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Preface to the Series

The mechanisms of disease production by infectious agents are presently
the focus of an unprecedented flowering of studies. The field has undoubt-
edly received impetus from the considerable advances recently made in 
the understanding of the structure, biochemistry, and biology of viruses,
bacteria, fungi, and other parasites. Another contributing factor is our
improved knowledge of immune responses and other adaptive or con-
stitutive mechanisms by which hosts react to infection. Furthermore, re-
combinant DNA technology, monoclonal antibodies, and other newer
methodologies have provided the technical tools for examining questions
previously considered too complex to be successfully tackled. Probably the
most important incentive of all is the regenerated idea that infection might
be the initiating event in many clinical entities presently classified as idio-
pathic or of uncertain origin.

Infectious pathogenesis research holds great promise. As more infor-
mation is uncovered, it is becoming increasingly apparent that our present
knowledge of the pathogenic potential of infectious agents is often limited
to the most noticeable effects, which sometimes represent only the tip of
the iceberg. For example, it is now well appreciated that pathologic
processes caused by infectious agents may emerge clinically after an incu-
bation of decades and may result from genetic, immunologic, and other
indirect routes more than from the infecting agents themselves. Thus,
there is a general expectation that continued investigation will lead to the
isolation of new agents of infection, the identification of hitherto unsus-
pected etiologic correlations, and, eventually, more effective approaches to
prevention and therapy.

Studies on the mechanisms of disease caused by infectious agents
demand a breadth of understanding across many specialized areas, as well
as much cooperation between clinicians and experimentalists. The series
Infectious Agents and Pathogenesis is intended not only to document the state
of the art in this fascinating and challenging field but also to help lay
bridges among diverse areas and people.

M. Bendinelli
H. Friedman
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Preface

This volume, In vivo Models of HIV Disease and Control, is very appropriate,
we believe, for this continuing series on infectious agents and pathogene-
sis. This book describes accumulated and recent knowledge about animal
model systems for studying acquired immunodeficiency caused by viruses,
especially retroviruses and lentiviruses. It is widely acknowledged that
studies on animal retrovirus infections have been a major contributor to
the collective understanding of the biology and mechanisms of the diseases
caused by such viruses. In particular, the onset of the acquired immuno-
deficiency syndrome (AIDS) pandemic in the early 1980s due to infection
by the human immunodeficiency virus (HIV) infection resulted in an
urgent need to understand mechanisms regarding how the immune system
is altered. The resulting collapse of the immune system leading to oppor-
tunistic infections has provided a unique perspective on host-microbe 
interactions. As a result, during the past few decades there has been an
explosion of knowledge concerning the nature and function of normal
immunity, both humoral and cellular, and especially the role of soluble
factors (i.e., cytokines). It was soon recognized that HIV infection prefer-
entially compromises cells of the adaptive as well as innate immune systems
and results in marked immunosuppression so an infected individual
becomes highly susceptible to opportunistic microbes, including other
viruses as well as intracellular opportunistic bacteria and fungi. Studies of
animal retroviruses, including lentiviruses, which cause immunodeficiency
states in rodents, nonhuman primates, and even cats, and so forth,
increased as models. It is widely acknowledged that an understanding of
the nature and mechanism whereby animal studies of immunodeficiency
virus infection, especially ones concerning the nature and mechanism how
such viruses suppress immune resistance, provide important information
applicable to the human AIDS pandemic. In this volume chapters con-
cerning the simian AIDS model, feline immunodeficiency virus (FIV), and
other animal lentiviral infections are examined as model for AIDS.

The first chapter in the book is a historical perspective by Dr. Murray
Gardner, University of California, who pioneered development of the feline
retrovirus model, as well as the simian AIDS model. He presents an his-
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torical perspective of studies concerning animal retrovirus infection
directly related to AIDS. He reviews the early oncogenic virus program at
the National Institutes of Health and worldwide of the late 1960s and 1970s,
which provided early knowledge concerning how RNA tumor viruses in
mice, cats, chickens, cows, and even reptiles, result in malignancy and col-
lapse of the immune system. In particular, studies with murine retroviruses
resulted in discovery of reverse transcriptase and thus a better under-
standing of the molecular biology of how these viruses replicate, resulting
in infection of host cells. This chapter spans immunosuppressive retrovirus
research in the murine system and in larger animals such as cow, horses,
goats, and sheep, as well as the simian models. These studies provided the
foundation for understanding the pathogenesis of lentivirus immuno-
deficiency infection.

Subsequent chapters describe in detail the SIV model, including a
chapter concerning anti-AIDS drug studies in SIV infected monkeys. Other
chapters describe the FIV model, including pathogenesis of the disease,
FIV as a model for HIV treatment with antiviral drugs, protective FIV vac-
cines in infected cats, and the FIV model for studies of drug abuse. Addi-
tional chapters review equine infectious anemia virus as a lentiviral model
and caprine arthritis-encephalitis, also as a model for AIDS. Use of animal
models for direct infection with the AIDS virus is described in a chapter
concerning severe combined immunodeficiency in mice. A chapter con-
cerning newer information about the pathogenesis of HIV infection and
the role of chemokines, and a final chapter on future perspectives using
animals for research directly applicable to humans, especially pathogene-
sis, chemotherapeutic treatment, and vaccine development for human dis-
eases follow.

It is widely acknowledged that immunodeficiency virus studies have
already and will in the future provide numerous beneficial insights for both
basic science and applied medicine. The editors of this volume, as well as
the authors of individual chapters, are encouraged by the many recent 
molecular biologic, immunologic, and pathologic studies, which provide 
a more thorough understanding of the nature and mechanism whereby
immunodeficiency viruses cause disease. We believe continuing interest in
animal models of HIV disease and control will contribute significantly to
advances in the prevention and treatment for immunodeficiency disease
states in humans and domestic animals.

The editors express their gratitude to Ms. Ilona Friedman, who served
as an outstanding editorial assistant for this volume, as for all books in this
series.

Herman Friedman
Steven Specter

Mauro Bendinelli
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Historical Perspective
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1. INTRODUCTION

Research on animal retrovirus infections has contributed mightily to our
understanding of biology and disease over the past century. Until the 1980s
most attention was directed at the cancer-inducing role of the oncogenic
retroviruses and, in particular, their genetic transmission in inbred mice as
endogenous proviral DNA. Only since the onset of the AIDS pandemic in
1981 has interest centered on the nononcogenic, particularly immuno-
suppressive properties of animal and human retroviruses and their epi-
genetic transmission as infectious RNA viruses. The history of animal
oncogenic retrovirus research leading up to the discovery of the first
human oncogenic retrovirus, the human T-cell leukemia virus (HTLV), has
been extensively reviewed.1,2 However, certain aspects of this history bear
repeating here because of the insight they provide into the search for the
cause of AIDS and identification of relevant animal models. In this retro-
spective overview I will mention, from my 35 years experience, some of the
major lessons learned and “misadventures” experienced, intertwined with
major events in recent retrovirus history (Table I).

2. THE VIRUS CANCER PROGRAM (VCP) ERA

1968–1981: Role of Oncogenic Retroviruses and Endogenous Virogenes

During the late 1960s and 1970s the VCP, an NCI-sponsored program,
part of the Nixon era’s War on Cancer, orchestrated a major interdiscipli-
nary effort toward understanding the natural history of oncogenic retro-
viruses in animals and to seek their presence and significance in humans,
particularly as possible causes of cancer.3 The VCP was probably the earli-
est example of “big science,” meaning a coordinated effort of many scien-



tists and institutions toward a common goal. It established precedence in
that sense for the much larger genome projects of recent times. However,
the VCP was largely unencumbered by the proprietary concerns that
govern much of current day biotechnology research. Knowledge in the
mid-1960s that the then so-called RNA tumor viruses existed in many
domestic chickens, lab mice strains, and domestic cats and a strong suspi-
cion of similar agents in cows and even reptiles called attention to their
widespread occurrence in nature and their etiologic association with lym-
phoma, sarcoma, breast cancer, and other hematological malignancies.
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TABLE I
Major Discoveries in the History of Retroviruses

1904 Equine infectious anemia virus, i.e., filterable agent
Valle, Carre

1908–1911 Avian leukosis and sarcoma viruses
Ellerman, Bang, Rous

1944 Murine mammary tumor virus
Andervont, Bryan, Bittner

1950 Murine leukemia and sarcoma viruses
Gross, Moloney, Friend, Rauscher, Kaplan, Kirsten, Harvey, and others

1950s Lentivirus of sheep
Sigurdsson, Palsson, Clements, Cheevers, Narayan, Haase, Nathanson

1965–1975 Feline leukemia and sarcoma viruses
Jarrett, Rickard, Thielen, Kawakami, Gardner, Hardy, and others

1969 Bovine leukemia virus
Miller, Olson
Gibbon ape leukemia virus
Kawakami
Mason-Pfizer monkey virus
Chopra, Mason
Lentiviruses of goats and cows
Hadlow, Crawford, Cork, VanDer Maaten, Gonda, and others

1970s Endogenous retroviruses in cats, mice and nonhuman primates
McAllister, Todaro, Benveniste, Bentzvelsen, Aaronson, Rowe, and others

1980–1982 Human and simian T-cell leukemia viruses
Poiesz, Ruscetti, Gallo, Hinuma, Yoshida, Miyoshi

1983–1984 Type D retroviruses and simian AIDS
Daniel, Letvin, Desrosiers, Marx, Gardner and others
Human immunodeficiency virus (HIV-1) and human AIDS
Barre-Sinoussi, Chermann, Montagnier, Gallo, Levy

1985 Simian immunodeficiency virus (SIVmac) and simian AIDS
Daniel, Letvin, Desrosiers, and others

1986 Human immunodeficiency virus (HIV-2)
Clavel, Montagnier

1987 Feline immunodeficiency virus and feline AIDS
Pedersen, Yamamoto



The isolation, in lab mice, of the mammary tumor Type B retroviruses
(MMTV) in the early 1940s and, especially the murine leukemia Type C
retroviruses (MuLV) in the early 1950s, and demonstration of their verti-
cal (i.e., maternal-fetal) transmission, rekindled enthusiasm for seeking
such agents in other mammals including, of course, humans. Especially
mind-boggling was the realization, in the late 1960s, that some of the
chicken and mice oncogenic retroviruses were apparently transmitted ver-
tically; not just by exogenous means, but also by inheritance in the germ
cell chromosomal DNA as so-called endogenous virogenes.

The almost universal detection of Type C retroviral core antigen in
chicken and mouse embryos, even in the absence of complete viruses, and
the immunological tolerance of adult chickens and mice to this antigen
first suggested to Huebner and colleagues that these retrovirus genes might
be inherited and expressed during embryonic development.4 The ability of
these RNA tumors viruses to exist not only as exogenous virus but also 
as DNA proviral genes integrated into cellular DNA was established in 
1970 with the discovery by Temin and Baltimore of the viral reverse trans-
criptase (RT) enzyme (which prompted the renaming of these agents as
retroviruses) and later by techniques of molecular hybridization and 
transfection of cellular DNA. Temin, in his DNA provirus hypothesis, sus-
pected that the retroviruses were generated de novo by reverse transcrip-
tion of cellular RNA to DNA using cellular RT (i.e., polymerase (pol)
enzyme); this process then prompted the “illegitimate” recombination of
endogenous retroviral genes (e.g., LTR, core, pol and env), which become
expressed as RNA containing virus particles. Independently, this process
might also induce malignant cell transformation via mutations in chromo-
somal DNA.5 Huebner and Todaro, in their viral oncogene hypothesis,
favored the concept that endogenous retrovirus genes, including the so-
called oncogenes, were inherited over evolutionary periods, the result of
ancient infections and, that their activation, postnatally, triggered cancer.6

Both of these ideas were partly correct and together they provided much
of the scientific rationale for the VCP effort of the 1970s. The viral onco-
gene hypothesis was prescient in highlighting the inheritance of virogenes
over evolutionary time periods but wrong in considering the oncogene an
integral component of the virus. The protovirus hypothesis was perceptive
in predicting a function for cellular RT enzymes in normal cell biology
(e.g., pseudogene formation and gene duplication), but probably over-
stated the importance of RT in causing mutations leading to cancer or cre-
ating oncogenes de novo. However, RT containing retrotransposons, which
make up a major portion of repetitive DNA in the human genome, are now
suspected of speeding up the natural mutagenesis process tremendously by
facilitating genetic shuffling.7 Another major contribution of the avian and
murine Type C retroviruses was, of course, as a source of RT enzyme, which
has been essential for making complementary DNA from RNA transcripts
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in vitro, a vital step for recombinant DNA technology and modern gene
expression assays.

Support for the importance of endogenous retrovirus genes was ini-
tially gained from inbred AKR laboratory mice in which thymic lymphoma
resulted universally by about 1 year of age from the activation and later
recombination of inherited Type C retrovirus genes.8 Evidence around
1970 suggested that similar endogenous virogenes were present and poten-
tially activatable in the genomes of all mammals, including feral mice and
other species such as feral jungle fowl. It was also then known that some
sarcomas, arising spontaneously in chickens, mice, or cats, or experimen-
tally induced in rats by MuLV, contained a mixture of replication com-
petent Type C leukemia viruses and replication-defective but rapid
cell-transforming sarcoma viruses.9 In the prototype Rous sarcoma virus
(RSV) of chickens the highly oncogenic component was called the sarc
gene. The counterpart sarc gene of the Moloney sarcoma virus (MSV) of
lab mice could be “rescued” in vitro or in vivo by the competent “helper”
MuLV and even by leukemia viruses of unrelated species (e.g., FeLV). Quite
logically, this “moveable oncogene” was at first considered a component of
the retrovirus genome. However, the RSV sarc oncogene was later shown
by molecular hybridization (1976) to be a normal cellular gene that had
been transduced by the Type C avian leukemia virus (ALV). Similar onco-
genes, representing cell genes acting at various levels of the normal growth
signal-promoting cascade, were then found in oncogenic retroviruses iso-
lated from mouse mammary tumors and from sarcomas or other highly
malignant hematopoietic cancers in chickens, turkeys, lab mice, domestic
cats, and a woolly monkey. Naturally occurring feline sarcoma viruses were
a particularly rich source of transduced cellular oncogenes. The same
oncogenes were occasionally transduced by sarcoma viruses of different
species (e.g., chickens, cats, mice). Animal Type C sarcoma viruses were
thus the source of the initially characterized cellular oncogenes, about 30
in number. After 1980 it became apparent that the more common and
slowly acting animal leukemia viruses were free of transduced oncogenes
and caused their type of cancer by transforming specific target cells via acti-
vation of cellular oncogenes (e.g., myc) from the nearby insertion of exoge-
nous proviral DNA containing promoter elements in the LTR.9 In humans,
the cellular oncogenes were activated in the neoplastic process, not by
retroviral transduction or proviral insertional activation, but by mutational
activity via chromosomal aberrations such as translocation, amplification,
or point mutation.

The VCP research emphasis on the role of endogenous retrovirogenes
now seems unrealistic in retrospect, but it certainly paid off with the dis-
covery of cellular oncogenes. The growth industry of signal transduction
research continues vigorously to this day and has led to several successful
anticancer drugs directed at oncogene products. In summary, apart from
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the inbred lab mouse, the naturally occurring leukemia viruses in chick-
ens, wild mice, domestic cats, gibbon apes, and cows, all discovered before
1980, are all transmitted exogenously via body secretions, although recom-
bination with related endogenous virogenes may enhance their patho-
genicity. Reduction of virus load by active or passive immunization, or
especially inbreeding of resistance genes, often helps to prevent the asso-
ciated disease. In contrast to the animal lentiviruses, described below, the
genetic stability and low pathogenicity of most animal oncoretroviruses
make them much more amenable to vaccine control measures.

The discovery of HTLV in 198010,11 proved that, as anticipated, humans
are not exempt from retrovirus infection. However, HTLV causes only a
small fraction (<1%) of total human leukemias, mostly occurring outside
the United States (e.g., southern Japan), a fact that helps explain why it
took a decade of intensive search to find this first human retrovirus.12 Like
the animal leukemia viruses, HTLV is transmitted exogenously (i.e., not
inherited), and like MMTV and the wild mouse MuLV, mainly by milk. In
its relative genetic stability, failure to recombine with endogenous viro-
genes or oncogenes, and its ability to induce neurologic disease as well as
chronic leukemia, HTLV resembles the wild mouse MuLV discovered a
decade earlier.13 Milk transmission of either wild mouse MuLV or HTLV
can be largely controlled by foster nursing, and this results in a decreased
incidence of the associated diseases. Rather than promoting cell transfor-
mation by proviral insertional activation of cellular oncogenes, as seen with
the animal leukemia viruses, HTLV carries an extra viral gene called TAX
that transactivates (rather than cis-activates) cellular IL-2 or its receptor,
thus initiating the neoplastic process.14 In its viral genome organization and
pathogenesis HTLV resembles the bovine leukemia virus (BoLV), an inter-
esting development insofar as bovine leukemia–prone cowherds were sus-
pected of harboring a causative retrovirus long before isolation of BoLV in
1969. Soon following the isolation of HTLV, numerous closely related
STLVs were isolated from African and Asian nonhuman primates and
apes.15 Phylogenetic analysis suggested the HTLV strains originated by
cross-species spread of STLV from monkeys and apes to humans in distant
evolutionary times. With sequencing of the human genome now complete
it is clear that endogenous retrovirus elements, mostly LTR, gag, and pol
sequences, make up a major portion of human repetitive DNA. However,
these sequences are largely inert, and even when expressed as RNA tran-
scripts or protein products they have not been proven to be linked to any
known beneficial or harmful biologic effects, many suggestions not with-
standing.16 No wonder, then, that so much effort has been made in vain to
uncover a role for endogenous virogenes in human cancer or other dis-
eases. Regardless, the VCP provided the opportunity for many scientists,
including new investigators like myself, to work and learn together about
retroviruses. This was a truly exciting endeavor, and it furnished the exper-
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tise, reagents, and technology that later proved so vital to the discovery and
understanding of the immunosuppressive retroviruses.

The AIDS Era: 1981–Present: Immunosuppressive Retroviruses

Following the first recognition of AIDS in young homosexual men in
1980, it was 3 years before the isolation of the causative retrovirus. During
this interval oncogenic Type C or HTLV-1 related retroviruses were strongly
suspected and searched for based on the knowledge that retroviruses could
induce nonneoplastic degenerative and immunosuppressive diseases in
animals (Table II) and man. Certain strains of ALV, MuLV, and FeLV had
long been known to induce a generalized immunosuppression in chickens,
lab mice, and domestic cats, respectively. Their immunosuppressive effects
were thought to probably involve defects in cytokine production affecting
normal T- and B-cell maturation and function or the presence of suppres-
sor T-cells.17 Certain MuLV strains in wild and lab mice were found
causative of a degenerative neurologic disease, not too unsimilar to HIV
encephalopathy, accompanied in some instances by thymic depletion and
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TABLE II
Animal Models of Retrovirus Infection and Immunosuppression

Animal Retrovirus Genus Pathogenesis

Chickens ALV, REV, SNV Type C Lysis of T-cells; suppression of T+B cell
production

Mice MuLV Type C Suppression of T+B cell production;
super antigen driven T+B cell
proliferation from defective MuLV
(MAIDS)

Cats FeLV Type C Suppression of T+B cell proliferation.
T-cell lyses by defective FeLV
(FAIDS)

Cats FIV Lentivirus Similar to AIDS; selective depression
of CD4+ T-cells

Macaques SRV Type D Suppression of T+B cell proliferation,
possibly by viral interference with
cell receptor function

Macaques SIV Lentivirus Similar to AIDS; selective depression
of CD4+ T-cells

Macaques HIV-2 Lentivirus Similar to AIDS; selective depression
of CD4+ T-cells

Macaques SHIVs SIV/HIV Similar to AIDS; selective depression
Recombinants of CDT4+ T-cells

Baboon HIV-2 Lentivirus Some AIDS-like features but not
consistently reproducible



immunosuppression.18,19 One particular strain of MuLV (Dupan-Laterjet
strain) was later touted as a murine model for AIDS, called MAIDS.20 Sim-
ilarly, a strain of FeLV caused an acute immunosuppressive disease exper-
imentally in domestic cats that was called feline AIDS or FAIDS.21 Both
MAIDS and FAIDS resemble the acute leukemia and sarcoma viruses of
chicken and mice in that they are mixtures of defective and competent
helper viruses. The defective component of the MAIDS virus is responsible
for the polyclonal activation of both T- and B-cells, preempting their
normal function and leading to secondary immune dysregulation. The
FAIDS virus is a highly T-cell cytotropic and cytopathic defective virus whose
cytopathicity is attributed to specific mutations in the envelope glycopro-
tein. In both of these models the helper virus can cause leukemia after a
longer incubation period. As putative models for AIDS all of the oncogenic
animal retroviruses have the disadvantage of not causing a selective deple-
tion of CD4+ T-helper cells, the hallmark of AIDS. Moreover, the
lentiviruses are not thought to involve mixtures of pathogenic defective and
helper leukemogenic viruses nor do lentiviruses activate cellular onco-
genes, as far as we know. An extensive search for lentiviruses in wild mice
(Mus musculus domesticus) in southern California, Africa, and Europe, using
serologic and PCR probes, proved unsuccessful (unpublished data). There-
fore, for AIDS pathogenesis, vaccine and drug therapy research, the small
animal oncogenic retrovirus models have largely been replaced by the large
animal lentivirus models.

3. DISCOVERY OF HIV

Based primarily on the FeLV model of immunosuppression it was
strongly suspected, at first, that the new disease, AIDS, was caused by an
immunosuppressive variant of the existing HTLV family of human retro-
viruses; thus the initial nomenclature HTLV III. Supporting this hypothe-
sis was the detection in AIDS patients of RT activity and serologic
cross-reactivity with HTLV-1, but these results were later proven to be non-
specific. Because oncogenic retroviruses do not lyse infected cells, some
investigators thought it unlikely that a retrovirus of that type could cause
a destruction of CD4+ T lymphocytes as seen in AIDS. The discovery of the
bona fide causative retrovirus in the cultured lymph node cells from an
AIDS patient took place at the Pasteur Institute in 1983.22 The secrets to
success were the detection of RT activity in culture media after a much
shorter incubation period (~1 week) than characteristic of HTLV (~3
weeks), and the disappearance of RT activity coincident with loss of CD4
T-cells in the culture, in contrast to the immortalization of CD4+ T-cells as
seen with HTLV. The virus, at first called LAV for lymphadenopathy virus,
could only be propagated by the repeated addition of fresh peripheral
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blood mononuclear cells (PBMCs) containing the target T-cells. Most
telling was the immunologic cross-reaction in gel diffusion of LAV antigens
with the equine lentivirus (EIAV) and the electron microscopic appearance
characteristic of lentivirus particles. Ironically, the very first animal disease
to be assigned a viral etiology (i.e., filterable agent) in 1904 was equine
infectious anemia. However, it was 1976 before EIAV was classified as a
lentivirus. Despite considerable skepticism, these findings were soon
proven correct, and further research, done at the Pasteur Institute,
National Cancer Institute (NCI), and elsewhere, established this lentivirus,
renamed HIV-1, as the cause of the AIDS epidemic and began to elucidate
its pathogenesis.23 The NCI’s initial AIDS virus isolate, HTLV-III, was later
shown to be identical to LAV, whereas the first bona fide U.S. AIDS virus
isolate became known in 1984 from a San Francisco gay male.24 A second,
less pathogenic, strain of HIV (HIV-2) was isolated in 1986 by Institute
Pasteur scientists.25 Based on historical precedence, the AIDS pandemic
and its causative lentivirus were totally unexpected. No animal oncogenic
retrovirus models even remotely resembling AIDS in epidemiologic or clin-
ical pathologic features had ever been observed. Furthermore, lentiviruses
had never before been found in humans, so the recognition of HIV as a
lentivirus was a huge surprise.

4. SHEEP, GOAT, HORSE, AND COW LENTIVIRUSES

Since the mid-1950s the lentivirus genus of retroviruses had been rec-
ognized as the cause of slowly progressive degenerative diseases of certain
farm animals, namely sheep—visna virus (VV), goats—caprine arthritis
encephalitis virus (CAEV), horses—equine infectious anemia virus (EIAV),
and cows—bovine immunodeficiency virus (BIV). Indeed, visna virus was
the prototype “slow virus,” responsible in the 1950s for wiping out all of
the sheep in Iceland; the inbred sheep had become infected through intro-
duction of a few carrier rams from Germany.26 However, these slow virus
diseases had a lower priority in the VCP agenda because this type of retro-
virus was not directly associated with cancer. Ironically, the natural history
of the large animal lentivirus diseases proved to be a remarkable harbin-
ger of what was to come with HIV infection of humans. In common with
HIV infection, monocyte/macrophages are a major target cell for lentivirus
infection in these animals, and disease manifestations reflect the antiviral
immune response directed at tissue sites where the infected macrophages
congregate (e.g., brain, lung, joints).27 Most ominously, also in line with
HIV, the immune defenses of these animals are unable to eliminate the
virus, primarily because of the frequent mutations in the viral genes and
the existence of latent proviral DNA, out of sight of the immune defenses.
Not surprisingly, early attempts to vaccinate sheep, goats, and horses
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against their lentivirus usually failed and sometimes enhanced the infec-
tion. A major difference from AIDS-inducing lentiviruses, discovered later,
is that the farm animal lentiviruses do not infect and kill CD4+ T lympho-
cytes and, therefore, do not cause immunosuppression; instead they cause
a lifelong chronic infection resulting in an often fatal, immunopathogenic
inflammatory disease.

5. ANIMAL MODELS OF HIV INFECTION

Soon after the discovery of HIV-1 in 1983, extensive efforts were made
to infect small animals and nonhuman primates with representative HIV-1
isolates. Rodents and rabbits were not susceptible to infection. Efforts to
create a HIV-1/AIDS susceptible transgenic mouse strain by insertion of
HIV-1, CD4, and chemokine coreceptor genes has not yet been achieved.
Among macaque species, rhesus monkeys were not susceptible and pig-
tailed macaques (M. nemestrina) were only transiently infected with HIV-1.
The only animals susceptible to persistent infection with HIV-1 were gibbon
apes and chimpanzees, but only the latter were available in sufficient
number for adequate testing. With the exception of one HIV-1 chimpanzee
that developed AIDS-like symptoms 10 years after inoculation, none of the
few infected gibbons or over 100 persistently infected chimpanzees devel-
oped any disease over many years of observation. These animals appeared
able to control the virus, although not eliminate it, by virtue of a strong
humoral and cellular immune response. Therefore, as animal models for
HIV-1–induced AIDS, none of the small animals or nonhuman primates
tested appear suitable.28

However, it has been proven possible to infect human T-cells with HIV-
1, leading to characteristic cytopathology in immunotolerant SCID mice
bearing human transplants of thymus, liver, or PBMCs.29,30 These SCID/hu
mouse models have been useful for studying virus–T-cell interactions and
the effects of antiviral therapy but not for investigating the immunopatho-
logic responses that are so instrumental in the pathogenesis of AIDS.
SCID/hu mice bearing replication competent HIV-1 transgenic leukocytes
provide a new system for characterizing reservoirs of HIV-1 and evaluating
therapeutic strategies.31

By contrast, certain strains of HIV-2 (e.g., strain 287) have been found
to cause persistent infection and typical AIDS in pig-tailed macaques;32 this
represents an excellent animal model for AIDS pathogenesis, vaccine, and
treatment research. Baboons are also susceptible to persistent infection
with some strains of HIV-2 (e.g., UC2) and some of the animals develop
AIDS like symptoms.33 However, the experimental induction of full-blown
AIDS with HIV-2 is less reproducible in baboons than in pig-tailed
macaques.
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6. MACAQUE RETROVIRUS MODELS OF AIDS

Macaque species are susceptible to two different retroviral-induced
fatal immunosuppressive disease syndromes, both of which have been
called simian AIDS or SAIDS.34 Historically, the first of these syndromes
described occurs naturally in captive macaques and is caused by a nononco-
genic Type D retrovirus, now called Simian retrovirus (SRV), which is
indigenous (not endogenous) to macaque species. The second syndrome
is caused by the lentivirus SIV, which is not indigenous in macaques, so is
purely an experimental disease. Because SIV is most closely related to HIV-
1 and even more closely related to HIV-2, and because the pathogenesis of
SIV induced SAIDS appears so similar to that of HIV-1–induced AIDS, the
term Simian AIDS (SAIDS) is now reserved for the SIV experimentally
induced disease.

7. SRV: TYPE D VIRUS

In 1981–1983, after recognition of AIDS in humans but before the iso-
lation of the causative lentivirus, a Type D retrovirus was independently dis-
covered, almost simultaneously, as the cause of outbreaks of a fatal wasting,
immunosuppressive syndrome resembling AIDS that had been occurring
for several years in rhesus macaques at the New England (NERPRC) and
California Regional Primate Centers (CRPRC).35 This discovery focused
further attention on the likely etiologic role of a retrovirus in the newly
observed AIDS outbreak. The virus strain, SRV-1, isolated at both centers,
was found closely related, not to HIV-1, but instead to the prototype Type
D virus called Mason Pfizer monkey virus (MPMV). MPMV had been iso-
lated in 1970 from a spontaneous mammary carcinoma of a rhesus monkey.
Efforts, at that time, to transmit cancer to recipient rhesus monkeys with
this Type D virus were unsuccessful, much to the disappointment of the
VCP. Instead, the virus induced thymic atrophy and a fatal immunosup-
pressive disease in newborn macaques,36 an observation that did not attract
much attention because AIDS had not yet been recognized in humans. In
the mid-1980s MPMV was reisolated from a frozen stored sample of the
original rhesus breast tumor and reinoculated into rhesus macaques in
which it induced the same fatal immunosuppressive disease as was then
occurring naturally, caused by the related but distinct SRV-1 strain.37 Several
other SRV strains were subsequently recovered from various macaque
species with the immunosuppressive syndrome at other primate centers. At
the Washington and Oregon Regional Primate Centers the SRV-2 strain,
more distantly related to SRV-1 and MPMV (SRV-3), was associated, par-
ticularly in pig-tailed macaques, with not only fatal immunosuppression,
but also with a unique vascular and mesenclymal cell proliferation, called
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retroperitoneal fibromatosis (RF), that exhibited many features in
common with Kaposi’s sarcoma. In recent years a herpes virus closely
related to the Kaposi sarcoma herpes virus has been demonstrated in asso-
ciation with RF.38

The clinical-pathologic features of end-stage SRV disease resemble ter-
minal AIDS in that both syndromes feature profound lymphoid depletion
of lymphoid organs and similar opportunistic infections. SRV differs from
HIV/SIV by having a wider cell tropism including CD4+ and CD8+ T-cells,
B-cells, macrophages and epithelial cells in the gastrointestinal tract, sali-
vary gland, and choroid plexus. SRV thus induces a more generalized
immunosuppression without selective depletion of CD4+ T-cells. The path-
ogenic mechanism may involve an antiproliferative effect on lymphoid cells
as a result of SRV occupying a cell surface receptor normally functioning
in neutral amino acid transport. SRV also differs from HIV/SIV by causing
a lesser degree of immune activation in earlier stages of the infectious
process and by the absence of associated lymphomas.

SRV is spread primarily via saliva during fighting and biting. Compared
to HIV/SIV, SRV is a much more stable virus with minimal genetic varia-
tion within each strain or outbreak. Accordingly, the macaque immune
system can often contain and occasionally eliminate the virus by develop-
ment of neutralizing antibodies and other immune defenses (e.g., cytotoxic
T-lymphocytes). In its natural history, SRV infection of macaques rather
resembles FeLV infection of cats. Vaccines made of whole killed SRV or
recombinant vaccinia virus expressing SRV envelope antigen protect
against the homologous virus by the induction of neutralizing antibody.

Because of its high morbidity and mortality SRV remains a serious
problem for investigators working with macaques and for macaque-
breeding facilities. SRV infection accounts for over 99% of the naturally
occurring AIDS-like syndrome in macaque colonies at various primate facil-
ities. Undetected infection with SRV can certainly confound all types of
other research using macaques. Fortunately, highly sensitive and specific
serologic and PCR assays are available in reference labs to eliminate SRV-
infected monkeys. Despite the differences between SRV and SIV/HIV, the
highly reproducible and rapid transmission of SRV disease, along with the
short turnaround time (7–10 days) for in vitro assays makes this an attrac-
tive primate model for studying the mechanism of immune suppression
from an acquired retrovirus.

8. SIV: LENTIVIRUS

The history of the SIV macaque model, like that of the SRV macaque
model, reveals that unrecognized outbreaks of SIV-induced AIDS occurred
in rhesus monkeys more than a decade before human AIDS was recog-
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nized.35 Several years after the CRPRC was founded in the early 1960s,
African sooty mangabeys (Cercocebus atys) were cohoused in outdoor corrals
with Asian rhesus macaques (Macaca mulatta). In retrospect, we now know,
based on seroepidemologic and virologic evidence from stored material,
that some of these sooty mangabeys were naturally infected with SIVsm,
which was spread to the rhesus macaques, presumably by fighting. Between
1969 and 1974 the colony of SIV-infected macaques developed what would
now be called Simian AIDS or SAIDS. They had a high incidence of B-cell
lymphomas, which in the mid-1970s, prompted a retrospective fruitless
search in frozen stored tissue for a Type C retrovirus. It was recognized at
that time that the monkeys were also immunosuppressed and suffered from
many opportunistic infections. However, the immune impairment was
thought to probably have an environmental etiology, such as toxic chemi-
cals in the soil or nutritional deficiencies such as too little zinc in the diet.
Although difficult to believe now, especially in view of the clustering of
disease in this one colony, an infectious cause for the immune impairment
was not investigated at that time. Indeed, in the 1970s there was relatively
little academic interest in infectious diseases and no virus isolation facili-
ties were available at this primate center. No one at that time could have
foreseen that in the next 30 years about 35 new infectious diseases would
burst onto the scene and that the U.S. death rate from infectious disease,
which dropped in the first part of the 20th century, would double what it
was in 1980. In 1970, a few surviving rhesus monkeys, at least one that we
now know was a healthy carrier of SIVsm, were shipped to the NEPRC,
which had never housed sooty mangabeys. SIVsm was thereby introduced
into rhesus monkeys at the New England Center in the early 1970s, and it
was subsequently traced to the individual monkey from whom the proto-
type SIVmac was first isolated in 1985.39 Interestingly, until this time (1985),
almost all (95%) of the monkeys with an AIDS-like immunosuppressive syn-
drome at the NEPRC had been attributed to SRV-1 infections. SIVmac was
isolated from one of the very few immunosuppressed monkeys that was free
of SRV infection, but surprisingly, was seropositive against HIV-1.40 SIV was
then quickly shown to be a lentivirus closely related to HIV and capable 
of reproducing in macaques a disease syndrome closely resembling 
AIDS.41

This scenario was repeated in the late 1970s when a colony of stump-
tailed macaques (M. arctoides) at the CRPRC developed a high incidence
of avian tuberculosis infection and occasional lymphomas. Again, not rec-
ognized as an infectious outbreak, several surviving carrier monkeys were
sent in 1978 to the Yerkes Regional Primate Research Center (YRPRC). A
decade later, SIV Stm was isolated at the CRPRC from a 10-year frozen
lymph node of one of the stumptailed macaques, and the virus experi-
mentally induced SAIDS in rhesus monkeys.42 At the YRPRC a spontaneous
outbreak of SAIDS in rhesus monkeys in the late 1980s was found to be
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caused by the same SIV Stm strain that had apparently remained dormant
there since arriving in the carrier monkeys about a decade before.43 There-
fore, the CRPRC can rightly claim to be the “Home of Simian AIDS,”
although this claim is rather hollow insofar as these events were inadver-
tent and unrecognized at the time of their first occurrence. Soon after the
discovery of SIVmac, seroepidemiologic surveys and virus isolation results
on captive and feral monkeys established that SIV was indigenous, highly
prevalent, and genetically quite divergent among at least 30 different
species of African nonhuman primates. SIVcpz was also found in low preva-
lence (~1%) in chimpanzees in Africa, and SIVcpz was later shown to be
the source of HIV-1 by cross-species infection of humans in central Africa,
presumably around 1930 via the bush meat trade.44 Remarkably, the natural
African simian hosts were found unaffected by the virus, presumably
because they had adapted over eons of harboring these agents. Similarly,
SIVsm was the source of SIVmac, as described above, and also the source
of HIV-2 by cross-species spread to humans in West Africa. With little oppor-
tunity for natural adaptation to HIV-1 and HIV-2 or SIV the native humans
and macaques have proven super-susceptible to infection and resultant
AIDS, as we have unfortunately witnessed over the past 20 years.

The experimental induction of simian AIDS with SIVmac and related
SIV strains has become the premier animal model for AIDS. Like HIV-1,
SIV uses the homologous primary CD4 receptor and secondary R5 and X4
chemokine coreceptors and thus has a similar cell tropism. The patho-
genesis of SIV-induced simian AIDS in macaques appears remarkably
similar to that of HIV-1 induced human AIDS.34 The past decade has wit-
nessed the construction of numerous recombinants between SIV and HIV,
so-called SHIVs, many of which are also pathogenic in macaques. Most of
these SHIVs are constructed from the SIVmac core and HIV-1 env genes.
The induction of fatal SAIDS with uncloned or molecularly cloned SIV or
SHIV strains, within a few months to several years following systemic or
mucosal routes of infection, presents a convenient time frame for investi-
gators to examine various aspects of pathogenesis, treatment, and vaccina-
tion. Results of several hundred vaccine trials in the SIV or SHIV macaque
model have illustrated the limitations that are likely to be faced by HIV-1
vaccination of humans. Under ideal conditions, using a homologous virus
immunization and challenge systems, several vaccine strategies can dra-
matically lower the virus load and prolong survival. Most effective have
been the genetically modified live SIV vaccines, but none of these are safe
enough for modeling of a homologous HIV-1 vaccine. However, with any
of the SIV vaccine strategies, sterilizing immunity is seldom achieved, and
the residual virus continues to replicate, mutate, escape from immune sur-
veillance, and eventually cause AIDS. Vaccine protection against heterolo-
gous SIV or SHIV strains, similar to the diversity of global HIV-1 strains,
remains an experimental goal yet to be obtained. On the other hand, the
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more virulent disease course of SIV or SHIV infection in macaques com-
pared to HIV-1 infection of humans may present a worse-case scenario,
perhaps setting an unrealistically high hurdle to be overcome by various
antiviral strategies.

One might well suspect that valuable insight into the pathogenesis of
AIDS might be gained by a comparison of host and viral parameters in the
SIV-infected asymptomatic natural host (i.e., African monkey species and
chimpanzees) with the pathogenic SIV-infected experimental host (i.e.,
Asian macaques). Such a comparison has failed to pinpoint any dramatic
difference in virus load, tissue distribution, or virus mutation rates. The
most obvious difference between natural and experimental hosts is the lack
of any evidence of immune activation in the natural hosts, an observation
that emphasizes the critical importance of untoward immune stimulation
in the loss of CD4+ T-cells.

The U.S. Regional Primate Research Centers, initially seven in
number, were founded 40–50 years ago for the purpose of providing non-
human primates as models for human disease. The founding fathers could
never have foreseen a human pandemic as devastating as AIDS nor could
they have possibly appreciated how valuable, indeed indispensable, the
animal resource provided by these facilities would be for the scientific
battle against AIDS.

9. FIV: LENTIVIRUS

The discovery of FIV in 198745 followed the same map that had facili-
tated the isolation of SIV from SRV seronegative but immunosuppressed
rhesus macaques 2 years previously. Investigators at the University of 
California Davis School of Veterinary Medicine were aware of a cat house-
hold in which many cats, particularly in one backyard pen, were nonthriv-
ing and immunosuppressed. Surprisingly, these cats all tested negative for
FeLV antigenemia, raising the possibility, to both the astute owner and alert
investigators, that a lentivirus such as HIV/SIV might be responsible. A
blood transfusion from an ill cat to a naïve recipient fulfilled this expecta-
tion by inducing fever and lymphoadenopathy and FIV was isolated from
the cultured PBMCs. Now, 15 years later, we know that FIV, like SIV, is wide-
spread in nature; at least 17 of 36 nondomestic feline species are naturally
infected. Lions and pumas have an especially high prevalence of FIV infec-
tion. The wide extent of genetic variation among FIV isolates within and
between species indicates that, like SIV in African monkeys, FIV has been
present for eons in nondomestic felidae. Also, like the natural simian hosts
of SIV, the natural nondomestic feline hosts of FIV are also completely
asymptomatic, presumably because of longtime adaptation. However, in
contrast to SIV infection of macaques, an experimental artifact, FIV infec-
tion of domestic cats occurs naturally. The extent of genetic variation
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among FIV isolates of domestic cats also indicates that, like FIV in exotic
cats, the virus has been present for millions of years, probably ever since
domestic cats evolved from their feral predecessors.

Since FIV has been indigenous in domestic cats for a long time a
measure of host adaptation has had a chance to take place. FIV infection
of domestic cats is therefore much less virulent than SIV infection of
macaques. In domestic cats the incubation period before FIV infection
induces an AIDS-like terminal stage is about 7–9 years, intermediate
between SIV in macaques (2 years) and HIV-1 in humans (10 years). Earlier
stages of FIV disease closely resemble the corresponding stages of HIV
infection.46 Because of the relatively long incubation period before end-
stage disease and the need for environmental cofactors to enhance the
pathogenesis, domestic cats with typical feline AIDS are much more com-
monly seen in veterinary clinics than in the experimental laboratory. In the
laboratory environment investigators must use earlier signs of infection
such as fever, lympadenopathy, and CD4 T-cell suppression to measure the
effect of antiviral vaccines or drug therapy. The disease is most common in
older male feral cats (>5 years) who roam about and fight, spreading the
virus through saliva and blood. FIV primarily uses the X4 chemokine recep-
tor and not CD4 on T-cells. Nevertheless, it induces the same selective
depletion of CD4 T-cells as seen with HIV-1 and SIV. In its more indolent
disease course FIV infection of domestic cats more closely resembles HIV
infection of humans, particularly HIV-2 infection, than it does the super-
virulent SIV macaque model. However, because FIV is genetically more
distant to HIV-1 (~35% similarity), and because the AIDS disease endpoint
is much more quickly reached with SIV than FIV, the SIV-macaque model
has captured most of the scientific attention and research funding. Regard-
less, the FIV model is also highly informative, practical, and relevant to HIV.
Because of its greater practicality the FIV model is being used worldwide
and does not require expensive monkeys and special primate facilities.
Most remarkably, a commercial FIV vaccine, made of inactivated whole
virus from two genetically distant FIV clades, is now available worldwide.47

Who would have thought, 20 years ago, that in the massive effort to make
an apparently efficacious, safe commercially available global AIDS vaccine,
the cat model would win the race? Both neutralizing antibodies and cyto-
toxic T lymphocytes (CTLs) contribute to the FIV vaccine protection.
However, it remains to be seen how efficacious this vaccine will be under
natural conditions outside the controlled laboratory environment.

