horse” hypothesis). In addition, CD16+ mono-
cytes may serve as latent reservoirs of the virus in vivo (Ellery
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etal.,,2007). The initial recruitment of HIV-1 infected CD16+
monocyte/macrophages into the brain is likely to trigger the
inflammatory response leading to the expression of cytokines
and chemokines. Two key pro-inflammatory cytokines, TNF-o
and IL-1f are thought to be involved in initiating the inflam-
matory pathways leading to neuronal injury. In addition to
having direct effects on blood-brain barrier permeability as well
as the viability of the neuronal cells, TNF-o and IL-18 upregu-
late expression of several neurotoxic as well as neuroprotective
molecules. One of the predominant chemokines that is released
by the infected macrophages and the activated astrocytes is
CCL2 (MCP-1) which leads to recruitment of CD16- and
CC chemokine receptor 2 (CCR2)+ monocytes to the brain.
An excellent review of the mechanisms involved in neuroinva-
sion by HIV-1 has been recently published (Gras & Kaul,
2010). Below, we review the genotype-HAND associations
described for polymorphisms in genes that encode proteins
that have been implicated in HAND pathogenesis (summa-
rized in Table 1.5.1). The major categories are: I. Cytokines; I
Chemokines and their receptors; III. Other genes.

CYTOKINE GENES

Tumor Necrosis Factor —«

As discussed above, TNF-o that is released by infected micro-
glia may play a key role in neuronal injury following HIV-1
infection (reviewed in (Brabers & Nottet, 2006; Saha &
Pahan, 2003)). However, its exact role in the pathogenesis is
controversial as it has been implicated in both neurodegenera-
tion as well as neuroprotection. Activated macrophages in
HAD show increased expression of TNF-a (Wesselingh et al.,
1997) and TNF receptors. The temporal expression of TNF-«
was found to correlate with dementia progression and severity
(Wesselingh et al., 1993). While the key role of TNF-a in the
pathogenesis of HAD and other cognitive disorders is undis-
puted, its role may be dependent on several factors such as
TNF-receptor usage, its known role in induction of beta
chemokines, effects on blood-brain barrier, potentiation of
toxic effects of other neuroinflammatory molecules, and
monocyte trafficking (reviewed in Saha & Pahan, 2003).

The TNFA gene is located in the major histocompatability
complex (MHC) and polymorphic variation in its regulatory
regions has been implicated in a variety of diseases. Of note, a
G to A transition in the promoter region at position -308
(‘TNF-308A, rs1800629 G>A) is associated with increased
TNF-a expression and increased susceptibility to several infec-
tious diseases (Elahi et al., 2009). However, TNFA gene is
proximal to several inflammatory genes such as lymphotoxin,
and polymorphisms in this region exhibit strong linkage dis-
equilibrium (linked polymorphisms). Thus, disease associa-
tions may not be ascribed a single marker or gene in this locus.
Several studies have examined the association between the
-308 polymorphism and HAD/HIVE. Two studies have
found no association between HIV-1 encephalitis and/or
dementia (Diaz-Arrastia et al., 2004; Sato-Matsumura et al.,
1998); however, this may be ascribed to low patient numbers
in these studies. By contrast, Quasney et al. found that 7NFA2

allele (i.c., those bearing -308A) was found to be overrepre-
sented in adults with HAD when compared to adults without
dementia (Quasney et al., 2001). Similarly, Pemberton et al.
also found that TNEA2 allele was present at increased fre-
quency in patients with HAD when compared to both HIV-
l-infected patients who did not develop symptoms of
dementia as well as HIV-1-negative controls (Pemberton etal.,
2008). The latter study is a meta-analysis and included data
from studies conducted by Quasney et al. (2001) and Diaz-
Arrastia et al. (2004).

Interleukin-1 (IL-1)

Similar to TNF-¢, IL-1 is a pluripotent cytokine and has
powerful inflammatory and immunomodulatory effects.
Comparative studies on human brain samples from HIV-1
patients with and without HAD initially showed that there
was no increase in IL-1 expression during HAD (Wesselingh
et al., 1993). However in a subsequent study, Zhao et al,
showed that IL-1f expression was significantly higher in
brain tissues from patients with HAD when compared to
HIV-1-positive patients without dementia and high expres-
sion was detected in macrophages, microglia, and multinucle-
ated giant cells (Zhao et al., 2001). IL-1@ has pleiotropic
effects and modulates expression of several genes that have
been implicated in neuronal injury as well as neuroprotection
(reviewed in Brabers & Nottet, 2006). Both IL14 and IL1B
genes are polymorphic and may be associated with altered
gene expression (Pociot et al., 1992). Pemberton et al. evalu-
ated the role of IL14 —889 (C>T; rs1800587) and ILIB
3953 (C>T; rs11143634) polymorphisms in HIV-1-infected
patients and found no difference between patients with HAD
and HIV-positive and HIV-negative controls (Pemberton
etal.,, 2008).

CHEMOKINES AND THEIR RECEPTORS

CC Chemokine Receptor 5 (CCRS)

CCRS serves as the major co-receptor for the entry of mac-
rophage-tropic HIV-1 (RS) strains into cells of monocyte
macrophage lineage as well as memory T cells (Alkhatib et al.,
1996; Berger, Murphy, & Farber, 1999; Deng et al., 1996;
Samson et al., 1996). A 32-bp deletion mutation (A32; rs333)
in the CCRS open reading frame leads to formation of trun-
cated protein which fails to get expressed on cell surface.
Homozygosity for this mutation confers almost an absolute
protection against HIV-1 infection (Berger, Murphy, &
Farber, 1999; Liu et al., 1996). It also has a protective pheno-
type in heterozygous state and is associated with decreased
surface expression and delayed disease progression (de Roda
Husman etal., 1997; Gonzalez et al.,, 1999; Huangetal., 1996;
Ioannidis et al., 2001; Mummidi et al., 1998; Zimmerman
et al.,, 1997), although the level of protection may be deter-
mined by the partner CCRS allele (Gonzalez et al., 1999;
Hladik et al., 2005; Mangano et al., 2001; Salkowitz et al.,
2003) and was not consistent in all cohorts examined (Eskild
etal,, 1998; Wilkinson et al., 1998).
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