10. SUMMARY

Insofar as HIV-1 does not produce AIDS in any animal, there exists no
perfect model for this pandemic virus. Nevertheless, nature has provided
us with three animal lentivirus models that are excellent surrogates for HIV-
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1 infected humans and AIDS: (1) SIV/macaque, (2) HIV-2/macaques, and
(3) FIV/cats. Each of these models, although differing in incubation
period and virulence, is characterized by a selective decline in CD4+ T-
helper cells, the major characteristic of HIV/AIDS. In each of these
models, the ability of the virus to persist in face of a strong immune
response, to evolve by frequent mutation and to ultimately cause fatal
immunosuppression, closely resembles the pathogenesis of HIV-l.48 The
FIV/cat model is the most underutilized; its relatively low pathogenicity
and long incubation period are disadvantages outweighed by the advan-
tages of its practicality and currently available specific reagents and assays.
The SIV and HIV-2 macaque models will, of course, continue to be the gold
standard, but they suffer the disadvantage of greater expense and less avail-
ability. The HIV-1 chimpanzee model is no longer much studied because
of the absence of disease and its impracticality. The SCID/hu mice will con-
tinue to provide useful knowledge concerning the interaction of HIV-1 with
target lymphoid cells and for testing antiviral strategies, but not as a com-
plete model for AIDS. The Type C oncoretrovirus models of immuno-
suppressive disease in chickens, mice, and cats and the Type D
retrovirus-induced immunosuppressive disease of macaques could provide
further insight into the molecular pathogenesis of retrovirus-induced
immune system impairment and destruction; such mechanisms might
share some steps in common with lentivirus-induced AIDS. Similarly, the
farm animal lentivirus models give us further insight into lentivirus patho-
genesis in the presence of an intact immune system. In view of the unabated
AIDS pandemic and the scientific, not to mention political, hurdles yet to
be overcome, we are fortunate indeed to have access to these animal
models and to have acquired such a wealth of knowledge, reagents, and
expertise concerning retroviruses in general. Without questions the AIDS
animal model systems discussed in this volume will continue to be essen-
tial resources in the battle against HIV and AIDS.

REFERENCES

1. R. Weiss, N. Teich, H. Varmus, et al., Origins of contemporary RNA tumor virus research,
pp. 1–24, in RNA Tumor Viruses, edited by R. Weiss, N. Teich, H. Varmus and J. Coffin
(Cold Spring Harbor, New York, 1982).

2. M. B. Gardner, Historical background, in Molecular Biology of RNA Tumor Viruses, edited
by J. R. Stephenson, pp. 1–46 (Academic Press, New York, 1980).

3. M. B. Gardner, Special topic overview. The virus cancer program of the 1970s: a personal
and retrospective view, Lab. An. Sci. 44(2), 101–113 (1994).

4. R. J. Huebner, G. J. Kelloff, P. S. Sarma, et al., Group-specific antigen expression during
embryogenesis of the genome of the C-type RNA tumor virus: implications for ontogen-
esis and oncogenesis, Proc. Natl. Acad. Sci. USA 67, 366–376 (1970).

5. H. M. Temin, The DNA provirus hypothesis. The establishment and implications of RNA-
directed DNA synthesis, Science 192, 1075–1080 (1976).

16 MURRAY B. GARDNER



6. R. J. Huebner and G. J. Todaro, Oncogenes of RNA tumor viruses as determinants of
cancer, Proc. Natl. Acad. Sci. USA 64, 1087–1094 (1969).

7. W. Makalowski, Not junk after all, Science 300, 1246–1247 (2003).
8. J. W. Hartley, N. K. Wolford, L. J. Old, et al., A new class of murine leukemia virus asso-

ciated with development of spontaneous lymphomas, Proc. Natl. Acad. Sci. USA 74,
789–792 (1977).

9. H. Fan, Retroviruses and their role in cancer, in The Retroviridae, vol. 3, edited by Jay A.
Levy, pp. 313–362 (Plenum Press, New York, 1994).

10. B. J. Poiesz, F. W. Ruscetti, A. F. Gazdar, et al., Detection and isolation of Type C retro-
virus particles from fresh and cultured lymphocytes of a patient with cutaneous T-cell lym-
phoma, Proc. Natl. Acad. Sci. USA 77, 7415–7419 (1980).

11. M. Yoshida, I. Miyoshi, and Y. Hunuma, Isolation and characterization of retrovirus
(ATLV) from cell lines of human adult T-cell leukemia and its implication I the disease,
Proc. Natl. Acad. Sci. USA 79, 2031–2035 (1981).

12. M. B. Gardner, S. Rasheed, S. Simizu, et al., Search for RNA tumor virus in humans, in
Cold Spring Harbor Conferences on Cell Proliferation, vol. 4, edited by H. H. Hiatt, J. D. Watson
and J. A. Winsten, pp. 1235–1251 (Cold Spring Harbor Laboratory, New York, 1972).

13. M. B. Gardner, Naturally occurring leukemia viruses in wild mice: how good a model for
humans?, in Cancer Surveys, vol. 6, edited by D. E. Onions and O. Jarrett, pp. 55–71
(Oxford: Oxford University Press, 1987).

14. P. L. Green and I. S. Y. Chen, Molecular features of the human T-cell leukemia virus.
Mechanisms of transformation and leukemogenicity, in The Retroviridae, vol. 3, edited by
Jay A. Levy, pp. 277–311 (Plenum Press, New York, 1994).

15. P. N. Fultz, Simian T-lymphotropic virus type I, in The Retroviridae, vol. 3, edited by Jay A.
Levy, pp. 111–131 (Plenum Press, New York, 1994).

16. D. A. Wilkinson, D. L. Mager, and J. C. Leong, Endogenous human retroviruses, in The
Retroviridae, vol. 3, edited by Jay A. Levy, pp. 465–535 (Plenum Press, New York, 1994).

17. M. D. Bendinelli, D. Matteucci, and H. Friedman, Retrovirus induced acquired immuno-
deficiencies, Adv. Cancer Res. 45, 125–181 (1985).

18. M. B. Gardner, Retroviral spongiform polioencephalomyelopathy, Rev. Infect. Dis. 7,
99–110 (1985).

19. P. K. Y. Wong, G. Prasad, J. Hansen, et al., TS-1, a mutant of Moloney murine leukemia
virus-TB causes both immunodeficiency and neurologic disorders in Balb/c mice, Virol-
ogy 170, 450–459 (1989).

20. D. E. Mosier, R. A. Yetter, and H. C. Morse III, Retroviral induction of acute lymphopro-
liferative disease and profound immunosuppression in adult C57B1/6 mice. J. Exp. Med.
161, 766–784 (1985).

21. J. I. Mullins, C. S. Chen, and E. A. Hoover, Tissue- and disease-specific production of unin-
tegrated feline leukemia virus variant DNA in feline AIDS, Nature 319, 333–336 (1986).

22. F. Barre-Sinoussi, J. C. Chermann, F. Rey, et al., Isolation of a T-lymphotropic retrovirus
from a patient at risk for acquired immunodeficiency syndrome (AIDS), Science 220,
868–871 (1983).

23. R. G. Gallo, S. Z. Salahuddin, M. Popovic, et al., Frequent detection and isolation of cyto-
pathic retroviruses (HTLV-III) from patients with AIDS and at risk of AIDS, Science 224,
500–503 (1984).

24. J. A. Levy, A. D. Hoffman, S. M. Kramer, et al., Isolation of lymphadenopathic retroviruses
from San Francisco patients with AIDS, Science 225, 840–842 (1984).

25. F. Clavel, M. Guyader, D. Guetard, et al., Molecular cloning and polymorphism of the
human immunodeficiency virus type 2, Nature 324, 691–695 (1986).

26. B. Sigurdsson, Maedi, a slow progressive pneumonia of sheep: an epizootiological and
pathologic study, Br. Vet. J. 110, 255–270 (1954).

27. A. T. Haase, Pathogenesis of lentivirus infections, Nature 322, 130 (1986).
28. M. B. Gardner and P. A. Luciw, Animal models of AIDS, FASEB J. 3, 2593 (1989).

HISTORICAL PERSPECTIVE 17



29. J. M. McCune, R. Namikawa, H. Kanashima, et al., The SCID-hu mouse: murine model
for the analysis of human hematolymphoid differentiation and function, Science 241,
1632–1638 (1988).

30. D. E. Mosier, R. J. Gulizia, S. M. Baird, et al., Transfer of a functional human immune
system to mice with severe combined immunodeficiency, Nature 335, 256–259 (1988).

31. E. J. Wang, M. Pettoello-Mantovani, C. M. Anderson, et al., Development of a novel trans-
genic mouse/SCID-hu mouse system to characterize the in vivo behavior of reservoirs of
human immunodeficiency virus type 1-infected cells, J. Infect. Dis. 186(10), 1412–1421
(2002).

32. J. McClure, A. M. Schmidt, M. A. Rey-Cuille, et al., Derivation and characterization of a
highly pathogenic isolate of human immunodeficiency virus type 2 that causes rapid CD4+
cell depletion in Macaca nemestrina, J. Med. Primatol. 29:114–116 (2000).

33. S. W. Barnett, K. K. Murthy, IlG. Herndier, et al., An AIDS-like condition induced in
baboons by HIV-2, Science 226, 642–646 (1994).

34. M. B. Gardner, M. Endres, and P. Barry, The Simian retroviruses SIV and SRV, in The Retro-
viridae, vol. 3, edited by Jay A. Levy, pp. 133–276 (Plenum Press, New York, 1994).

35. M. B. Gardner, The history of simian AIDS, J. Med. Primatol. 25, 148–157 (1996).
36. D. L. Fine, J. C. Landon, R. J. Pienta, et al., Responses of infant rhesus monkeys to inoc-

ulation with Mason-Pfizer monkey virus materials, J. Natl. Cancer Inst. 54, 651–658 (1975).
37. M. L. Bryant, M. B. Gardner, P. A. Marx, et al., Immunodeficiency in rhesus monkeys asso-

ciated with the original Mason-Pfizer monkey virus, J. Natl. Cancer Inst. 77, 957 (1986).
38. M. L. Bosch, E. Harper, A. Schmidt, et al., Activation in vivo of retroperitoneal 

fibromatosis-associated herpesvirus, a simian homologue of human herpesvirus-8, J. Gen.
Virol. 80, 467–475 (1999).

39. K. G. Mansfield, N. W. Lerche, M. B. Gardner, et al., Origins of simian immunodeficiency
virus infection in macaques at the New England Regional Primate Research Center, 
J. Med. Primatol. 24, 116–122 (1995).

40. M. D. Daniel, N. L. Letvin, R. D. Hunt, et al., A new type D retrovirus isolated from
macaques with an immunodeficiency syndrome, Science 223, 602–605 (1984).

41. N. L. Letvin, M. D. Daniel, P. K. Sehgal, et al., Induction of AIDS-like disease in macaque
monkeys with T-cell tropic retrovirus STLV-III, Science 230, 71–73 (1985).

42. L. J. Lowenstine, M. W. Lerche, J. L. Yee, et al., Evidence for a lentiviral etiology in 
an epizootic of immune deficiency and lymphoma in stump-tailed macaques (Macaca 
arctoides), J. Med. Primatol. 21, 1–14 (1992).

43. F. J. Novembre, V. M. Hirsch, H. M. McClure, et al., SIV from stump-tailed macaques: mol-
ecular characterization of a highly transmissible primate lentivirus, Virology 186, 783–787
(1992).

44. B. H. Hahn, G. M. Shaw, K. M. De Cock, et al., AIDS as a zoonosis: scientific and public
health implications, Science 287, 607–617 (2000).

45. N. C. Pedersen, E. Ho, M. C. Brown, et al., Isolation of a T-lymphotropic virus from domes-
tic cats with an immunodeficiency-like syndrome, Science 235, 790–797 (1987).

46. J. K. Yamamoto, E. Sparger, E. W. Ho, et al., The pathogenesis of experimentally induced
feline immunodeficiency virus (FIV) infection in cats, Am. J. Vet. Res. 49, 1246–1258
(1988b).

47. R. Pu, J. Coleman, M. Omori, et al., Dual-subtype FIV vaccine protects cats against in vivo
swarms of both homologous and heterologous subtype FIV isolates, AIDS 15, 1225–1237
(2001).

48. J. A. Levy, The human immunodeficiency viruses: detection and pathogenesis, in AIDS
Pathogenesis and Treatment, edited by J. A. Levy, pp. 159–229 (Marcel Dekker, New York,
1989).

18 MURRAY B. GARDNER



2

19

ERIC R. ANDERSON • Department of Microbiology and Specialized NeuroSciences
Program, University of Puerto Rico Medical Sciences Campus, San Juan, Puerto Rico 00936-
5067 HUANGUI XIONG • Center for Neurovirology and Neurodegenerative Dis-
orders, Department of Pharmacology and Experimental Neuroscience, University of Nebraska
Medical Center, Omara, NE 68198-5880, and HOWARD E. GENDELMAN • Center for
Neurovirology and Neurodegenerative Disorders, Departments of Pharmacology and Experi-
mental Neuroscience and Internal Medicine, University of Nebraska Medical Center, Omaha,
NE 68198-5880

Animal Model Systems of 
HIV-Diseases
ERIC R. ANDERSON, HUANGUI XIONG, and 
HOWARD E. GENDELMAN

1. INTRODUCTION

Human immunodeficiency virus (HIV) infection is arguably the most sig-
nificant global health problem of the modern era. Infection has all but dev-
astated third-world countries and continues to threaten public health in
developed nations. With the numbers of deaths approaching tens of mil-
lions each year, the greatest imperative for world health is the realization of
an effective preventative vaccine. The major obstacles prohibiting this goal
include a better understanding of protective immunity in the natural host
of the virus. In working toward this objective, animal model systems were
developed to recapitulate disease processes and viral diversity as it occurs in
natural infections of man. Nonetheless, HIV is species specific and is diffi-
cult to study in animal systems. Transgenic animals have been developed
expressing human receptors in order to overcome some of these limitations;
but an animal model that can be progressively infected by HIV remains
elusive. Thus, a number of animal models have been established that utilize
“other” lentiviruses that mimic HIV infection in specific ways and provide
the means to mirror natural infection in its human host. Alternatively, rele-
vant animal models replicate aspects of human disease through the engraft-
ment of infected human cells. Ultimately, these animal model systems of HIV
disease provide insight into specific disease processes and serve to elucidate
underlying mechanisms of infection and subsequent disease.



Arguably, the most significant epidemic of the modern age is that of
HIV infection. In endemic regions such as sub-Saharan Africa, HIV is the
leading cause of death in adults.36 Case numbers in North America have
exceeded 1 million as of 2004.126 HIV infection leads over time to pro-
gressive immunosuppression heralded by a specific loss of CD4+ T lym-
phocytes, a wasting syndrome and a wide range of opportunistic infections.
Disease course is debilitating and inevitably fatal. Although highly active
anti-retroviral therapy (HAART) can attenuate disease by lowering viral
load, increasing CD4+ T lymphocyte numbers and limiting secondary in-
fection, these drugs are rarely available in the developing world. Global
economic and political events have further accelerated the rates of HIV
infection worldwide. The paucity of preventative measures in affected
regions has further affected any measures to control the epidemic. In
December 2003, 40 million people in the world were currently living 
with AIDS,126 rendering the need for eradication of this infection clear and
immediate. Efforts are under way to reverse the trends, but they remain
planned rather than realized.

Although intensive biomedical research efforts have been under way
for more than two decades, a safe and effective vaccine has not yet been
realized. Studies have pinpointed the diversity of viral strains and antigen
recognition by induced humoral and cellular immune responses and the
ability of the host to control viral growth is being unraveled. HIV is sepa-
rated into two distinct types: HIV-1 and 2 that are clinically and biologically
distinct.25,49,125 The majority of HIV research focuses on Type 1, as Type 2
is primarily seen in remote world regions and is more attenuated in disease
outcome.34,58,73,81 HIV-1 can be divided into three groups: major (M), outlier
(O), and new (N). The majority of HIV-1 isolates to date are derivatives of
M. Both groups O and N are geographically restricted.21,47,115 The HIV-1 M
group is further fragmented into 10 distinct clades (A through J) based
upon viral sequence variation.91 Clade variations affect the molecular struc-
ture of important viral molecules including the envelope glycoproteins
(Env), which are commonly targeted in vaccine strategies. Clades A, B, and
C account for approximately 90% of all HIV-1 infections worldwide with
clade C being responsible for 48% of infections.82 Thus, preventative
vaccine research is primarily aimed at clades and designed to take advan-
tage of ways to affect antigen expression and recognition and viral diver-
sity.119 Unique aspects of disease pathogenesis, spread, and dissemination
also remain critical avenues of current research pursuits.

Clearly, the need for animal models of human disease is mandatory if
effective preventative measures are to be realized. One major factor ham-
pering research progress is the fact that HIV only infects human cells and
produces significant disease only in humans. Simian immunodeficiency
virus (SIV) can infect rhesus macaques among other nonhuman primates,
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but pathogenic, molecular, biochemical, and structural dissimilarities
between this virus and its human counterpart are operative. Feline and
bovine immunodeficiency viruses (FIV and BIV, respectively) target
animals that are readily available and easily maintained but are even more
diverse than SIV in affecting disease. Simian-human immunodeficiency
virus (SHIV) infections provide HIV/SIV chimeras, but differences in
disease course and pathogenesis abound. Visna-Maedi, caprine arthritis
encephalitis virus (CAEV) and equine infectious anemia virus (EIA) are
the prototypic lentiviruses but produce only modest immunosuppression
and nearly exclusively infect cells of monocyte-macrophage lineage. Mouse-
human chimeras have been produced utilizing nonobese diabetic severe
combined immunodeficient mice and can mimic a number of primary and
secondary aspects of human disease. However, human cells reconstituted
into mice still can affect graft versus host disease, leading to a hyper-
activation of the reconstituted human cells. Moreover, differences between
mouse and human innate and adaptive immune responses are frequently
observed. Transgenic or knockout animals either expressing viral proteins
or receptors have aided much in HIV studies but remain developmental
especially in regard to disease mechanisms and drug or vaccine testing.
This certainly also includes studies of mouse leukemia virus and other
oncogenic retroviruses. The intent of this chapter is to provide the reader
with a broad review of animal model systems of HIV disease. It is only
intended as an introduction to the field for future reference in other 
chapters of the current book, not as a comprehensive review.

2. HIV-1 PATHOGENESIS

To best evaluate the potential relevance of an animal model for human
disease, events in disease pathogenesis need to be best understood. As anal-
ogous events are observed in species-specific disease processes, animal
model with full potential to mirror human disease may be fully realized.
Through recapitulation of human pathobiology in animal systems, scien-
tists will have a readily available tool with which to study potential thera-
peutic and drug treatments.

HIV-1 Transmission

HIV infection occurs through an exchange of body fluids. Such trans-
mission can occur by direct inoculation of infected materials into the
bloodstream as with a needle stick,54 transplanted infected tissue,93,100,108,116

or blood transfusions.31,93 Additionally, HIV may enter into a host through
open wounds or sores, mucous membranes, through receptive anal and
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vaginal intercourse,2,52,134 or perinatal transmission.41,74 The virus infects
cells primarily through the CD4 receptor but also uses the coreceptors
CXCR4 and CCR5. This principally involves CD4+ T lymphocytes and
mononuclear phagocytes (MP; monocytes, tissue macrophages, dendritic
cells, and microglia). These infected cells transport the virus through the
bloodstream and lymph nodes where it can further spread to tissue.

The Acute Seroconversion Reaction

Often presenting as a transient symptomatic or asymptomatic illness,
acute HIV-1 infection heralds a seroconversion reaction. In many cases
illness manifests as an infectious mononucleosis27 syndrome accompanied
by a plethora of clinical signs and symptoms such as fever, fatigue, weak-
ness, and rash. This reaction follows extensive viral replication without
adaptive humoral and cellular immune responses. Importantly, at this time,
several steps in the disease transpire. First, as CD4+ T lymphocytes decline,
virus preferentially infects virus-specific CD4+ T-cells.5,37,38,104 This allows for
the development of concurrent infections.46,129 CD4+ T lymphocyte counts
typically rebound following resolution of the primary infection but rarely
rise to baseline numbers without effective antiretroviral drugs. Second, it
is during the initial infection that seeding of the virus into tissues occurs,
including the establishment of persistent HIV-1 infection in lymphoid
organs. An expansive viremia eventually declines coincident with the
appearance of antiviral-specific CD8+ T lymphocytes.11,17,63 These CD8+ T-
cells typically remove infected cells directly by MHC I-mediated cytolysis,
or indirectly through secreted factors, effectively culling the blood of
progeny virus.128,136

Humoral and Cellular Immune Responses

Humoral and cellular immune responses serve to control viral infec-
tion. Following acute HIV-1 infection, cytotoxic T lymphocytes (CTL)
mount an HIV-1–specific adaptive immune response against infected cells.
These cells will leave a pool of HIV-1 specific CD8 memory cells. The
gradual decline of the CD8+ T lymphocyte cellular immune response
during progressive HIV-1 infection is inevitable due to viral mutation.137

An HIV-infected individual shows continuous HIV RNA, antigens, and
progeny virus in blood and other body tissues throughout the course of
disease. Within days to weeks, the host immune system will produce anti-
bodies to the genetic structure of virus particles. The majority of anti-
bodies target free-floating virions, although some may ultimately assist in
the destruction of infected cells. As with the CD8 responses to HIV-1 infec-
tion, the effectiveness of the humoral response also gradually declines, due,
in large measure, to viral mutation.
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Subclinical Period of Viral Infection

In the plasma, the levels of HIV-1 antigen typically drop after the acute
seroconversion reaction by immune system clearance, or the establishment
of a steady-state between progressive viral infection and the production of
available CD4+ T lymphocyte host cells.97 HIV titers drop significantly after
primary infection and remain relatively stable for months or even years.
This period is typically and on average 10 years.9,69,78 An average drop of
100 CD4+ T lymphocytes/mm3/year occurs starting from an average of
1000 cell/mm3. The human host is commonly asymptomatic until the
CD4+ T lymphocytes drop to less than 200 cells/mm3, when the incidence
of opportunistic infections increases substantially.

Clinical Disease

Advanced HIV disease is typically marked by a reduction in CD4+ T-
cells to below 200 cells/mm3, an increase in levels of plasma HIV RNA, and
coincident opportunistic infections and disease manifestations. Common
symptoms include wasting and anemia accompanied by episodes of sec-
ondary infections. Clinical manifestations that typically occur in advanced
HIV disease include, but are not limited to, HIV-1-associated dementia
(HAD), peripheral neuropathy, Kaposi’s sarcoma, renal disease, diarrhea,
weight loss, interstitial pulmonary disease, cardiac injury, and bacterial,
fungal, parasitic, and opportunistic viral infections. Opportunistic in-
fections and malignancies are common as the host immune system is se-
verely weakened. When the CD4+ T lymphocyte counts drop to below 
50 cells/mm3, mycobacterial and opportunistic viral infections typically
occur, and damage to the central nervous system (CNS) is common. Ulti-
mately, death results, likely due to electrolyte abnormalities, circulatory
failure, and nervous system damage.

3. ANIMAL MODELS FOR HIV-1 INFECTION: OVERVIEW

The central challenge toward controlling or inevitably eradicating
HIV-1 is to find ways to appropriately treat or prevent infection. The great-
est test is to prevent primary infection through effective vaccination. Viral
mutation and escape from immune surveillance and the emergence of
reservoirs for persistent viral infection make a vaccination success difficult
to realize. Furthermore, HIV and its clinical manifestations cannot be easily
studied because of the dynamics between the virus, the host cell, and the
immune system. In answer to this conundrum, a number of animal models
have been developed in which human disease pathogenesis is paralleled.
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None are optimal but each has inherent strengths and weaknesses. These
are cited below.

Ideally, studies of HIV infection and disease pathogenesis would be
conducted in an animal system that would manifest all aspects of human
disease. However, since no one animal model has been able to exactly re-
plicate human illness, several model systems were developed in different
species utilizing a broad range of viral strains. In order for the model to
be relevant, it must present HIV-associated pathological and clinical 
manifestations and be used successfully to test vaccine and therapeutic 
regimens.

In efforts to drive HIV research the World Health Organization
(WHO) outlined what would be considered an ideal animal model.133 Char-
acteristics were defined that include availability, expense, and utility for
HIV research. The first consideration was whether the animal model
should make use of HIV. This has not easily been realized. Although several
easily available animal models can utilize immunodeficiency or leukemia
viruses and provide some insight into human disease, limitations abound,
and WHO suggested that the animal model be easily acquired and main-
tained and that the genetics, immunology, and metabolism be well known
and appreciated. Optimally, the target cells affected by the virus should also
be the ones affected in human disease, namely CD4+ T lymphocytes and
MP. Similarly, the target organs affected would include blood, lymphoid,
lung, and brain tissues. The transmission of the virus would also mimic that
of HIV including perinatal transmission. Infection of the animal should be
possible with both virus-infected cells and free virus. The induced disease
should have a short incubation and resemble human AIDS. Table I pre-
sents a summary.

Despite the lack of a single animal model that fills all of these criteria
several recapitulate specific and critical aspects of human disease. The two
primary paradigms employed include infection by HIV in a relevant animal
model or alternatively infection with other viruses that induce an AIDS-like
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TABLE I
Ideal Animal Model Recommendations by the World Health Organization

Makes use of HIV
Is a small animal model
Established knowledge of the genetics, immunology, and metabolism
Target cells are CD4+ T lymphocytes and mononuclear phagocytes
Target organs include blood, lymphoid, lung, and brain
Transmission mimics that of HIV, including perinatal transmission
Infection is possible with both virus-infected cells and free virus
Induced disease has a short incubation period
Induced disease resembles AIDS



illness. Both of these have been used to great effect in understanding viral
pathogenesis and for vaccine testing. Several animal model systems derived
from these paradigms are summarized below.

4. MOUSE MODELS

Rodents are a common and assessable option in the pursuit of any
model of human disease. Mice and rats are easily obtainable, relatively inex-
pensive to maintain, and their immunology, genetics, and metabolism are
well known and appreciated. As mice and rats are not naturally susceptible
to HIV infection, and there is no known naturally occurring murine
lentivirus, the effects of HIV and AIDS had to be studied through immune
chimeras, heterologous viruses or genetic approaches.

Murine Leukemia Virus (MuLV)

A limited number of murine AIDS models utilize well-recognized
retroviruses. These models have primarily made use of oncoviruses. Select
laboratory strains of MuLV can induce AIDS-like effects including sup-
pression of humoral and cellular immunity. The MuLVs are closely related
and include the Friend, Moloney, and Raucher strains.13 The Friend and
Raucher viral strains affect immunosuppresion by infecting precursor B, T,
and macrophage-lineage cells. The Moloney strain, on the other hand, is
not immunosuppressive but is transferred from the mother to its offspring,
thereby providing a model for transplacental viral passage. While primar-
ily utilized in studying drug treatments, there are mutant strains of the
Moloney MuLV that are immunosuppressive, such as the ts-mutant.135 Due
to the specific immunosuppressive nature of the ts-mutant, it can model
human disease including virus-induced neurodegeneration.24,72

Murine AIDS (MAIDS) was described in C57/Bl6 mice that had been
infected with a radiation-induced strain of MuLV.77 Commonly referred to
as the LP-BM5 model, this form of MuLV is ecotropic, recombinant mink
cell focus-forming, and expresses an aberrant gag-encoded polyprotein.22

The strain induces polyclonal B-cell proliferation, lymphadenopathy,
splenomegaly, and hypergammaglobulinemia. Such processes result in sig-
nificant immunosuppression and death.24,92,132

Transgenic (CCR5/CD4, gp120, tat, rev, nef, and 
Full-Length Proviral DNA)

The widespread use of genetic manipulation has produced transgenic
rodent models for modeling HIV disease. Of these transgenic mouse
models, the most popular are mice that have incorporated viral transgenes,
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those that are genetically modified through the incorporation of specific
cellular receptors and coreceptors for viral entry into the cell, and the
genetically modified mice that allow for the engraftment of infected cells
or tissue (Figure 1).92 Other transgenic rodent models use autoimmunity
to study AIDS.

The transgenic models that have incorporated the virus into its
genome have been useful in modeling select pathogenic manifestations of
chronic HIV-1 diseases, for example, the HIV-1 transgenic rat that contains
full-length proviral DNA with expression in virus target organs.56,65 These

26 ERIC R. ANDERSON et al.

FIGURE 1. Pathobiology of HIV encephalitis in
SCID mice. Seven days following injection of HIV-
1 infected MDM into the basal ganglia of SCID
mice, pathological features of human HIVE are
observed readily. Panel A illustrates the presence
of human vimentin antigen positive MDM in the
subcortex of recipient mice. Panel B shows wide-
spread astrogliosis by GFAP immunopositive cells
present around the site of cell implantation
(Panels A and C, 100¥, B, 10¥).



affected tissues, including the lymph nodes, thymus, liver, kidney, and
spleen, showed significant pathology consistent with clinical manifestations
of disease.61,101 Likewise, transgenic murine models of HIV also express the
HIV-1 transgene in immune cells, resulting in an AIDS-like disease.33a,62

Human-Mouse Chimeras

Finally, transgenic rodent models have allowed for the engraftment of
infected tissues or cells. The transgenic mouse that serves as the core for
this area of animal research is the severe combined immunodeficient
(SCID) mouse. These models are typically engrafted with human immune
cells or target organs that are associated with immune function. Such
organs include the fetal liver, thymus, lymph nodes, peripheral blood, and
bone marrow.1,16,20 These immune-competent human tissues implanted
into SCID mice allow for the immune cells derived from the implanted
tissue to reconstitute the immune system of the mice. With the advent of
these models, human disease may be simulated in part, and resultant
disease pathology can be examined (Figure 2).

Rodent models that have been genetically altered in such a way that
human receptors and coreceptors are incorporated brought the reality of
a small animal model of HIV-1 closer. Furthermore, by understanding the
interplay between the virus and the cell, viral transmission and pathology
can now be studied. The addition of the human CD4 and CCR5 to rats,59,60

mice,18 and rabbits118 permits the development of transgenic animals that
are susceptible to HIV-1 infection.121 Later, with the addition of the human
protein cyclin T1, the infected cells produce viral gene products.60

However, while these animal cells are able to produce CD4, CCR5, and
cyclin T1, they do not elicit persistent infection, indicating that there still
remain missing pieces to the puzzle of viral entry and replication. Nonethe-
less, with continuous research, the hope of creating a small animal model
that can be productively infected with HIV can be realized.

5. UNGULATES

Lentiviral infection of sheep, goats, cattle, and horses are models for
persistent infection. While ungulate lentiviral infections are not generally
immunosuppressive, they share similarities with HIV. These include per-
sistent infection, a prolonged incubation period, integration of proviral
DNA and its restricted expression, macrophage tropism, and viral muta-
tion or antigenic drift. Moreover, because these lentiviruses pose no threat
for human infection and disease, they are quite safe and economical to
utilize for studies of disease pathogenesis and to evaluate antiviral thera-
pies or vaccine candidates.
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Caprine Arthritis Encephalitis Virus (CAEV)

CAEV is a nosologic disease that was first described in 1974.30 CAEV is
a retrovirus that is antigenically related to lentiviruses of sheep. This disease
was found to be long-established and widespread in dairies, transmitted pri-
marily through colostrum and milk, and also passed perinatally.105 Persis-
tent viral infection is intimately associated with the macrophage80 and
microglia.12 Disease follows a lengthy incubation period and causes joint
degeneration and encephalitis. The latter is common in children less than
six months of age, which may progress to paralysis within a few months.29,96

Although the joints are the most notably affected tissue, viral transcripts
have been identified in inflamed areas of the brain, spinal cord, lung, and
mammary gland.139 The encephalitis and resultant brain inflammation
induced by CAEV, combined with its tropism for macrophages and
microglia, make it suitable for studies of human HAD.
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FIGURE 2. Human lymphocyte reconstitution of SCID mice. Human blood lymphocytes 
are injected intraperitoneally then observed in a variety of issues in the reconstituted SCID
mice. Mice were sacrificed after 21 days and tissue sections immunostained with antibodies
for human CD45. Panels show human cells in spleen (A), liver (B), lymph node (C), and lung
(D) of the reconstituted animals. Magnification ¥100.



Visna Maedi

Visna Maedi is a retrovirus of sheep inducing an interstitial pulmonary
disease as well as a wasting degenerative process that includes lameness and
neurodegeneration. Commonly, a progressive pneumonia precedes and
often accompanies other aspects of disease (Figure 3).45,83,84 Like other
lentiviruses, it replicates principally in cells of monocyte/macrophage
lineage.33 Lymphocytes are not infected, indicating that the mechanism of
viral tropism, while unknown, is not through the CD4 receptor.32 Visna
Maedi is primarily transmitted through aerosolized nasal discharge, leading
to primary infection of free and sessile macrophages in the respiratory
tract.28,44 It is thought that trafficking monocytes and monocyte-derived
macrophages provide the vehicle from which to disseminate the virus
throughout the body. Postmortem findings typically identify massive
amounts of lymphocytes in the lungs infected with Visna Maedi.19 Study of
this retrovirus has allowed for parallels in viral structure and functions to
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FIGURE 3. Pathobiology of interstitial pneumonitis and encephalitis of visna infected sheep.
All panels depict tissue samples taken from sheep infected with visna virus. Panel A shows pro-
ductive viral replication occurs in the macrophages inciting an adaptive immune response
and significant T cell lung infiltration. Panel B shows subependymal encephalitis as a product
of progressive viral infection in brain macrophages. Panel C and D depict an advanced form
of leukoencephalitis. All slides are at 20X magnification and counterstained with hematoxylin.
Contributed by Dr. Opendra Narayan.



be drawn to HIV, including genomic organization, regulatory and struc-
tural proteins, and viral mutation.51,130 These analogies have resulted in a
sheep model system for the testing of antiretroviral drugs that may be used
in humans.107

Equine Infectious Anemia Virus (EIAV)

EIAV is a naturally occurring lentivirus that can infect horses, mules,
and donkeys worldwide. EIAV primarily resides in the tissue macrophages
of its host, rather than the peripheral circulating monocytes.111 Neverthe-
less, the transmission of the disease is through blood by insects, needles,
and surgical instruments.53 Vertical transmission is also known to occur.124

The disease typically presents in its host in acute, chronic, or unapparent
infection.110 Hosts with acute EIAV typically suffer from high fever, anemia,
and thrombocytopenia.26 A chronic EIAV infection is manifest by recurrent
fever, weight loss, severe anemia, and edema. Those who have an unap-
parent infection seem healthy but may lapse into acute or chronic stages
at any time.23 EIAV was the first virus shown to be related to HIV through
antigenic and molecular tests.75 Indeed, the two viruses share many struc-
tural and biochemical similarities. EIAV is believed to be a useful model
for studies of HIV control and persistence.76

6. IMMUNODEFICIENCY LENTIVIRUSES

Lentiviral infections are species-specific and can induce an AIDS-like
illness reminiscent of what occurs in man. The majority of these viruses
show similarities in molecular structure and in causing disease. Through
the study of these immunodefiency causing lentiviruses much has been
learned regarding underlying mechanisms of viral infection, tissue reser-
voirs, and therapeutics and vaccines.

Feline Immunodeficiency Virus (FIV)

FIV was first discovered in 1987 and was found to be quite common
in pet and feral cats worldwide.89 FIV is a lentivirus that closely resembles
HIV and SIV in its tropism, protein composition, and morphology.90 FIV
has been cloned and sequenced in its entirety that confirmed its lentiviral
structure and organization. It is distinguished from other lentiviruses,
implying that it did not arise from a common origin.85,86,123 FIV has been
found to be transmitted between cats primarily through saliva and blood
during fights and by vertical3,4 and horizontal transmission.57 Pathological
manifestations of disease include infections of the oral cavity, upper respi-
ratory track, intestine, conjunctiva, and nervous system.14 Histological
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studies have localized the presence of virally infected cells in the bone
marrow, lymph node, thymus, mucosal-associated lymphoid tissue, and
spleen, but few cells in the liver and none in the kidney or brain.103

Although cats seroconvert following infection, they do not succumb to the
immunodeficiency disease until after several years of viral incubation.

This animal model has been utilized primarily as a vehicle with which
to test antiviral drugs but also as a model of human disease. Specifically,
the FIV model has been utilized to examine virus-induced neurodegener-
ation. Similarities between HIV-1 associated cognitive deficits and FIV
induced neurological deficits have supported the use of FIV for the study
of human HAD (Figure 4).39,88,114,138 Furthermore, the FIV model can
examine the range of disease affected by drugs of abuse.10,42 Because FIV
represents a lentivirus model that progressively infects its host then induces
immunodeficiency, it serves as a very useful system to study AIDS in man.
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FIGURE 4. Pathobiology of FIV. Cats infected with FIV show rare brain pathology. Panel A
shows rare brain cells immunostained for FIV antigens. Panel B demonstrates inflammatory
macrophages in the meninges. Panel C illustrates a hypertrophic lymph node with a large
germinal center that has lost some of its architecture. Panel D is an immunochemical stain
for nonphosphorylated neurofilaments showing increases in cortical neurons in FIV infected
cats. All slides are at 20X magnification and were counterstained with hemotoxylin and eosin.
Contributed by Dr. Howard Fox.



Bovine Immunodeficiency Virus (BIV)

BIV is a lentivirus that shares antigenic and genetic homology with
HIV-1. Although the disease is not generally immunosuppressive,7,40,120 BIV
host cells and tissue tropisms correspond to affected human organs, in par-
ticular the spleen.122 BIV is also distinct from HIV in regards to tat tran-
scriptional activities and, unlike other lentiviruses, BIV does not require
specific cellular cofactors to complete its life cycle.15 This variation in tat
has provoked further study in the cellular mechanics involved in BIV with
the hope to better understand the viral mechanics in human disease.

Simian Immunodeficiency Virus (SIV)

As far as animal models are concerned, the system that bears the most
resemblance to that of human biology is the nonhuman primates. Non-
human primates have been used extensively in animal research and their
utility has been quite beneficial to HIV research. Chimpanzees and gibbon
apes in particular are the only nonhuman primates that are susceptible to
infection with HIV-1. Scientists have achieved infection with HIV-1 pro-
ducing both measurable viral loads and significant amounts of antibodies
to viral coat proteins.8,71,79 Regrettably, HIV-1 infections in these primate
models have led generally to asymptomatic infections.81a,87

Although HIV-2 is specifically relevant to a focused region in Africa,
this strain is used in AIDS studies through its abilities to infect nonhuman
primates. HIV-2 is not as debilitating as HIV-1, but is utilized in animal
model systems because the study permits insights into viral processes or
mechanics. HIV-2 is similar to SIV and has been speculated to represent a
rare crossover from nonhuman primates to humans. HIV-2 has been 
shown to progressively infect and seroconvert macaques35,99 and baboons.68

Although HIV-2 infection of simians has not been studied as extensively as
HIV-1 or SIV, there have been instances of AIDS-like disorders occurring
in these animals,67 supporting their utility as an animal model for studying
the pathogenesis of HIV-2 and for their potential for testing vaccine strate-
gies or treatment regimens.

SIV is a nonhuman primate strain that has been found in certain 
populations of primates. It has several derivatives, which include SIVagm,
SIVmac, and SIVsm among others. Different isolates of SIV have been
acquired from several different regions of the world.6 The SIVs are the
closest relatives to HIV and can infect nonhuman primates. SIV infection
of nonhuman primates is arguably the most widely accepted animal model
for HIV.

Importantly, SIV has been shown to be genetically similar to HIV and
utilizes the typical pathway of infection in nonhuman primates as does in
humans.127 Similarly, researchers isolated specific viral proteins that operate
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in a similar manner to HIV proteins.70 SIV relies on specific chemokine
receptors in order to infect different cell types. The receptor type that
remains constant in the HIV and SIV strains is CCR5.127 HIV-2 bears remark-
able genetic similarity to SIV and shares the same route of infectivity
through receptors such as Bonzo and BOB that are not utilized by HIV-
1.98,131 HIV-2 is speculated to represent an intermediary virus that stemmed
from nonhuman primates and crossed over to the human population.112

However, due to the distinct sequence dissimilarity between HIV-1 and any
of the SIVs, the origins of HIV-1 remain uncertain.

Interestingly, while the pathogenesis of SIV does parallel that of the
human virus, the detrimental manifestations observed in HIV-1 infection
in humans do not typically occur in nonhuman primates infected with SIV.
However, the resultant symptoms observed following the injection of spe-
cific strains (SIVmac) into macaques parallel human clinical disease and
pathology. Such efforts have yielded macaque models for AIDS associated
neurodegeneration,64,95 AIDS-associated non-Hodgkin’s lymphoma,48

AIDS-related gastrointestinal complications,50,117 and AIDS pathogenesis
(Figure 5).92,102,109

Simian-Human (SHIV)

While SIV and its various strains may provide some insight into mech-
anisms commonly shared by lentiviruses that may be attributable to HIV-1,
specific treatments generated to combat the human disease must be estab-
lished utilizing HIV-1 or its viral components. In order to address this idea,
a transgenic virus was used in simians to replicate some aspects of HIV-1.
This chimeric virus is a form of SIV with the gp120 coat of HIV-1.66,106,113

This virus was developed in order to establish a primate system for the eval-
uation of viral envelope targeting vaccines, anti–HIV-1 envelope glycopro-
tein antiserum, monoclonal antibodies, and anti–HIV-1 drugs designed to
inhibit the functions of the tat, rev, and env viral proteins. Additionally, a
simian model system intended to recapitulate viral drug resistance has also
been created utilizing a chimeric virus.140 Simian models utilizing this trans-
genic virus have received increasing attention in hopes that this may lead
to the formulation of preventative treatment strategies.

7. CONCLUSION

Most lentiviruses are species specific, and disease manifestations do
not necessarily parallel HIV infection in its human host. This suggests that
HIV infections of humans need be studied to fully realize the goal of effec-
tive vaccine prevention of viral infection. Nonetheless, HIV does not infect
animals easily including nonhuman primates. Although several other
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lentiviruses, similar in many respects to HIV, have been discovered, includ-
ing SIV and FIV; where correlations in disease pathogenesis are manifest,
these species-specific viruses are genetically distinct.

Presently, no animal system exists that is completely representative of
the human disease process. However, each animal model can recapitulate
some manifestations of human disease. In order to construct a model of
the human lentiviral infection, an animal would have to be genetically
altered so that the virus could affect it in a manner similar to what is found
in man. Progress has been made in this direction, though it is by no means
complete, and currently no “completely relevant” model of AIDS have been
produced.
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FIGURE 5. SIV Pathology. Tissues derived from
monkeys with SIV show disease consequences.
Panel A illustrates the presence of pneumocystis
carinii, a common opportunistic infection in
lung during advanced HIV and SIV infections.
Panel B depicts an SIV encephalitic brain with a
multinucleated giant cells encephalitis and
astrogliosis. Lung and brain tissue were stained
with Luxol Fast Blue and is at 20X. Panels C
shows disorganized architecture of the lymph
node at 10X magnification and stained with
hemotoxylin and eosin. Contributed by Dr.
Howard Fox.



In summary, the ideal animal model system would involve the study of
HIV-1 and be based in a relevant small animal model. However, this is cur-
rently not possible. Animal models remain the sole means to vigorously
examine the effects of disease-preventative regimens that would have a pro-
found effect on reversing the suffering manifest worldwide as a result of
HIV disease.
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1. INTRODUCTION

Infection of the central nervous system (CNS) by the human immuno-
deficiency virus (HIV) causes a broad spectrum of behavioral, motor, and
cognitive dysfunctions. In its most severe form, HIV-1-associated dementia
or HAD, occurs late in viral infection, often associated with profound
immunosuppression. Disease is perpetuated by cellular and viral neuro-
toxins produced from brain mononuclear phagocytes (MP; macrophages
and microglia) without direct infection of neurons. Such MP neurotoxins
are, in measure, homeostatic immune products that negatively affect neu-
ronal function when produced in abundance. Induction of disease through
metabolic events perpetrated by pro-inflammatory cytokines, chemokines,
platelet-activating factor, arachidonic acid and its metabolites, nitric oxide,
quinolinc acid, glutamate viral structural, and regulatory proteins makes
the neuropathogenesis of HIV infection unique. Indeed, neuronal damage



is induced directly by the toxins engaging specific receptors or indirectly
through widespread MP inflammatory activities. Chemokines play a central
role in such a metabolic encephalopathy. A chemokine gradient estab-
lished from brain MP and astrocytes initiate monocyte transendothelial
migration, increases the viral reservoir, and provides cell sources for inflam-
matory products. Chemokines and viral products cause neuronal dysfunc-
tion by engaging neural chemokine receptors then activating pathways 
that alter synaptic transmission. The elucidation of mechanisms involved
in chemokine-mediated neural compromise will likely provide unique
insights into HAD pathogenesis, but also to a wide range of neurodegen-
erative disorders.

The state of “immune privilege” within the CNS is likely an evolu-
tionary adaptation (Streilein, 1995). Support for such CNS privilege comes
from multiple sources, including the prolonged survival of allografts (Rao
et al., 1989; Poltorak and Freed, 1991) in the brain and the unique blood
brain barrier (BBB). Certainly, the maintenance of nervous system func-
tion requires protection from a variety of insults occurring during inflam-
matory activities, such as HIV-1 encephalitis (HIVE). Interplay between the
peripheral and CNS immune systems is operative and leads to HIV pene-
tration into the brain from blood and the development of HIV-1 encephali-
tis HAD (Garden, 2002; Anderson et al., 2002).

HAD manifests during the later stages of viral infection and virus-
induced immunosuppression as a spectrum of neurological and psychiatric
symptoms (Marder et al., 1996; Kieburtz and Schiffer, 1989; Navia et al.,
1986a; Gendelman et al., 1994). Behavioral, motor, and sensory impair-
ments are present at varying degrees, but deficits in cognition predomi-
nate. The clinical syndrome usually occurs late in the course of disease and
rapidly evolves from subtle cognitive changes (forgetfulness and apathy)
and physical slowing, to florid memory loss, behavioral abnormalities,
incontinence, hallucinations, seizures, coma, and in the very latest stages
death (Gelbard and Epstein, 1995; Janssen et al., 1991; Navia et al., 1986a).
Although the incidence of HAD has dropped dramatically after the intro-
duction of active antiretroviral therapy, from 20% adults and 50% children,
to less than 10% of all infected subjects (Sacktor et al., 2001), neuro-
logical dysfunction remains prevalent at or above previous levels. Clearly,
resistance to antiretroviral therapy continues to grow with viral strain 
mutations that parallel the impaired ability of drugs to penetrate the BBB.
This suggests that HAD will continue to be a significant complication 
of advanced HIV-1 disease (Carpenter et al., 2000; McArthur et al., 1999;
Krebs et al., 2000).

HAD is commonly associated pathologically with a multinucleated
giant cell HIVE (Navia et al., 1986a, 1986b). Importantly, it occurs in most,
but not all, cases of dementia related to HIV-1 infection. Immune activa-
tion and productive viral replication of mono- and multinuclear phagocytes
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(MP; perivascular and parenchymal brain macrophage and microglia) with
the formation of microglial nodules, reactive astrocytosis, myelin pallor,
and neuronal dropout characterize viral encephalitis. Moreover, brain
inflammation produced as a consequence of MP infection produces a
chemotactic gradient resulting in continuous monocyte transendothelial
migration and BBB compromise during disease (Anderson et al., 2002; Cho
and Miller, 2002; Boven et al., 2000; Williams and Hickey, 2002).

The principal productively infected cells in the brain are MP. Astro-
cytes and brain endothelial cells are rarely infected, if at all (Tornatore et
al., 1991; Moses et al., 1993; Ranki et al., 1995; Nath et al., 1995; Ma et al.,
1994). MP neurotoxic products include cellular and viral proteins pro-
duced as a consequence of productive viral infection and immune activa-
tion (Aquaro et al., 2000; Conant et al., 1998; Gabuzda et al., 1998;
Gendelman, 1997; Glass et al., 1995; Koenig et al., 1986; Nath and Geiger,
1998; Perno et al., 1994; Strizki et al., 1996; Wiley et al., 1986; Zheng and
Gendelman, 1997). A significant astrogliosis is demonstrated in brain areas
with axonal and dendritic damage. The operative mechanisms by which
MP become activated and cause neuronal damage are incompletely under-
stood. This chapter describes what is known about MP activation and 
neuronal dysfunction with a focus on chemokines.

Why the focus on chemokines and why do they play such an integral
role in the pathogenesis of HAD? Chemokines (chemotactic cytokines) and
chemokine receptors are an important part of the immune response that
affect cell migration, activation, and tissue homeostasis (Shields and
Adams, 2002; Richard et al., 2002). Functionally, following local produc-
tion, chemokines induce leukocyte cytoskeletal changes, for example actin
polymerization, affecting cell migration to areas of microbial infection or
degeneration. Chemokines also induce leukocyte differentiation from stem
cells in bone marrow, thymic differentiation of T lymphocytes, as well as
being involved in angiogenesis and tumor development (Shields and
Adams, 2002; Richard et al., 2002).

Within the past several years the links between chemokines,
chemokine receptors, and HIV pathogenesis have become both clear and
significant (Feng et al., 1996; Cocchi et al., 1995; Dragic et al., 1996; Deng
et al., 1996; Michael, 2002; Rizzardi and Pantaleo, 2002; O’Brien et al.,
2002). Chemokine receptors play a critical role in the early stages of HIV
cell entry including protection against HIV infection. Chemokine recep-
tors CCR5 and CXCR4 are the major coreceptors for viral entry into CD4+
cells (Feng et al., 1996; Cocchi et al., 1995; Dragic et al., 1996; Deng et al.,
1996). These observations have elicited intense interest into chemokine
biology. In a parallel series of investigations, chemokines and chemokine
receptors have been shown to play a critical role in the development of the
nervous system and in disease (Cho and Miller, 2002). Indeed, the inflam-
matory response manifested in the brain during HIV-1 infection of the
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nervous system leads to the development of a chemo attractant gradient,
resulting in the formation of a MGC in HIVE (Williams and Hickey, 2002).
This enables inflammatory monocyte-derived macrophages (MDM) to
enter the brain, become infected, and expand the sources of neurotoxic
secretory factors that lead to the pathological and clinical aspects of disease
(Gendelman et al., 1997). Chemokine receptors are critical for infection
in perivascular macrophages and microglia. It has also been shown that
chemokines and their receptors play a more direct role in the neuro-
pathogenesis of HIV-1 infection. It is now clear that neurons and glia
express chemokine receptors, and the interactions of HIV-1 gp120 with
neuronal chemokine receptors can lead to apoptosis of neurons (Cho and
Miller, 2002; Cotter et al., 2002; Ryan et al., 2002). These effects may be
regulated by chemokines that act on the same receptors. The presence of
chemokine receptors on neural cells also supports the notion that
chemokines regulate neuronal physiological functions. These ideas in the
context of the neuropathogenesis of HIV infection will be the focus of this
chapter in the greater context of HIV infection of the nervous system.

2. HIV NEUROPATHOGENESIS

The pathogenesis of HAD revolves around the numbers of virus-
infected and immune-competent brain MP (Glass et al., 1995) and the
resultant secretion of a plethora of neurotoxins. Viral infection and sub-
sequent immune activation of MP act as a catalyst for the secretion and
amplification of factors that cause neuronal damage and subsequent cog-
nitive dysfunction. Although the importance of MP activation in HAD
pathogenesis has been widely recognized, the process by which it occurs
remains undefined. One likely scenario is that HIV-1 infection predisposes
MP to immune activation through intracellular events. These events lower
the cytosolic signal transduction threshold necessary for macrophage acti-
vation and subsequent production of secretory factors (Genis et al., 1992;
Nottet and Gendelman, 1995; Persidsky et al., 1996; Cotter et al., 1999b).
In this way, HIV “primes” the cell to become readily activated upon future
immune stimulation. HIV-1 proteins, Tat and gp120, can engage MP recep-
tors to induce intracellular events, which either alter the threshold for, or
induce, activation de novo (Jones et al., 1998; Nath et al., 1999; Lipton, 1994;
Conant et al., 1998; New et al., 1998; Perry et al., 1998).

Once infected, it is also possible that MP become activated in response
to a peripheral immune challenge. This activation results in secretion of
chemokines and cytokines, which may impair BBB function and subse-
quently cause widespread inflammation in the brain (Fiala et al., 1998;
Nottet et al., 1996; Persidsky et al., 1997, 1999). Such events, combined
with changes in cellular migratory capabilities and upregulated adhesion
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molecules, augment leukocyte transendothelial migration into the CNS
and amplify the cellular sources of toxic molecules including virus and viral
proteins in the nervous system (Ghorpade et al., 2001; McManus et al.,
2000; Nottet et al., 1996; Weiss et al., 1999; Wu et al., 2000). These obser-
vations clearly underline the importance of chemokines in their abilities
to affect recruitment and activation of monocytes and macrophages during
HAD.

Activated MP secrete an abundance of cellular and viral neurotoxins.
These include glutamate (Jiang et al., 2001), arachidonic acid (Nottet 
et al., 1995), platelet activating factor (PAF) (Gelbard et al., 1994), tumor
necrosis factor alpha (TNF-a) (Gelbard et al., 1993; Talley et al., 1995),
interleukin-1 beta (IL-1b), quinolinic acid (Heyes et al., 1991; Kerr et al.,
1998), NTox (Giulian et al., 1996), and nitric oxide (NO) (Adamson 
et al., 1996). Viral neurotoxic proteins include HIV-1 gp120 (Brenneman
et al., 1988), gp41 (Adamson et al., 1996) and Tat (Ma and Nath, 1997;
Magnuson et al., 1995; Nath et al., 1996; New et al., 1997, 1998; Shi et al.,
1998). Secreted excitatory amino acids (EAA) can induce excitotoxicity in
neurons. Induced cytotoxicity results in excessive calcium influx and the
overstimulation of glutamate receptors, resulting in NO and superoxide
anion (free radical) formation and subsequent apoptosis. It is believed that
multiple effector mechanisms, from both microglia and astrocytes, are
operative in disease and explain the diffuse compromise of neural 
function characteristic of HAD (Gendelman et al., 1997; Lipton and 
Gendelman, 1995; Williams and Hickey, 2002; Garden, 2002).

HIV enters the brain early after viral exposure (Price, 1993). In exper-
imental simian immunodeficiency virus (SIV) infection, viral entry into the
brain occurs between a few days to a few weeks after viral inoculation
(Chakrabarti et al., 1991; Davis et al., 1992; Lackner et al., 1994). However,
the development of clinical neurological disease follows after years of 
progressive viral infection, often coinciding with profound immunosup-
pression (Price, 2000). This suggests that viral replication is necessary but
not sufficient to induce clinical neurological injury. The mechanism by
which the virus actually enters the brain is not exactly defined. Several pos-
sibilities include the idea that a free virus infects the brain endothelial cells
or that a virus gains entry to the CNS directly by infecting intermediate
cells. Alternatively, the virus is carried into the brain through infected and
immune competent leukocytes (Williams and Hickey, 2002). While most
patients with HAD and advanced immunosuppression have high levels of
virus in their brains (Wiley and Achim, 1994; Achim et al., 1994), absolute
levels of virus in the brain or cerebral spinal fluid (CSF) do not directly
correlate with the presence or severity of neurologic disease (Wiley and
Achim, 1994; Kure et al., 1990). This suggests that both viral and cellular
factors amplify the production of one another, and play prominent roles
in the disease onset and progression. Additionally, there is still no clear
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explanation why only a subset of patients develop HAD and others remain
unaffected. Whether this revolves around host or viral factors, or both,
remains unanswered. Viral replication likely precipitates neuroimmune
activation that occurs in the face of a profound CD4+ T-cell depletion
(Garden, 2002). Such processes instigate, in some individuals, brain
macrophage activation with secretory activities, affecting the trans-
endothelial migration of monocytes. Ultimately, an expanded viral reser-
voir in the brain is produced. Reseeding of the brain by HIV-1 late in the
disease with a profound infiltration of MP into the CNS likely heralds an
expansion in viral load and subsequent immunological activation.
Nonetheless, the quantity of HIV gene expression in the brain does not
always correlate with similar degrees of neurological impairments. As HIV
disease progresses there are inherent changes in both the secretory and
migratory capabilities of macrophages, in the periphery and the brain, that
allow such processes to continue unabated (Anderson et al., 2002; Boven
et al., 2000). In support of this theory, recent works have demonstrated the
emergence of specific monocyte subsets in patients with HAD. Identified
by their cell surface markers, CD14/CD16 and CD14/CD69, positive
monocytes may exhibit enhanced migratory and neurotoxic potential
(Pulliam et al., 1997; Williams et al., 2001; Fischer-Smith et al., 2001). These
characteristics may make them crucial to disease pathogenesis. The poten-
tial importance of peripheral immune activity in HAD pathogenesis is sup-
ported by evidence of enhanced monocyte trafficking during late-stage HIV
disease. Chung and colleagues (2002) demonstrated that potassium chan-
nels, expressed in macrophages, are vital for MP movement through the
BBB. This study also demonstrated that monocyte/macrophage migration
could be inhibited by voltage- and calcium-activated potassium channel
blockers. The importance of these findings are that alterations in cell
volume, differentiation, and shape represent pivotal factors in macrophage
migration into and throughout the brain, and may be affected by the
immune environment that occurs during progressive HIVE/HAD. HIV-1
gp120 activates multiple ionic macrophage signaling responses mediated
by CCR5 and CXCR4 (Liu et al., 2000). The upregulation of soluble
markers of monocytes and monocyte activation in the plasma of infected
patients with cognitive dysfunction and brain atrophy further supports the
importance of peripheral monocyte activation in cell trafficking and, in
general, HAD pathogenesis (Ryan et al., 2001b).

Mononuclear Phagocytes

As clearly described above, MP are the principal target cells for HIV
infection in the brain and a significant source of neurotoxins during
disease (Genis et al., 1992; Koenig et al., 1986; Gabuzda et al., 1986).
However, under steady-state conditions, MP function as scavenger cells to
eliminate microbial pathogens and other foreign material through phago-
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cytosis and intracellular killing, as well as adaptive immune mechanisms.
They can serve an important innate immune function by their secretion of
trophic factors required for tissue homeostasis. In the brain, macrophages
nurture neural cells, secreting neurotrophins, which provide the necessary
environment for neurons to function normally and thrive (Gendelman and
Folks, 1999). For example, MPs secrete brain derived neurotrophic factor,
nerve growth factor, neurotrophin-3, glial-derived neurotrophic factor, and
basic fibroblast growth factor (Batchelor et al., 1999; Caroleo et al., 2001;
Kullander et al., 1997; Elkabes et al., 1996; Heese et al., 1998; Zheng et al.,
2001c; Rapalino et al., 1998; Lazarov-Spiegler et al., 1996, 1998a, 1998b;
Zeev-Brann et al., 1998). This normal innate immune function of MP has
been used to therapeutic advantage during neurodegenerative disorders
(Rapalino et al., 1998). It remains unclear, however, how the macrophage
evolves from a neurotrophic cell to a neurotoxic cell.

Recent works suggest specific signaling pathways arise following MP
immune activation, which can regulate protective or destructive innate
immune function of macrophages (Shibata et al., 2003). Indeed, during
HIVE and HAD, viral infection and immune activation of MP could serve
to change a protective cell to a destructive one, leading to neuronal injury
and ultimately cell death. Perturbations in cell signaling pathways may
underlie such molecular events. This is highlighted by the fact that neu-
rotrophins engage Trk receptors, expressed on neural cells, then activate
signaling pathways by phosphorylation of cytoplasmic tyrosine residues. Trk
converts Ras to an active conformation, inducing the MAP kinase cascade
(ERK1/2), which is involved in cellular transcription and growth (Segal
and Greenberg, 1996; Shi et al., 1996; Soontornniyomkij et al., 1998; Zheng
et al., 2001c).

Three distinct MP are found in the brain parenchyma and are targets
for virus. They include ramified “resting” microglia, activated “amoeboid”
microglia, and perivascular macrophages. Microglia represent up to 10%
of the parenchymal brain cell population in some regions. Neighboring
elliptical microglia contact each other in series and in parallel, forming 
a neural network. Unlike microglia, parenchymal and perivascular
macrophages usually appear amoeboid and, in morphology and function,
these cells more closely resemble tissue macrophages in other organs.
Recent studies, by several groups, support the idea that perivascular
macrophages are preferentially infected and pose the greatest threat as
vehicles of dissemination of virus and sources of neurotoxic activities
(Pulliam et al., 1997; Rappaport et al., 2001; Williams et al., 2001; Williams
and Hickey, 2002).

Multiple mechanisms have been proposed for the initiation of brain
inflammatory responses during HAD (Anderson et al., 2002; Cotter et al.,
2002; Zheng and Gendelman, 1997). Monocytes express the TNF-family
activation receptor CD40 and activated T-cells express CD40 ligand
(CD40L). Binding of soluble CD40L activates infected and uninfected
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monocyte lineage cells. Decline in the CD4+ T lymphocytes allows
macrophages to express a metabolically active, tissue-destructive pheno-
type. Alternatively, circulating pro-inflammatory cytokines trigger mono-
cyte activation independent of lymphocytes. Indeed, late-stage HIV-1
patients with dementia show elevated serum TNF. receptors (Ryan et al.,
2001a). Whatever the mechanism, when activated, brain macrophages
secrete a variety of neurotoxic immune and viral factors. Functionally,
changes in macrophage immunity lead to gp120-mediated cell fusion,
MGC formation, disruption of neuronal homeostasis, and ultimately
disease. However, the role of macrophages in disease persistence and
pathogenesis is not limited to the brain or CNS. Submucosal macrophages
in the gut and cervix are thought to be the first cells infected by the virus
(Zhu et al., 1996). It is likely that these cells sustain the viral population
throughout the course of the disease and are a common link for viral dis-
semination in the lymph nodes and inevitably to the brain.

Astrocytes

In prior years, astrocytes were believed to lack functional excitability,
having no role in signal integration. Their role was considered solely as
supporters of nerve cell structure and function. Certainly, during steady
state conditions astrocytes contribute to the structural scaffolding of both
neurons and glia and participate in neuronal sustenance (Haydon, 2001).
However, recent works also demonstrate that astrocytes participate in
synaptic integration by releasing glutamate through calcium regulated 
exocytosis-like processes. This process may follow activation of CXCR4
through the stromal cell-derived factor 1 (SDF-1) (Bezzi et al., 2001). In
contrast, astrocyte impairment may result in the release of excessive gluta-
mate, resulting in neuronal injury. Altered glutamate transport, by acti-
vated astrocytes, results in inhibition of glutamate uptake and to its
enhanced secretion. Such events may lead to neuronal excitotoxicity and
apoptosis (Bezzi et al., 2001). They may play a prominent role in the disease
by virtue of being the most abundant cell type in the CNS, through their
homeostatic functions and their close juxtaposition to neurons. After expo-
sure of astrocytes with TNF-a, IL-1b., or phorbol esters, latent infection may
become reactived (Tornatore et al., 1994). Potentially, but not yet proven,
astrocytes may provide HIV with a sanctuary protecting the virus against
antiretroviral therapy. Astrocytes, along with MP, may also serve as reser-
voirs for HIV within the CNS. They are infected, albeit at restricted levels,
and are capable of transferring infection to MP (Brack-Werner, 1999).

Astrocyte infection by HIV is CD4-independent (Sabri et al., 1999).
Expression of CCR5, CCR3, and CXCR4 are, however, found on astrocytes
(Boutet et al., 2001). Nonetheless, astrocyte cell lines can be infected inde-
pendent of both CD4 and CXCR4 (Schweighardt et al., 2001). Astrocytes
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produce a number of chemokines, including interleukin-8 (IL-8), mono-
cyte chemotactic protein-1 (MCP-1), and regulated upon activation 
normal T-cell expressed and secreted (RANTES) in response to the pro-
inflammatory cytokines IL-1b and TNF-a (Hesselgesser and Horuk, 1999)
that may exacerbate disease pathogenesis. These chemokines can attract
HIV-infected peripheral blood lymphocytes and monocytes to the brain. It
has been reported that viral gene products, such as Tat, can induce MCP-
1 production by the astrocytes, facilitating monocyte transmigration across
the blood-brain barrier (Chauhan et al., 2003).

It is not known, however, whether alterations in astrocyte phenotype
and function are beneficial or detrimental in regards to neuronal function.
The cumulative excitotoxic effects perpetuated by activated astrocytes may
substantially increase the amount of neuronal damage caused by HIV infec-
tion. The production of chemokines, such as MCP-1, by endothelial cells
and astrocytes, affects the migration of leukcoytes across the BBB and is
critical to HAD pathogenesis. MCP-1 is a chemoattractant that clearly accel-
erates monocyte entry into the brain. Astrocytes are the major source of
MCP-1, whose levels may be induced after glial exposure to cellular (TNF-
a, IFN-g and IL-1b) or viral (for example Tat) neurotoxins (Weiss et al.,
1998).

Secretion of other soluble neurotoxic factors by astrocytes can lead to
paracrine neuroimmune activation, an upregulation of apoptotic factors
such as Fas and Fas ligand (FasL), and, ultimately, increased neuronal cell
death by distinct mechanisms. Indeed, increased FasL expression has been
observed in lymphocytes, monocytes, and CSF in HIV-1 infected patients.
It is not yet known whether FasL-mediated neurotoxicity is part of the path-
ogenic process of neural damage during HIVE/HAD (Ghorpade and 
Gendelman, 2003).

Blood Brain Barrier (BBB)

Under steady-state conditions, the BBB serves to regulate passage of
immune cells and immune products. During the disease, disruption of the
BBB occurs through the upregulation of adhesion molecules on the
surface of the brain’s microvascular endothelial cells (BMVEC), as well as
by the alteration of cell morphology, permitting entry of cells and immune
factors that would normally be excluded. Increased expression of inter-
cellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule
(VCAM), among others, as a consequence of brain inflammation, instigate
the passage of monocytes into the brain parenchyma (Nottet et al., 1996).
Despite the considerable immune activation that occurs during advanced
HIV-1 infection throughout most of the course of viral infection, disrup-
tion of the BBB remains minimal. It is only very late in the disease that the
BBB integrity and function break down.
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A prominent neuropathological finding with HIV infection is perivas-
cular infiltration of monocytes across the BBB (Price et al., 1998). Post-
mortem studies of HIVE patients have revealed that the integrity of the
BBB was damaged, as demonstrated by fibrinogen leakage (Petito and
Cash, 1992). A likely scenario involves the “priming” of macrophages by
viral infection and lowering of the signaling threshold necessary for acti-
vation (Genis et al., 1992; Nottet et al., 1995), facilitating BBB migration.
Indeed, MP activation results not only in the secretion of cytokines and
chemokines that can impair the BBB but also in the upregulation of adhe-
sion molecules, which facilitate cell trafficking into the brain (Nottet et al.,
1996).

Upon entry into tissue and differentiation into macrophages, the cells
become targets for viral infection. Undifferentiated peripheral mono-
cytes are infected at low frequency and are present in the circulation for
limited time periods, usually measured in hours for lentiviral infections
(Gendelman and Gendelman, 1992; Gendelman et al., 1984, 1985, 1986).
Virus is carried into the brain by MDM or CD4+ T lymphocytes during
disease. Free progeny virus can cross the BBB and infect MDM in the
perivascular space. Endothelial activation during progressive HIV-1 infec-
tion has been postulated to allow migration of MDM into the CNS. During
disease, a principal component for how virus-infected monocytes and
macrophages penetrate the BBB is through their abilities to change shape
and volume. The ability of cells to swell then restore their cell volume to
normal upon exposure to hyposmicity is achieved by the efflux of potas-
sium and chloride channels with consequent loss of water. Such ion chan-
nels appear to be regulated by immune activation and viral infection and
facilitate the movement of infected cells across the BBB in disease. Regard-
less of whether infection is established in endothelia, HIV-1 may cross the
BBB as a free progeny virus. This may be accomplished through the ability
of HIV-1 gp120 to induce viral adsorptive endocytosis and transcytosis in
brain endothelia.

Chemokines appear to be key regulators of monocyte recruitment
during HAD. Endothelial cells, microglia, and astrocytes are major cellu-
lar sources of b-chemokines (for example, macrophage chemotactic factor-
1 or MCP-1) in the CNS, whose production during HIVE sets up an
inflammatory chemo-attractant gradient. b-chemokines bind to chemokine
receptors on monocytes, regulating cell transendothelial migration into
the brain. One brain chemokine, fractalkine, can promote adhesion and
migration of leukocytes across the BBB (Imai et al., 1999; Tong et al., 2000).
Neurons, astrocytes, and endothelial cells express fractalkine (Cotter et al.,
2002; Tong et al., 2000) and are likely to also play a role in the recruitment
of monocytes into the brain.

Several questions remain about how HIV-1 infected MDM enter the
brain, including: (1) the exact identification and relative abundance of
chemokines produced by macrophages, astrocytes, and other inflammatory
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cells; (2) the pathobiological conditions under which chemokines are pro-
duced; (3) paracrine and autocrine regulation of chemokines and pro-
inflammatory cytokines in microglia, astrocytes, endothelial cells, and
neurons; and (4) the role of chemokines in glial activation and HIVE.

Infected monocytes, macrophages, and perhaps CD4+ T lymphocytes
act as vehicles through which a virus enters the brain. Microglia and astro-
cytes produce chemokines and control monocyte migration across the BBB
(Persidsky et al., 1999). Activated microglia, and to a lesser extent astro-
cytes, express MHC class I and II antigens, adhesion molecules, secrete
cytokines, and reactive oxygen intermediates. All are shown to be impor-
tant factors that contribute to HAD (Lipton and Gendelman, 1995).
Although the event(s) that triggers monocyte invasion into the nervous
system remains unknown, it likely involves the secretion of macrophage
attractant chemokines and the upregulation of adhesion molecules on acti-
vated endothelial and immune cells. a. and b chemokines, such as IL-8,
interferon gamma inducible protein 10 (IP-10), growth-related oncogene
a (GRO-a), macrophage inflammatory protein 1a (MIP-1a), MIP-1b,
RANTES, and MCP-1, are induced by pro-inflammatory factors and are
found in infected brain tissue. These factors may also participate directly
in the disease process. The entry of virus and activated macrophages into
the brain is likely precipitated by BBB damage heralded by activation of
brain MP. Neuronal damage as well as alterations in the integrity of tight
junction or regulation of its immune function occur as a consequence of
viral and cellular secretory products. These events are crucial to HIV-1
brain transport.

Endothelial cells that comprise the BBB can secrete a variety of
chemokines themselves upon stimulation by the pro-inflammatory
cytokines, including MCP-1, MIP-1a, RANTES, MGSA, IP-10, MIG, and
fractalkine or neurotactin. Endothelial cells also express CXCR4 and
CCR5, whose expression may change dependent upon the cytokine envi-
ronment. For example, pro-inflammatory cytokines upregulate chemo-
kines and their receptors by endothelial cells, facilitating the entry of 
HIV into the brain. All together, leukocyte migration from the blood to the
brain is a complex process involving rolling and tight adhesion and
transendothelial migration. Depending on the stage of brain endothelial
cell activation and interactions with cell factors produced as a consequence
of leukocyte secretory activities, monocytes and some lymphocytes enter
the brain parenchyma during disease.

3. CHEMOKINES: AN OVERVIEW

Chemotactic cytokines, or chemokines, is a large family of structurally
related proteins that affect numerous biological functions. They are small
(8–10kd) proteins that are produced by a variety of different cell types,
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including blood leukocytes, endothelial cells, glia, and neurons. A number
of factors affect their regulation, including bacterial lipopolyaccharide
(LPS), pro-inflammatory cytokines, and viruses. Chemokines are classified
into four families, based on the number and positions of the N-terminal-
conserved cysteine residues (Shields and Adams, 2002; Richard et al.,
2002). Indeed, their classification depends on the relative position of cys-
teine residues within the protein. They exert their effects by activating a
family of seven transmembrane G-protein coupled receptors (GPCR).
These receptors are also divided into four groups: a-chemokine receptors
(such as CXCR2 and CXCR4); b-chemokine receptors (such as CCR5,
CCR4, CCR3, and CCR2); g-chemokine receptor (XCR1); and d-
chemokine receptors (CX3CR1) (Gabuzda et al., 1998; Hesselgesser and
Horuk, 1999; Klein et al., 1999; Miller and Meucci, 1999; van der Meer 
et al., 2000). Produced copiously in all tissues including the brain (Kutsch
et al., 2000), these factors regulate the migration, recruitment, accumula-
tion, and activation of leukocytes (Wu et al., 2000).

Since the identification of IL-8, nearly 15 years ago, over 40
chemokines have been identified (Shields and Adams, 2002). Certainly,
chemokines are part of a large family of molecules with important physio-
logic functions, ranging from development and cell growth to angiogene-
sis and neoplasia, cellular migration, inflammation, and in interactions
with microglial pathogens (Baggiolini et al., 1997). Chemokines are com-
posed of 92–125 amino acids with four conserved cysteines linked by disul-
fide bonds. Four subfamilies are designated as CC, CXC, C, and CX3C. The
prefix CC designates the chemokines with two adjacent cysteines, while
CXC designates chemokines that contain two cystines separated by one
amino acid. The human chemokine genes are clustered on chromosomes
4 (CXC chemokines) and 17 (CC chemokines). The CXC chemokines
include IL-8, MGSA, IP-10, and SDF-1. The CC class includes RANTES,
MCP-1, and MIP-1a.b. Fractalkine (FKN) is part of the CX3C group. The
group of C chemokines includes lymphotactin. Each of the chemokines
recognizes a particular subset of leukocytes. IL-8 and MGSA attract 
neutrophils, SDF-1 and IP-10 attract T lymphocytes, eotaxin attracts
eosinophils, and RANTES and MCP-1 attract T-cells and monocytes (Schall
and Bacon, 1994). The chemokines act on their target cells by binding to
cell surface chemokine receptors. Chemokine receptors belong to the
superfamily of receptors that signal through the GTP-binding, seven trans-
membrane proteins (Baggiolini et al., 1997). Table I provides a summary
of Chemokines.

Chemokine receptors are categorized into four different groups:
shared, specific, promiscuous, and viral (Premack and Schall, 1996). Most
of the chemokine receptors can bind more than one chemokine ligand
belonging to the same chemokine subfamily (shared group). The promis-
cuous receptors bind to a chemokine ligand from different subfamilies.
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Two viruses encode chemokine receptors: CMV (US28) and herpes virus
saimiri (ECRF3).

Chemokines and HIV Coreceptors

HIV-1 enters CD4+ T lymphocytes by fusion at the plasma membrane
after interaction with CD4 and a coreceptor. The identity of this corecep-
tor was prompted by studies that showed that the b-chemokines, RANTES,
MIP-1a, and MIP-1b, could block viral infectivity in vitro (Cocchi et al.,
1995). However, these chemokines were only able to block viral infectivity
mediated by macrophage tropic (M-tropic) viruses and did not affect entry
of T-cell tropic strains of a virus. It was demonstrated that the chemokine
receptor CXCR4, initially called Fusin or Lestr, blocked the entry of T-
tropic strains (Feng et al., 1996). The biological function of this receptor
is to bind SDF-1 (Bleul et al., 1996a, 1996b; Oberlin et al., 1996). All HIV
strains studied to date use one or both of these molecules for viral entry
(Edinger et al., 1999; Berger and Major, 1999). The genetic polymorphism
in the HIV envelope glycoprotein gp120 determines which coreceptor is
used and thus determines the type of host cell that is preferentially
infected.
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TABLE I
Chemokines and Their Receptors in the Brain

Cell Type Chemokines Receptors Reference

Monocytes/ MCP-1 MIP-1a/b CCR2, CCR3, (Bernasconi et al., 1996,
macrophages RANTES IL-8, CCR4, CCR5, Cinque et al., 1998, Kelder

IP-10 CXCR4, CX3CR1 et al., 1998, Collman et al.,
2000, Gabuzda et al., 2002)

Microglia MIP-1a/b CCR2, CCR3, CCR4, (Bernasconi et al., 1996,
RANTES MCP-1,3 CCR5, CXCR3, Cinque et al., 1998, Kelder
IL-8, IP-10 CXCR4, CX3CR1 et al., 1998)

Astrocytes MCP-1, MIP-1a/b CCR2, CCR3, (Conant et al., 1998, Zheng
RANTES, SDF-1a, CCR4, CCR5, et al., 1999b, 2000)
IL-8, IP-10, CXCR4
Fractalkine

Neurons Fractalkine, MCP-1 CXCR4, CX3CR1, (Coughlan et al., 2000,
CXCR2, CCR5, Zheng et al., 2000)
DARC

Endothelium IL-8, Fractalkine, DARC, CXCR4, (Gabzuda et al., 2002)
IP-10, MGSA, CCR5, DARC
MIG, MCP-1, 3, 4



HIV-1 is neuroinvasive and enters the CNS early in infection. However,
defining the precise molecular and biological bases for viral neurotropism
still eludes investigators. The principal issue remains the ability to separate
M-tropic from neuro-tropic signatures (Lipton and Gendelman, 1995;
Gabuzda and Wang, 1999). Indeed, M-tropic virus can be isolated from
brain tissue throughout HIV disease (Brew et al., 1990, 1996a, 1996b; Brew
and Miller, 1996). Such isolates replicate well in cultured human microglia
from both adult or fetal tissue (Strizki et al., 1996; Ghorpade et al., 1998a)
and induce neurotoxic responses (Genis et al., 1992). Nonetheless, HIV
isolates that propagate in MDM also infect microglia. Such dual tropism is
consistent with previous molecular analyses for HIV-1 envelope, where
determinants for MDM and microglial tropism map to identical regions of
the genome (Sharpless et al., 1992). The tropism is largely determined by
the V3 hypervariable region of gp120, a viral surface protein. The V3 func-
tion is distinct from the gp120–CD4 requirement and more associated with
post-CD4 binding interactions, such as, proteolytic cleavage and fusion.

The importance of the V3 loop sequences determining tropism has
also been controversial. The residues thought to be critical for neuroviru-
lence were also found in the majority of nondemented patients (Reddy et
al., 1996). The proline determinant at position 305 that was associated with
neurovirulence was absent in brain-derived isolates (Di Stefano et al.,
1996). The V1/V2 region may also contribute independently or in concert
with V3. Phylogenetic studies done on the V3 envelope of strains derived
from all brain regions indicated that there is an independent regional 
evolution of HIV quasispecies after it crosses into the brain, and there are
sequences associated with regional neuropathology (Chang et al., 1998; 
Di Stefano et al., 1996).

T-tropic strains are associated with the a-chemokine receptor CXCR4.
However, T-cells may be infected by either M- or T-tropic strains. For MDM
and microglia the pathways for viral infection are similar if not identical.
Microglia express CD4 and a number of chemokine receptors, including
CCR5, CCR3, CXCR4 (Lavi et al., 1997; Vallat et al., 1998). However, they
are most susceptible to infection by R5 viruses (Lavi et al., 1997; Shieh et
al., 1998). There may be qualitative differences between MDM and
microglia regarding the use of chemokine receptors. Experiments showing
lack of HIV inhibition by monoclonal antibodies to CCR5 and CCR3
suggest that additional coreceptors may also be used by microglia 
(Ghorpade et al., 1998b). Macrophage tropic strains alone may not be 
sufficient to cause clinical neurologic impairment. Because HIV-1 relies on
chemokine receptors for entry into MP, chemokine receptor expression by
brain macrophages and microglia may influence viral evolution within the
brain reservoir, leading to neurovirulence.

The importance of CCR5 for HIV-1 transmission was underscored by
the observation that certain individuals who had been repeatedly exposed
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to HIV-1, but remained uninfected, had a defect in CCR5 expression (Liu
et al., 1996a). CD4+ T lymphocytes from these individuals were highly resis-
tant to in vitro infection of primary macrophage tropic HIV, but were
readily infectable with viruses adapted to grow in transformed T-cell lines
(Liu et al., 1996b). These noninfectable individuals were found to be
homozygous for a defective CCR5 allele that contains an internal 32-base
pair deletion (CCR5 d32). The truncated protein encoded by this gene is
apparently not expressed at the cell surface. CCR5 d32 homozygous indi-
viduals comprise 1% of the Caucasian population, and heterozygous indi-
viduals comprise 20%. Individual who are heterozygous for the deletion
have been shown to progress more slowly to AIDS than wild-type homozy-
gous individuals, suggesting that CCR5 expression may be altered in these
individuals, and that this affects HIV-1 replication in vivo. Additional muta-
tions associated with HIV resistance include chemokine receptor, CCR2b,
and the ligand SDF-1 (Smith, 1991; Smith and Hale, 1997; Winkler et al.,
1998).

Lastly, at least nine other chemokine receptors, of structurally related
molecules, have also been described as supporting HIV-1 envelope-
mediated membrane fusion or viral entry in vitro. These include CCR2b
(Doranz et al., 1996), CCR3 (Bazan et al., 1998), BOB/GPR15 (Farzan 
et al., 1997a, 1997b), BONZO/STRL33/TYMSTR (Farzan et al., 1997a,
1997b), GPR1 (Farzan et al., 1997a, 1997b), CCR8 (Horuk et al., 1998),
V28/CX3CR1 (Rucker et al., 1997), and APJ (Choe et al., 1998a, 1998b).
Several studies have compared coreceptor usage by primary HIV-1 isolates
of several genetic subtypes, but the coreceptor usage analysis has shown
that most HIV strains use CCR5 or CXCR4 efficiently (Dooms et al., 2000).

Chemokines and Neural Function

The importance of chemokine receptors in HIV neuropathogenesis
was brought to the forefront when they were found expressed on neurons.
It is now clear that most brain cells express chemokine receptors (Table I)
and the interactions of virus with these receptors may initiate apoptotic
death of neurons. This outcome may be modified by chemokines that act
at the same receptors. Moerover, chemokine receptor expression on
neurons suggests that these molecules affect neuronal homeostatic func-
tion (Miller and Meucci, 1999). Cultured human fetal neurons express
CXCR2, CXCR4, CCR1, and CCR5 (Hesselgesser et al., 1997). This finding
presents a scenario in which HIV-1 could damage neurons directly.
Although HIV-1 cannot infect neurons, HIV-1 gp120 may bind to neuronal-
expressed CXCR4, initiating signal transduction pathway(s), leading to 
cellular dysfunction or apoptosis (Hesselgesser et al., 1998a; Zheng et al.,
1999a, 1999b, 1999c). This idea is supported by studies in which an
inhibitor of chemokine receptors can inhibit HIV-1 gp120-induced
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damage. The resultant neuronal damage may then elicit the secretion of
brain derived chemokines in order to recruit macrophages to the site of
injury (Erichsen et al., 2003; Cotter et al., 2002). In this way, the neurons
themselves serve as a means to perpetuate the damage brought about by
macrophage-produced neurotoxins.

Some chemokines such as SDF-1a and FKN are constitutively pro-
duced in the brain and likely play an important role in CNS homeostasis.
Others, such as MIP-1a and MIP-1b, MCP-1, and RANTES, are induced by
inflammatory stimuli. These chemokines are likely involved in the patho-
genesis of a variety of neurodegenerative diseases where inflammation
plays a role in pathogenesis, such as Alzheimer’s disease, stroke, and HAD
(Letendre et al., 1999; Minami and Satoh, 2000; Sanders et al., 1998).

During HAD, chemokines are produced at high levels by MP, astro-
cytes, or neurons and affect cell migration, neural signaling, apoptosis, and
by inciting cascades of neuroinflammatory reactions that regulate viral
replication (Albright et al., 1999; Broder and Collman, 1997; Cotter et al.,
2001; Endres et al., 1996; Ghorpade et al., 1998b; He et al., 1997; Kitai et
al., 2000; Lavi et al., 1997; Luster, 1998; Mackay, 1996; Shieh et al., 1998;
Vallat et al., 1998; Vicenzi et al., 2000; Zheng et al., 1999b). Brain MP, astro-
cytes, and neurons may also directly participate as effector cells in disease
pathogenesis independent of peripheral immune responses. This possibil-
ity is supported by data demonstrating that a. and b chemokines, such as
IL-8, IP-10, GRO-a, MIP-1a, MIP-1b, RANTES, and MCP-1, are produced
in infected brain tissue by HIV-1-infected and immune-activated MP and
astrocytes (Conant et al., 1998; Cotter et al., 1999a; Desbaillets et al., 1994;
Kornbluth et al., 1998; Persidsky, 1999). Neuronal injury, induced by HIV-
1 viral proteins or cytokines, may itself trigger chemokine secretion. Neu-
ronal chemokines may serve as a damage signal to recruit macrophages
and microglia to the site of injury, serving to stimulate brain inflammation
independent of peripheral immune responses (Figure 1) (Jung et al., 2000;
Tong et al., 2000; Zheng et al., 2001a; Zujovic et al., 2000; Erichsen et al.,
2003; Cotter et al., 2002).

MP activation and neuronal loss lead to alterations in dendritic arbor
and decreased synaptic density and are neuropathological signatures of
HAD. Much work has been done in recent years to explore the mecha-
nisms by which HIV-1 infected macrophages induce neuronal injury
(Gabuzda et al., 1998; Gelbard et al., 1994; Gendelman, 1997; Lipton and
Gendelman, 1995; Nath and Geiger, 1998; New et al., 1998; Shi et al., 1996,
1998). A number of questions remain: First, although altered dendritic
arbor and synaptic density are major features of neuronal injury in HAD
(Everall et al., 1994; Wiley et al., 1991), how they are linked to specific MP
secretory activities and affected by antiretroviral and adjunctive thera-
pies remains unclear (Aquaro et al., 1997, 1998, 2000; Fox et al., 2000; 
Gendelman et al., 1998; Limoges et al., 2000; Perno et al., 1988, 1994,
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1998). Second, how the normal protective functions of MP are altered or
reversed following immune activation remains unclear (Lazarov-Spiegler 
et al., 1998a; Wiley et al., 2000; Zeev-Brann et al., 1998; Zheng et al., 2001c).
Third, how mutual receptor interactions occur between HIV gp120 and
chemokines could be significant in the ultimate outcome of neuronal loss
versus cellular protection. Fourth, how activation of chemokine receptors
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FIGURE 1. A proposed pathophysiological mechanism for how chemokines and their recep-
tors influence the neuropathogenesis of HIV-1 infection. Chemokines are produced from acti-
vated microglia and astrocytes and affect the transendothelial migration of monocytes into
the nervous system. During cell maturation, macrophages acquire the ability to sustain pro-
ductive HIV-1 infection. Release of progeny virion leads to infection of resident microglia.
Virus-infected MP become immune-activated by a process that remains incompletely under-
stood, but likely involves peripheral cytokines. Activated HIV-1-infected brain macrophages
secrete a variety of factors that affect neuronal function and CNS inflammation and includ-
ing cytokines and a- and b- chemokines. Chemokines, HIV-gp120, Tat, and whole virions may
interact with neuronal receptors to induce intracellular signal transduction alterations, the
final results of which are neuronal compromise. Paradoxically, some chemokines act to affect
neuronal survival, while others induce apoptosis.



occurs in brain inflammation is critical. The process affects specific sig-
naling events such as calcium mobilization and influx, both critical for neu-
ronal homeostasis.

In order to address these questions and further define the relation-
ship among HIV-1 infection, MP activation, chemokine production and
neuronal demise, laboratory assays were developed to mimic HIV-1 associ-
ated neuronal injury. The effects of virus-infected or immune-activated MP
secretory products on aspects of neuronal morphology were quantitatively
assessed. In these assays, rat cortical, hippocampal, and human cortical
neurons were exposed to secretory products from HIV-1-infected and 
activated human MDM. Assays for alterations in neuronal dendritic arbor
and cell loss included the quantification of neurofilament (NF), neuron-
specific enolase (NSE), and microtubule associated protein-2 (MAP-2) by
ELISA, which demonstrated that MP produce both neurotrophic and toxic
factors (Lazarov-Spiegler et al., 1998a; Wiley et al., 2000; Zeev-Brann et al.,
1998; Zheng et al., 2001c; Zheng et al., 2001d). MDM conditioned media
(MCM) enhanced neuronal survival and differentiation. Several of the 
neurotrophic factors made by MDM are beginning to be defined (Shibata
et al., 2003). In contrast, MCM obtained from MDM infected with HIV-1ADA

and activated by LPS induced neuronal cell death, characterized by 
neuronal apoptosis (Zheng et al., 2001d), altered dendritic arbor and
decreased neuronal density (Zheng et al., 2001c). Utilizing a spectrum of
HIV-1 strains to infect human MDM, productive viral replication was shown
to be necessary, but not sufficient, for MP induction of neuronal injury.
Neuronal demise was also induced by virion-free HIV-1-infected and
immune-activated MDM supernatants. Similar responses were observed
with MCM from human fetal microglia, further supporting the role of HIV-
1-infected and immune-activated brain MP in overall neurotoxic responses
(Zheng et al., 2001c). Further, alterations in glutamate-mediated neuronal
signaling were observed from neurons treated with secretory products from
both HIV-1-infected and immune-activated MDM (Zheng et al., 2001c). An
inhibition of long-term potentiation was also found in rat hippocampal
slices (Xiong et al., 1999a, 1999b) exposed to secretory products from both
HIV-1-infected and immune-activated MDM. HIV-1-infected and immune-
activated MCM-mediated neuronal injury was also found to be partially
blocked by the N-methyl D-aspartate (NMDA) receptor antagonist, MK 801
(Jiang et al., 2001; Zheng et al., 2001d; Xiong et al., 2003). Taken together,
these data support a primary role for immune-activation and HIV-1 infec-
tion in MP-mediated neuronal dysfunction.

Chemokines and HIV-1 Neuropathogenesis

A number of a-chemokine receptors are expressed on leukocytes,
astrocytes, and neurons. For example, CXCR4 is found on neurons,
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microglia and astrocytes (Albright et al., 1999; Banisadr et al., 2000; Broder
and Collman, 1997; Coughlan et al., 2000; Endres et al., 1996; Ghorpade
et al., 1998b; He et al., 1997; Horuk et al., 1997; Lavi et al., 1997; Luster,
1998; Mackay, 1996; Vallat et al., 1998). CXCR4 has been shown to play 
a substantive role in receptor-mediated apoptosis and cell function 
(Hesselgesser et al., 1998b; Zeng et al., 2000; Zheng et al., 1999a, 1999b;
Zou et al., 1998). Neurons also express CXCR2 (Coughlan et al., 2000;
Horuk et al., 1997) and CXCR5 (Kouba et al., 1993). Preliminary data,
from others and our laboratory, suggest that CXCR5 is expressed pre-
dominantly on human neuronal dendrites. CXCR2 and CXCR4 are
expressed diffusely throughout the cell (Coughlan et al., 2000; Zheng et
al., 2000).

As HIV-1 gp120 can instigate signal transduction by binding to chemo-
kine receptors (Davis et al., 1997; Guntermann et al., 1999; Weissman et
al., 1997), the identification of neuronal chemokines are linked to tissue
homeostasis and disease. Activation of neuron-expressed chemokine recep-
tors, through virion or endogenous ligand, may alter intracellular signal-
ing events and cause apoptosis (Ohagen et al., 1999; Zheng et al., 1999a).
Ligands that stimulate neuron-expressed CXCR4, including HIV-1 gp120,
and the endogenous CXCR4 ligand, SDF-1a, can both elicit neuronal 
dysfunction and apoptosis (Hesselgesser et al., 1998b; Pandey and Bolsover,
2000; Sanders et al., 2000; Zeng et al., 2000; Zheng et al., 1998; Zheng 
et al., 1999b).

Activated MP secrete b-chemokines (Cotter et al., 1999a, 2001; Conant
et al., 1998; Desbaillets et al., 1994; Kelder et al., 1998; Kornbluth et al.,
1998; McManus et al., 2000; Persidsky, 1999). The receptors for b-
chemokines include CCR2, CCR3, CCR4, CCR5, and CCR8. Macrophages
and microglia express CCR3 and CCR5 (Albright et al., 1999; Ghorpade et
al., 1998b; He et al., 1997; Lavi et al., 1997; Vallat et al., 1998) and affect
the regulation of HIV-1 infection (Cotter et al., 2001; Kitai et al., 2000).
Human neurons express CCR4. Unlike a-chemokine receptors, the major
expression of b-chemokine receptors in the brain has been reported in
macrophages, microglia, and astrocytes. Importantly, it has recently been
suggested that differential utilization of CCR5 and CXCR4 by brain X4, R5,
and R5X4 viruses for macrophages and microglia infection may underlie
neurovirulence of HIV-1 and induce disease (Gorry et al., 2001; Wang 
et al., 2001).

The most recently discovered receptor CX3CR1 is highly expressed on
neurons and MP (Boehme et al., 2000; Chapman et al., 2000a, 2000b; Dorf
et al., 2000; Harrison et al., 1998; Imai et al., 1997; Meucci et al., 2000; Tong
et al., 2000). FKN, the ligand for CX3CR1, is expressed on the neuronal cell
surface. Unlike other chemokine types, the polypeptide chain of the
human CX3C motif is predicted to be part of a 373 amino acid protein that
carries the chemokine domain on top of an extended mucin-like stalk
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(Bazan et al., 1997). To date, human FKN is the only known chemokine
that engages the CX3CR1 receptor. FKN exists as a membrane-bound
protein with adhesion properties. When cleaved as a soluble protein, FKN
is chemotactic for monocytes and lymphocytes (Chapman et al., 2000b;
Imai et al., 1997; Tong et al., 2000). Studies show that neuronal FKN RNA
is not responsive to glutamate stimulation. However, at the protein level,
FKN is detected in supernatants from cultured neurons treated with glu-
tamate. This response is prevented by matrix metalloprotease inhibitors
(Chapman et al., 2000a). These findings suggest that elevated FKN might
be due to protein cleaved from injured neurons (Chapman et al., 2000a;
Zheng et al., 2001a). Thus, FKN induces chemotaxis by providing a chemo-
tactic gradient to direct cell migration. However, it is not certain if this
mechanism requires signal transduction or receptor mediated G protein
activation (Chapman et al., 2000b; Haskell et al., 1999, 2000; Shiraishi 
et al., 2000).

Since MP activation is associated with neuronal injury in HAD, we have
proposed that FKN regulates MP effector function. In support of this idea,
it was reported that FKN is upregulated in the brain tissue and CSF of
patients with HAD (Meucci et al., 2000; Tong et al., 2000; Zheng et al.,
2001a). HIV-1 progeny virions (IIIB and ADA), gp120, and TNF-a induced
neuronal apoptosis in human neuronal cultures coincident with an
increase in FKN production (Meucci et al., 2000; Tong et al., 2000; Zheng
et al., 2001a; Erichsen et al., 2003). Moreover, FKN can effect chemotaxis
of primary monocytes across an artificial BBB and is neuroprotective to cul-
tured neurons (Meucci et al., 2000; Tong et al., 2000; Zheng et al., 2001a).
These results, taken together, demonstrate potential roles for FKN in MP
migration and activation, both critical events in HAD pathogenesis.

Chemokines and Neuroprotection

While several chemokines have been proposed to play an active role
in neuronal injury, some may be neuroprotective. Several reports have
demonstrated that IL-8 and FKN are neuroprotective (Kaul and Lipton,
1999; Meucci et al., 1998, 2000; Tong et al., 2000; Zheng et al., 2001b). IL-
8, an endogenous ligand for CXCR2, is secreted in high levels by HIV-1-
infected lymphocytes and macrophages (Zheng et al., 2000). It has been
shown that HIV-1 infection and immune activation induce MDM to
produce high levels of IL-8 (Zheng et al., 2000). Immune activators such
as LPS and CD40L potentiate IL-8 secretion from HIV-1-infected and unin-
fected MP (Zheng et al., 2000). A similar observation was obtained from
human fetal microglia cultures (Zheng et al., 2001b). Further, IL-8 levels
are higher in the CSF of HAD patients than in infected subjects without
neurological disease, supporting the importance of this factor in disease
pathogenesis (Zheng et al., 2001b).
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Others have explored how chemokines induce neuronal injury and
protection. These experiments demonstrated that engagement of CXCR2
or CXCR4 stimulates several distinct neuronal intracellular signaling cas-
cades. Binding of IL-8 to CXCR2 or SDF-1a to CXCR4 causes a transient
increase in cytosolic (Ca2+) in cultured neurons (Zheng et al., 1999b, 2000).
IL-8 and SDF-1a binding inhibits neuronal adenylate cyclase activity,
leading to decreased cytosolic levels (Bajetto et al., 1999; Zheng et al.,
1999b, 2000). IL-8 and SDF-1a stimulate MAP kinase phosphorylation
(Lazarini et al., 2000). From a biological perspective, binding of neuron-
expressed chemokine receptors can result in diverse outcomes. When
applied to neuronal cultures, SDF-1a and recombinant gp120 can induce
neuronal apoptosis through CXCR4 binding (Zheng et al., 1999b). Sur-
prisingly, and in stark contrast, activation of CXCR2 by IL-8 seems to induce
neuronal protection against injury (Zheng et al., 2001b). Presently, it is not
known what predominant effect chemokines exert on neuronal function
in HIVE. Certainly, there are several potential pathways through which
chemokines, HIV-1 gp120, or whole virions can interact with chemokine
receptors to trigger neuronal apoptosis.

4. CONCLUSION

The neuropathogenesis of HIV-1 infection revolves around inflamma-
tory factors secreted from virus-infected and immune competent brain MP.
One principal inflammatory factor is chemokines. Chemokines and their
chemokine receptors are expressed in the nervous system, and their
engagement affects neuronal and glial function. MP, astrocyte, and neu-
ronal chemokines, together with HIV-1 gp120, affect neuronal signaling
pathways by binding to chemokine receptors, contributing to neuronal
injury and repair. A chemokine gradient produced during HAD influences
the transendothelial migration of monocytes into the brain during disease.
This leads to an expanded reservoir for HIV and an increase in brain
inflammation; both influencing neuronal destruction. Indeed, HIV-1 infec-
tion and immune activation work in synergy to stimulate chemokine secre-
tion. Overall, it is likely that elucidation of the mechanisms for how
chemokines are regulated and affect neuronal injury in HAD will provide
novel means for therapeutic interventions as well as have broad applica-
bility in other neurodegenerative disorders.
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1. INTRODUCTION

The progress in AIDS research has been hampered by the lack of a small
and practical animal model susceptible to HIV infection, suitable for a
rapid testing of antiviral compounds and vaccines. Over the past 20 years,
different attempts have been made to develop various models for AIDS in
mice. An ensemble of studies carried out in several laboratories during the
past decade by using SCID mice transplanted with human cells and infected
with HIV have revealed that these chimeric human-mouse models can
indeed represent valuable animal systems for addressing a variety of impor-
tant issues in AIDS research.

SCID (severe combined immunodeficient) mice are characterized by
a genetic defect in their DNA repair system which does not allow gene
rearrangement of both immunoglobulin and T-cell receptor genes; these
mice are profoundly deficient in both humoral and cellular immunity due
to the lack of mature B- and T-cells, thus allowing the transplantation of
allogeneic and xenogeneic tissues or cells without rejection (Bosma and
Carroll, 1991). Both normal and neoplastic human cells can be efficiently
engrafted into immunodeficient mice and this specific feature has ren-
dered feasible the in vivo investigation of selected aspects of HIV infection
and AIDS. Two major chimeric human/SCID mouse models have proved
to be of special interest in AIDS research: (1) the so-called hu-PBL-SCID
mouse model, originally developed by Mosier and coworkers (Mosier et al.,



1988), which has allowed investigation of HIV infection of mature lym-
phoid cells; (2) the SCID-hu model, described by McCune and colleagues
(McCune et al., 1988), which has allowed dissection of HIV infection of
fetal hematopoietic cells and tissues, immature as well as mature lymphoid
cells. Both animal models have been widely used over the past decade for
studies on the pathogenesis and therapy of HIV-1 infection.

In 1988, Mosier and colleagues first reported that human peripheral
lymphocytes can stably be engrafted in SCID mice (Mosier et al., 1988).
Human peripheral lymphocytes were injected intraperitoneally in SCID
mice and persisted in the peritoneal cavity and organs for several months,
converting them in human-mouse xenochimeric animals called hu-PBL-
SCID mice. Since its description, the hu-PBL-SCID mouse model has been
widely used to study selected aspects of human immune response, auto-
immunity, and infectious diseases (Mosier, 1996; Duchosal et al., 1990;
Saeki et al., 1992; Mima et al., 1995). Xenochimeric mice grafted with
human PBLs can be successfully infected with HIV as originally reported
by Mosier and collegues (Mosier et al, 1991), and several immunological
and viral parameters can be easily monitored in these virus-infected
chimeric animals. In the SCID-hu model, human hematopoietic progeni-
tors contained in fetal liver or bone marrow tissue grafts are coimplanted
with fetal thymus tissue to create a chimeric animal (McCune et al., 1988).
This chimeric model has been widely used in AIDS research for virologic,
pathologic, and therapeutic studies.

In this chapter, we will review the main studies performed by using the
chimeric human SCID mouse models in AIDS research. We will discuss the
importance of these models and the contribution of the studies carried out
in these practical animal systems to the development of new concepts on
the AIDS pathogenesis and to the evaluation of strategies for the treatment
and prevention of HIV infection. Major attention will be given to the hu-
PBL-SCID mouse model and to the multiple modified versions of this
model, which have been widely utilized by our group over the years.

2. THE HU-PBL-SCID MOUSE MODEL: 
MAJOR TECHNICAL ASPECTS

Hu-PBL-SCID mouse xenochimeras are obtained by injecting 20–40 ¥
106 purified human peripheral blood mononuclear cells into the peri-
toneum of 3- to 5-week-old SCID mice (higher numbers may result in a
lethal graft versus host disease). Human cells rapidly spread from the peri-
toneal cavity, setting in the liver, lymph nodes, the white pulp of the spleen,
and bone marrow. However, 1–2 months later, the peritoneal cavity remains
the major source of human cells surviving to mouse reaction. At this time,
the majority of the cells rescued from the peritoneal environment by peri-
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toneal washing are represented by human T lymphocytes and they are
stained by monoclonal antibodies recognizing CD45, CD3, or CD4 and
CD8 human surface markers. Notably, SCID mouse spleens are smaller as
compared to those of immunocompetent mice, and these organs occa-
sionally reach abnormal size upon reconstitution. However, few human
cells can be recovered from spleen disruption, very often accounting for
less than 1% of the total splenic cell population. On the other hand, lymph
nodes are not easily detectable, since they are very small in size and
enclosed in mouse fat. However, lymph nodes can be pooled and human
cells from mouse organs can be enriched by several methods.

In experiments of HIV-1 infection of hu-PBL-SCID-mice, spleen and
lymph nodes can generally be used for PCR analysis or cocultivation assays
with human PHA-stimulated PBLs in order to monitor p24 release and
recover infectious virus. Since human cells become activated early by injec-
tion in the murine environment, as confirmed by detection of lymphocyte
activation markers and production of large quantities of human antibod-
ies, they represent suitable viral targets and easily support HIV replication.
After a few weeks, the human immunologic repertoire is shaped by a
murine environment, narrowing the potential responses by human lym-
phocytes and finally culminating in anergy and unresponsiveness to mito-
genic stimuli (Tary-Lehmann and Saxon, 1992; Tary-Lehmann et al., 1995).
This phenomenon should be taken into account when interpreting the
results obtained in this xenochimeric model or when designing experi-
ments, as the lymphocyte status can markedly influence the outcome of
HIV infection. Of note, in the model originally developed by Mosier and
co-workers, hu-PBL-SCID mice were challenged with HIV 2 weeks after
transplantation of human PBLs (Mosier et al., 1991). In this regard, it
should be considered that human T lymphocytes turn into CD45RO
memory cells within 2 to 3 weeks after transplantation and become mostly
anergic (Tary-Lehmann and Saxon, 1992; Tary-Lehmann et al., 1995). In
contrast, at early times after reconstitution, human T-cells are highly acti-
vated, expressing the surface activation marker CD69, followed by HLA-DR
and CD25 expression (Rizza et al., 1996).

In the SCID-hu thy/liv model, thymus and fetal liver fragments from
human embryos are coimplanted under the renal capsule of SCID mice.
Fetal liver supplies myeloid and lymphoid precursors, whereas thymus
microenvironment supports T-cell differentiation. This model does not
allow the generation of B lymphocytes, and the transplanted fetal tissues
reach maximum size within 6 months; then, the spilling of human T-cells
in peripheral circulation of xenochimeric mice progressively reduces and
stops, presumably due to exhaustion of precursors. Some modifications of
the model can be performed to increase T-cell number in peripheral cir-
culation, such as implantation of several pieces of thymuses under both
kidney capsules.
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Further studies have been performed in alternative SCID mice models,
combining implantation of human tissues and transfer of human PBLs
onto SCID mice or by engrafting immunodeficient mice with cell lines per-
missive to HIV replication. Virus and cells have been injected by several
routes. A novel system has been recently developed by combining SCID
mice implanted with thymic and liver tissues from human fetuses with trans-
genic mouse technology. Hu-SCID mice are injected with leukocytes from
transgenic carrying full-lengh provirus, which provide replication compe-
tent HIV-1 able to infect thymic implants (Wang et al., 2002).

3. HIV INFECTION IN THE HU-PBL-SCID MOUSE MODEL

Infection of Hu-PBL-SCID Mice

HIV infection of hu-PBL-SCID mice leads to infection and depletion
of human CD4 T-cells as a primary consequence. The rate of cell loss
depends on distinct factors such as the timing of infection from reconsti-
tution of SCID mice and the viral strain used for the infection of
xenochimeric mice. Infection with different viral isolates results in differ-
ent rates of viral replication and T-cell depletion; virus cell tropism has a
key role in determining the fate of CD4 T-cells.

Activation of human lymphocytes in SCID mice has been postulated to
mimic the in vivo state of activation of the immune system, which has been
recognized as an important cofactor in AIDS pathogenesis (Stevenson et
al., 1990). It has become apparent that the hu-PBL-SCID mouse model can
reproduce several aspects of virus-cell interaction occurring in HIV-infected
patients, not easily detectable under in vitro conditions.

Of note, macrophage-tropic nonsyncytial-inducing (NSI) HIV isolates
have been shown to mediate and sustain primary infection of humans,
whereas lymphotropic syncytial-inducing (SI) HIV isolates arise at late
stages of the disease and have been shown to account for the rapid T-cell
depletion. The first evidence showing that the in vivo behavior of distinct
HIV-1 isolates cannot be predictable by their in vitro characteristics came
from an elegant study by Mosier and colleagues (Mosier et al, 1993), who
found that macrophage-tropic clones induced a more rapid loss of human
CD4 T-cells as compared to lympho-tropic HIV clones previously found to
retain high cytopathicity and syncytial-inducing capacity. In a subsequent
study with recombinant viruses carrying reciprocal substitutions in the V3
loop of the gp120 envelope glycoprotein, it has been found that envelope
proteins, which are important in determining cell-tropism, play a key role
in determining T-cell depletion rates in hu-PBL-SCID mice (Gulizia et al.,
1996). Further aspects of HIV-induced pathogenesis and its relationship to
cell tropism were found to depend on cellular activation of human target
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cells and have been investigated by infecting xenochimeric mice both
shortly and at a 2-week time after reconstitution with human PBLs (Fais et
al., 1999). In fact, infection of SCID mice performed at 2 hours after
intraperitoneal injection of human PBLs has been previously demonstrated
to result in a more severe outcome of the infection with respect to mice
infected at the 2-week reconstitution time, as a consequence of the special
in vivo activation of the human cells at the time of the challenge with lym-
photropic HIV strains (Rizza et al., 1996). Infection of highly activated cells
at an early time after reconstitution (i.e., 2 hours) showed that infection
with either a T-cell-tropic (X4) or a macrophage tropic viral strain (R5)
resulted in a comparable level of infection, whereas at 2 weeks after recon-
stitution the R5 strain proved to be superior in inducing T-cell depletion
and higher levels of viral replication, which were associated with a dramatic
drop of human immunoglobulin M in mouse sera.

Experiments performed with recombinant clones, carrying reciprocal
substitutions in the V3 loop, pointed out the importance of the state of
activation/differentiation of human CD4 cells and gp120-coreceptor inter-
actions at the time of primary infection in hu-PBL-SCID model (Fais et al.,
1999). Of interest, while the percentage of CXCR4-expressing cells did not
change significantly upon injection into SCID mice, CCR5 expression was
increased at an early time (24 hours) after injection. Within 1 week, more
than 50% of the CD4 cells expressed CCR5, while CXCR4 only showed a
slight reduction in its intensity, suggesting a marked susceptibility to R5
strains at later times after engraftment. However, infection of hu-PBL-SCID
with R5 strains mice was shown to induce a dramatic depletion of CD4 cells
and profound impairment of immune parameters, independently from the
state of activation of human cells, whereas infection with X4 strains was
deeply affected by the timing of viral challenge and the activation/differ-
entiation of target cells. These results emphasize the major role played by
the env gene in determining the pathogenic potential of distinct HIV-1
strains in the hu-PBL-SCID model (Fais et al., 1999). It is of interest to con-
sider that this phenomenon was consistent with that observed in SHIV-
infected macaques (Karlsson et al., 1998). In this model, the rate of T-cell
depletion was determined by single aminoacid substitutions in the env
ectodomain, which conferred increased chemokine receptor binding and
enhanced membrane fusogenic activity.

There are several examples of reported differences in the outcome of
infection when HIV was used to infect human cells cultured in vitro with
respect to when the virus is injected in SCID mice transplanted with human
cells. For example, it can be considered paradigmatic that the SCID mouse
environment could alter the cell phenotype of human CEM cells after their
injection, rendering this cell line, which is not permissive to infection with
M-tropic strains in vitro, fully susceptible to the SF162 R5 strains, as a result
of an in vivo occurring modulation of the phenotype of the transplanted
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cells (Lapenta et al., 1998). In particular, we showed that subcutaneous
injection of CEM cells into SCID mice resulted in the acquisition of a
memory-like phenotype, upregulating CD45RO, CCR2, CCR3, and CCR5,
whose expression is associated with a high susceptibility to the in vivo infec-
tion with the HIV-1 monocytotropic strain SF162 and with a series of mono-
cytotropic clinical isolates, which cannot infect CEM cells in vitro (Lapenta
et al., 1998). The susceptibility of CEM cells transplanted into SCID mice
to HIV infection was shown to be selectively inhibited by the b-chemokines
such as RANTES, Mip-1a, and Mip-1b (the natural CCR5 ligands), In this
simplified hu-SCID mouse model, the susceptibility to Fas/Fas-L-mediated
suicide, upon HIV infection, was modulated by a murine environment and
progressively lost upon culture of ex-vivo CEM cells. Of note, when the
ability of distinct HIV-1 variants to establish infection in cultured PBLs or
in the hu-PBL-SCID mice was compared, the selective or preferential trans-
mission of NSI variants and a pattern of restriction in viral transmission
similar to that observed in patients was observed in hu-PBL-SCID mice. NSI
variants appeared to infect the xenochimeras with higher efficiency than
SI variants, resulting in the more rapid decline in CD4 T-cells (Markham
et al., 1996). Perhaps, massive cell activation in cell culture after mitogenic
stimulation may explain the flattening of pathogenetic effects exerted by
different viral strains or isolates. Of interest, R5 strains proved to be less
pathogenic for fetal thymus graft in SCID-hu model (Berkowitz et al.,
1999), and the pathogenic differences were predominantly linked to the
differences in viral tropism, coreceptor use, and, consequently, to the
altered tropism for cell subpopulations within the Thy/Liv organ
(Berkowitz et al., 2000). Moreover, distinct R5 HIV-1 isolates taken from a
patient prior the onset of AIDS and at AIDS diagnosis have been shown to
infect SCID-hu mice with different efficiencies. The AIDS-associated clone
showed higher replication rate and efficiently depleted CD4 cells in human
thymus (Scoggins et al., 2000). The characteristics of the type of human-
mouse SCID model used for infection studies must be taken into account;
for instance, in the hu-SCID model, thymocytes express CXCR4 during
most stages of maturation and only low levels of CCR5 (Berkowitz et al.,
1998) and this can explain the preferential infection with SI strains in this
model.

HIV Infection in Modified Models of Hu-PBL-SCID Mice

The hu-PBL-SCID mouse model originally developed by Mosier
(Mosier et al., 1988), consisting in the infection of xenochimeric mice 2
weeks after intraperitoneal reconstitution with hu-PBLs, has sometimes
been modified and adapted to address specific issues in AIDS research.

As mentioned above, studies carried out in the hu-PBL-SCID mouse
model have revealed that HIV cell tropism and the timing of virus chal-

86 CATERINA LAPENTA et al.



lenge of hu-PBL-SCID mice are tightly linked aspects affecting the outcome
of infection. We have compared the infection of hu-PBL-SCID mice shortly
or at a later time point after reconstitution (Rizza et al., 1996). As early as
2 hours after reconstitution, a significant number of human T-cells become
activated and upregulate the expression of the surface CD69 marker.
However, at that time a large number of CD4 cells are still naïve CD45RA+
cells, expressing very low levels of CCR5, which is increased only at later
times after PBL engraftment. Of interest, when hu-PBL-SCID mice were
infected with the X4 laboratory strain IIIB, a marked CD4+ T-cell deple-
tion and a significant reduction in IgA, IgM, and sIL-2R serum levels and
sICAM-1 in peritoneal washings were observed in the xenochimeras
infected at 2 hours, while the immune functions of hu-PBL-SCID mice
infected at 2 weeks were almost comparable to that of uninfected controls.
Of note, the generalized impairment of immune functions detected in the
xenochimeras infected at early times was accompanied by the selective
upregulation of the expression of some cytokines (IL-4, IL-5, and IL-10) as
revealed by RT-PCR. This was reminiscent of the Th2 profile observed in
HIV patient experiencing rapid progression of the disease and a worse
prognosis. The switch of Th1 into Th2 profile of cytokine production has
also been suggested to account for the higher rate of CD4+ T-cell apotosis
seen in these patients (Clerici et al., 1994). Comparable levels of infection
were found challenging hu-PBL-SCID mice with either the R5 SF162 or the
X4 IIIB HIV-1 strains at 2 hours after reconstitution. However, infection
with the R5 strain resulted in high levels of virus replication and in a
marked CD4 T-cell depletion together with a significant drop in IgM and
soluble factors levels at both 2 hours and 2 weeks after human cell graft-
ing. In contrast, the X4 virus induced a very low rate of CD4 depletion and
viral replication, with limited viral spread to mouse spleen and lymph
nodes, when injected 2 weeks after reconstitution. These results obtained
in the hu-PBL-SCID mouse model (Fais et al., 1999) are consistent with the
concept that the state of activation of immune cells can markedly affect the
rate of HIV replication and disease progression in HIV-infected indivi-
duals (Stevenson et al., 1990; Bentwich et al., 1995; Sousa et al., 2002). In
particular, it has been argued that the chronic state of immune activation
(due to the parasitic and bacterial diseases) is the major cause of the
impressive prevalence and incidence of HIV infection in Africa as well as
of the rapid progression to AIDS in the infected patients (Bentwich et al.,
1995). This is also consistent with data obtained in SIV-infected macaques,
where hyperimmune activation has been shown to accelerate disease pro-
gression (Folks et al., 1997). Thus, the ensemble of experimental data
obtained in our modified model of HIV-1 infection in hu-PBL-SCID mice
support the concept of the important role of acute or chronic immune acti-
vation in natural infection in rendering the host more receptive to HIV
and more sensitive to its pathologic effects.
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The investigation of particular aspects of HIV infection or pathogen-
esis in hu-PBL-SCID mice has been hampered by the intrinsic limitations
of this xenochimeric model, such as the lack of physiologic replenishment
of T-cells, human microenvironment, and lymph nodes. However, new
approaches are currently being tested to circumvent some of these limita-
tions. Selected aspects of HIV research have been investigated in
xenochimeric models with major or minor adaptation or modification of
the classical hu-PBL-SCID model and considering different infection
routes. Modalities of mucosal and sexual transmission of HIV have been
investigated in modified hu-PBL-SCID mice models. Administration of 
IL-4 to hu-PBL-NOD/SCID mice has been shown to favor CD4 and CD8 
T-cell migration in spleen and peritoneal tissues as a modification of the
SCID model described by Bombil and coworkers (Bombil et al, 1996).
However, it was found that even high concentrations of cell-free R5 and X4
viruses failed to infect xenochimeric mice by oral transmission with or
without trauma, suggesting that some constraints, such as lack of normal
tonsillar tissues or presence of aspecific inhibitors, may limit viral passage
to CD4 T-cells through oral mucosa. In this setting, the transmission of HIV-
1 infection by cell-associated virus was not evaluated (Nakao et al., 2003).
Of interest, Di Fabio and colleagues (Di Fabio et al, 2001) have developed
a modified Hu-SCID model for the investigation of vaginal HIV-1 trans-
mission by infecting progesteron-treated hu-PBL-SCID mice by vaginal
route with virus-infected cells. In this model, progesteron pretreatment was
necessary to modify the vaginal ephitelium, allowing the transepithelial
migration of HIV-infected PBLs to regional lymph nodes. This model has
been proposed for the testing of prophylactic microbicides inhibiting cell-
associated HIV-1 transmission. A similar Hu-PBL-SCID model of vaginal
HIV-1 transmission proved useful for studying the effects of an agent inter-
fering with migration of HIV-1-infected cells and testing its potential effi-
cacy in preventing sexual HIV-1 transmission (Khanna et al., 2002). A more
complex model has been developed by Kish and colleagues (Kish et al.,
2001), who implanted vaginal tissue within the subcutaneous space on the
back of SCID-NOD mice, whose growth was supported by a coimplanted
estrogen pellet. Mice are injected intraperitoneally with PBLs and have
been shown to be useful for studies on HSV and HPV infection as well as
for vaginal transmission of HIV-1. This is not a completely novel approach
as combined engraftment of SCID mice has been sometimes performed to
investigate selected aspects of HIV infection.

A novel system for studying viral reservoirs, transmission, and therapy
has been recently developed by combining SCID mice implanted with
thymic and liver tissues from human fetuses with transgenic mouse tech-
nology. Hu-SCID mice were injected with leukocytes from transgenic
animals carrying full-lengh provirus, which provide replication competent
HIV-1 able to infect thymic implants (Wang et al., 2002).
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Some researchers have attempted to adapt xenochimeric mouse
models for investigating neurodegenerative disorders associated with HIV
infection. An example of a modified model in hu-NOD-SCID mice was
obtained by injecting HIV-infected macrophages into mouse brains
(Poluektova et al., 2002). This model can recapitulate several aspects of
human HIV-1 encephalitis, highlighting the importance of cell-cell inter-
actions between brain macrophages and lymphocytes and cell migration.
Poluektova and colleagues reported that several features of natural infec-
tion could be reproduced in this xenochimeric model, including the viral
production in both brain and blood, CD4 T-cell depletion, and the gener-
ation of a CTL response against infected macrophages restricting viral
replication.

Infiltration of the perivascular region of the brain with HIV-1-infected
cells was obtained by LPS treatment of hu-PBL-NOD-SCID mice in order
to investigate in vivo the role of apoptosis in HIV-associated dementia
(Miura et al., 2003). Miura and coworkers suggested a causative role of
TRAIL in the neuronal apoptosis in HIV-associated dementia. In fact, the
neurons neighboring TRAIL-expressing human-infected macrophages
were frequently apoptotic. The administration of neutralizing antibodies
against TRAIL blocked neuronal apoptosis. Of note, the same authors had
also previously utilized the hu-PBL-NOD-SCID mouse model for investi-
gating the mechanism of T-cell depletion (Miura et al., 2001), finding that
TRAIL is primarily responsible for apoptosis of bystander CD4 T-cells in
the lymphoid organs of infected xenochimeric mice, as evidenced by
TUNEL staining.

4. THERAPY AND IMMUNIZATION STUDIES

Testing of Antiviral Agents

An antiviral molecule, once tested in vitro, needs to be tested in 
an animal model before its possible clinical use, in order to determine 
toxicity, metabolism, bioavailability, clearance, and antiviral activity.
Xenochimeric SCID mice (especially the SCID-hu model) have been used
to test antiviral substances (McCune et al., 1990). In spite of the remark-
able advantages of these models for studies on therapy of HIV infection,
there are still two important limitations: (1) the restriction of HIV to a
subset of the transplanted human cells; (2) the relatively short persistence
of viral replication. In an attempt to circumvent some of these problems,
we have developed a modified model consisting of the efficient engraft-
ment of the U937 cell line into SCID mice; virus infection of these hu-SCID
mice permitted high levels of viremia and long lasting HIV-1 infection
(Lapenta et al., 1997). Of note, xenochimeric SCID models are even useful
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to dissect some specific aspects linked to antiviral therapy, as pointed out
by Picchio and colleagues (Picchio et al., 2000), who suggested that studies
in SCID mice could reflect some in vivo constraints on virus spread; in par-
ticular, the characteristics of the hu-PBL-SCID mice may accentuate minor
differences in viral kinetics and spread, which are flattened under in 
vitro conditions. HIV-1 isolates from patients who failed protease inhibitor-
based therapy were shown to exhibit diminished replication capacity in
xenochimeric mice, accounting for a possible contribution to CD4+ cell
preservation in the presence of virologic failure. Difference in kinetics of
plasma viremia was shown by virologic monitoring, demonstrating 
a decrease in relative viral fitness associated with resistance-conferring
mutations.

Recently, the hu-PBL-SCID mouse model has also been used to inves-
tigate the in vivo activity of a monoclonal antibody against nerve growth
factor (NGF), which proved to be capable of inhibiting HIV infection
occurring after injection of virus-infected macrophages (Garaci et al.,
2003); it was suggested that the antibody acted by inducing apoptosis of
HIV-1-infected macrophages as previously reported in vitro studies with
virus-infected cells.

Evaluation of the Anti-HIV Activity of Cytokines: Lessons on Type-I IFN

Chimeric models of SCID mice transplanted with human cells can be
useful for the evaluation of the in vivo anti-HIV activity of cytokines and
Type-I IFN is one of the cytokines extensively tested in these models.
Although several in vitro studies had shown an inhibitory activity on HIV-
1 replication, the role of Type-I IFN in the pathogenesis of AIDS was still
a matter of debate as both beneficial and adverse effects on the immune
system have been considered. Some studies performed in the hu-PBL-SCID
mouse model have addressed this issue by using different approaches. 
Vieillard and colleagues (Vieillard et al., 1999) utilized a modified model,
which consisted of the periodic inoculation of activated CD4 T-cells to
maintain high levels of human cell engraftment. Injection of hu-PBL-SCID
mice with IFN-b-transduced CD4 T-cells significantly reduced HIV-1 levels
in preexisting infections and resulted in an improved survival of human
CD4 T-cells. In 40% of treated mice, no virus could be detected in vivo or
after cocultivation of cells from the xenochimeric mice with activated T-
cells. Furthermore, an enhancement of the expression of Th1 cytokine
transcripts, such as IL-12 and IFNg, could be detected in the spleen of the
hu-PBL-SCID mice receiving IFN-b-transduced CD4 T-cells. By using a dif-
ferent experimental setting, we demonstrated that the daily treatment of
hu-PBL-SCID mice with Type-I IFN inhibited HIV-1 replication even more
efficiently than AZT treatment, preserving human CD4 T-cells. Notably
IFN-treated mice showed a marked increase in serum human IgM levels
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(Lapenta et al., 1999). The data obtained in this model are somehow con-
sistent with those reported by Vieillard and colleagues and suggest that IFN
neither suppress immune response nor affect CD4 T-cell viability, but it may
rather enhance the generation of a protective immune response against
the virus.

Evaluation of the Immune Response to HIV

Today, increasing attention is given to the research efforts of devel-
oping immunity-based strategies for the therapy and prevention of HIV-1
infection. In fact, although the course of AIDS has profoundly changed fol-
lowing the introduction of highly active antiviral treatment (HAART),
numerous shortcomings are emerging. Despite the clinical benefits, anti-
viral treatments are limited by side toxicity and cost of lifelong adminis-
tration, while virus burst often occurs upon discontinuation of therapy,
which results in containment of infection but not in HIV eradication.

While hu-PBL-SCID mice have been extensively used in testing anti-
viral drugs, the usefulness of using these xenochimeric animal models for
studies of immunotherapy of HIV infection as well as in vaccine research
is still a matter of debate. It is generally thought that the shaping of human
immune repertoire, the lack of physiologic lymphocyte replenishment by
lymphoid organs, and the loss of professional antigen-processing cells may
hamper the generation of specific response to primary antigens, even
though a humoral response to recall antigens has been repeatedly demon-
strated (Somasundaram et al., 1995; Albert et al., 1997). Undoubtedly, the
ability to induce anti-HIV immunity in a small and practical animal model
using human cells, which can also be infected with the same virus naturally
infecting AIDS patients, would offer the unique opportunity to test
immunogens, immunization procedures, and adjuvants, as well as to
monitor viral and immunologic parameters in vivo. In the following two
sections, we will review some studies showing that the hu-PBL-SCID model
can successfully adapted to be used for studies of both passive and active
immunity against HIV.

Studies of Passive Immunity in Hu-PBL-SCID Mice

Several investigators have bypassed difficulties in obtaining a primary
immune response in hu-PBL-SCID mice by focusing their research efforts
on passive administration of antibodies or cellular effectors in an attempt
to protect xenochimeric mice from HIV infection. Early reports suggested
that passive administration of high doses of neutralizing antibodies could
protect xenochimeric mice from HIV challenge (Safrit et al., 1993). Inter-
estingly, antibody half-life in mouse blood was similar to that of mouse
immunoglobulins. Mice were protected at an antibody concentration
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attainable in human blood (Gauduin et al., 1995). Passive antibody admini-
stration protected hu-PBL-SCID mice against primary virus challenge. A
high dose of a potent neutralizing human monoclonal antibody has been
shown to confer protection against HIV even when given several hours after
viral challenge, supporting the concept that postexposure antibody pro-
phylaxis could contribute to an effective strategy of immune prevention.
(Gauduin et al., 1997). However, some drawbacks connected to passive
immunization with mAbs have also been highlighted in the hu-PBL-SCID
mouse model, as administration of an mAb toward the V3 loop of HIV-1
as preinfection prophylaxis resulted in rapid emergence of escape mutants
resistant to neutralization, despite the fact that 50% of the challenged
xenochimeric mice were protected from infection. Notably, postinfection
treatment was shown ineffective, unless given soon after virus infection
(Andrus et al., 1998). While feasibility and opportunity to perform large-
scale administration of neutralizing antibodies are regarded with skep-
ticism, a possible potential application of antibodies might be restricted to
selected cases, such as blocking of maternal-fetal transmission as a post-
exposure prophylaxis of primary HIV-1 infection. This application has been
postulated by the work by Wang and colleagues (Wang et al.), as intra-
venous infusion of a monoclonal antibody directed to HIV receptor
complex has been shown to confer pre- and postexposure protection
against HIV infection in both hu-PBL-SCID mice and chimpanzees.
However, cross-reactivity with distinct viral isolates should be a requirement
for any antibody or antibody cocktail to be used in clinics, as none of the
antibodies proposed so far have been demonstrated to confer a wide pro-
tection against divergent strains. Of note, a CD4-immunoglobulin fusion
protein has been tested in hu-PBL-SCID mice and found to neutralize a
broad range of primary isolates (Gauguin et al., 1998). On the other hand,
neutralizing antibodies have been shown to retain limited effects on the
control of established HIV-1 infection in hu-PBL-SCID mice (Poignard et
al., 1999). From studies in animal models it might be argued that both arms
of the immune response (neutralizing antibodies and cellular immunity)
are important and complementary. Of interest, in infected hu-PBL-SCID
mice, HIV-1 gag-specific CTL clones have been shown to exert antiviral
activity in vivo (McKinney et al., 1999), reducing plasma viral load more
effectively than the infusion of large quantities of neutralizing antibodies
(Poignard et al., 1999). However, CTL clones proved to be short-lived, as
they rapidly disappeared upon encounter with infected targets (McKinney
et al., 1999). Intriguingly, infusion of either HIV-specific or irrelevant CTL
clones in hu-PBL-SCID mice led to a similar protection extent, suggesting
that protection could be due to a HLA-unrestricted mechanism (Van Kuyk
et al., 1994).

Hu-PBL-SCID mice have been used for evaluating the immune state
of HIV-infected patients or vaccinated individuals and for testing their pro-
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tection against HIV. In 1993, Mosier and coworkers (Mosier et al., 1993)
used the PBLs from donors vaccinated with the HIV-1 gp160 protein to
engraft SCID mice to test the efficacy of a candidate vaccine. Hu-PBL-SCID
mice made a secondary antibody response to HIV and showed resistance
to HIV infection; however, there was no correlation between antibody
detection and resistance to infection, which was linked with the T-cell pro-
liferative response. In general, it has been suggested that cellular immu-
nity is very important for containment of HIV infection in HIV-infected and
exposed individuals. In this regard, engraftment of PBLs from HIV-infected
donors in SCID mice has been shown to result in the burst of viral repli-
cation and dramatic CD4 depletion; HIV could be detected in the spleen,
peritoneal washings, and blood of these mice (Boyle et al., 1995). However,
the engraftment with PBLs from long-term nonprogressors (LTNPs)
resulted in a marked resistance of the hu-PBL-SCID mice to HIV-1 chal-
lenge. Resistance was specifically mediated by CD8 T-cells and associated
with proliferative response to p24 antigen (de Quiros et al., 2000). In addi-
tion, SCID/beige mice reconstituted with PBLs from HIV-exposed seroneg-
ative donors have been shown to resist HIV-1 challenge (Zhang et al.,
1996). Of note, depletion of human CD8 cells conferred susceptibility to
HIV-1 infection, indicating that protective immunity in HIV-exposed indi-
viduals was CD8-dependent.

Immunization Studies in Hu-PBL-SCID Mice

As reported above, this model has been shown to retain some con-
straints and intrinsic limitations regarding the generation of a human
primary immune response. However, a suitable microenvironment and
APCs can be provided in order to permit the response to primary antigens.
To this purpose, Delhem and colleagues (Delhem et al., 1998) engrafted
human skin onto hu-PBL-SCID, thus providing both tissue resident APCs
and environment. In fact, intradermal vaccination with recombinant
canarypox virus expressing HIV-1 gp160 was shown to result in the gener-
ation of specific CD4+ cell lines exhibiting Th1 cytokine profile and MHC
class II–restricted cytotoxic activity against gp160 antigens; both CD4 and
CD8 infiltrating cells could be detected in the skin graft. Of note, in this
model no antibody response was detected. This report suggested that it was
possible to supply some necessary components for mounting a human
primary immune response into xenochimeric SCID mice. Since the strat-
egy of grafting SCID mice with human tissues is complex, laborious, and
time-consuming, we decided to use a different approach for immunizing
hu-PBL-SCID mice, consisting in supplying suitable numbers of anti-
gen-pulsed dendritic cells (DCs), that is, the crucial APCs for mounting 
a primary immune response. DCs were injected intraperitoneally, at very
early times after reconstitution with human PBLs, when the immune reper-
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toire is still intact. In our experiments, DCs were generated from autolo-
gous monocytes cultured the presence of GM/CSF and IFN-a, according
to a procedure developed in our laboratory (Santini et al., 2000), which
permits the rapid generation of functionally competent DCs, thus allowing
the infusion of highly active antigen-pulsed APCs as early as 3 days after
reconstitution of SCID mice with human PBLs. Immunizations consisted
in intraperitoneal injection of DCs pulsed with inactivated HIV-1, at 7-day
intervals, followed by a single injection of free inactivated virus. Immunized
xenochimeras exhibited increasing levels of circulating specific human
antibodies. High levels of human antibodies directed to virtually all HIV-1
proteins were detected at the time of sacrifice, as demonstrated by western
blot analysis. Mouse sera were found to exert inhibitory activity against in
vitro infection of activated T-cells by the homologous HIV-1 viral strain. Fur-
thermore, it was possible to isolate human HIV-specific IFNg-producing
CD8+ cells from both peritoneum and spleens of vaccinated mice, as
detected by ELISPOT assay. Interestingly, in the present study, the induc-
tion of the anti-HIV-1 immune response was associated with inhibition of
HIV-1 infection/replication, when the animals were challenged with the
homologous SF-162 viral strain, with absent or very low levels of virus in
mouse peritoneum or proviral DNA in mouse organs (Lapenta et al., 2003).
The data obtained in this model represent the first “proof of concept” on
the potential in vivo efficacy of human DC-based anti-HIV vaccines.
Although our experiments have been designed to evaluate the efficacy of
DC-based vaccines in a prophylactic context because of the characteristics
of the hu-PBL-SCID mouse model, the ensemble of results may be more
relevant to the design of therapeutic vaccination strategies, as this poten-
tially highly effective vaccination strategy is not practicable for large-scale
preventive immunization.

5. FINAL REMARKS

Studies performed by several groups, including ours, during the past
decade have revealed that the hu-PBL-SCID mouse model originally devel-
oped by Mosier and co-workers in 1988 (Mosier et al., 1988) can be suc-
cessfully used and, under specific experimental needs, selectively modified
in order to address a variety of issues of considerable importance in AIDS
research, regarding aspects of pathogenesis, therapy, and immunity of HIV-
1 infection. In several cases, it was possible to demonstrate that results
obtained in these animal models can recapitulate events and mechanisms
occurring in AIDS patients. As mentioned above, the transplantation of
SCID with human cells has led to other models, which may have advan-
tages for specific applications in AIDS research. Even though chimeric
models of human SCID mice exhibit some obvious limitations with respect
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to studies performed in other animal models for AIDS, they exhibit some
unique advantages such as the possibility to study in vivo the interaction
between HIV and human cells; moreover, these models are small, practi-
cal, and poorly expensive as compared to large animal models and can be
easily implemented to address specific issues by further manipulation, cell
injections, and treatments. It is reasonable to assume that these small
animal models will be used to address an increasing number of issues in
AIDS research in the following years, spanning from pathogenesis to
therapy and immune prevention and immunotherapy of HIV infection, in
a complementary manner with respect to the use of other valuable animal
models for AIDS.
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1. INTRODUCTION

HIV vaccine trials are conducted in nonhuman primate models. Macaques
infected with the simian immunodeficiency virus (SIV) and its genetically
engineered derivatives, such as chimeras between HIV-1 and SIV (SHIV),
are thus indispensable for the proof-of-concept testing and the definition
of potential correlates of immune protection in HIV-vaccine design. SIV-
infected macaques are also the animal model system of choice to perform
etiopathological investigations. In contrast to humans, the monkeys are
selected for age, sex, and provenance. They are infected under controlled
experimental conditions with a pretitrated dose of a well-characterized viral
isolate or a viral clone. The macaque model of AIDS is therefore most
suited to study virus dissemination and host responses during the acute
phase of infection, which is very difficult to study in HIV-infected humans.
This phase is especially important since its outcome determines the disease
course in HIV-1 infected humans and SIV-infected monkeys. Furthermore,
organs usually not accessible for investigations in humans can be analyzed
at any point during the infection. This animal model also provides the
opportunity to intervene experimentally with the disease process. For
example, much information has been gathered by depleting various lym-
phocyte subsets or by labeling lymphocytes in order to monitor their
turnover. In addition, by selecting specific viral mutants or animals accord-
ing to predefined criteria it is possible to decipher important viral and host
factors influencing the course of the disease.

For the macaque model of AIDS, however, several monkey species as
well as different SIV isolates and different routes of infection are used. We
will review here the characteristics of different monkeys models for AIDS



pathogenesis research, give an overview on the natural course of the exper-
imental SIV infection, and review some aspects in more detail such as
organ-specific diseases and immune responses, coreceptor usage, T- and B-
cell turnover in comparison to HIV infection.

2. VIRUSES

SIV represent a large family of primate lentiviruses. They are preva-
lent in many African primate species such a chimpanzees, African green
monkeys, mandrills, and sooty mangabeys but do not induce any disease.
The reasons for the lack of pathogenicity of SIV in its African hosts are not
yet known, but it may well be that each species has evolved its own means
to cope with the infection. Whereas chimpanzees are, for example, able to
clear the virus efficiently, African green monkeys and sooty mangabeys
maintain high viral loads without any disease symptoms.

The ability of SIV to induce AIDS in Asian macaques was detected by
serendipity. The observation of enhanced death rates of macaques in the
New England Regional Primate Center in the United States led to the iden-
tification of a virus isolate termed SIVmac to indicate the monkey species
susceptible to the pathogenic virus.8 Meanwhile, it is conceivable that the
enhanced death rates were due to transmission of the virus from juvenile
SIV-infected African to Asian macaques kept in the same enclosure. Later,
SIV was isolated from stump-tailed macaques (SIVstm), a pig-tailed
macaque (SIVmne), and sooty mangabeys (SIVsm).20

The most commonly used SIV isolates are derivatives of SIVmac251
and SIVmac239 as well as some SIVsm isolates. However, for particular
experimental purposes, virus isolates like macrophage-specific viruses, and
viruses with differing pathogenicity and SHIVs are available. These differ-
ent viral strains are described in more detail in another chapter of this
book, and will not be reviewed here.

3. MONKEY SPECIES

The most commonly used monkey species for experimental AIDS
research is the rhesus macaque (Macaca mulatta). However, due to the
shortage of rhesus macaques of Indian origin, especially in Europe,
cynomolgus macaques (Macaca fascicularis) are also used. In addition,
several research groups work with pig-tailed macaques (Macaca nemestrina).
Other monkey species play a negligible role for AIDS research.

Meanwhile, it is acknowledged that different species present a differ-
ential susceptibility to SIV infection and subsequent disease course (Table
I). Most of the comparative studies have been performed for the Western
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(Indian) and Eastern (Chinese) type of rhesus macaques. These two sub-
species have probably been separated during the glacial time 2.5 million
years ago. The Eastern-type macaques have been probably further sepa-
rated into subspecies due to habitat fragmentation. All available genetic
data indicate that Chinese macaques are genetically much more diverse
than, and partially even more different from, Indian origin rhesus
macaques. However, there is consentaneous evidence that rhesus macaques
originating from China have a lower viral load and, subsequently, a slower
disease course than rhesus macaques of Indian origin.

Cynomolgus macaques are phylogenetically the closest relative of the
rhesus macaque, and the species might even hybridize today. Sequence
analysis of cynomolgus Mhc-DRB alleles revealed that about 10% of the
exon 2 sequences are identical with rhesus macaque DRB-sequences.50 For
infecting cynomolgus macaques, usually the same viral stocks are used as
for rhesus macaques (e.g., SIVmac251). The reports on disease progression
in SIV-infected cynomolgus macaques are conflicting, but the differential
results may also stem from subspecies differences within cynomolgus
macaques.

The least frequently used macaque species for AIDS-research, which
seems to be the most susceptible to SIV infection, is the pig-tailed
macaque.20 This species can even be infected with strains of HIV-1. Since
HIV replicates only at very low levels and induces no AIDS-like symptoms,
this model is not suitable for AIDS research. However, some rhesus-adapted
SIV strains (SIVmac239) are less pathogenic in pig-tailed macaques. The
reasons for species-specific differences are again unknown.

In this chapter we will mainly concentrate on infection of rhesus
monkeys with different strains of SIVmac, as most of our knowledge on the
pathogenesis has been derived from this animal model.
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TABLE I
Pathogenicity of Some SIV Isolates and HIV-2 in Macaques

Virus Rhesus Cynomolgus Pigtailed

HIV-1 - - (+)
SIVmac239/251 +++ +++ ++
SIVmne ++ ++ +++
SIVsmE660 +++ +++ +++
SIVagm/ver90 - - ++
HIV-2 + + +-++1

+++ = persistent infection, highly pathogenic; ++ = persistent infection, moderate pathogenic; + = persis-
tent infection, no disease; (+) = minimal infectious but not pathogenic
1 a pathogenic HIV-2 strain is described for this species2



4. NATURAL COURSE OF SIV INFECTION

Upon infection with pathogenic SIV, macaques develop a disease with
pathological and clinical manifestations remarkably similar to those found
in human AIDS patients, although AIDS-defining symptoms occur much
faster in macaques than in HIV-infected humans.

The primary or acute infection is characterized by a strong viremia
with peak viral levels of 106 to more than 108 virus particles per ml plasma
around 7–10 days postinfection. During this time adaptive immune
responses are initiated. Strong cytotoxic T-cell responses are detected by 3
weeks postinfection, correlating temporally with a decline of viral load.31

Seroconversion and early SIV–neutralizing antibodies are observed 4 weeks
postinfection. The titers and reactivity, especially of the neutralizing anti-
bodies, rise and broaden over a time period of several months. The extent
of reduction of the peak viremia during primary infection, probably related
to the quality and strength of CTL responses, is directly related to subse-
quent survival time.25 An involvement of CTL in curtailing primary viremia
has been demonstrated in experiments where CD8+ T-cells were depleted
for several weeks by administration of antibodies.38 The effects of CD8+ T-
cell depletion in later stages of the disease are less marked. Interestingly,
reduction of primary viremia by transient antiretroviral treatment can also
facilitate long-term control of viral replication, leading to prolonged sur-
vival.26 All these studies underline the importance of the initial events after
infection for the subsequent course. Eight to 16 weeks postinfection a viral
set point is reached, prognostic of the disease course. However, in some
monkeys plasma viremia rises again at later times, probably due to escape
mutants. Whereas neutralizing antibodies are less important for resolving
primary viremia, high neutralizing antibody titers may correlate with lower
plasma virus during the postacute phase of infection.39

Different Types of Disease Progression After 
Pathogenic SIV Infection

After infection with pathogenic strains of SIVmac, macaques display a
varying course of disease. Monkeys that display very high viral plasma RNA
levels (106–109 viral RNA copies per ml plasma) and die within 8 to about
28 weeks postinfection with clinical symptoms of AIDS are termed rapid
progressors. Rapid disease progression is a well-known disease pattern and
may affect up to 25% of Indian origin rhesus monkeys.11 This particular
type of disease course is associated with a selective loss of memory (CD29hi)
CD4+, and CD8+ cells.37 Also, early B-cell abnormalities have been
described. Consequently, these monkeys fail to mount an appropriate
humoral and cellular immune response.44 Moreover, a significant fraction
of the rapid progressors develop neurological symptoms.44 In most cases
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the rhesus monkeys carry Mhc class I genes not known to mount an effi-
cient CTL response or carry Mhc class I genes selecting for rapid escape.30

In addition, particular Mhc class II genes may predispose to this type of
disease.37 However, unknown host genes are clearly also involved since
some monkeys carrying protective Mhc genes such as Mamu-A*01 may
also become rapid progressors. HIV-1 infected humans displaying a rapid
disease course are only rarely diagnosed. Rapid disease progression appears
thus to be a special type of disease course mainly confined to SIV-infected
macaques.

Monkeys able to mount an immune response become intermediate
progressors with survival of up to 3 years. These monkeys show for some
time no clinical symptoms, although they exhibit lymphadenopathy 
and gradually declining numbers of CD4+ cells. At some time point, their
condition deteriorates and signs of AIDS such as opportunistic infec-
tions or tumors develop. This switch from the asymptomatic to the symp-
tomatic stage is usually accompanied by an increase in urinary neopterin
levels.21

Long-term survivors or long-term nonprogressors are able to control
viral replication most efficiently and can survive an infection for more than
8 years. The long-term survivors, representing only a fraction (1%) of
rhesus monkeys of Indian origin infected with pathogenic SIV, are partic-
ularly interesting. They can control viral replication for many years at or
below the limit of detection. Strong CTL or T-helper cell responses are
usually not detected probably due to the lack of antigenic stimuli. These
monkeys are resistant to super infection and immune activation, and their
CTLs may secrete high amounts of a cellular antiviral factor termed 
CD8+ T-cell antiviral factor.24 However, in most of these monkeys the
immune system becomes eventually “exhausted,” resulting in the develop-
ment of AIDS-like symptoms.

AIDS in humans and SIV-infected macaques are characterized by a
number of clinical complications. The hallmark of pathogenic HIV and
SIV infection is generalized immunosuppression due to both a loss and
functional impairment of CD4+ T-cells. Later in infection, the functions of
most other immune cells such as CTL, B-cells, and natural killer cells are
likewise impaired. The clinical complications can be considered either as
SIV-associated lesions without opportunistic infectious agents or patho-
morphological changes in combination with numerous opportunistic infec-
tions. These complications are represented by opportunistic infections
(e.g., cryptosporidiosis, CMV, Pneumocystis carinii), primary immunodefi-
ciency associated lesions (e.g., arteriopathy, encephalopathy, enteropathy,
malignancies like non-Hodgkin lymphomas), and hematological disorders
(e.g., thrombocytopenia, anemia). The disorders are neither statistically
distributed in HIV-1 infected humans nor in SIV-infected macaques and
are in many cases not directly related to viral load.
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Different Routes of Infection Do Not Influence 
Pathogenicity but Infectability

HIV infection can occur by needle-sticks, homosexual and hetero-
sexual contact, birth, and breast feeding. To mimic the different settings
in the monkey model of AIDS, different routes of infection have been eval-
uated, such as intravenous, rectal, vaginal infection, and oral infection via
the tonsils. However, neither in humans nor in macaques have any spec-
tacular differences of the disease course depended on the route of infec-
tion. Furthermore, no model exists for the typical infection of heterosexual
males.

The main differences between these types of infection models refer to
the different doses needed for infection and the reliability of infection,
since the mucosa represents an appreciable barrier the virus has to trans-
verse. To infect all monkeys by the intravenous route, about 30 TCID50 are
needed, whereas approximately at least a 10- to 100-fold higher dose is
needed for the mucosal routes of infection. Furthermore, failures of infec-
tion have been reported for the rectal and oral route of infection, indica-
tive of great interindividual differences, which have not been elucidated
yet. The monkey model has revealed some interesting details on the impact
of the hormone levels changing during the menstrual cycle. In contrast to
progesterone, high estrogen levels appear to be protective against vaginal
infection.41 The differences probably reflect the differential influence of
these hormones on the cervicovaginal epithelium, which seems to be thick-
ened by estrogen in humans and monkeys.

Organ-Specific Manifestations

Infection with HIV and SIV not only induces immunosuppression,
leading to opportunistic infections and tumors, but also directly causes 
specific disease entities in some organs. These organ-specific manifesta-
tions comprise among others an enteropathy of the gastrointestinal 
tract, encephalitis of the central nervous system (CNS) leading to HIV-
dementia, and peripheral neuropathy. Active viral replication in the respec-
tive organs is a prerequisite for the development of these disorders.
Nevertheless, these syndromes cannot be ascribed to direct cytopathic
effects of the virus, as those cells that mediate the tissue-specific functions,
like epithelial cells in the gut and neurons in the brain, are not infected.
Rather, indirect mechanisms such as changes in microenvironment
induced by the infection or the activation of components of the immune
system in these organs have been implicated in the pathogenesis of these
diseases.49
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The poor accessibility of organs such as the gut or the brain for inves-
tigations in humans provides an additional rationale to utilize animal
models.

Enteropathy

During the course of HIV infection, the gastrointestinal tract is
affected by opportunistic infections and malignancies. However, also in 
the absence of secondary infections, many HIV-infected patients develop 
gastrointestinal symptoms, termed HIV enteropathy, histologically charac-
terized by villous atrophy (crypt hyperplasia, villus blunting, inflammatory
infiltrates). The clinical manifestations include diarrhea and weight loss.
The morphological and functional changes of the intestinal mucosa have
been attributed to local replication of HIV or immunological changes in
the mucosa.49 For example, decreased CD4/CD8 ratios in the intestinal
mucosa were consistently described in HIV-infected patients. As the gut
harbors a large lymphocyte population, such alterations induced by the
infection have also had an important impact on the total T-cell pool and
the virus-specific immune response. Again, the rhesus monkey animal
model provides the opportunity to study the kinetics of events, when 
secondary infections have not yet developed and gastrointestinal 
symptoms are still lacking. SIV-infected macaques display similar gastro-
intestinal disturbances as HIV-infected patients.49 Several studies with 
SIV-infected rhesus monkeys have demonstrated that the acute state of
infection is characterized by high viral replication, severe CD4+ T-cell
decline, and CD8+ cell expansion in the gut associated lymphoid tissue
(GALT). The gut is thus an important organ for viral replication and 
persistence.

The percentage of CD4+ T-cells declines steeper in the lamina propria
than in blood and lymphoid organs already during primary viremia.47,49 A
likely explanation for this fact is that, similar to other nonlymphoid organs,
T-cells in the gut display an activated phenotype. For example, a higher
proportion of T-helper cells expresses the chemokine receptor CCR5, the
major coreceptor for HIV and SIV, and are therefore more susceptible to
infection. In a recent study, despite a marked reduction in the circulation
CD4/CD8 ratio, the absolute number of CD4+ T-lymphocytes in the intesti-
nal mucosa of SIV-infected macaques in the asymptomatic phase was not
decreased.43 Still it remains reasonable that CD4+ T-cells are continuously
depleted at such sites of increased activation but can be replenished during
the asymptomatic stage. Only in late stages do CD4+ T-cells also decline in
absolute numbers in the lamina propria. This discrepancy might provide
a clue for the hyperregenerative villous atrophy found in the early phase
of SIV infection, contrasting the hypoproliferation found in late stages of
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HIV infection, as a functional interrelation exists between the gut epithe-
lium and the mucosal immune system.49

Encephalopathy

One of the most debilitating manifestation of HIV infection is a 
neurological syndrome described as AIDS dementia complex or HIV-
dementia.34 Clinically, HIV-dementia presents as a subcortical dementia
and the symptoms range from subclinical motor/cognitive deficits already
in the asymptomatic phase to full dementia with paraplegia in late stages
of AIDS, affecting about 20% of AIDS patients. The histological correlate,
HIV-encephalitis, is characterized by multinucleated giant cells, microglia
nodules, and local viral replication.2 HIV-infection of brain cells—mainly
microglia—is a necessary prerequisite for the development of HIV-
dementia. The pathogenesis, however, has not been clarified in detail, but
it is clear that indirect mechanisms like production of neurotoxic sub-
stances by infected cells or immunoactivated cells are involved. The annual
incidence of dementia is about 7% and this figure has not changed much
since the introduction of highly active antiretroviral therapy, although the
absolute numbers have of course dropped, at least in the industrialized
countries.

The high incidence and devastating consequences of HIV-dementia
have resulted in a great research effort to understand the pathogenesis 
and to develop therapeutical approaches. Therefore, several animal 
models have been established. Among these, SIV infection of macaques 
is considered to be the most relevant animal model, as it mirrors most 
of the features found in HIV-infected patients.42 The histopathological
picture in late stages of the disease is very similar. SIV infected macaques,
like HIV-infected humans, develop cognitive and motor impairment, 
as demonstrated by sophisticated behavioral and electrophysiological 
test systems.15,35 Overt neurological signs have been found in a small
number of animals and include lethargy, ataxia, blindness, seizure, and
paresis.44

Hallmarks of the so-called SIV-encephalitis are microglia nodules and
multinucleated giant cells with abundant expression of viral antigens. As
in HIV infection, only cells of the mononuclear phagocyte lineage, such as
microglia and perivascular macrophages, are productively infected. On
rare occasions, viral antigen is detected in CD4+ lymphocytes, especially in
the early phase of the infection.3 Infection of other neural cells has not yet
been reported. Other histopathological alterations often found in AIDS
patients such as myelin pallor and vacuolar myelopathy are less frequent
and only found in focal areas surrounding areas with inflammation and
SIV expression. Reduced dendritic arborization, axonal degeneration, and
ultimately neuronal loss have been demonstrated both with imaging tech-
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niques and morphometric analyses. In addition alterations in several 
neurotransmitter systems have been described.22

This animal model is exquisitely suited to study kinetics of viral inva-
sion, intrathecal immune response, and neurological functions. The first
infected cells can be detected in the CNS as early as 1 week postinfection,3,6

and the viral load in the cerebrospinal fluid (CSF) follows the kinetics 
of the one in the blood.9 It seems that the virus enters the brain in a cell-
associated form as the viremia is still very low at that time point and perivas-
cular macrophages and infiltrating mononuclear phagocytes are the major
cell types productively infected during the first few weeks. Later in the
course of the infection, also resident parenchymal microglia become pro-
ductively infected and carry most of the viral burden in the brain.5,9 Acti-
vation of microglia can be found at early stages of the disease when viral
load in the CNS is still very low,3 possibly contributing to the neurophysi-
ological and neurochemical changes found already in the asymptomatic
phase.15,22

In animals with AIDS, the occurrence of neurological signs correlates
with intrathecal viral load and histopathological lesions.9 The level of viral
replication in the brain is influenced by viral and host factors. A strong
capacity of the virus to grow in cells of the monocyte/macrophage lineage
is a prerequisite to replicate in brain cells.9 However, only the lack of a
strong antiviral immune response as found in rapid progressors permits
unrestricted viral growth,44 and consequently neurological signs can
develop.

Until now, not many therapeutic studies concerning the neurological
consequences of immunodeficiency virus infection have been conducted
in this animal model. Antiretroviral treatment regimens with reverse tran-
scriptase inhibitors have succeeded in reducing viral load in CSF and 
normalizing some but not all neurophysiological abnormalities.15,35 In a
neuropharmacological approach with the dopaminergic drug selegiline,
which had been used in human preclinical trials on HIV-dementia patients,
neurochemical deficiencies in SIV-infected macaques could be restored.6,22

5. SELECTED ASPECTS OF SIV PATHOGENICITY

MHC-Genes, CTL, and Antibody Response(s) Shape Viral Genotype,
Viral Replication Rate, and the Host’s Survival Time

Although SIV-infected monkeys as well as HIV-infected humans are
able to generate strong humoral and cellular immune responses, they are
unable to control viral replication in the long term. One reason is the ability
of the virus to escape the immune response due to its high mutation and
replication rate. The precise contribution of viral escape mechanisms to
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immune failure is not yet clear, since not all viral CTL epitopes develop
escape mutants and the steadily growing dysfunction of CTL, CD4+ T-cells,
and natural killer cells may be equally important. However, the monkey
model of AIDS offers the opportunity to study the early events after infec-
tion under well-controlled conditions. Furthermore, all available data
suggest that the findings in macaques are similar to human HIV infection.

During the acute phase of infection in most macaques, a broad, multi-
epitopic CTL response, interestingly directed mainly against the small reg-
ulatory proteins (tat, rev, nef, vif, vpr, vpx) is generated.29 There are great
interindividual differences concerning the magnitude, breadth, and iden-
tities of the particular CTL epitopes. These differences can be largely
explained by the individual major histocompatibility complex genotype.
MHC molecules present peptides (e.g., viral fragments) to T-cells. Each
MHC molecule can bind and present only a limited set of peptides. Since
the MHC region is highly polymorphic, in general, each individual has a
different MHC genotype and thus a different capacity to present antigenic
peptides. However, the immunological pressure exerted on the virus in
concert with the error-prone reverse transcriptase and the high replication
rate, generating several billions of viruses each day, favor the emergence
of escape mutants. These mutant viruses have changes in the amino acid
positions responsible for anchoring the antigenic peptides in the binding
pockets of the MHC molecule, at T-cell receptor recognition sites or close
to them. CTL escape mutants can arise as early as 4 weeks after infection
during the acute phase of infection.31 There may be a relationship between
the functional avidity (T-cell responsiveness to a peptide) of a CTL
response as a measure of the intensity of the selection pressure and time
of appearance of escape mutants.31 The early escape from vigorous CTL
responses might aid acquiring the chronic state of infection. Later in 
infection, CTL responses against structural proteins become dominant,
however, escape mutants of these CTL responses also appear. The relation
between Mhc class I alleles, CTL responses, viral escape, and survival time
has also been documented in HIV-1 infected humans. However, due to
obvious constraints, such as lack of the exact knowledge of the nucleotide
sequence of the infecting virus and in most cases lack of knowledge of the
exact infection time point, comparable studies are hard to conduct in HIV-
infected individuals.

Relating Mhc class I genes to survival time and viral load revealed that
some alleles are associated with longer survival. Mamu-A*01 turned out
repeatedly to be associated with longer survival. During the acute phase, 
a Tat-derived peptide presented by this molecule elicits a strong CTL
response. These CTL responses disappear due to escape. However, during
the chronic phase of infection an immunodominant response against a gag-
derived peptide is elicited by Mamu-A*01. Possibly because of the ability of
Mamu-A*01 to elicit dominant immune responses during the acute and
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chronic phase of infection, it is associated with a more benign disease course.
Furthermore, the presence of more than one MHC class I molecules able to
mount a significant CTL response seems to be associated with even longer
survival.30,32 In these animals viral CTL escape mutants appear more slowly
compared to other animals, possibly because of a lesser replication rate of
the virus due to an improved containment of the virus. However, the pres-
ence of several protective Mhc class I alleles is certainly not sufficient to
promote the status of long-term survival, indicating that other cellular anti-
viral factors such as CD8+ T-cell antiviral factor or defensins may be impor-
tant in controlling viral replication just as in humans.

Similar to HIV-infected humans, selection pressure by neutralizing
antibodies can be observed by the appearance of antibody escape mutants.
Neutralizing antibodies are important, since CD4-independent SIV and
primary HIV strains are particularly neutralization sensitive. Moreover,
high titers of neutralizing antibodies can confer protection against infec-
tion.13 However, neutralization insensitive viruses emerge fast in HIV- and
SIV-infected individuals, and the commonly used SIV239 strain is neutral-
ization insensitive. Although neutralizing antibodies may prevent the emer-
gence of CD4-independent viruses, which display a broader tropism, their
exact contribution to disease progression in HIV- and SIV-infected indi-
viduals is a matter of debate.

T-Cell Turnover

For many years, HIV infection was considered a slow disease process
with low-level replication and few infected cells being destroyed by the virus
(Figure 1B). Alternatively, the gradual decline of CD4+ T-cells was thought
to be the result of a block in the generation of new cells imposed by the
virus.19,27 (Figure 1C). However, more recent results have revealed a more
dynamic picture of viral replication and T-cell turnover, and it became clear
that the impact of HIV infection on the homeostasis of T-cells is central to
the pathogenesis of AIDS (Figure 1).10,16,27 In humans, parameters influ-
encing T-cell turnover, like production of new cells and deathrates, can only
be examined in the blood, which accounts for only 2% of the total lym-
phocyte pool. Therefore, much of our knowledge on this issue is derived
from the SIV/macaque animal model. By labeling dividing cells with 5¢-
bromo-2¢-deoxyuridine several groups have established that the peripheral
proliferation and deathrates are increased for both CD4+ and CD8+ T-cell
subsets in SIV-infected monkeys.28,36 In longitudinal studies, a sharp
increase in proliferation rates of CD8+ T-cells could be demonstrated
during peak viremia, reflecting the strong reaction of this subset to the
infection.45 In contrast, the peripheral proliferation rate of CD4+ T-cells is
depressed, suggesting a selective depletion of dividing cells by the massive
viral replication during this early time point. Later, proliferation rates of
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CD4+ T-cells increase above preinfection levels in those animals that are
able to curtail viral load.45 These and other findings in humans have led to
the high turnover concept that the drain on CD4+ T-cells imposed by the
infection results in increased proliferation of T-cells in order to replace lost
CD4+ T-cells (Figure 1D). However, as the deathrate of the CD4+ T-cells,
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FIGURE 1. Models of T-cell turnover A: In uninfected individuals, death (d) and renewal of
lymphocytes either by thymic production (t) or by peripheral proliferation (p) is tightly 
balanced by homeostatic mechanisms with the result that the total number of T-cells, the 
T-cell pool remains constant. B: The simplest explanation for the lower CD4 cell counts in
HIV-infected patients would be an increased deathrate of infected cells. C: In the low turnover
model, the CD4+ T-cell numbers decrease because the virus interferes with the renewal of
CD4-cells either at the level of the thymus or the peripheral proliferation. D: The increased
proliferation rates in HIV patients are explained in the high turnover or open tap/open drain
model by homeostatic mechanisms trying to balance the loss of CD4 cells caused by the 
infection by increasing the production of new cells. But because the deathrate is also strongly
increased these mechanisms ultimately fail. E: According to the immune activation model,
the increased proliferation rates are the result of an immunologic response to the infection.
Such a model is consistent with an increased total CD4+ T-cell pool found in the asympto-
matic phase SIV/macaque animal model, which cannot be explained by the other models.



caused either directly by the virus or by immune mediated mechanisms, by
which possibly even uninfected cells are destroyed, is also increased, these
homeostatic efforts of the immune system fall short of replenishing the
CD4+ T-cell pool. More recently, immune activation has been proposed as
the driving force of the increased proliferation rates of both CD4+ and
CD8+ T-cells.16,18 With this model it is easier to explain some of the find-
ings, such as the high deathrate of CD8+ T-cells, which are not infected by
the virus. Moreover, chronic immune activation may even lead to a tran-
sient increase of absolute numbers of CD4+ T-cells above normal levels, as
revealed during the asymptomatic phase of the SIV-macaque animal model,
where the lymphocyte subsets were enumerated in many different organs43

(Figure 1E). Since an increased size of the total T-cell pool cannot be the
result of homeostatic mechanisms, supposedly only trying to replenish it,
these findings corroborate the hypothesis of immune activation as the
major cause for the increased T-cell turnover found in HIV patients. The
increased deathrates of both CD4+ and CD8+ T-cell subsets would then 
possibly be the result of homeostatic mechanisms to resolve the increased
numbers of lymphocytes.

The mechanisms leading to increased immune activation are less well
understood. It could be either a direct response to the ongoing viral repli-
cation or the result of a deviation in the cytokine balance induced by 
the infection. Immune activation usually correlates with viral load in HIV-
infected individuals and pathogenic SIV models23,28 and is a predictor for
faster disease progression in HIV patients.23 In contrast, in the apathogenic
African monkey SIV models, immune activation is only slightly increased
despite a comparably high viral load.40 Therefore, it has been hypothesized
that the chronically increased immune activation ultimately leads to
exhaustion of the regenerative potential of the immune system. More
detailed studies on parameters of T-cell turnover and their correlation with
disease progression are needed to finally resolve this issue.

Coreceptor Usage and Viral Evolution in the Host

To enter targets cells, HIV and SIV envelope proteins bind to the CD4
protein and, after a conformational change, to a coreceptor, which is
usually a chemokine receptor. CCR5 seems to be the main coreceptor for
SIV just as for the infecting HIV. Since both viruses use CCR5 as a core-
ceptor and since the macaque and human CCR5 are highly similar, drugs
aiming to block the coreceptor binding site of immunodeficiency viruses
can be tested in the macaque model of AIDS. However, an additional seven
transmembrane-spanning G-protein-coupled chemokine receptors such as
CCR8, CCR3, GPR15, GPR1, and APJ are used.4

Approximately 50% of the HIV-1 infected humans acquire a virus that
utilizes only CXCR4 or both CXCR4 and CCR5. This coreceptor switch
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often marks the onset of AIDS in HIV-1 infected humans. Although HIV
and SIV in general use the same coreceptors (CCR5, CCR3, CCR8),
remarkably, SIV usually does not use CXCR4 as its coreceptor. However, 
in rhesus macaques infected with a SHIV virus containing the env from 
an HIV-X4 (CXCR4) strain, the CD4+ cells rapidly declined in accordance
with viral tropism.

Although during the HIV-1 infection both types of viruses are trans-
mitted, only the CCR5 utilizing viruses are infectious. So far, it remains
poorly understood where and how selection for the R5 (CCR5) virus
occurs. To elucidate the basis for early dominance of R5 viruses in HIV
infection, rhesus macaques were coinfected with SHIV-R5 and -X4 strains.
Initially both viral isolates replicated effectively.17 After onset of specific
immune responses, the R5 isolate dominated in most monkeys, which
could be partially reversed by CD8+ cell depletion. It was concluded that
the X4 isolates are better controlled by the immune system, particularly 
by the CTLs, since they mainly infect CD4+ lymphocytes. In contrast, R5
viruses infect long-lived macrophages, representing viral reservoirs. Trans-
ferring the results to HIV-infected humans could mean that the emergence
of X4 variants is not the reason, but the consequence, of immune failure.
However, this does not readily explain why in severely immune compro-
mised monkeys no X4 viruses emerge.

The monkey model allowed further interesting insights into virus 
evolution in the host. Using SIVsm isolates, two groups showed that these
viruses also evolve in the infected macaque. A surprising consequence, the
coreceptor usage of late stage viruses, is more restricted compared to early
stage viruses, although they replicate more efficiently.14,48 Viruses isolated
from the early stages of infection used a number of coreceptors such as
CCR5, GPR15, CXCR6, or CCR8, and could also fuse with indicator cells
independent of CD4. Late stage variants of SIV nearly uniformly utilized
CCR5 as coreceptor. These findings can be partially explained by the fact
that the potentially more pathogenic CD4-independent strains are sensi-
tive to neutralizing antibodies and persist only in rapid progressors, which
are unable to mount an efficient immune response. In addition, one might
speculate that the changing availability of coreceptors, of which the expres-
sion is known to be modulated by immunodeficiency lentiviruses, also influ-
ences viral evolution. However, the link between coreceptor expression, in
particular on dendritic cells important in transmitting immunodeficiency
viruses to T-cells and macrophages, and viral coreceptor use needs to be
established in SIV-infected macaques.

Nef: A Viral Gene-Enhancing Pathogenicity

The immunodeficiency lentiviruses encode, in addition to their struc-
tural proteins, six small regulatory proteins that are essential for structured
viral replication and assembly. Furthermore, they manipulate a number of
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host factors to promote viral replication and survival and are therefore
essential for viral pathogenicity. Among them Nef has gained significant
attention. Initially it was thought that Nef is a negative factor of replica-
tion. However, in vivo studies showed that deletions in nef are associated
with a significant prolonged AIDS-free time.7 Moreover, nef-deleted viruses
confer potent and long-lasting protection against infection with wild-type
virus, and were therefore proposed as live-attenuated vaccines. Meanwhile,
it is clear that SIV- and HIV-infected individuals with nef-deleted viruses will
eventually progress to AIDS.

Nef is a small multifunctional protein.1,12,33 The Nef protein of SIV and
HIV-2 is about 260 amino acid in length, whereas the HIV-1 Nef is slightly
smaller with about 106 amino acids. HIV and SIV Nef enhance viral repli-
cation, infectivity, and ensure viral survival through a combination of dif-
ferent effects. To interfere with T-cell activation signals, Nef interacts with
a number of different cellular proteins such as AP-1, AP-2 clathrin recep-
tors, TCR zeta chain tyrosine kinases, Pak2, CD4, and MHC I proteins.
Many of the cellular proteins bind to different amino acid sequence motifs
of Nef. Two of the numerous pathogenic effects of HIV- and SIV-Nef, refer
to their ability to down regulate CD4 and MHC class I molecules. Both
functions are not related to a direct repression of the transcription. Instead,
HIV- and SIV-Nef interfere with endosome trafficking pathways, triggering
the endocytosis of CD4 from the cell surface and targeting CD4 molecules
into the lysosomal compartment for degradation. The degradation of 
cell-surface CD4 is thought to prevent superinfection and to impair the
immune function of CD4 cells. Down-modulation of MHC class I molecules
is achieved by inhibiting their transport to the cell surface and by redi-
recting MHC class A and B molecules from the cell membrane into the
transgolgi network and subsequently into the lysosomes for degradation.
Although efficient down-regulation of MHC class I molecules confers a
selective advantage in SIV-infected macaques, the exact contribution of 
nef-mediated CTL-impairment is not clear, since strong CTL immune
responses can be elicited in HIV- and SIV-infected individuals. Other func-
tions of SIVmac-Nef comprise its ability to down-regulate the TCR-CD3
complex and CD28.

Although, the full spectrum of Nef function is not fully investigated,
it appears that most of the Nef functions are conserved between SIV and
HIV Nef in spite of differences in their primary structure.

6. CONCLUSION AND PERSPECTIVE

The SIV/macaque animal model for AIDS has proven extremely useful
not only to assess vaccine efficacy or antiretroviral treatment protocols, but
also to study the pathogenesis of this devastating disease. The overall
disease pattern and many of the specific disease manifestations are in prin-
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ciple the same in humans and macaques. Much information has been gath-
ered in this animal model about viral and host factors important for disease
progression. In this chapter, however, we have concentrated on particularly
interesting aspects of AIDS pathogenesis. Other topics, for example, the
complete spectrum of opportunistic infections and AIDS-associated
tumors, could not be covered.

As outlined above, different species present a differential susceptibil-
ity to SIV infection and subsequent disease course. Therefore, a more
detailed knowledge of species-dependent differential susceptibility to SIV
might be important in this respect. Systematic investigations into the
genetic and physiological differences upon SIV infection are needed to
decide which animal species is most suited for the investigation of a par-
ticular aspect of HIV infection and to identify resistance and susceptibility
factors at the subspecies or individual level. Such research efforts will be
boosted as more genetic information is being gathered.

The ultimate rationale for elucidating the pathogenesis must be to
identify novel targets for therapy and novel strategies for vaccine develop-
ment. HIV and SIV utilize a vast number of host factors to establish infec-
tion and complete replication.46 In addition, the viruses have developed
intricate means to evade innate and adaptive antiviral defense pathways
such as the inactivation of APOBEC3G by vif and the downregulation of
MHC class I. It is conceivable that differences in the host factors or regu-
latory sequences account for the differential susceptibility to immunodefi-
ciency lentivirus infection. Therefore, a detailed characterization of the
genetic background will help to identify these factors, providing the basis
for targeted antiretroviral therapies. Unfortunately, most experiments in
this model were done with small groups of arbitrarily selected animals for
which no pedigree information is available. In order to fully tap the poten-
tial of this valuable animal model, in the future, more systematic collabo-
rative efforts are needed.
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1. INTRODUCTION: THE NEED FOR AN ANIMAL MODEL

An increasing arsenal of anti-HIV drugs is currently being used, and many
new candidates are continuously being developed.1 Based on their viral
targets during the viral replication cycle, the main antiviral drugs that have
been approved or are being developed belong to several groups: inhibitors
of attachment, fusion, reverse transcriptase (RT), integrase or protease
(Figure 1). During recent years, combination therapy of these compounds,
so-called highly active antiretroviral therapy (HAART), has led to major
improvement in the clinical management of HIV-infected people in the
developed countries.2 Despite this considerable success, there is still much
room for improvement, as not everyone can experience the desired long-
term benefits. Once established, HIV infection can probably never be
cured,3 so long-term administration of these drugs is usually required for
the majority of individuals, and problems of toxicity, compliance, drug
resistance, and costs become very relevant. In addition, due to the current
costs of antiviral drugs and the need for expertise monitoring of viral and
immunological parameters and toxicity, current drug regimens are beyond
the reach of the majority of HIV-infected people who live in developing
countries.

Accordingly, the quest for better antiviral drugs and drug regimens
continues. The “ideal” antiviral drug strategy would be one that induces
strong and persistent suppression of virus replication, gives prolonged
immunological and clinical benefits at the lowest toxicity, can be adminis-



tered at infrequent dosage intervals, is affordable and easy to store, and
can thus benefit the greatest number of HIV-infected people worldwide.

While many new compounds are continuously being developed, the
pipeline that drugs need to cross between the first demonstration of in vitro
antiviral effects and approval for clinical use is time consuming, very expen-
sive, and tedious. Many compounds that inhibit virus replication in vitro
are never further developed (due to lack of resources), or they fail in pre-
clinical testing or clinical trials, due to unfavorable pharmacokinetics, 
toxicity or lack of sufficient antiviral activity in vivo.

Another confounding problem is that many drugs have already been
approved for HIV-infected patients. Because it is considered unethical to
treat “control” groups with anything less than the currently available “gold”
standard of combination therapy, clinical trials to prove the efficacy of
novel antiviral drugs or drug combinations become more complicated.
Therefore, the efficacy of new drugs is now often evaluated in patients
failing currently available HAART regimens, who usually have many exist-
ing drug resistance mutations, low CD4+ cell counts, and poor immune
responses, and thus the response in this “worst-case scenario” may under-
estimate the potency of the drug for treatment-naive patients with better
health status.

These dilemmas underscore the need for a reappraisal of the role of
animal models in the drug development process. Appropriate animal
models that allow rapid evaluation of the efficacy and the toxicity of anti-
viral compounds would be very useful, as they allow sorting out those drugs
that are promising and deserve to enter human clinical trials from those
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FIGURE 1. Overview of HIV life cycle and main groups of antiviral drugs.



drugs that should probably be discarded. A number of animal models are
available for rapid evaluation of anti-HIV compounds (reviewed elsewhere
in this book). While murine and feline models are very appropriate for
initial screening, further testing is best done in nonhuman primate models
that better resemble HIV infection of humans.

2. SIV INFECTION OF MACAQUES: ANIMAL MODEL OF 
HIV AND AIDS

Nonhuman primates are phylogenetically the closest to humans. The
similarities in physiology (including drug metabolism, placentation, fetal
and infant development, etc.) and immunology allow a more reliable
extrapolation of results obtained in nonhuman primate models to clinical
applications for the human population. Infection of macaques with viru-
lent simian immunodeficiency virus (SIV) isolates or SIV-HIV chimeric
viruses (SHIVs) results in a disease that resembles human AIDS, including
opportunistic infections, weight loss, wasting, and central nervous system
disorders.4,5 Compared to HIV infection of humans, infection of macaques
with virulent SIV or SHIV isolates results in an accelerated course, as most
animals develop clinical disease within 3–30 months (compared to 7–10
years for humans). Infection of macaques with SIV or SHIV is not neces-
sarily fatal, as there are many attenuated or nonpathogenic virus isolates
that give transient or low-level viremia and very slow or no disease; accord-
ingly, investigators can select the virus isolate or clone that is most appro-
priate for their study design. A pediatric AIDS animal model has been
developed using newborn and infant macaques (0–4 weeks of age); similar
to observations in HIV-infected human infants, the disease course in
newborn macaques following inoculation with virulent SIV strains is usually
accelerated.6,7 This pediatric animal model has been proven very useful for
antiviral drug testing (see further).

Because of the many similarities between the primate models and HIV
infection of humans, the role of the primate models in HIV/AIDS research
is multiple. In addition to allowing investigators to unravel the virus-host
interactions during disease pathogenesis, the SIV-macaque model has also
been used to investigate the pharmacokinetics, toxicity, and antiviral effi-
cacy of antiviral drugs. It is the balance among all these in vivo interactions
that eventually determines the long-term clinical usefulness of the anti-
viral drug (Figure 2).

Besides being a test system for preclinical screening of the efficacy of
novel drugs, a good animal model can also be used to test hypotheses that
are difficult or impossible to study in humans. Investigators use different
study designs (by manipulating variables such as initiation of drug treat-
ment relative to virus inoculation, the duration of treatment, the age of the
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animals, the virulence and drug susceptibility of the virus inoculum, the
status of the immune system, etc.), to address very specific questions
directly relevant to treatment of human HIV infection. Examples of this
are studies aimed at determining the pre- and postexposure prophylactic
efficacy of antiviral drugs, or studies aimed at determining the in vivo 
virulence and clinical implications of drug-resistant viral mutants.

3. MACAQUE SPECIES AND VIRUS ISOLATES USED IN 
ANTIVIRAL DRUG STUDIES

Antiviral drug studies generally used rhesus macaques (Macaca
mulatta) or cynomolgus macaques (M. fascicularis). Most drug studies in
macaques have used SIV isolates belonging to a few groups, in particular
SIVmac, SIVsmm, and SIVmne. Because the polymerase region of SIV has
about 60% amino acid homology to HIV-1,5 SIV is susceptible to many of
the same inhibitors, such as the nucleoside reverse transcriptase inhibitors
[NRTI; e.g., zidovudine (AZT), didanosine (ddI), zalcitabine (ddC), stavu-
dine (d4T), and abacavir (1592U89)], the nucleotide RT inhibitor teno-
fovir (PMPA), and inhibitors of protease enzymes.8,9 Some compounds,
especially non-nucleoside RT inhibitors (NNRTI) such as nevirapine and
efavirenz are active only against HIV-1, and not against HIV-2 or SIV.10 To
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FIGURE 2. Many interactions between the virus, host, and antiviral drugs determine the
overall health outcome of the host.



evaluate such RT inhibitors in the macaque model, the construction of
infectious SHIVs has been proven useful. SHIVs are constructed by replac-
ing specific genes of SIVmac with their counterparts of HIV-1, and many
of them are infectious and can cause disease following inoculation of
macaques. The availability of an infectious RT-SHIV clone, which contains
the RT of HIV-1 in an SIVmac background, now enables investigators to
use this animal model to study the efficacy and the emergence of drug resis-
tance for NNRTI.11–14

4. DEVELOPMENT OF THE ANIMAL MODEL: 
INITIAL OBSTACLES AND SOLUTIONS

Because of the many similarities in physiology to humans, the macaque
model has been proven very useful to study toxicity and pharmacokinetics
of antiviral drugs, including the assessment of drug interactions, the effect
of pregnancy, and transplacental drug transfer.15–29

During the initial years of the HIV pandemic, however, the role of 
nonhuman primate models in testing antiviral efficacy was rather limited.
Although SIV is susceptible to many anti-HIV drugs in vitro, many initial
drug studies in macaques were not very effective. One of the main reasons
for the less-than-spectacular results of the primate studies was that most
drugs that were available at that time were not highly potent in suppress-
ing viremia. Nonhuman primate models at that time were also not practi-
cal to reliably evaluate the efficacy of prolonged drug therapy of chronic
infection, due to a number of problems, especially with regard to the detec-
tion of antiviral effects and the administration of drugs.

The time course of SIV disease progression in juvenile and adult
macaques is highly variable, as the asymptomatic period can range from
months to years, and depends on host factors such as the strength of the
initial immune response. It was therefore often hard to determine whether
a small difference in clinical outcome was due to host factors or to the drug
treatment, especially because only relatively small numbers of animals can
be used in each study.30 There were also no adequately sensitive assays to
detect antiviral effects of the drug during the asymptomatic stage by mon-
itoring surrogate markers, such as virus levels in blood and tissues.31 Most
SIV-infected juvenile/adult macaques have no detectable p27 antigenemia
or infectious virus in plasma during the asymptomatic stage of disease, and
the technology to measure viral RNA in plasma was not available at that
time. Accordingly, testing the efficacy of an antiviral drug was mainly
limited to determining its potential to prevent infection or reduce/delay
the acute viremia (see below). In recent years (since about 1997), sensitive
assays have been developed to monitor virus replication in SIV-infected
macaques, including quantitative viral RNA assays to detect virus in plasma
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or tissues.32–34 In addition, the development of a growing number of
immunological assays has provided us a better understanding of disease
pathogenesis (Table I). All these assays are very similar to those used to
monitor human patients and enable us to better monitor the effects of drug
therapy. This growing arsenal of tools has spurred the use of macaques with
chronic SIV infection for antiviral drug studies.

As discussed elsewhere,35,36 the use of juvenile and adult macaques in
drug studies is often complicated by difficulties in administering drugs for
a prolonged period of time. This problem becomes more pronounced for
drugs with a short half-life, which require frequent administration to main-
tain sufficient blood levels. In addition, the amount of drug that is needed
can lead to considerable costs, especially for compounds that are still in
preclinical stages of development and for which test quantities are usually
very expensive to manufacture. Many of these problems can be overcome
by using newborn and infant macaques, which are easier to handle for drug
administration and require less drug.35 Another important feature of this
pediatric animal model is that the disease course following inoculation with
highly virulent SIV isolates (such as SIVmac251) is more uniform than in
older animals, and is characterized by persistently high viremia, rapid
immunosuppression, and development of clinical disease within about 2–4
months.7 Because of this predictably rapid disease course, effects of drug
therapy on disease progression can be evaluated more reliably and quickly
in newborn macaques than with older animals, and with fewer
animals.30,35,37 These aspects of the infant macaque model can be especially
important if a test compound has limited antiviral effects but may have
immunomodulatory effects that prolong disease-free survival. The demon-
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TABLE I
Key Parameters to Monitor Infection and Response to Treatment

Viral Parameters:
— Virus levels in blood and lymphoid tissues (PCR, RT-PCR, bDNA, quantitative virus

isolation, . . .)
— Drug resistance (phenotypic, genotypic)
— Viral diversity (heteroduplex mobility assay, sequencing, . . .)
— In vitro replication kinetics, cell tropism, co-receptor usage, etc.
Immune Parameters:
— Antibody responses (ELISA, western blot, neutralizing antibodies, . . .)
— Cell-mediated immune responses (cytotoxic T lymphocytes, ELISPOT, proliferation,

intracellular cytokine flow cytometry, tetramer staining, NK cell activity, . . .)
— Lymphocyte subpopulations (flow cytometry)
— Cytokine and chemokine levels (ELISA, RT-PCR, immunohistochemistry, . . .)
Clinical Parameters:
— Weight gain
— Opportunistic infections
— Disease-free survival



stration of clinical benefits in a “worst-case scenario” of high viremia and
rapid disease is the best indicator of the potency of any drug strategy.
Accordingly, information obtained in a pediatric animal model of AIDS
applies directly to older SIV-infected macaques and HIV infection of
human infants as well as adults.

5. OVERVIEW OF DRUG STUDIES IN NONHUMAN PRIMATES

Prophylaxis: Prevention of Infection

Many studies in nonhuman primates have focused on testing whether
drug administration, starting around the time of virus inoculation, was
effective in preventing infection. While prevention of infection is tradi-
tionally considered as the complete absence of any viral or immunological
evidence of infection, the development of more sensitive techniques
(including DNA PCR, viral RNA quantitation) has sometimes resulted in
transient detection of low-level signs of infection, usually within the first
months after virus inoculation.38,39 Accordingly, for the purposes of this
review, prophylaxis is defined as protection against persistent infection,
with persistent infection being defined as persistent viremia or persistently
detectable virus-specific immune responses.

Early studies, which mostly used zidovudine (AZT), were not highly
effective in preventing infection, but a likely reason for this was the high
dose of virus used in these experiments.40–43 In subsequent studies (Table
II), when a lower dose of SIV was used to inoculate animals, administra-
tion of several drugs [including AZT, adefovir (PMEA), tenofovir (PMPA),
and 3¢-fluorothymidine (FLT)] starting prior to, or at the time of virus
inoculation, prevented SIV infection.39,44–48 Nevirapine treatment starting
prior to virus inoculation prevented HIV-1 infection of chimpanzees.38 Very
few compounds have been shown to prevent infection when treatment was
started after virus inoculation: tenofovir, 2¢,3¢-dideoxy-3¢-hydroxymethyl
cytidine (BEA-005) and GW420867.13,44,49–51 Of these three compounds,
only tenofovir has so far been approved for use in humans. Recently it was
found that a 1- or 2-dose regimen of tenofovir was sufficient to protect
newborn macaques against oral SIV infection.45 Tenofovir was also partially
effective to protect newborn macaques against infection following inocu-
lation with a mutant SIV isolate that has reduced in vitro susceptibility to
tenofovir.52

Macaques have also been used to test the efficacy of antiviral com-
pounds administered as topical microbicides to prevent mucosal SIV or
SHIV infection. While topical administration of high-dose tenofovir, 3-
hydroxyphthaloyl-b-lactoglobulin, dextrin-2-sulphate, PRO 2000, benzalko-
nium chloride, and cellulose acetate phtalate in gel format protected adult
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macaques in varying degrees of efficacy against intravaginal SIV or SHIV
infection, topical low-dose tenofovir was not protective against the oral
route of virus inoculation.53–57

The demonstration that systemic levels of antiviral drugs can prevent
infection in macaques has preceded the demonstration of such effects in
humans following exposure to HIV in several clinical settings. The first one
is the use of antiviral drugs to prevent infection following needle-stick acci-
dents of health care workers. AZT administration following percutaneous
HIV exposure was found to reduce the risk of infection by 80%.58 Post-
exposure drug prophylaxis is now also offered following sexual exposure.59

In recent years, as transmission of HIV often involves drug-resistant virus,
postexposure prophylaxis regimens typically consist of a combination of
drugs. Another clinical area where antiviral drugs have been very useful is
in the prevention of mother-to-infant transmission of HIV. While vertical
transmission can also occur in utero or postnatally (through breast-
feeding), evidence suggests that a majority of HIV infections occur shortly
before or during birth (potentially through contact with maternal blood
and fluids).60 The demonstration that AZT administration to HIV-infected
pregnant women beginning at mid- to late gestation, and continuing to
their newborns during the first 6 weeks of life, reduced the rate of vertical
HIV transmission by two thirds has been a major advancement in the
combat against pediatric HIV infection in developed countries.61 Since
then, studies have demonstrated partial efficacy of shorter AZT regimens,
alone or in combination with lamivudine.62–65 Currently the simplest and
most affordable regimen for developing countries is the two-dose HIVNET-
012 nevirapine (NVP) regimen, with one dose given to the mother at the
onset of delivery and the second dose of NVP to the newborn shortly after
birth.66 To counteract potential problems with drug resistance mutations
that are induced by this simple NVP regimen in a proportion of the
women,67 the promising data with tenofovir in the macaque model39 have
spurred interest to test the feasibility of a two-dose tenofovir regimen to
reduce perinatal HIV transmission in future years, and a phase I human
trial (PACTG-394) is currently ongoing as a first step.

Therapy: Treatment of Infection

Numerous drug studies in the macaque model have demonstrated that
even when infection was not prevented, early drug treatment delayed or
reduced the peak of rapid virus replication that occurs during the first
weeks of infection, enhanced antiviral immune responses, and delayed
disease progression (Table III).11,13,30,40,42,43,47,68–79 This information applies
directly to drug treatment of humans during the primary viremia stage.
Indeed, in recent years there is increasing evidence that early drug inter-
vention offers strong benefits for HIV-infected patients to achieve 

130 KOEN K. A. VAN ROMPAY et al.



SIV INFECTION OF MACAQUES 131

T
A

B
L

E
 I

II
E

xa
m

pl
es

 o
f 

M
ac

aq
ue

 S
tu

di
es

 W
it

h 
A

nt
iv

ir
al

 D
ru

gs
 S

ta
rt

ed
 ≥

5 
D

ay
s 

A
ft

er
 V

ir
us

 I
no

cu
la

ti
on

, 
W

he
n 

Sy
st

em
ic

 I
nf

ec
ti

on
 H

as
 O

cc
ur

re
d

St
ar

t 
of

 T
re

at
m

en
t

R
el

at
iv

e 
to

 V
ir

us
A

ut
h

or
, y

ea
r(c

it
at

io
n

)
V

ir
us

In
oc

ul
at

io
n

D
ru

g,
 D

ai
ly

 D
os

e,
 R

ou
te

, D
ur

at
io

n
O

ut
co

m
e

B
öt

ti
ge

r, 
19

92
31

SI
V

sm
11

1–
17

4
d 

po
st

Z
D

V,
 2

0
m

g/
kg

 S
Q

 f
or

 9
 w

ee
ks

;
N

o 
re

du
ct

io
n

 i
n

 v
ir

al
 a

n
ti

ge
n

 l
ev

el
s 

in
 l

ym
ph

3¢
-fl

uo
ro

th
ym

id
in

e 
fo

r 
4 

or
 9

 w
ee

ks
n

od
es

Va
n

 R
om

pa
y,

 1
99

287
SI

V
m

ac
25

1
6 

w
ee

ks
 p

os
t

Z
D

V,
 3

 ¥
50

m
g/

kg
 o

ra
l 

fo
r 

10
 w

ee
ks

N
o 

re
du

ct
io

n
 o

f 
in

fe
ct

io
us

 v
ir

em
ia

Ts
ai

, 1
99

590
SI

V
m

n
e

ch
ro

n
ic

 i
n

fe
ct

io
n

A
de

fo
vi

r, 
20

–3
0

m
g/

kg
 S

Q
 f

or
 4

–8
 w

ee
ks

R
ed

uc
ed

 v
ir

em
ia

Va
n

 R
om

pa
y,

 1
99

637
SI

V
m

ac
25

1
3 

w
ee

ks
 p

os
t

Te
n

of
ov

ir
, 3

0
m

g/
kg

, S
Q

 f
or

 >
1–

7 
ye

ar
s

R
ed

uc
ed

 v
ir

em
ia

, p
ro

lo
n

ge
d 

su
rv

iv
al

Ts
ai

, 1
99

789
SI

V
m

n
e

>1
9 

w
ee

ks
 p

os
t

Te
n

of
ov

ir
, 3

0 
or

 7
5

m
g/

kg
, S

Q
 f

or
 2

8 
da

ys
R

ed
uc

ed
 v

ir
em

ia
Va

n
 R

om
pa

y,
 1

99
973

SI
V

m
ac

25
1

5 
da

ys
 p

os
t

Te
n

of
ov

ir
, 3

0
m

g/
kg

 S
Q

 f
or

 1
4 

or
 6

0 
da

ys
R

ed
uc

ed
 v

ir
em

ia
 a

n
d 

de
la

ye
d 

di
se

as
e

Si
lv

er
a,

 2
00

092
SI

V
m

ac
25

1
18

 w
ee

ks
 p

os
t

A
de

fo
vi

r 
or

 t
en

of
ov

ir
, 2

0
m

g/
kg

 S
Q

 f
or

R
ed

uc
ed

 v
ir

em
ia

 i
n

 m
os

t 
an

im
al

s
28

 d
ay

s
Sm

it
h

, 2
00

077
SH

IV
K

U
1 

w
ee

k 
po

st
Te

n
of

ov
ir

, 3
0

m
g/

kg
, S

Q
 f

or
 1

2 
w

ee
ks

R
ed

uc
ed

 v
ir

em
ia

; p
ro

te
ct

io
n

 a
ga

in
st

 a
cu

te
C

D
4+

T
 d

ec
lin

e
R

os
en

w
ir

th
, 2

00
076

R
T-

SH
IV

1 
or

 2
 w

ee
ks

 p
os

t
Te

n
of

ov
ir

, 3
0

m
g/

kg
, S

Q
 f

or
 8

 w
ee

ks
R

ed
uc

ed
 v

ir
em

ia
Ig

ar
as

h
i, 

20
01

84
SH

IV
D

H
12

R
5 

or
 2

1 
da

ys
 p

os
t

Te
n

of
ov

ir
, 3

0
m

g/
kg

, S
Q

 f
or

 4
 w

ee
ks

R
ed

uc
ed

 v
ir

em
ia

 o
n

ly
 i

n
 e

ar
ly

 t
re

at
m

en
t

Sp
ri

n
g,

 2
00

112
8

SI
V

m
ac

23
9

1 
w

ee
k 

po
st

Te
n

of
ov

ir
, 3

0
m

g/
kg

 S
Q

 f
or

 2
8 

da
ys

R
ed

uc
ed

 v
ir

em
ia

Va
n

 R
om

pa
y,

 2
00

288
SI

V
m

ac
25

1
3 

w
ee

ks
 p

os
t

L
am

iv
ud

in
e 

or
 e

m
tr

ic
it

ab
in

e,
 8

m
g/

kg
L

it
tl

e 
ef

fe
ct

 o
n

 v
ir

em
ia

 b
ut

 s
el

ec
ti

on
 f

or
SQ

 c
h

ro
n

ic
M

18
4V

 m
ut

an
ts

Sh
en

, 2
00

396
SI

V
/1

7E
-F

r
50

 d
ay

s 
po

st
Te

n
of

ov
ir

 (
20

m
g/

kg
) 

SQ
 +

em
tr

ic
it

ab
in

e
R

ed
uc

ed
 v

ir
em

ia
(5

0
m

g/
kg

) 
SQ

 c
h

ro
n

ic

SQ
=

su
bc

ut
an

eo
us

ly
; d

 =
da

ys
; Z

D
V

 =
zi

do
vu

di
n

e



long-term suppression of viral replication, enhanced HIV-specific CD4+ T-
cell proliferative responses, and delayed disease progression.80–83

When macaques were treated with short-term drug regimens during
the acute viremia stage, the duration of the benefits after treatment was
withdrawn depended on the virus that was used. With pathogenic SHIV iso-
lates, short-term drug-induced suppression of acute viremia was usually
effective to induce strong antiviral immune responses that controlled virus
replication and delayed disease for an extended time in the absence of
drug treatment.13,76,77,84 In contrast, with highly virulent SIV isolates such as
SIVmac251, it has been more difficult to achieve sustained control of
viremia and disease when short-term drug treatment is given (see
review85,86).

A few macaque studies have investigated the effects of antiviral therapy
on established, chronic SIV infection (i.e., after the acute viremia stage).
Initial studies with AZT were not very successful in reducing viremia once
SIV infection was established,31,87 but this was probably due to the relative
weakness of AZT monotherapy to inhibit virus replication of the highly 
virulent SIVmac251 isolate. Lamivudine (3TC) and emtricitabine ((-)-
FTC) treatment of SIVmac251-infected infant macaques also had little
effect on viremia and disease course; yet, there was rapid selection for the
development of drug-resistant mutants with the M184V mutation in RT, 
suggesting that drug levels were sufficient.88 While initial studies with 
adefovir (PMEA) showed antiviral efficacy against SIV, subsequent studies
demonstrated tenofovir to be the most effective compound so far in this
animal model to reduce infectious PBMC-associated and plasma virus levels,
reduce plasma RNA levels, and delay disease progression.37,89–92 Surprisingly,
for tenofovir therapy, the emergence of viral mutants with reduced suscep-
tibility does not always lead to a rebound in viremia (see below).

Studies with tenofovir have also demonstrated that the efficacy of
antiviral drug therapy is strongly dependent on the immune system. While
tenofovir treatment initiated during early stages of SIV infection is usually
very effective, strong and persistent reduction of chronic viremia is more
difficult to achieve in a host who has high viremia with a highly virulent
virus and is immunosuppressed at the start of treatment.93 In addition, tem-
porary CD8+ cell depletion of macaques during acute viremia (through
injection of anti-CD8 monoclonal antibody) transiently reduced the effi-
cacy of simultaneous tenofovir treatment in reducing viremia of wild-type
virus, demonstrating the important role of CD8+ cell mediated immune
responses during antiviral drug therapy.94

Tenofovir’s antiviral efficacy in SIV-infected macaques has sparked
many other drug studies in this animal model. Tenofovir-containing regi-
mens have been used to gain a better understanding of disease patho-
genesis and drug therapy and to test additional intervention strategies.
Combination treatment of SIV-infected macaques was found to improve
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immune responses against other organisms such as mycobacterium.95 The
macaque model has also been used to investigate the viral reservoirs during
drug treatment: SIV-infected pigtailed macaques treated with tenofovir 
and emtricitabine were found to have viral reservoirs in resting CD4+ T
lymphocytes.96

A number of studies have combined antiviral drug treatment with
other strategies aimed at boosting antiviral immune responses, so that
when drug treatment was stopped, viremia was controlled better. These
immunotherapeutic strategies include structured treatment interruption,97

active immunization (with vaccines such as NYVAC and ALVAC, with or
without IL-2 administration98–101), and immune reconstitution via adminis-
tration of autologous CD4+ T-cells collected prior to SIV infection.102 These
studies demonstrate the usefulness of the SIV macaque model to design
and test immunotherapeutic strategies, aimed at invoking the immune
system to assist in reducing virus replication.

Antiviral Drug Resistance

The Value of Animal Models in Studying Drug Resistance

Although HAART has led to significant advances in the clinical man-
agement of HIV-infected patients, many individuals, however, do not show
the desired strong and persistent suppression of viral replication, and even-
tually show disease progression. Although other factors, such as com-
pliance and toxicity, also contribute to reduced efficacy and tolerability of
antiviral drug therapy, a major limiting factor is the emergence of viral
mutants with reduced in vitro susceptibility to antiviral drugs. Due to the
high mutation rate of the virus, incomplete suppression of virus replica-
tion leads to the selection of viral variants with mutations that allow better
replication in the presence of drugs.

While the correlation between specific mutations in the viral genome
and in vitro reduced susceptibility has been well documented for many
antiviral drugs, many questions remain regarding the exact clinical impli-
cations of these drug-resistant variants in vivo and how to use this infor-
mation to make treatment decisions. If drug resistance means that the 
drug is no longer effective, then it can as well be withdrawn; but if there is
still a partial response, then it will be counterproductive to discontinue
drug administration unless better alternatives can be offered.103–105 Some
data suggest that drugs can still have therapeutic effects even in the 
presence of drug-resistant virus. For example, interruption of RT inhibitors
in many patients with drug-resistant virus results in increased viremia, 
suggesting that these drugs still partially suppressed virus replication.106

In addition, in patients receiving protease-inhibitor containing regimens,
there is often immunological and clinical benefit despite virologic failure 
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(i.e., so-called discordant results), and it has been hypothesized that the
altered pathogenesis of drug-resistant variants may play a role in this 
phenomenon.107–109

A major question about drug resistance concerns the replicative fitness
and virulence of drug-resistant mutants relative to wild-type virus. Because
the mutations that cause drug resistance are either undetectable or are
present at very low frequency in the absence of the selection pressure
exerted by drug treatment, drug resistance mutations are expected to
reduce the ability of the virus to replicate. But primary drug resistance
mutations are often followed by the emergence of compensatory mutations
to improve replicative fitness. But to what degree are drug-resistant mutants
attenuated in virulence (i.e., their ability to cause disease)? Are drug-
resistant mutants significantly attenuated compared to wild-type virus, so
that the purpose of continuing drug treatment is to prevent reversion to
the more virulent wild-type form?

While many studies have focused on determining the in vitro growth
kinetics of drug-resistant HIV mutants, they can never completely predict
their in vivo virulence, which is also determined by complex factors (includ-
ing many tissue- and cell-specific factors) that are difficult to mimic in vitro,
such as drug pharmacokinetics, compensatory mutations, and the dual role
of the immune system, which can assist in controlling virus replication, but
when activated, can also promote virus replication (Figure 3). Studies in
the SIV-macaque model have demonstrated repeatedly that the correlation
between in vitro viral growth properties/cell tropism and in vivo replica-
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FIGURE 3. Complex interactions of viral and host factors and drug features determine the
virus’s ability to weaken the immune system.



tive ability/virulence is often weak, as virus isolates that are able to repli-
cate well in vitro can be severely attenuated in replicative fitness and viru-
lence following inoculation in macaques.110,111 Thus, the extrapolation of
results from in vitro growth kinetic studies to decisions affecting clinical
management of HIV-infected patients should be performed with caution.

Some information regarding the replicative potential and stability of
drug-resistant viral mutants in vivo can be gathered from case reports, such
as those documenting primary infection with drug-resistant HIV-1, as well
as those monitoring the reversion of drug-resistant virus to wild-type 
following discontinuation of drug treatment. An animal model, however,
allows approaches that are impossible and unethical to use in humans, but
which are the most direct ways to study the virulence and clinical implica-
tions of drug-resistant virus: animals can be inoculated with drug-resistant
viral mutants or their wild-type counterparts, and their replication fitness
and virulence can be compared in drug-treated versus untreated animals.
Although the SIV macaque model has been underutilized in this research
area, several macaque studies have addressed the emergence or virulence
of drug-resistant SIV (see below).

Drug Resistance Studies in the SIV and SHIV: Macaque Model

Several methods have been used to generate drug-resistant SIV vari-
ants, such as in vitro and in vivo drug selection procedures, as well as site-
directed mutagenesis of molecular clones. Treatment of RT-SHIV infected
macaques with nevirapine gave rise to the emergence of the Y181C and
K103N mutations in RT, similar to observations in nevirapine-treated HIV-
1 treated patients.14

In vitro selection of SIV for resistance to lamivudine (3TC) gave rise
to the expected mutations M184I and M184V in RT; the role of these muta-
tions in conferring high-level resistance of SIV to lamivudine was confirmed
by site-directed mutagenesis.112,113 Treatment of SIV-infected infant
macaques with lamivudine or emtricitabine ((-)-FTC) also gave rise to the
emergence of M184V mutants within 5 weeks of treatment.88 The clinical
implications of the M184V mutation were subsequently studied by inocu-
lating juvenile macaques with SIVmac239 clones with either wild-type
sequence or the M184V mutation in RT (SIVmac239-184V). In comparison
to wild-type virus, SIVmac239-184V was replication impaired, based on virus
levels 1 week after infection, and on the reversion of SIVmac239-184V to
wild-type sequence in untreated animals within 8 weeks after inoculation.
However, this reduced replication fitness was not sufficient to affect viral
virulence, as animals inoculated with SIVmac239-184V and treated with 
(-)-FTC (to prevent reversion) developed similar viremia from 2 weeks
after infection onward, and had a similar disease course and survival as
animals infected with wild-type SIVmac239.88 In a different study, the
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M184V mutation did not revert in macaques inoculated with SIVmac239
containing both the M184V and E89G mutations; however, the M184V
mutation in that study was engineered with two base changes in codon 184
(instead of the single base change that is normally seen during in vitro or
in vivo selections).114

Using site-directed mutagenesis, the mutations that are most com-
monly found in AZT-resistant HIV-1 (at codons 67, 70, 215, and 219) have
been inserted into the molecular clone SIVmac239. The resulting
SIVmac239 mutant was AZT-resistant in vitro; inoculation of macaques with
this AZT-resistant SIVmac239 and short-term treatment with AZT during
the primary viremia resulted in reduced efficacy of AZT treatment to delay
seroconversion.115 Remarkably, however, these mutations in SIV RT were
not selected for in vivo, as AZT-treated SIVmac251-infected macaques
developed a glutamine-to-methionine substitution at codon 151 of RT
(Q151M),30,116 associated with high-level (>100-fold) in vitro resistance to
AZT. Inoculation of the Q151M SIVmac isolate into naive newborn
macaques demonstrated that this mutation did not significantly reduce
viral replication and viral virulence; the Q151M mutation (which is the
result of two base changes) was also very stable in the absence of AZT treat-
ment.116 This Q151M mutation has not been found in HIV-1-infected
patients receiving AZT monotherapy, but has been found at low frequency
in HIV-1-infected patients receiving sequential or combination therapy with
dideoxynucleoside analogues.117–119 However, the Q151M mutation is found
frequently in HIV-2-infected patients receiving NRTI therapy.120,121 This
latter observation indicates that due to much sequence homology, HIV-2
and SIV use similar pathways, distinct from those of HIV-1, to develop resis-
tance to these antiviral drugs.

Treatment of SIVmac251-infected infant macaques with tenofovir
resulted in the emergence of virus with fivefold reduced in vitro suscepti-
bility to tenofovir and a lysine-to-arginine substitution at codon 65 (K65R)
of RT. The emergence of K65R was followed by additional RT mutations,
which were likely to be compensatory mutations.37 Tenofovir also selects
for the K65R mutation in HIV-1 in vitro,122 and is found at low frequency
(~2%) in HIV-1-infected patients after long-term treatment with tenofovir-
containing combination regimens.123,124 The SIV macaque model has pro-
vided important information regarding the clinical implications of K65R
viral mutants during tenofovir treatment. Although some SIVmac251-
infected animals show an increase in viremia following the emergence of
K65R viral mutants, many animals continue to suppress viremia to low or
undetectable levels for years (from 1 to >7 years).37,125 This success in sup-
pressing replication of the highly virulent SIVmac251 isolate with tenofovir
monotherapy is unprecedented in this animal model. To investigate
whether these findings were caused by an attenuating effect of the K65R
mutation on viral virulence, K65R SIV isolates were inoculated into new
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animals and in the absence of tenofovir treatment, were found to be as 
virulent as wild-type SIVmac based on their ability to induce high viremia
and rapid disease.125 In subsequent studies, cell depletion experiments
(using injection of anti-CD8 monoclonal antibody) revealed that the sup-
pressed viremia of K65R SIV mutants during tenofovir treatment is due to
the development of strong CD8+ cell-mediated antiviral immune responses
that are promoted during tenofovir treatment.94 Continued tenofovir treat-
ment was required to maintain suppression of K65R SIV replication,94

because tenofovir withdrawal led to an increase in viremia. Thus, both teno-
fovir and CD8+ cells were required to achieve optimal suppression of virus
replication. These observations of reduced viremia of K65R SIV mutants
associated with improved antiviral immune responses in tenofovir-treated
macaques are consistent with clinical observations in HIV-1 infected human
patients: although K65R mutants of HIV-1 are infrequently (~2%) detected
after long-term tenofovir treatment, their emergence is generally not as-
sociated with a rebound in viremia.124 Another surprising finding for teno-
fovir was that, even for tenofovir-treated animals where K65R viral mutants
were able to cause high viremia, continued tenofovir treatment was still
beneficial, as it prolonged disease-free survival more than predicted based
on viral RNA levels and CD4+ T-cell counts.93,125 Because prolonged sur-
vival in the presence of high viremia has not been observed with other
antiviral drugs in the SIV-macaque model, these observations suggest that
tenofovir treatment may have rather unusual interactions with the immune
system that need to be elucidated by further studies.

The SIV animal model has also been studied for interactions between
drug resistance mutations. Similar to findings for HIV-1, the lamivudine-
selected M184V mutation in RT renders SIV hypersusceptible to tenofovir
in vitro. In vitro and in vivo experiments with SIV demonstrated that 
in the presence of lamivudine and tenofovir, there is strong selection 
pressure against the M184V mutation but for the emergence of the K65R
mutation.113

6. CONCLUSIONS

At the start of the HIV pandemic, the role of nonhuman primate
models of HIV infection and AIDS in the drug development process was
very limited. In recent years, however, a better understanding of disease
pathogenesis and the development of better technological methods to
monitor infection have made nonhuman primate models more suitable for
antiviral drug testing. The encouraging data from drug studies in primates
that have subsequently been confirmed in human studies are leading to a
growing recognition of the relevance of this animal model. Accordingly,
nonhuman primate models of HIV infection will continue to grow as 
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excellent and adaptable tools to rapidly gather data that can provide a solid
scientific foundation to guide human clinical trials.
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1. INTRODUCTION

Animal models for human immunodeficiency virus (HIV) infection play a
key role in understanding the pathogenesis of AIDS and the development
of therapeutic agents and vaccines. As the only lentivirus that causes an
immunodeficiency resembling that of HIV infection, in its natural host,
feline immunodeficiency virus (FIV) has been a unique and powerful
model for AIDS research. FIV was first described in 1987 by Niels 
Pedersen and co-workers as the causative agent for a fatal immunodefi-
ciency syndrome observed in cats housed in a cattery in Petaluma, Cali-
fornia.1,2 Since this landmark observation, multiple studies have shown that
natural and experimental infection of cats with biological isolates of FIV
produces an AIDS syndrome very similar in pathogenesis to that observed
for human AIDS. FIV infection induces an acute viremia associated with T-
cell alterations including depressed CD4:CD8 T-cell ratios and CD4 T-cell
depletion, peripheral lymphadenopathy, and neutropenia.3–13 In later
stages of FIV infection, the host suffers from chronic persistent infections
that are typically self-limiting in an immunocompetent host, as well as
opportunistic infections, chronic diarrhea and wasting, blood dyscracias,
significant CD4 T-cell depletion, neurologic disorders, and B-cell lym-
phomas.2,6,9,12–14 Importantly, chronic FIV infection induces a progressive
lymphoid and CD4 T-cell depletion in the infected cat. The primary mode
of natural FIV transmission appears to be blood-borne facilitated by fight-
ing and biting.13,15 However, experimental infection through transmucosal
routes (rectal and vaginal mucosa and perinatal) have been well docu-
mented for specific FIV isolates.16–23 Accordingly, FIV disease pathogenesis
exhibits striking similarities to that described for HIV-1 infection.24 Recent
observations regarding functions of FIV accessory and structural genes, FIV



tropism, and immunopathogenesis have further corroborated similarities
shared by FIV and HIV-1. This chapter will serve as an overview of the FIV
animal model for HIV AIDS and as such, will focus on FIV molecular
biology and virology and address recent developments in FIV viral vector
development as well as nondomestic FIV biology. FIV pathogenesis, vaccine
development, and antiviral therapies are critical topics for discussion
regarding the value of the FIV animal model and will also be described
briefly in this overview, but will be examined in more significant detail in
subsequent chapters.

2. FIV GENOME, STRUCTURE, AND GENE FUNCTION

Virion Structure

The morphology of the FIV virus particle is similar to that of other
lentiviruses.1,14,25 The mature extracellular virion is spherical to ellipsoid,
100 to 125nm in diameter, and bordered by an outer envelope with poorly
defined short projections or knobs. An elongated conical shell surrounds
an eccentrically positioned electron-dense viral nucleoid. A polygonal 
electron-lucent halo is often visible between the core and a granular layer
located just inside the envelope. Similar to other lentiviruses, the density
of FIV was shown to be 1.15–1.17g/cm3 by continuous sucrose gradient
centrifugation.26

Typical of other retroviruses, the FIV genome consists of an identical
pair of single-stranded RNA molecules that are approximately 9,200 bases
in length and densely packed within the virion by their association with
nucleocapsid protein (NC, p7).27,28 A t-RNAlys is hydrogen-bonded to each
RNA molecule at the primer binding site (PBS) located within the 5¢ ter-
minal 180 bases of the genome and serves as the primer for negative strand
reverse transcription. The ribonucleoprotein complex is contained within
a protein core largely composed of the viral capsid protein (CA, p24) that
is associated with and surrounded by a roughly spherical shell consisting
of myristylated matrix protein (MA, p14). Also contained in the viral capsid
are viral enzymes involved in particle maturation and replication of the
viral RNA genome including protease (PR), reverse transcriptase (RT),
integrase (IN), and dUTPase (DU).29–31 NC, CA, and MA are expressed
from the gag gene, while PR, RT, DU, and IN are products of the pol gene.
Outside the matrix coat is a lipid bilayer of the virion envelope, which
confers the characteristic icosahedral morphology to the enveloped retro-
virus. Embedded within the lipid bilayer are viral envelope glycoproteins,
with the transmembrane subunit (TM, gp40) present as a single-pass trans-
membrane protein anchor, and the surface unit (SU, gp95) as an entirely
extravirion protein bound to TM.27 Both TM and SU are the products of
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the env gene. Env gene products mediate binding of the virus to cell surface
receptors and fusion with the target cell membrane32–36 and are critical
targets for host humoral and cellular immune responses.

Genome Organization and Expression

Sequence organization of the FIV genome is similar to that of HIV-1
and other lentiviruses.37,38 Flanked by two long terminal repeats (LTR) at
both ends, the FIV proviral DNA genome contains three large open
reading frames (ORFs), gag, pol, and env, encoding internal structural pro-
teins, RT and other viral enzymes, and envelope proteins, respectively, as
well as various small ORFs encoding regulatory and accessory proteins
(Figure 1). The FIV genome also contains nonencoding regulatory
sequences important for virus replication. These sequences include tran-
scriptional elements within the LTRs, a posttranscriptional regulatory
sequence located in 3¢ half of the genome,39–43 and encapsidation deter-
minants within the U5 domain and the first 90–300 nucleotides of gag.44,45

Other critical noncoding sequences include the central polypurine tract
(cPPT) involved in priming plus-strand DNA synthesis and the central ter-
mination sequence (CTS) important for formation of a central DNA flap
during reverse transcription.46

The approximately 355 bp long FIV LTR accommodates multiple 
regulatory sequences and is composed of three domains designated U3, R,
and U5. Located at each terminus of the proviral DNA genome, the LTRs
are bordered by two bp-inverted repeats. Critical transcriptional regulatory
sequences located in the FIV U3 domain consist of enhancer elements
including AP-1, ATF (also known as the cAMP response element or CRE),
and cEBP sites. These cis-acting elements have been shown to be impor-
tant for FIV LTR promoter activity in vitro and for virus replication in vitro
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and in vivo.39,40,43,47–49 Previous studies also demonstrated binding of these
specific LTR sequences by cellular proteins using DNase I footprinting and
gel shift assays.39,50 Although cis-acting transcriptional elements within the
FIV U3 domain differ from those described as critical for the HIV LTR
(NFkb and SP1),51,52 FIV-encoded AP-1 and ATF sequences are positive reg-
ulatory elements that respond to host cell activation states,40 a property also
shared by the NFkb site within the HIV-1 LTR. Other retroviruses encod-
ing LTRs regulated by ATF/CREB family of transcription factors include
human T-lymphotropic virus type (HTLV-1) and bovine leukemia virus
(BLV).53–56 Similarly, an AP-1 site encoded by the visna virus LTR was found
to be critical for basal activity and for transactivation of the viral LTR result-
ing from interactions of the visna virus putative transcriptional transacti-
vator (Tat) protein with cellular transcription factors Fos and Jun.57–59

Interestingly the structure of Orf-A, an FIV accessory gene product previ-
ously regarded to be a Tat protein, is very similar to that of visna virus Tat.60

Collectively, these observations suggest that FIV LTR promoter activity may
be regulated by multiple cell activation pathways involving possible inter-
actions between a viral accessory protein (Orf-A) with cellular proteins that
bind either AP-1, ATF, or cEBP elements. However, a definitive character-
ization of these potential interactions has not yet been reported. Knowl-
edge of potential complex interactions between the FIV LTR and viral and
cellular proteins that are most likely involved in regulation of FIV expres-
sion is still rudimentary at best.

The FIV LTR is also distinguished from the HIV-1 LTR by its strong
basal promoter activity that does not require activation by a viral transacti-
vator.39,40,43,61 Similarly, other animal lentiviruses including caprine arthritis
encephalitis virus (CAEV) and visna virus (VV) also encode LTR pro-
moters capable of high basal levels of transcription in the absence of a viral
transactivator.62,63 In contrast, LTRs encoded by primate lentiviruses includ-
ing HIV and simian immunodeficiency virus (SIV), include a transcrip-
tional element designated TAR (Tat responsive element) that possesses a
stem-loop structure for binding of the virus encoded transactivator Tat and
other cellular proteins.64,65 Tat transactivation of the HIV LTR is required
for elongation of initiated RNA transcripts and for efficient transcription
of viral genes. The FIV LTR does not contain a stem-loop structure of
similar complexity nor does FIV encode a transcriptional transactivator
with structure or activity similar to that described for HIV Tat.39,40,43,61 Pre-
vious reports have proposed that the gene product of FIV accessory gene
orf-A may encode a viral transactivator or FIV Tat. However, these studies
have generated conflicting data regarding the ability of FIV-encoded Orf-
A to transactivate the FIV LTR and revealed either no effect, a small effect,
or a moderate effect imposed by Orf-A on FIV LTR-directed gene expres-
sion in transient expression assays.39,40,43,61,66,67 Taken together, these data
suggest that the FIV LTR may be regulated in part by accessory protein Orf-
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A although by mechanisms unlike those described for the HIV LTR and
HIV Tat.

Examination of FIV mRNA species from infected cells revealed the
presence of at least five short multiply spliced transcripts in addition to
unspliced genomic RNA and env-containing singly spliced transcripts.42,66,68

Nuclear export of unspliced and singly spliced FIV mRNA transcripts
involves binding of a posttranscriptional regulatory sequence, designated
the rev response element (RRE), by the FIV regulatory protein Rev. The
FIV RRE is a 243 nucleotide sequence that forms a stem-loop structure
within viral mRNA species and serves as a binding site for FIV regulatory
protein Rev and is structurally and functionally similar to the HIV-1 RRE.41

However, the FIV RRE is located at the 3¢ terminus of the env gene and
partially overlaps the 3¢ LTR, whereas the HIV-1 RRE is positioned between
the junction of the SU and TM open reading frames within env. Binding
of the FIV RRE by the viral protein Rev is critical for cytoplasmic accumu-
lation of unspliced and singly spliced FIV mRNA transcripts and for FIV
structural (Gag and Env) and enzymatic (Pol) protein expression.41,69

FIV Structural and Enzymatic Proteins

FIV Gag proteins are necessary and sufficient for the formation of the
noninfectious virus-like particles. Similar to other lentivirus systems, expres-
sion of FIV Gag polyprotein precursor (p50) from the gag gene within the
unspliced genome RNA is dependent on viral Rev. Nevertheless, the FIV
Gag polyprotein, when expressed in the absence of other viral structural
proteins such as env gene products, is capable of self-assembly into virus
particles that are released from the plasma membrane of Gag-expressing
cells.70 Formation of mature virus particles, however, requires cleavage of
the FIV Gag polyprotein by virus-encoded PR during or shortly after
budding from the cell to generate three mature Gag proteins: MA, CA, and
NC (Figure 2).28,71 Examination of the proteolytic sites within the FIV Gag
polyprotein revealed processing of Gag proteins similar to that for HIV-1
Gag proteins, and in particular to HIV-1 CA protein.71 Within the mature
virion, MA is attached to the viral lipid membrane while CA forms the virus
core, and NC is present in the virus core in a ribonucleoprotein complex
with the viral RNA genome.72

Reports describing studies focused on FIV Gag protein processing and
characterization of functional domains are still limited.27,28,70,71 Similar to
HIV MA, myristylation of FIV MA is required for targeting of MA to the
plasma membrane during late events of viral assembly.70,71 In contrast to
observations for HIV-1 MA, targeting of FIV MA to the cellular plasma
membrane is not dependent on a N-terminal polybasic domain that is
present in both FIV and primate lentivirus MA proteins. Instead, this con-
served polybasic domain (lysine-rich) in FIV MA appears necessary for
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either particle assembly or release.70 The role of FIV MA in other steps of
virus replication, where HIV-1 MA is thought to be important, such as early
postentry events,73 has not yet been determined.

The principal function of FIV NC involves encapsidation of full-length,
unspliced viral genomic RNA into virions. Similar to other retroviruses, FIV
NC protein contains two copies of a zinc finger motif, which has been 
characterized as a zinc-binding moiety for HIV-1 RNA.74 Although studies
describing FIV NC interactions with viral RNA are few, recent observations
suggest that FIV NC binds to viral RNA at, or upstream of, the PBS and
may thereby initiate RNA dimerization and promote initiation of minus
strand DNA.75 However, the role of NC in viral RNA encapsidation or deter-
minants responsible for FIV NC binding of RNA have not yet been
reported. Interestingly, examination of proteolytic cleavage of NC revealed
a secondary cleavage site within the C-terminus of NC that produces a
mature NC 7.1kD protein and a C-terminus 1.9kD protein.71 Although
further characterization of this C-terminus 1.9kD protein has not yet been
described, amino acid sequence of this cleavage product contains a PSAP
motif similar to the PTAP motif also characterized as a “late” or L domain
encoded by the HIV-1 p6 Gag protein.76 This motif within HIV-1 p6 func-
tions in virus particle budding and release77,78 and is a binding motif for
proteins encoding WW domains.79 Interactions of the L domain of HIV-1
p6 with cellular protein TSG101 are reported to be critical for HIV-1
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budding80–82 and are under investigation as potential targets for antiviral
therapeutics. Examination of the significance and potential function of this
C-terminal cleavage product of FIV NC as a L domain for FIV Gag may be
warranted and provide another lentiviral model for characterizing cellular
proteins important for lentivirus assembly and release.

In addition to MA, CA, and NC proteins encoded by FIV gag, the FIV
Gag polyprotein contains a CA-NC spacer region shown to regulate tem-
poral Gag processing for several retroviruses including HIV-1, bovine
immunodeficiency virus (BIV), and Rous sarcoma virus (RSV).83 The FIV
CA-NC spacer region consists of nine residues and contains a LAEAL motif
also found in the HIV-1 CA-NC spacer region and reported to be indis-
pensable for HIV-1 Gag assembly.84,85 Although a recent study showed that
the FIV CA-NC spacer region was capable of functionally replacing the BIV
CA-NC spacer region for BIV Gag assembly, studies examining the FIV CA-
NC spacer region in FIV Gag assembly have not been reported. This obser-
vation, however, suggests that FIV Gag may provide another model for
examination of this Gag motif in HIV-1 assembly.

The FIV pol gene positioned downstream of gag, encodes four
enzymes: protease (PR), reverse transcriptase (RT), dUTPase (DU), and
integrase (IN) (Figure 2). FIV pol overlaps the gag gene by 109 nucleotides
and is in a -1 reading frame with respect to that of gag. Similar to other
retroviruses, pol is translated as a Gag-Pol fusion polyprotein produced by
ribosomal frameshifting86 facilitated by a consensus frameshift signal
sequence of GGGAAAC within the gag-pol overlap region, together with a
sequence displaying potential for a pseudoknot tertiary structure immedi-
ately downstream of the signal sequence.87 The Pol polypeptide of the Gag-
Pol fusion precursor protein is cleaved by viral PR into functional enzymes
during virus assembly.

FIV PR is a 14.3kD protein that facilitates processing of Gag and Gag-
Pol polyproteins into individual structural and enzymatic proteins during
assembly and maturation of the virus particle.88 Focus on antiviral thera-
pies targeted to HIV-1 PR have promoted interest in FIV PR as a model for
design of protease inhibitors as well as structural studies characterizing FIV
PR. Based on three-dimensional crystal structure analysis, FIV PR is a
homodimeric aspartyl proteinase with quarternary structures very similar
to those of HIV-1 PR despite a conservation of only 27 amino acids between
the two enzymes.89,90 However, each monomer of FIV protease is composed
of 116 amino acids compared to 99 amino acids for HIV-1 PR. Regardless
of similarities observed between FIV PR and HIV-1 PR, FIV PR exhibits a
substrate specificity that is restricted to FIV Gag cleavage sites and excludes
sites within HIV-1 Gag.90,91 Multiple residue substitutions are required
within FIV PR to modify this specificity to include HIV-1 Gag cleavage
sites.92–94 Furthermore, residues peripheral to the active site of PR, as well
as those within the active site, influence binding of substrate by stabilizing
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crucial residues within the active site that directly contact substrate and may
account for differences in substrate specificities observed between FIV and
HIV-1 PR activities.95 Regardless of disparate substrate specificity displayed
by FIV PR and HIV-1 PR, similarities in their structure have been utilized
in the development of broad-based inhibitors that will bind both HIV PR
and FIV PR.94,96,97 These comparative analyses should significantly increase
the understanding of the molecular basis for lentivirus PR substrate speci-
ficity and may possibly facilitate the development of PR inhibitors less sus-
ceptible to resistance development.

Reverse transcriptases are encoded by all retroviruses and are RNA-
dependent DNA polymerases that reverse transcribe viral genomic RNA
into a double-stranded proviral DNA copy that is subsequently integrated
into the host cellular genomic DNA.98 FIV RT is comparable to HIV-1 RT
in amino acid sequence, structure and physical properties, catalytic activi-
ties, and susceptibility to multiple nucleoside analogs.99–101 Amino acid
sequence analysis reveals a 48% identity and 67% similarity between HIV-
1 RT and FIV RT.101 Like HIV-1 RT, FIV RT exists as a heterodimer con-
sisting of a 66 kD subunit (p66) and a 51 kD subunit (p51), each of which
contains a common N-terminus and are present in equimolar concentra-
tions.100 The p51 subunit is generated by cleavage of the RNase H domain
from C-terminus of p66. The RNase H domains in FIV RT and HIV-1 RT
function in reverse transcription to degrade RNA from the DNA-RNA
hybrid.102 Importantly, FIV RT and HIV-1 RT exhibit a similar susceptibil-
ity to multiple nucleoside analogs.100,103–105 However, FIV RT resistance to
specific nucleoside analogs such as 3¢-azido-3¢-deoxythymidine (AZT), 2¢,3¢-
dideoxyinosine (ddI), 2¢,3¢-didehydro-3¢-deoxythymidine (d4T), and 2¢,3¢-
dideoxycytidine (ddC) does not map to homologous residues within
similarly drug-resistant HIV-1 RT mutants. In contrast, FIV RT and HIV-1
RT susceptibilities to nucleoside analog (-)-+-L-2¢,3¢-dideoxy-3¢-thiacytidine
(3TC) map to corresponding codon, M184 in the YMDD active site of the
RT palm subdomain.106,107 Other studies also revealed that a unique 3TC-
resistant FIV mutant encoded a novel proline to serine change at position
156, analogous to proline residue 157 residing within the template grip of
HIV-1 RT.108 This observation suggested that mutations within a region
(template grip) close to, but distinct from the RT active site could influ-
ence substrate recognition, a conclusion further substantiated by exami-
nation of homologous HIV-1 RT mutant P157S.103 Furthermore, functional
studies assessing chimeric RT molecules composed of FIV and HIV-1 p51
and p66 subunits demonstrated the importance of p51 in maintaining
optimal structural integrity of RT and shed some light on significance of
the p51 subunit.109,110 These studies also produced observations showing
the lack of FIV RT sensitivity to non-nucleoside RT inhibitors (NNRTI)
found to block HIV-1 replication, although amino acids lining the NNRTI-
specific pocket of HIV-1 RT exhibit a higher similarity to the correspond-
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ing FIV RT residues than to HIV-2 RT.109,110 Catalytic activity of HIV/FIV
chimeric RTs was also found to be significantly decreased compared to wild
type HIV and FIV RTs, despite similarities observed between the two mol-
ecules.109 In summary, similarities and differences observed between HIV-
1 and FIV RT have generated somewhat limited support for use of FIV RT
as a model for HIV-1 RT-targeted drug design and studies of drug resis-
tance both in cell culture and in vivo.111

A DU gene product is expressed from the pol gene in genomes from
nonprimate lentiviruses including FIV and the type-D retroviruses, but not
from primate lentiviruses.30 FIV DU resides immediately downstream of RT
in the Pol polyprotein and is packaged in active form in FIV virions. DU
catalyzes the hydrolysis of dUTP to dUMP and inorganic pyrophosphate
(PPi), and is believed to minimize misincorporation of dUTP into DNA,
which can be mutagenic.112 For those viruses encoding a DU, enzymatic
activity is required for productive viral replication in cells such as primary
macrophages that express low dUTPase activity.113–115 Infection of cats with
a DU mutant of FIV resulted in fivefold increase in the number of muta-
tions observed in the viral genome.114,115 Although HIV-1 does not encode
a dUTPase activity, recruitment of a cellular DNA repair enzyme, uracil
DNA glycosylase (UNG), into HIV-1 virions by accessory protein Vpr, also
acts to modulate viral mutation rate.116–119 Accordingly, HIV Vpr activity
imparts a similar effect to that of FIV DU on virus replication but through
a different mechanism.

Integration of double stranded proviral DNA into the host genome is
a function of all retroviral integrase proteins and is a distinguishing feature
of retrovirus replication.120 FIV IN is a 32 kD protein that is approximately
37% identical to HIV-1 IN by amino acid sequence.121 Similar to other retro-
viral IN proteins, FIV IN contains three domains including an N-terminal
domain, a central catalytic core domain, and a C-terminal domain.122

Studies testing activity of a recombinant FIV IN expressed in E. coli revealed
that FIV IN exhibits a relaxed sequence requirement for site-specific cleav-
age and integration of viral DNA termini and is active on FIV, HIV, and
Moloney murine leukemia virus (MoMLV) DNA termini.121 A difference
noted between FIV IN and HIV-1 IN was their choice of nucleophiles in
vitro with FIV IN preferentially using the 3¢ OH viral DNA ends and HIV-
1 IN using H2O and glycerol. In vitro analyses of recombinant FIV IN also
demonstrated that the central catalytic core domain determined target site
selection and the importance of a central aspartic acid (D118) in 3¢ ter-
minus processing and joining activities.123,124 Virus replication studies
testing FIV IN mutants in the context of FIV vectors showed that mutation
of either D66 and or both D66 and D118 within the catalytic core domain
blocked transduction of dividing fibroblast and integrations, as would be
predicted for type I IN mutants.125 These observations for mutants involv-
ing FIV IN residues D66 and D118 that correspond to D64 and D116 in
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the catalytic triad of HIV-1 IN, characterized properties of catalytic core IN
mutants for a non-HIV-1 lentivirus, and verified similarities between FIV
and HIV-1 IN.

In addition to a direct role in integration of proviral DNA into host
cell genomic DNA, HIV-1 IN is a component of the PIC that also contains
newly synthesized proviral DNA, viral MA and Vpr, and the viral central
DNA flap. Each of these viral components are thought to contribute to
nuclear import of the PIC126 and IN may play the primary role.127 Similar
to HIV-1 IN, FIV IN exhibits karyophilic properties. Determinants encoded
by FIV IN for nuclear import map to a N-terminal zinc-binding domain and
to a region rich with basic residues near the C-terminal domain, rather than
to a canonical nuclear localization signal (NLS).128 The NLS for HIV-1 IN
is also thought to involve a bipartite signal that instead includes a 13 residue
peptide within the central core domain of IN, but does not include the N-
terminal zinc-binding domain, suggesting that mechanisms for nuclear
import of HIV-1 and FIV integrase molecules are different.128

The env gene of FIV and other lentiviruses is the most diverse viral
gene in size and sequence.73 Lentivirus envelope proteins play a major role
in the virus life cycle by encoding determinants that interact with cell
surface receptor and mediate fusion between the lipid bilayer of the viral
envelope and host cell plasma membrane. Accordingly, variation in viral
envelope proteins, particularly the surface glycoprotein, affects virus host
cell tropism and fusogenicity, as well as virus replication. In addition, the
Env glycoproteins contain epitopes that elicit immune responses important
for both diagnosis and protective immunity.

FIV env expression from a singly spliced mRNA is Rev-dependent,
similar to other structural proteins. In contrast to primate lentivirus Env
proteins, FIV Env and other nonprimate lentiviruses Env proteins encode
a lengthy N-terminal presequence upstream of the hydrophobic region of
the Env signal peptide (Figure 3).37,38,129,130 This N-terminal presequence of
FIV Env, containing 149 amino acids, represents a 20kD polypeptide and
includes the L region of env that encodes the N-terminal exon of FIV
Rev.41,69 The early gene product of FIV env is a full-length uncleaved 
precursor 145–150kD glycoprotein that is subsequently processed to a 
130kD precursor (gp130) by cleavage of the N-terminal 20kD polypeptide
and hydrophobic signal sequence.129,130 Precursor gp130 is then trans-
ported to the Golgi and proteolytically cleaved to produce mature FIV
surface glycoprotein (SU) gp95 and characteristic hydrophobic mem-
brane-spanning glycoprotein (TM) gp40. SU forms a noncovalent associa-
tion with TM, which anchors the envelope complex to the lipid bilayer.
Studies using glycosylation inhibitors have confirmed extensive glycosyla-
tion of FIV envelope proteins similar to that observed for HIV Env and
demonstrated cell type-specific glycosylation of Env.129,131 These studies also
verified the role of envelope protein glycosylation in virus infectivity.129 Sig-
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nificance, structure, or function of this 20 kD N-terminal polypeptide cleav-
age product, apart from proper Env processing, is not well understood,
although one study revealed that partial deletion of this peptide produced
a virus unable to infect primary feline astrocytes while still infectious for
feline lymphocytes and macrophages.132

Structural models based on x-ray crystallography or NMR spectroscopy
indicate that HIV-1 envelope proteins form trimers on the viral surface.
Furthermore, SU binding of the primary receptor, CD4, results in confor-
mational changes facilitating formation of a ternary complex composed of
CD4, SU, and coreceptor molecules (b-chemokine receptors CCR-5 and
CXCR-4). This ternary complex triggers additional conformation changes
in TM that mediate fusion of envelope proteins with the cellular plasma
membrane.73 Models for spatial folding of FIV Env SU and TM proteins
based on predictive algorithms using Env amino acid sequence from mul-
tiple isolates, reveal structural similarities to HIV-1 envelope proteins,
including conserved and hypervariable domains for both FIV SU and
TM.133–135 A principal immunodominant domain (PID) within the extra-
cellular region of TM that is conserved among lentivirus transmembrane
glycoproteins, including HIV-1 TM, has also been described for FIV TM
(Figure 3).133,136 Despite conservation of the PID, mutation of this TM
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FIGURE 3. Schematic representation of variable regions, functional domains, and various
epitopes encoded by FIV env gene products SU and TM. Amino acid positions indicated for
each domain or epitope are based on deduced amino acid sequence of FIV molecular clone
34TF10.38 Variable regions (V3 through V9) are shown as previously described.134,142 Func-
tional domains and epitopes within TM as previously reported,133,137,138,454 include: FC, fusion
peptide; leucine zipper region; principal immunodominant domain, PID; a TM3 epitope anal-
ogous to neutralizing HIV-1 2F5 epitope; a tryptophan (W)-rich motif important for infectiv-
ity; the membrane-spanning region, MSR, and the cytoplasmic domain, Cyto.



domain was not found to alter FIV infectivity.136 In contrast, disruption of
a tryptophan-rich domain also conserved among lentivirus TM proteins
and located in the extracellular region immediately upstream of the mem-
brane-spanning domain abrogated virus entry.34 Findings from a second
study demonstrated a role for the FIV TM tryptophan-rich domain in Env-
mediated fusion between viral and cellular membranes, thus providing a
probable mechanism by which this domain affects virus infectivity.137

Finally, synthetic peptides modeled on this tryptophan-rich domain were
found to inhibit FIV replication.138 These findings parallel other data
demonstrating the importance of a similar tryptophan-rich domain
encoded by HIV TM for HIV-1 entry and HIV-1 fusiogenic effects139,140 and
suggest that FIV and HIV-1 TM may share one mechanism necessary for
fusion of viral and cellular membranes. However, a more detailed struc-
tural analysis of FIV envelope proteins and their interactions with cell
surface receptors based on x-ray crystallography will be needed for a thor-
ough comparison of FIV and HIV-1 envelope proteins.

As stated earlier in this chapter, envelope proteins exhibit the great-
est diversity in amino acids among all proteins encoded by lentiviruses. By 
comparison of different HIV isolates, five interspersed conserved (C1 to
C5) and five variable domains (V1–V5) were identified for HIV-1 env gene.73

Similarly, analysis of amino acid sequences derived from the env gene of
different isolates of FIV resulted in identification of nine variable regions
(V1–V9), separated by regions that are more conserved (Figure 3).134,141–143

Furthermore, examination of V3, V4, and V5 domains within SU-coding
sequence revealed up to 26% genetic diversity for different isolates and
allowed separation of FIV isolates into five clades, or subtypes, designated
A to E134,142,144–150 and possibly a sixth subtype arising from a subtype B
cluster found in Texas.151 Diversity between subtypes varies from 17 to 26%
whereas variation within a subtype ranges from 2.5 to 15%, findings that
are similar to those for HIV-1 isolates.142 Although geographic separation
is most likely a major factor for emerging genetic diversity of FIV, individ-
ual subtypes have been identified in geographically isolated regions of the
world (Table I). FIV subtype A and B isolates have been detected in United
States, Europe, Japan, and Australia, whereas subtype C variants have been
found in North America, Europe, and Taiwan. Subtype A isolates have also
been detected in Central and South America149 and all three FIV subtypes
A, B, and C have been isolated from a single location (Munich,
Germany).150 Subtype D and E isolates, characterized so far, are few and
restricted to Japan147 and Argentina145 respectively. Multiple genetic analy-
ses indicate that the vast majority of FIV isolates are either subtype A or B.
Interestingly, findings from one report revealed twice as many synonymous
site changes within FIV subtype B envelope V3 to V4 domains compared
to those detected for subtype A envelope, although both subtype A and B
envelopes encoded similar numbers of nonsynonymous site changes.150
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The greater diversity observed for subtype B suggests that this FIV subtype
may represent an older virus. Significant diversity of FIV subtype B variants
was also shown for viruses isolated from cats in Italy where this subtype is
highly prevalent.144 Findings from this study were generated by phyloge-
netic analysis focused on sequences from a Gag fragment from 32 isolates
and on SU sequences from four isolates. Finally, higher diversity for this
subtype was further supported by two recent studies. Examination of both
Gag and envelope sequences derived from FIV subtype B isolates in Austria,
where subtype B predominates, revealed subtype B clusters with sufficient
genetic diversity to support their designation as subclades.146 A second
study characterized a cluster of FIV isolates from Texas more closely related
to FIV subtype B viruses than to other subtypes, yet clearly distinct from
this subtype.151 Findings from this study suggested that this virus cluster was
either a separate subtype that recently emerged from subtype B or repre-
sented a subgroup within subtype B. Collectively, these findings strengthen
the hypothesis of FIV subtype B as an older virus existing within the domes-
tic cat population for a longer time period than other FIV subtypes. Host
adaptation and lower virulence has been suggested to be associated with
FIV B subtype isolates but not confirmed by rigorous examination.

Several reports have also presented evidence of both naturally 
occurring149,150 and experimentally induced152 intersubtype recombinant
viruses derived from recombination within the env gene. Observation of
intersubtype recombinants involving a common break-point within gag was
also recently reported.153 These findings for FIV agree with reports of
recombinant HIV-1 isolates generated by divergent HIV subtypes in geo-
graphic regions where multiple HIV subtypes are found.154–156 Identifica-
tion of multiple subtypes, significant divergence within the major subtype
B viruses, and confirmation of naturally occurring FIV recombinants are
relevant issues for FIV vaccine design and suggest that vaccines specific to
geographic area and subtype prevalence may be required. Similar issues
exist for HIV-1 vaccine design and provide an opportunity for the FIV
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Geographic Distribution of FIV Subtypes

Subtype Location

A United States, Europe, Japan, Australia, Central and South America
B United States, Europe, Japan, and Australia
C North America, Europe, and Taiwan
D Japan
E Argentina



vaccine model to address the importance of multisubtype vaccine
approaches.

Regulatory and Accessory Genes

Only one regulatory gene (rev) and two accessory genes (vif and orf-
A) have been characterized for the FIV genome. Although several research
groups have shown that FIV Rev and FIV Vif provide functions in virus repli-
cation similar to those described for analogous HIV-1 proteins, exhaustive
examination of these FIV gene products has not been reported. FIV acces-
sory genes, that are clearly analogous to primate lentivirus regulatory and
accessory genes, including tat, vpr, vpu, vpx, or nef, have not been identi-
fied. Early reports proposed that FIV Orf-A encoded a HIV-1 Tat gene
product. However, studies testing Orf-A transactivation of the FIV LTR did
not demonstrate Orf-A activity comparable to HIV-1 Tat.39,40,43,61 Recent
findings suggest that FIV Orf-A may express functions more similar to those
of HIV-1 Vpr or perhaps Vpu, although data supporting this premise are
very limited.157,158 However, the possibility that viral functions and activities
expressed by multiple unique HIV-1 accessory proteins may be encom-
passed by a single FIV accessory protein along with specific domains within
FIV structural proteins warrants further examination.

Genomes of all members of lentivirus subfamily encode for a HIV-1
Rev-like posttranscriptional regulatory protein that is expressed early in the
viral life cycle from a multiply spliced mRNA species containing either orf-
A and the L region of env and orf-H, or the L region of env42,66 and orf-H
only.68 FIV Rev is a 23kD protein that is expressed from two exons derived
from the L region of env and from orf-H (Figure 2). The first rev exon
extends through the 5¢ terminal L region of the env gene and is in the same
open reading frame as env. The second exon (orf-H) is located at the 3¢ ter-
minus of the env gene and overlaps the 5¢ terminus of the 3¢ LTR. Similar
to HIV-1 Rev, FIV Rev is a nucleolar protein that binds as multimers to the
cis-acting regulatory RRE sequence contained within unspliced and singly
spliced viral mRNAs to promote nuclear export of these mRNA species to
the cytoplasm and to also increase mRNA stability and protein transla-
tion.41,68,69,159,160 FIV Rev contains a highly basic domain similar to that
described for other lentivirus Rev proteins. This basic domain located in
the second exon, most likely serves as an RRE binding domain, although
studies confirming the function of this FIV Rev element have not been
reported. Another viral mRNA containing only the second Rev exon (orf-
H) has also been identified and encodes for a truncated Rev protein des-
ignated p15rev.66 P15rev contains the highly basic domain and effector
domain of Rev but lacks the N terminus derived from the first exon. This
truncated Rev protein exhibited Rev activity by in vitro assays but only 20%
of the activity observed for wild type full-length FIV Rev. The significance
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of p15rev in virus replication has not been characterized. Expression of FIV
structural and enzymatic proteins, including Vif, is dependent on Rev
expression and activity. Accordingly, the Rev regulatory system is essential
for productive virus replication.

Although FIV Rev shares similar activities and functions with HIV-1
Rev, the FIV Rev effector (activation) domain located immediately down-
stream of the basic domain, contains a nuclear export signal (NES) that
differs significantly in amino acid sequence from those described for Rev
effector domains of primate and ungulate lentiviruses.60,161,162 The FIV Rev
effector domain/NES lacks organized hydrophobic residues (leucine-rich
clusters) and a core tetramer, which are properties that define the HIV-1
Rev NES.163 Instead, the FIV Rev effector domain/NES is characterized by
basic residues and dispersed leucine residues similar to that observed for
equine infectious anemia virus (EIAV) Rev. However, both FIV and EIAV
Rev effector domains can functionally replace the effector domain of HIV-
1 Rev, a finding that suggests FIV and HIV-1 Rev proteins utilize similar cel-
lular pathways for their activity.162 Similarity between FIV Rev and HIV-1
Rev is further supported by studies demonstrating that nuclear export of
FIV and EIAV Rev proteins, as well as Rev function, is inhibited by lepto-
mycin B, a drug previously shown to block HIV-1 Rev NES interactions with
CRM1 (exportin 1).161 This observation suggests that binding of CRM1 for
nuclear export may be a property that FIV Rev shares with HIV-1 Rev,
regardless of their dissimilar activation domains. Another functional prop-
erty shared by the FIV and HIV-1 Rev regulatory systems involves an inter-
action with cellular eukaryotic initiation factor 5A (eIF-5A), which is also
associated with Rev’s nuclear export of unspliced and singly spliced viral
mRNA.164–166 Biologically active eIF-5A was previously shown to be required
for HIV-1 Rev function and to specifically facilitate binding of Rev/RRE
complex to CRM1.167 Activation of eIF-5A requires synthesis of the unique
amino acid hypusine, which is sustained by deoxyhypusine synthetase.168 A
recent report revealed that 1,8-diaminooctane, an inhibitor of deoxyhypu-
sine synthetase, significantly inhibited FIV replication and specifically
restricted FIV Rev function.166 Taken together, these observations demon-
strate similarities shared between HIV-1 and FIV Rev proteins and validate
FIV Rev as a model for potential antiviral therapies that target HIV-1 Rev.

An accessory gene designated as vif is conserved among all the
lentiviruses with the exception of EIAV73 and has been determined to
encode a factor necessary for virion cell-free infectivity, although not
required for virion production.169,170 FIV vif resides at the 3¢ terminus of
the pol gene in the viral genome and is translated from a singly spliced
mRNA171 to express a 23-kD basic protein (Figure 2). The role of FIV Vif
in viral infectivity for primary feline lymphocytes and macrophages has
been clearly established.172–174 However, biochemical characterization of
FIV Vif has been limited and restricted to one report describing nuclear
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localization for this FIV accessory protein.175 Studies regarding mechanisms
of Vif function have so far focused instead on primate lentivirus Vif pro-
teins. Early studies demonstrated that the replication phenotype of vif-
deleted HIV mutants was cell type-dependent and specifically dependent
of the cell producing the virion.176 Cell types, including primary lympho-
cytes and macrophages as well as specific T-cell lines, required the presence
of HIV-1 Vif expression for production of infectious HIV and were desig-
nated as “nonpermissive” for replication of vif-deleted mutants of HIV-1.
However, specific human T-cell lines designated as “permissive cells,”
including SupT-1 cells and Jurkat cells, supported productive virus repli-
cation for HIV-1 vif-deleted variants. Cell fusion experiments showed that
heterokaryons formed between permissive and nonpermissive cells dis-
played the nonpermissive phenotype, suggesting that nonpermissive cells
naturally express an antiviral activity that inhibits the replication of vif-
deficient virus.177 Virions produced in nonpermissive cells in the absence
of the vif gene are impaired for reverse transcription of genomic RNA and
therefore fail to establish full-length proviruses after entry into a target cell.
The small number of reports focused on FIV Vif to date have not revealed
a feline cell line “permissive” for vif deletion mutants of FIV. This obser-
vation may be due in part to the very few established feline T-cell lines that
are available and permissive for primary wild type isolates of FIV.

Recent reports have revealed major breakthroughs in the under-
standing of HIV-1 Vif functions and interactions with host cell proteins.
Sheehy and colleagues first identified a cellular protein designated CEM15
as the “nonpermissive” cell factor responsible for production of noninfec-
tious virus particles in the absence of HIV-1 Vif.178 CEM-15 was later iden-
tified as APOBEC3G, a cell protein closely related to APOBEC1 and a
member of the cytidine deaminase family of nucleic acid-editing enzymes.
Numerous studies have now established APOBEC3G as a cellular factor that
exerts an antiviral effect by deamination of cytosines to uracils in single-
stranded minus-strand DNA during reverse transcription, resulting in
either degradation of newly synthesized minus-strand DNA or guanidine
to adenine hypermutations in the final double-stranded proviral DNA
product.179–181 In the absence of HIV-1 Vif, APOBEC3G is packaged into
virions, allowing this cellular protein to exert its antiviral effect during
reverse transcription after virion entry into a target cell. However, if present
during virion assembly, HIV-1 Vif forms a complex with human APOBEC3G
that targets the cellular factor for proteosomal degradation and thereby
prevents virion encapsidation of APOBEC3G to facilitate particle infectiv-
ity.182–184 These advances in the elucidation of HIV-1 Vif function have gen-
erated new enthusiasm for designing antiviral therapeutics targeting Vif
and Vif-APOBEC3G interactions. Recent studies have also confirmed that
other primate lentivirus (SIV) Vif proteins also target APOBEC3G in simian
cells, although these interactions appear to be species-specific for some of

164 ELLEN E. SPARGER



the simian species. Whether nonprimate lentivirus Vif proteins, including
FIV Vif, function similarly by interacting with a species-specific APOBEC3G
analog has yet to be determined. Evidence that supports this possibility is
derived from reports demonstrating that APOBEC3G degradation is medi-
ated by the HIV-1 Vif SLQ(Y/F)LA domain, an amino acid motif that is
conserved among all lentivirus Vif proteins including FIV Vif.173,182,183

FIV gene orf-A (also referred to as orf-2) encodes a 77 amino acid acces-
sory protein previously implicated to encode a Tat-like protein and is crit-
ical for efficient viral replication in peripheral blood mononuclear cells
(PBMC) in vitro and in vivo.61,157,185–188 Although the orf-A gene product con-
tains a cysteine-rich domain within its 3¢ terminus, similar to Tat proteins
encoded by ungulate lentiviruses, this gene product does not include core
and basic domains comparable to those found in Tat proteins encoded by
primate lentiviruses, EIAV, or BIV. Amino acid sequence alignments of FIV
Orf-A with visna virus and CAEV Tat proteins reveal a similar organization
of conserved putative domains, including N-terminal hydrophobic, central
leucine-rich, and C-terminal cysteine-rich regions.60 In addition, FIV Orf-A
encodes previously unrecognized conserved tryptophans at positions 43
and 66 positioned similarly to conserved tryptophan residues 63 and 85 of
visna virus Tat. Two recent studies demonstrated a moderate upregulation
of the FIV LTR promoter activity by coexpression of Orf-A in transient
reporter gene expression assays.66,67 In contrast, earlier reports revealed
either a small effect or no effect imposed by Orf-A on FIV LTR-directed
gene expression.39,40,43,61 These findings suggest that Orf-A very likely drives
FIV-LTR-directed transcription, but by indirect mechanisms involving inter-
actions with cellular transcription factors.

A recent report revealed Orf-A to be important in the late steps of the
FIV life cycle involved in virion formation and in early steps involved in
virus infectivity and mapped critical Orf-A domains needed for these steps
in replication.157 Central leucine-rich and C-terminal cysteine-rich regions,
along with a conserved central tryptophan (residue 43) within Orf-A, 
were shown to be critical determinants for efficient virus replication and
infectivity. The leucine-rich domain was important for infectivity, whereas
tryptophan 43 and the cysteine-rich domain were important for both 
infectivity and virion formation. Importantly, deletions and point mutations
in orf-A imposed a small or no effect on FIV LTR-driven viral gene expres-
sion and no effect on viral protein expression. These findings suggested
that orf-A represents a FIV-encoded analog more similar to accessory genes
vpr, vpu, or nef rather than the regulatory tat gene encoded by the primate
lentiviruses. This concept was further supported by another recent study
using mammalian expression plasmids encoding wild type or deletion
mutant Orf-A proteins fused to the C¢-terminus of green fluorescent
protein (GFP) to evaluate Orf-A subcellular localization and effects on 
cell function.158 Findings from this study demonstrated nuclear localization
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for the GFP-Orf-A fusion protein and allowed mapping of a NLS (residues
44–54) critical for nuclear import of FIV Orf-A. Furthermore, assessment
of cell cycle profiles of cells transiently expressing GFP-Orf-A revealed that
Orf-A causes an arrest at G2 of the cell cycle. These novel findings sug-
gested that Orf-A is a nuclear protein that expresses some properties
similar to those reported for HIV-1-encoded Vpr. Collective data generated
from both reports suggest the possibility that Orf-A may encode specific
functions attributed to several different HIV-1 encoded accessory protein
but not all functions characterized for a single HIV-1 accessory protein.
Additional support for this possibility is provided by a recent report
showing that CAEV Tat, which shares structural homology with FIV Orf-A,
also localizes to the nucleus and arrest cells in G2.189 Verification of 
these findings for FIV Orf-A from other research groups and for Orf-A 
proteins encoded by multiple FIV isolates will be needed to confirm the
similarities between FIV Orf-A and HIV-1 Vpr and other HIV-1 accessory
proteins.

3. FIV TROPISM

FIV Receptor Usage

Natural and experimental infection of cats with biological and mole-
cularly cloned isolates of FIV consistently induce an acute viremia associ-
ated with T-cell alterations including depressed CD4:CD8 T-cell ratios and
CD4 T-cell depletion.4–7,10,11,21,190–194 Early studies revealed that targets for
FIV in vitro and in vivo included CD4 T-cells, macrophages, dendritic cells,
microglia, and astrocytes similar to those for HIV infection in humans, but
also included CD8 T-cells, and B-cells (Table II).4,18,23,186,195–210 Early reports
also demonstrated that continuous passage of particular FIV isolates in cell
culture selected for virus variants capable of replication in feline adherent
cell lines, including Crandell feline kidney cells (CrFK) and G355-5 cells,
as well as established feline interleukin (IL)-2-independent T-cell
lines.2,25,42,211 Importantly, experimental inoculation studies in cats revealed
that cell culture-adapted viruses represented a particular subset of viral vari-
ants that exhibited reduced replication and virulence in vivo.111,192,197,212

FIV infection of feline CD4-negative adherent cell lines provided indi-
rect evidence that FIV differs with HIV-1 and does not utilize CD4 as a
primary receptor. In addition, direct evidence refuting FIV usage of CD4
was provided by studies revealing an absence of virus infectivity for non-
lymphoid cells expressing feline CD4.213 Subsequent reports described
blocking of FIV infectivity by an antibody specific for feline CD9, a cell
surface antigen belonging to the four-transmembrane-spanning domain
superfamily (TM4SF).214,215 However, anti-CD9 antibody was later shown to
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block virus infection by inhibition of virus release and not by interference
with virus-receptor binding.216

A major breakthrough in characterization of FIV cell surface recep-
tors resulted from observations showing that cell culture-adapted FIV iso-
lates primarily utilize the b-chemokine receptor CXCR4 for infection in a
similar fashion to T-cell line-adapted isolates of HIV-1 (Table II).33,217

Induced cell surface expression of CXCR4 was shown to mediate a sus-
ceptibility to FIV infection33,218 that could be abrogated by treatment with
natural ligands for CXCR4 such as stromal cell-derived factor (SDF-1) and
with CXCR4 antagonists including AMD3100.219–221 Furthermore, critical
determinants for FIV infection were mapped to the extracellular loop of
CXCR4.218,222 Multiple reports have now confirmed that cell culture-
adapted FIV isolates are capable of using CXCR4 exclusively for virus entry
and infection.33,36,218–221,223,224

Results of subsequent reports suggesting FIV usage of chemokine
receptors CCR5 and CCR3223,225 have conflicted with observations of other
investigators and may have resulted from enhanced expression of CXCR4
associated with ectopic expression of CCR5.224 Use of other chemokine
receptors by particular FIV isolates is not clear at this time and is under
investigation. Similar to HIV-1 envelope proteins, binding of FIV Env to
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TABLE II
Comparison of FIV and HIV-1 Replication Properties In Vitro

Property FIV HIV-1

Permissive PBMC, CD4 T-cells, CD8 T-cells, PBMC, CD4 T-cells, macrophages
primary cells macrophages, various other various other cell types

cell types including microglia including microglia and
and astrocytes astrocytes

Permissive IL-2-dependent T-cell lines Various CD4 T-cell lines
cell lines IL-2-independent T-cell lines macrophage cell lines

fibroblastic adherent cell
lines (CrFK and G355-5)

Cytopathic effects Syncytium, giant cell formation Same as FIV
cell lysis, apoptosis

Receptors
Primary isolates CD134 and CXCR4 CD4 and CCR5 or dual-tropic

(R5X4)
Adapted isolates CD134 and CXCR4 or CD4 and CXCR4 or other

CXCR4 only “orphan” chemokine receptors
or CXCR4 only

Host range Feline cells only (?) Human, some nonhuman primate
cells

Viral tropism Env: V3 region and TM Env: V3, V1/V2
determinants Orf-A, U3 domain of LTR Vpr



other cell surface makers, including heparan sulfate proteoglycans
(HSPGs) and DC-SIGN, has been shown and is specific for particular iso-
lates.35,36 Binding of DC-SIGN was observed with recombinant Env proteins
derived from primary and cell culture-passaged FIV isolates, whereas
binding of HSPGs was observed only with a cell culture-passaged FIV strain.
Although virus entry was shown to be mediated exclusively by CXCR4, virus
infectivity was enhanced by factors including temperature or HSPGs, which
either increase concentration of or binding for CXCR4, respectively.226 The
roles of binding of DC-SIGN and HSPGs by FIV Env in FIV infection and
pathogenesis in vivo are currently not well understood and warrant further
examination.

Previous studies confirming CXCR4 as a receptor also revealed that
CXCR4 expression was not sufficient for infectivity of primary FIV isolates
and suggested the likehood that primary isolates required a second recep-
tor for binding and entry. One report describing coimmunoprecipitation
of a recombinant FIV envelope protein with a 40 kD cellular protein pro-
vided further evidence of a non-CXCR4 receptor for FIV.36 A second major
advance in FIV receptor biology was the recent identification of this cellu-
lar protein as CD134, a 43kD cell surface marker, and the receptor utilized
by primary FIV isolates in conjunction with CXCR4.32,227 CD134 is a
member of the tumor necrosis factor-receptor superfamily and is expressed
primarily on activated CD4 T-cells (mouse and human) after T-cell recep-
tor (TCR) engagement.228 A recent report confirmed a similar phenotype
for feline CD134 by showing up-regulation of CD134 expression on
mitogen-activated feline CD4 T-cells.226 Binding of cell surface CD134 with
cellular CD134 ligands provides a costimulatory signal that results in pro-
inflammatory effects, as well as proliferation, migration, and cytokine 
production by memory T-cells. Low level CD134 expression has also been
reported for activated CD8 T-cells, activated B-cells, and macrophages in
mice and humans229–231 but has not been confirmed for the same feline cell
lineages.

So far, preliminary reports indicate that infection by primary isolates
requires binding of both CD134 and CXCR4.32,227 Assessment of receptor
usage by larger panels of primary FIV isolates will be needed to determine
if additional chemokine receptors may also be used for FIV infection, as
previously observed for HIV-1, and may be associated with specific FIV repli-
cation/pathogenic phenotypes. Whether infection of CD8 T-cells, B-cells,
and macrophages previously observed in later stages of FIV infection is due
to CD134-independent usage of CXCR4 expressed on these cell popula-
tions, or results from usage of both CD134 and CXCR4, has not yet been
clarified. Clearly, usage of CD134 as a receptor by primary FIV isolates
explains the specific targeting of the CD4 T-cell population for depletion
observed with FIV infection and the similarities in the acquired immuno-
deficiencies induced by both HIV-1 and FIV. Furthermore, these obser-
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vations elucidate a mechanism by which FIV and HIV-1 utilize unique
receptors (CD4 and CD134) to target a similar subset of T-cells (i.e., acti-
vated and resting memory CD4 T-cells) to impart disease pathogene-
sis.232–237 Accordingly, these findings further validate the importance of FIV
infection as a model for examination of HIV-1-induced AIDS. Examination
of pathogenic effects and cellular dysfunction imposed by virus-binding of
CD134 expressed on CD4 T-cells in vitro will also be important for defin-
ing potential viral mechanisms for induction of feline acquired immuno-
deficiency in vivo.

Viral Determinants for Cell Tropism

Replication phenotypes in vitro and in vivo clearly distinguish cell
culture-adapted FIV isolates from primary isolates. Most primary FIV iso-
lates examined to date require both CD134 and CXCR4 for infection and
exhibit a cell tropism restricted to primary feline PBMC, selected IL-2-
dependent T-cell lines, and possibly primary macrophages and astro-
cytes,2,42,61,196–199,238 although testing for tropism to the latter two cell types
has been infrequently reported (Table II). In contrast, FIV variants pas-
saged in vitro utilize CXCR4 solely for efficient infection and replication
in feline adherent cell lines including CrFK cells,33,36,218–221,223,224 as well as
feline PBMC, IL-2-dependent and independent feline T-cell lines and
macrophages.2,42,61,187,190,197,211,239–242 These highly passaged isolates, however,
exhibit severely restricted virus replication and pathogenicity in vivo as dis-
cussed above.111,192,197,212 Multiple studies using FIV molecular clones have
mapped Env as a major determinant that expands cell tropism to include
feline adherent cell lines including CrFK cells and G355–5 cells (feline glial
cell line), as well as feline astrocytes (Table II).33,212,223,243–248 Similar to the
V3 domain of HIV-1 Env, the V3 domain of the FIV SU encodes specific
tropism determinants212,223,243,244,249–251 in addition to important neutralizing
antibody epitopes (Figure 3).252–254 Critical amino acid residues mapped
within the FIV Env V3 domain appear to determine adherent cell tropism
by modifying the overall charge of the V3 loop.212,243,244 A recent report
describing the evolution of a nonpathogenic FIV isolate to a more patho-
genic virus in vivo over time suggested that mutation E409K within the V3
loop not only imposed CrFK cell tropism but also contributed to virus atten-
uation.212 This hypothesis is supported by the consistent observation of
severely restricted replication in vivo observed for viruses exhibiting a
tropism for CrFK cells in vitro.111,192,197,212 Other Env determinants affecting
FIV cell tropism for adherent cells have been mapped to the second con-
stant domain within SU, the extracellular domain of TM,247 and the cyto-
plasmic domain of TM.245 Although V3 and V4 domains of FIV SU are also
reported to influence FIV macrophage and brain microglia tropism,209,255

viral determinants critical for macrophage tropism as well as the frequency
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of macrophage tropism across many primary isolates have not been well
examined for FIV. Mechanisms by which these important Env residues or
domains contribute to virus infectivity (for all cell types) either by effects
on Env conformation or binding affinity to either CXCR4 or CD134 are
also not well understood at this time and warrant investigation to further
characterize the FIV animal model.

Multiple reports confirmed that the gene product of accessory gene
orf-A is a critical determinant for infection of feline PBMC61,157,187,197 but is
not required for infection of adherent cell lines including CrFK cells.
However, the role of Orf-A in FIV tropism for feline macrophages has
received only limited study and is unclear based on conflicting data
reported from different studies.61,187,197 Mechanisms by which Orf-A impacts
virus infectivity of PBMC are also undetermined at this time.

Interestingly, early studies suggested that restriction of productive FIV
infection in human cells resulted primarily from a block in FIV transcrip-
tion rather than a block in virus entry.40,256–259 The capability of FIV isolates
to establish latent infections in human cells258 was later explained by
demonstration of cell culture adapted-FIV usage of human CXCR4 for
fusion and infection of human cells.33 Subsequent studies focused on FIV
vector development revealed that the FIV U3 domain was the determinant
responsible for restricted virus replication in human cells and showed that
replacement of U3 with the cytomegalovirus immediate early promoter
produced FIV vectors capable of viral gene expression in human cells.225,260

Studies reported by one research group showing that FIV is capable of pro-
ductive infection of primate cells both in vitro and in vivo261,262 have not
been confirmed by other independent researchers but suggest FIV infec-
tion of nonfeline cells may warrant further examination.

4. EPIDEMIOLOGY AND TRANSMISSION

Similar to other lentiviruses, the presence of FIV-specific antibodies
signifies an established virus infection that will persist throughout the
remaining lifetime of the host. Antibody detection ELISAs and other
immunochromatographic methods (excluding western blot) have served
as the primary screening diagnostic assays for FIV infection in clinical vet-
erinary practice and epidemiologic studies.263–266 Although most FIV-
infected cats produce antibodies to both Gag and Env structural proteins,
a small proportion of cats will test positive for antibodies specific to only
one of these two structural proteins.267 Therefore, currently available com-
mercial FIV antibody assays include both FIV Gag and Env recombinant
antigens for optimal sensitivity as well as specificity.264 Current and earlier
serologic studies have shown that FIV is enzootic worldwide.13,15,264,266,268–273

Evaluation of mutations within virus subtypes suggests that FIV has been
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present in domestic cats for a significant period of time, especially when
compared to the relative short evolution of HIV.142,150 FIV prevalence varies
greatly depending on geographic location and other variables of the tested
cat populations. Among clinically healthy cats, the prevalence of FIV may
be as low as 1% or less as observed in central European countries and the
United States, or as high as 30% as reported in Japan and Australia.14,273

The seroprevalence rates in sick cats appear to be several times higher than
those in their healthy counterparts and reflect the disease-inducing poten-
tial of FIV.13,15 Age and gender also markedly affect FIV prevalence. Most
infections are acquired after one year of age, and prevalence increases up
to approximately 10 years of age and then remains stable or tends to
decline as the mean lifespan of a domestic cat is about 15 years.274 Viruses
similar to FIV have been documented in several nondomestic felids such
as lions, panthers, and bobcats.269,275–282 The large genetic diversity observed
for lentiviruses among different nondomestic felids and between non-
domestic feline lentiviruses and FIV, however, do not support the likeli-
hood that nondomestic feline lentiviruses contribute significantly to the
circulation of FIV in domestic cats. There is little evidence that FIV is 
transmissible to any other species including humans13 with the exception
of a recent single report describing experimental FIV infection of non-
human primates (cynomolgus macaques).262

Precise modes of natural FIV transmission among domestic cats are
not yet clear. Nevertheless, strong epidemiologic evidence implies that
biting and fighting may be the predominant route of transmission (Table
III). The importance of this route of transmission is corroborated by 
observations of the highest prevalence of infection in rural feral cat 
populations and urban areas containing a high density of freely roaming
cats, as in Japan, and a higher prevalence of infection in adult
tomcats.13,15,270,273,283–287,288 In fact, one epidemiologic study revealed that a
pattern of increased FIV infection in orange cats compared to nonorange
cats correlated with the pattern of more aggressive behavior also exhibited
by orange cats.289 In addition, evidence of virus in saliva harvested from
infected cats290 and an infection experiment involving virus inoculation by
simulating biting further substantiate that transmission by this route is
highly effective.13

Early epidemiologic and experimental infection studies refuted the
possibility of naturally occurring vertical transmission of FIV.2,13,291 However,
later experimental inoculation studies confirmed virus transmission to
newborn kittens from queens either acutely or chronically infected with
different FIV isolates.19,20,292–294 Such transmission appeared to occur via in
utero294 and postnatal routes,19,20,293,295 although intrapartum transmission
has also been implicated.19 Interestingly, recent studies provided evidence
of vertical transmission resulting in occult infection of kittens character-
ized by the presence of viral DNA in tissues in the absence of replicating
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virus in peripheral blood, as well as absence of antiviral antibody apart from
maternal antibody.206,296,297 Although these occult infections resulting from
vertical transmission were considered regressive or transient as reported by
one study,296 the duration of persistence of this type of infection has not
been thoroughly examined. These covert or occult infections resemble pre-
viously described restricted FIV infections that were detectable only by PCR
amplification of viral DNA from blood or tissues and that resulted either
from inoculation with extremely attenuated viruses192 or from persistent
but nontraumatic contact between naive and infected cats.298 Furthermore,
similar sequestered virus infections in the absence of antibody have been
reported for SIV infection299,300 and implicated in particular human popu-
lations at high risk for HIV infection.301,302 Collectively, these findings
suggest the possibility that the incidence of natural FIV infection by verti-
cal transmission may be underestimated, since diagnostic assays focus on
antibody or virus in peripheral blood only.

Detection of virus in semen of infected cats has been observed303,304

and experimental infection by artificial insemination has also been
reported.305,306 Numerous experimental studies have shown the feasibility
of infection by the vaginal route16–18,21–23,307–311 and demonstrated the utility
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TABLE III
Comparison of FIV and HIV-1 Infection Properties In Vivo

Property FIV HIV-1

Transmission Blood (bite wounds), vertical (?) Blood, vertical, sexual
(natural)

Transmission Blood (bite wounds), vertical, Not applicable
(experimental) vaginal and rectal mucosa

Cell tropism CD4 T-cells, CD8 T-cells, B cells, CD4 T-cells, macrophages
macrophages, dendritic cells, dendritic cells, microglia
microglia follicular dendritic follicular dendritic cells
cells CD4+CD25+ T-cells, thymocytes, CD8 T-cells and
thymocytes, megakaryocytes others (?), CD4+CD25+

T-cells (?)
Tissue tropism Blood, lymphoid tissues, Blood, lymphoid tissues,

gastrointestinal tract, CNS gastrointestinal tract, CNS
genital tract, liver, kidney genital tract

Host range Restricted to felids Restricted to humans and
some nonhuman primates

Immunopathology Lymphoid follicular hyperplasia Same as FIV
(early) and CD8a+blow T-cell
subset expansion, followed by
lymphoid depletion, CD4
T-cell depletion, cytokine
dysregulation, and AIDS



of this feline animal model for examination of mucosal transmission and
viral pathogenesis. Although these observations and experimental studies
suggest the possibility of sexual transmission of FIV, definitive observations
of natural transmission by this route so far have not been reported.

5. VIRUS INFECTION AND HOST RESPONSES

Virus Infection in Cell Culture

Primary feline PBMC activated by concanavalin A (ConA) and specific
feline IL-2-dependent T-cell lines, including FET-1 cells,242 MYA-1 cells,312

FCD4E cells,201 104C-1 cells,227 and MCH5–4 cells,211 have proven to be
highly permissive for propagation of biological and specific molecularly
cloned isolates of FIV. As described in the section discussing FIV receptor
usage, productive virus replication in these cell types results from expres-
sion of feline CXCR4 and CD134 cell surface molecules that has been con-
firmed, at least for activated feline PBMC and 104C-1 cells (Table II).32,227

Established feline adherent cell lines, including CrFK cells and G355-5
cells, as well as feline IL-2-independent lymphoid cell lines such as 3201
cells, MCH5-4DL, and 104-C1DL, have been used for propagation of
CD134-independent isolates.13,25,42,211 Feline IL-2-independent lymphoid
cell lines (FL-4 cells) chronically infected with FIV isolate FIV-Petaluma
were also generated for production of virus for use in whole killed virus
vaccines and diagnostics.242

Assays used to confirm virus replication and production in vitro have
included FIV p24Gag antigen capture ELISAs, RT assays, indirect immuno-
fluorescence or immunocytochemical assays for viral structural proteins,
and PCR assays for viral nucleic acids. Quantitative real-time PCR assays for
both FIV RNA and DNA have been developed for quantitation of viral
nucleic acids of different isolates in either cell culture supernatants,
plasma, or cells.11,157,190,212,309,313–316 The appearance of virus-induced cyto-
pathic effects (CPE) consisting of syncytium, giant cell formation, and cell
lysis (Table II) in feline PBMC and T-cell lines may be PBMC donor and
FIV isolate-dependent and has proven less dependable for use as a marker
of virus infection in these cell types.1,212,317,318 In contrast, infection of
adherent cell lines CrFK and G355-5 and IL-2-independent lymphoid cells
lines (3201, MCH5-4DL, 104-C1DL) with CD134-independent FIV isolates
may result in prolific CPE that is most consistently observed in CrFK cells
and which may serve as a indicator of infection for these iso-
lates.13,32,211,238,241,242,248 CD134-independent FIV strains have been selected by
extensive cell culture passage of biological isolates and mimic CD4-
independent HIV-1 isolates that are also extremely cytopathic and efficient
for replication in established T-cell lines in vitro.73
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Virus Localization in the Host

Most knowledge regarding acute FIV infection and virus localization
and dissemination has been derived from experimental inoculation studies
using both biological and molecularly cloned FIV isolates. Factors that may
affect virus localization and distribution during the acute phase of infec-
tion are virus pathogenicity, virus tropism, titer of virus inocula, presence
of virus-infected cells in the inocula, route used for virus infection, and age
of host. Experimental studies testing highly pathogenic and attenuated FIV
isolates, viruses inoculated by parenteral or mucosal routes, and cell-free
or cell-associated virus inocula have been reported. However, careful exam-
ination of effects imposed by each of these variables on viral distribution
and ultimate disease, as well as mechanisms for these effects, has yet to be
described. Regardless, reports so far describe a virus distribution pattern
for pathogenic FIV isolates in vivo that is similar to that reported for HIV-
1 (Table III).319–321

Early published experimental infection studies designed to examine
FIV localization in vivo used either intraperitoneal, intravenous, intramus-
cular,4,7,186,200,201,322–324 intrathecal, or bone marrow inoculation198 of specific
pathogen-free cats with various FIV isolates. Blood and tissues harvested
from infected cats were assayed for infection by virus isolation from PBMC,
viral nucleic acid detection by PCR or in situ hybridization, or viral antigen
detection by immunocytochemical analyses. Later reports described experi-
mental studies testing virus localization after virus mucosal delivery by
either vaginal, rectal, or oral/nasal routes,16,18,21,23,307,309,325 in addition to
either intraperitoneal or intravenous routes193,197,202,207,326–328 or intracranial
injection.329,330 Virus localization in systemic lymphoid and central nervous
system (CNS) tissues after FIV proviral DNA inoculation has also been
examined.331,332 Collectively, these studies revealed localization of virus in
PBMC and plasma, peripheral, and systemic lymphoid tissues, small and
large intestinal tracts, and CNS tissues within 10 to 21 days after inocula-
tion of the host, regardless of route of infection tested. In fact, one report
described virus detection in gastrointestinal mucosa and associated lym-
phoid tissue by 1 to 3 days after oral/nasal infection and rapid dissemina-
tion of virus to systemic lymphoid tissues, bone marrow, and PBMC within
7 to 10 days after infection.23 Similarly, virus was detected in vaginal mucosa
and spleen within 3 days after vaginal delivery of virus.23 However, virus
infection of vaginal mucosa has been examined in very few studies and was
observed only in those testing vaginal delivery of specific virus isolates (FIV-
B-2542 and FIV-PPR)16,23,309 and was not observed after vaginal infection
with other FIV isolates18,23 or after intravenous virus infection.207 Similar to
observations for the SIV animal model,299,333 experimental FIV infection by
mucosal routes generally required higher titered virus inocula than
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required by parenteral injection,16,309 and one study reported a higher effi-
ciency for infection with cell-free virus inocula compared to cell-associated
virus.334 Virus has also been detected in other nonlymphoid organs includ-
ing liver and kidney.4,200,207,332 Importantly, FIV infection of the CNS has
been well documented4,198,200,202,255,294,324,335,336 and utilized as an animal
model for HIV-1-induced neurologic deficits.210,324,329,330,332,337–344

Kinetics of virus emergence in blood and individual tissues has varied
depending on the route of inoculation, virus strain, and infectious titer of
virus inocula. Virus load in peripheral blood based on either virus isolation
from PBMC or plasma viral RNA quantitation, may peak anywhere from 14
to 56 days after experimental infection.4,11,21,191,200 Significant virus loads
during the acute stage of infection may also be observed in both periph-
eral and systemic lymph nodes, gastrointestinal tissues (predominantly
submucosa and lamina propria), spleen, thymus, and bone
marrow4,23,185,193,200,207 and will precede the appearance of peak viremia in
peripheral blood. These findings generally mimic virus distribution during
acute infection for both HIV-1 and pathogenic SIV isolates.319,321,345 It is
important to note the similar robust virus replication in gastrointestinal
mucosal lymphoid tissue (GALT) observed during early time points of
FIV,4,200,207 SIV,346,347 and HIV-1348–350 infection. Although virus has been
detected in the CNS during both acute and chronic phases of infection,
quantitative data describing virus load in specific CNS tissues has been
scarce. Virus loads in the PBMC and plasma generally decrease to lower set
points during chronic asymptomatic infection, although this finding may
be variable and dependent on virus strain pathogenicity17,212 and has not
been as well defined for experimental FIV infection as reported for exper-
imental SIV infection of rhesus macaques. FIV loads in individual tissues at
sequential time points spanning acute, chronic asymptomatic, and termi-
nal AIDS stages of disease also have not been well examined.

Similar to findings for HIV-1 and SIV infection,319–321,345,351 cellular
subsets targeted during the acute stage of FIV infection have included CD4
T-cells, monocytes, macrophages, mucosal dendritic cells, mature and
immature thymocytes, brain microglia and lymph node follicular dendritic
cells (FDC) (Table III).4,193,194,197,199,201–204,207,208,307,327,338,352,353 As discussed in a
previous section of this chapter, FIV differs from HIV-1 by exhibiting a
broader tropism in vivo that also includes megakaryocytes,323 CD8 T-cells
and B-cells,186,193,197,201,307 although a few reports have described either HIV-
1 or SIV infection of CD8 T-cells.354,355 The variation in observations from
different reports regarding the frequency and stage of infection for which
virus or viral nucleic acid are detected in macrophages, CD8 T-cells, and
B-cells may relate to differences in virus isolates, routes used for virus infec-
tion, age of the host, and virus detection assays. However, several studies
report that either T-cells, or specifically CD4 T-cells, in both blood and
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tissues, are the predominant cell type harboring virus during the acute
stage of infection. Virus load in CD4 T-cell populations decrease over time
as the host progresses into chronic infection,4,194,201,207,208,307,352 while virus
loads in macrophages and B-cells appear to increase. The relationship of
stage of infection to virus load in other specific cell populations, including
CD8 T-cells, mucosal dendritic cells, lymph node follicular dendritic cells,
thymocytes, cells within the CNS, and other nonlymphoid tissues, has
received little examination so far, although one report revealed a decrease
in FIV-infected CD8 T-cells in lymphoid tissues by 10 weeks after infec-
tion.307 A recent report described FIV infection in vivo of CD4+CD25+
T-cells, a cell population reminiscent of immunosuppressive CD4 T 
regulatory (Treg) cells.356 This CD4+CD25+ Treg cell population isolated
from FIV-infected cats was shown in another recent report to coexpress cos-
timulatory molecules B7.1, B7.2, and CTLA4 and to be anergic and resis-
tant to clonal deletion.357 These findings warrant further investigation and
suggest that CD4+CD25+ Treg cells may serve as an important long-lived
reservoir for latent FIV in lymphoid tissues and currently are under exam-
ination as potential reservoirs for HIV-1 infection in vivo.

Clinical Disease

FIV infection results in progressive impairment of the immune system,
including loss of CD4 T-cells, inverted CD4:CD8 ratios, heightened sus-
ceptibility to infectious agents, disruption of immune cell function, and
deterioration of major lymphoid tissues and organs of the hosts.14,17,358

Observations from studies involving either experimental or natural infec-
tions,2,7–9,13,359–363 show that FIV disease course is very similar to that induced
by HIV-1 infection and can be similarly divided into four to five stages based
on type and severity of the clinical signs of infection. These stages of infec-
tion have been described as acute or primary, chronic asymptomatic, per-
sistent generalized lymphadenpathy (PGL), AIDS-related complex (ARC),
and feline AIDS (FAIDS). Notably, FIV and HIV-1 infection are usually asso-
ciated with a prolonged asymptomatic phase that can last 10 years or more
for infected humans and cats, and which constitutes most of the lifetime
of the infected cat.360,364 In contrast, pathogenic SIV isolates induce an
accelerated progression of immunodeficiency, resulting in death within 2
years of infection of rhesus macaques with a relatively short or absent
asymptomatic phase of infection.365,366

The acute phase begins 1 to 4 weeks after FIV infection and may span
a time period of 2 to 6 months. This stage of infection is characterized by
a transient peak in peripheral blood (plasma and PBMC) virus load that is
accompanied by a precipitous decline in CD4 T-cell counts and CD4:CD8
T-cell ratios. Depending on pathogenicity of virus isolate and age of the
host, clinical and hematological abnormalities may include generalized
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lymphadenopathy, mild pyrexia, dullness, depression, anorexia, and neu-
tropenia. Similar to findings for HIV-1 infection, FIV pathogenicity and
clinical prognosis correlate to virus replication and load and to severity of
clinical signs and hematologic deficits exhibited during the acute phase of
infection.11,21,185,191,192,212,313,367,368 Another property shared by FIV and HIV-1
acute infection369,370 relates to the effect of age of the host on severity of
clinical and hematologic disease at the time of infection. Multiple studies
have shown that severity of primary phase FIV-induced disease was
increased for neonatal kittens experimentally infected at birth.190,318,371–374

Primary FIV infection recedes as the host generates virus-specific
immune responses and as virus loads decrease. Concordant with emer-
gence of antiviral immune responses and reduced peripheral blood virus
loads is an increase in CD4 T-cell count and CD4:CD8 T-cell ratio, although
peripheral blood CD4 T-cells counts do not usually return to preinfection
concentrations. The infected cat enters a relatively asymptomatic phase of
FIV infection where control of virus load by host immune responses is pre-
sumed and may last for 5 to 6 years or for a significant proportion of the
remaining life span of the cat. However, long-term observation of both
experimentally and naturally infected cats has shown that peripheral blood
CD4 T-cell counts slowly but progressively decrease during the asympto-
matic phase and that clinical disease eventually becomes apparent.8,9

Careful observation of infected cats over time may reveal the reap-
pearance of PGL as an early manifestation of clinical disease that is asso-
ciated with vague signs of disease including recurrent fevers and weight
loss.9,13–15 After the appearance of PGL and other vague clinical signs,
infected cats generally progress into ARC, a phase characterized by the
development of chronic persistent infections with pathogens that are
usually self-limiting and involve the oral cavity, upper respiratory tract,
ocular tissues, skin, and other body sites. Progression from ARC to FAIDS
may be distinguished by infections with opportunistic pathogens, severe
wasting, neoplastic disorders including non-T-cell lymphomas, neurologic
disease, leukopenia, and anemia. Virus load increases and severe depletion
of peripheral blood CD4 T-cells are observed. Survival time is usually less
than a year after the onset of FAIDS.

FIV Immunodeficiency and Pathology

A gradual but progressive CD4 T-cell depletion that mimics primary
immune deficiency observed in HIV-1 AIDS is the hallmark of immuno-
deficiency associated with both experimental and natural FIV infection 
in cats.5–8,10,11,21,185,190,192,193,200,212,361,375 CD4 T-cell subset depletion has been
observed in peripheral blood and lymphoid tissues including
thymus,22,193,374 during both early and chronic stages of infection (Table III).
An increase in CD8 T-cell concentration is frequently associated with reduc-
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tion in CD4 T-cell counts and either contributes to, or largely accounts for,
lower CD4/CD8 T-cell ratios observed during acute and chronic infection
with either FIV or HIV-1. This elevation in the CD8 T-cell count is due to
an increase in a CD8a+blow subset that is concurrent with a reduction in
CD8a+bhigh of CD8 T-cells and involves lymphocyte populations from
peripheral blood, lymph nodes, and thymus.212,334,374,376–379 A similar expan-
sion of an CD8a+blow T-cell subset has also been observed in HIV-1 infec-
tion.380,381 Furthermore, this cell population has been shown to express
markers associated with lymphocyte activation and adhesion and to exhibit
antiviral activity311,376,379 comparable to a noncytolytic CD8 antiviral activity
previously described for HIV-1 infection.382,383

FIV-induced immunodeficiency is characterized by other defects that
are similar to those described for HIV-1 infection and include reduced pro-
liferative T-cell responses to mitogens, dysregulation of cytokine networks,
and humoral immune response deficits.14,17 Several studies have revealed
significantly reduced mitogen-induced blastogenic responses from T-cells
isolated from cats during acute and chronic FIV infection,8,309,384–387 a
finding that may result from virus-associated defects in T-cell growth and
proliferation, as well as defects in cell surface expression of receptors
required for transmission of antigen/mitogen signals.388 Although cytokine
responses in different lymphoid tissues harvested from cats acutely infected
with FIV have been shown to be heterogenous,389 findings from a number
of reports suggest that dysregulation of cytokines such as IL-10, tumor
necrosis factor (TNF)-alpha, IL-6, IL-1, and interferon gamma may play a
role in FIV-induced immune deficiency.307,389–395 Deficits in generation of
antibody responses to multiple antigens and specifically to T-cell-
dependent immunogens have also been reported for FIV-infected
cats.14,396–398 Bone marrow abnormalities that may result in neutropenia,
leukopenias, and pancytopenias,323,327,363,399 as well as deficits in neutrophil
and monocyte/macrophage function, may further impair immunologic
function in FIV-infected cats.203,400–402

Histologic lesions associated with FIV infection are predominantly
localized to lymphoid tissues including GALT for both early and later stages
of FIV infection, although severity of acute stage lesions is dependent on
virulence and titer of the infecting FIV isolate. Lymph node abnormalities
during the acute stage of infection include a mixture of follicular hyper-
plasia and lymphoid depletion resulting in loss of lymph node architecture
and medullary plasmacytosis.3,7,12,22,190,200,322,353,403 Lymphoid hyperplasia has
also been observed in other lymphoid tissues including spleen, bone
marrow, and mucosal-associated lymphoid tissue. Several studies have
shown the thymus to be a primary target during early FIV infection, with
pathologic changes that include thymic atrophy, thymitis, medullary B-cell
hyperplasia, and cortical involution.7,22,185,190,193,200,328,374 Lesions in the gas-
trointestinal tract have frequently been observed and include severe inflam-
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mation, necrosis, and villous atrophy.3,7,22,200,322 Brain and lung are non-
lymphoid tissues that also frequently exhibit pathologic changes. CNS
lesions have consistently included gliosis, glial nodules, and perivascular
cellular infiltrates and less frequently included inflammatory changes asso-
ciated with encephalitis and meningitis and neuronal abnormalities such
as neuronal stress and neuronal satellitosis.198,200,324,329,330,332,339,342,344 Giant
cell formation is a frequent lesion in SIV and HIV-1-associated neu-
ropathology but has only rarely been observed by histologic examination
of CNS tissues from FIV-infected cats.342,404 Pulmonary lesions associated
with FIV infection have consisted of inflammatory infiltrates suggestive of
pneumonia.200,322,332

Lymphoid depletion and involution within multiple lymphoid tissues
have been dominant and consistent findings in tissues harvested from cats
during the later stages of FIV infection.3,12,322 Neoplastic lesions, including
B-cell lymphomas and other sarcomas, have also been frequently observed
in later stages of both experimental and natural FIV infection.8,13,405–409 All
together, these histologic lesions of lymphoid hyperplasia frequently char-
acterized as B-cell hyperplasia mixed with severe lymphoid depletion, as
well as thymic atrophy and the severe inflammatory lesions observed in the
gastrointestinal mucosa, mimic pathological changes reported for both
HIV-1 and pathogenic SIV364,410–413 and further support the use of the FIV
animal for examination of HIV immunopathogenesis.

Mechanisms for either FIV or HIV-1-induced CD4 T-cell depletion and
dysfunction in vivo most likely involve multiple processes such as direct
cytolysis from virus infection or from virus-specific immune responses, and
indirect strategies including chronic immune activation, cellular dysregu-
lation, and inappropriate killing of uninfected bystander cells.364,414 In vitro
syncytia formation of FIV-infected cells has been well documented and is
due to viral envelope fusion with cellular membranes and associated with
specific cell types and FIV strains.224,238,245,248,311,415–417 Programmed cell death
or apoptosis has been hypothesized as one of several important mecha-
nisms involved in FIV/HIV-1 immunopathogenesis based on observations
of apoptotic cells in virus-infected cell cultures418–421 and in PBMC422–425 and
lymphoid and thymic tissues22,425,426 isolated from FIV-infected cats. Recent
reports have shown that binding of cell surface chemokine and virus 
receptor CXCR4 by FIV TM may trigger apoptosis.137,427 Although some
recent reports suggest that the Fas-TNF-a receptor pathway may be impor-
tant for FIV-induced apoptosis, mechanisms by which FIV uses this path-
way for apoptosis are not well understood and are currently under
investigation.419,425,428–431

A second probable pathway for FIV-induced apoptosis involves the B7-
CTLA4 pathway. Data from recent reports indicate that PBMC and lymph
node lymphocytes isolated from FIV-infected cell cultures in vitro or freshly
isolated from FIV-infected cats are down-regulated for expression of 
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costimulatory molecule CD28. These cells are instead up-regulated for
expression of T-cell costimulatory molecule CTLA4, a cell surface molecule
expressed on activated T-cells and reported to induce anergy in activated
T-cell subsets.432–435 Furthermore, these reports presented flow cytometric
analyses that verify induction of apoptosis in FIV-infected cultures by T-cells
that coexpress CTLA4 and B7 cell surface molecules and suggested that
CD4 T-cell depletion and lymph node apoptosis in vivo may partially result
from chronic B7-CTLA4-mediated T-cell interactions.357,432,434 Similarly,
reduced CD28 expression and increased CTLA-4 expression have been
observed in HIV-1 infection436–440 and hypothesized to promote immune
hyporesponsiveness and apoptosis through binding of CTLA4 with B7 cos-
timulatory molecules. Although mechanisms by which FIV infection
induces an increase in B7+CTLA4+ T-cell populations in vivo are not well
understood, chronic immune activation in the virus-infected host has been
hypothesized as one possible etiology for this effect. These observations
further illustrate similarities in FIV and HIV-1-associated disease and 
potential value of the FIV animal model for in vivo studies focused on
mechanisms of immunopathogenesis of lentivirus-induced acquired
immunodeficiency.

Immune Responses

Emergence of cellular and humoral host immune responses during
primary infection with either FIV or HIV-1 coincides with reduction in peak
peripheral blood virus loads.14,17,24 These responses are thought to be
important for controlling virus replication during acute and chronic stages
of infection based on CD8 T-cell and B-cell depletion studies involving SIV-
infected rhesus macaques.441–443 Regardless of robust virus-specific immune
responses, most infected hosts fail to eliminate the virus, leading to pro-
longed clinical latency, eventual immunologic exhaustion with subsequent
increasing virus loads, and AIDS. Currently, factors responsible for this
inability of host responses to effectively clear virus during primary infec-
tion are not well understood. Identification of such factors will be neces-
sary for understanding immunopathogenesis of lentiviral infections and
design of vaccines capable of inducing sterilizing immunity.

Based on experimental inoculation studies, antibodies to viral proteins
SU gp95, CA p24, and MA p14 are the first to appear in serum, usually
within 2 to 4 weeks after infection, and are quickly followed by the appear-
ance of antibodies to TM gp40, Gag precursor p50, and reverse transcrip-
tase.14,28,444,445 Lentiviral Gag proteins are highly expressed immunogenic
proteins and FIV-infected cats typically exhibit high titers of antibody spe-
cific for viral CA p24. Four B-cell epitopes have been mapped for FIV CA
using mouse monoclonal antibodies.446 However, evidence that CA-specific
antibodies function in either FIV or HIV-1 clearance has been scarce. Inter-
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estingly, a recent examination of serological responses in HIV-1-infected
patients undergoing prolonged antiretroviral therapy with structured treat-
ment interruptions (STIs) showed that kinetics of CA-specific antibody
responses revealed clear differences in patients’ immune functions.
Patients exhibiting rapid and large increases in CA antibody responses also
experienced significantly decreased viral set points.447 Antibodies specific
to CA have not been shown to express significant antiviral activity,448 but
may instead reflect enhanced virus-specific CD4 helper activity that is 
predictive of the capabilities of the host’s antiviral immune responses.447

Similar careful analyses of FIV Gag antibody responses have not been
reported but may be useful for characterizing the value of these responses
as markers that aid in distinguishing protective from nonprotective vaccine-
induced immune responses.

Only antibodies that bind to surface domains of the envelope are
thought to exhibit virus neutralizing activity,449 and accordingly, identifica-
tion of envelope B-cell epitopes is critical to the characterization of poten-
tially protective host immune responses. Multiple reports have identified
the V3 region of SU, carboxy terminal of SU, and a highly conserved PID
located within the ectodomain of TM as major immunodominant domains
of FIV envelope (Figure 3).14,133,252,254,450–454 Four or more linear B-cell epi-
topes have been mapped within the V3 domain of SU,254,453 and other SU
epitopes are localized within V4 and V5 domains.452,455,456 B-cell epitopes
within extracellular TM include the PID previously discussed, a second
domain within the extracellular membrane-proximal domain of TM that is
downstream of the PID, and a third domain within the intracytoplasmic
region of TM.452,453 In contrast, the tryptophan-rich motif within the extra-
cellular domain of TM that functions in virus fusion and infectivity was not
found to be immunogenic.457

Although the V3 immunodominant domain is the only FIV Env deter-
minant consistently shown to induce antibodies capable of neutralizing
virus in vitro,252–254 determinants within domains V4 and V5, including
residues 481 and 551, were also shown to confer broad neutralization resis-
tance (BNR) in primary isolates passaged in vivo (Figure 3).455,458–462 The
remaining FIV envelope linear epitopes mapped by binding assays are most
likely inaccessible for neutralization due to the complex oligomeric struc-
ture and extensive glycosylation of native FIV SU, a property shared with
HIV-1 SU.449,454,463 Expression of both neutralizing epitopes and tropism
determinants by the FIV hypervariable V3 domain is an important function
also described for the V3 domain of HIV-1 surface glycoprotein.14,17,24,73 It
is also significant that FIV SU linear epitopes, capable of inducing neu-
tralizing antibodies, are located within hypervariable regions of envelope
that may change in response to selective pressures in vivo.141

Importantly, an epitope encoded within the FIV extracellular 
membrane-proximal domain of TM (designated as the TM3 epitope) is
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similarly positioned to that of a HIV-1 epitope (2F5), which is recognized
by an extremely potent broadly neutralizing HIV monoclonal antibody
(Figure 3).463,464 Although feline antisera raised against this FIV TM epitope
was not shown to exhibit virus neutralizing activity in vitro,454 a peptide
vaccine based on this epitope was shown to be capable of inducing partial
immunity to FIV challenge.465 These observations suggest that this extra-
cellular membrane-proximal TM3 domain may encode a neutralizing
epitope conserved across multiple lentiviruses and may support further
investigation of this TM determinant in FIV vaccine design.

Neutralizing antibodies emerge in the host as peak peripheral blood
virus loads decline during primary infection and are thought to contribute
to control of virus load and replication in lentivirus infections including
HIV-1, SIV, and FIV.466 Control of infection by neutralizing antibody is also
based on CD8 T-cell and B-cell depletion studies of rhesus macaques
infected with either SIV or chimeric SIV/HIV-1 (SHIV) isolates441,443,467 and
on reports describing successful passive immunization of either neonatal
kittens or neonatal macaques with hyperimmune serum.468,469 However,
despite apparent successes observed recently with therapeutic administra-
tion of exogenous highly potent neutralizing antibodies in nonhuman
primate animal models,470 antibodies induced in the host by virus infection
have been consistently ineffective in virus clearance, particularly within
lymphoid tissue reservoirs. Furthermore, FIV and HIV-1 assay systems using
established cell lines, rather than primary lymphocytes for virus infectivity
or highly passaged viruses compared to primary strains directly isolated
from infected cats, generate significantly different data regarding neutral-
ization activity for identical serum samples.454,471–473 Notably, previous
studies have shown that both HIV-1 and FIV primary isolates are resistant
to neutralization by autologous sera, especially when primary PBMC are
used to assay infectivity.471,474 However, more recent findings regarding 
HIV-1 neutralizing antibody biology466 and use of more sophisticated
approaches for analysis of antibody activity have triggered renewed inter-
est and support for investigation of humoral immune responses in virus
control during acute and chronic HIV-1 infection and for HIV-1 vaccine
design. Similar investigations seem warranted in the FIV animal model,
especially for examination of antibody kinetics and specificity associated
with mucosal versus parenteral routes of virus exposure475 and for investi-
gation of epitopes conserved across different virus clades as vaccine
immunogens.476,477

Strong supporting data exist for CD8 T-cell-mediated suppression of
virus load in both HIV-1-infected patients and SIV-infected rhesus
macaques.24,383,442,478,479 Investigation of FIV-specific cellular immune
responses has previously been restricted by a deficiency of key feline-
specific reagents, including antibodies specific for feline cell surface
markers and cytokines, as well as a lack of knowledge of FIV T-cell epitopes.
However, recent peptide mapping of FIV-specific T-cell epitopes480,481 and
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established assays for FIV-specific CD4, CD8, and cytotoxic T-cell (CTL)
activity have now permitted some characterization of cellular immune
responses induced by either virus infection or vaccination.308,481–491 Fur-
thermore, a report showing that adoptive transfer of blood cells isolated
from FIV-vaccinated cats induced resistance in MHC-matched recipient
cats to FIV challenge infection, provides some evidence of the importance
of virus-specific cellular responses in virus clearance.488

Longitudinal examinations of cats experimentally infected with FIV
reveal virus-specific CTL activity in PBMC within 2 to 7 weeks after infec-
tion, time points in primary infection that coincide with rising virus 
loads and are similar to those reported for CTL emergence in HIV-1 
infection.24,475,482,490,492 Virus-specific CTL activity has also been detected 
in lymphocytes isolated from lymphoid tissues including systemic and
peripheral lymph nodes and spleen during the primary phase of infec-
tion.475,482,492 Assay for CTL activity during chronic stages of infection at 
47 and 127 weeks after virus exposure demonstrated persistence of cellu-
lar responses, although detection of antiviral CTLs were more consistent
from lymphoid tissues compared to peripheral blood.482,492 Activity specific
to FIV Gag rather than Env was more consistently observed in FIV-infected
cats described in these reports. However, currently described protocols
testing for FIV-specific CTL by chromium release assay are restricted by 
use of only two immunogens provided by vaccinia recombinant viruses, 
one of which expresses a Gag protein derived from isolate FIV-GL14
(subtype A) and the other expressing an Env protein encoded by FIV-
Petaluma (also subtype A). Therefore, lower Env-specific CTL activity 
may be partially attributed to deficient assay detection due to variability
within recently mapped Env-encoded T-cell epitopes,481 since cats described
in these reports were experimentally infected with FIV isolates distinct 
from FIV-Petaluma. Measurement of CTL responses to variable proteins
such as Env will require virus-specific reagents for optimal assay sensitivity.
Characterization of FIV-specific CTL responses will also call for assay of
activity against other viral proteins including RT, Rev, and Orf-A. Although
limited mapping of Env T-cell epitopes was previously reported,493 a recent
report481 described peptide mapping of FIV T-cell epitopes across all 
FIV genes using a feline interferon gamma ELISpot assay.489 These newly
identified epitopes will facilitate use of peptides for other FIV CD8 assays
and further characterize FIV CD8 responses to different FIV isolates, as 
well as examine the occurrence of FIV CTL epitope escape variants, a 
well-described trend in SIV and HIV infection.494–496 Another unique test
for FIV-specific CTL activity involved assay of perforin expression488,497 and
may also be useful for future examination of FIV-specific CD8 immune
responses.

Interestingly, a CD8a+ blow T-cell subset associated with antiviral activ-
ity in FIV-infected cats has actually been more carefully examined than the
topic of virus-specific CTL activity. This cell population has also been
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described for HIV infection380,381 and was initially distinguished for its
expansion in peripheral blood during the primary phase of FIV infection
and for a capacity to suppress virus replication in cultured PBMC by release
of a soluble factor in vitro.308,334,377,378,486,498 Significantly, appearance of this
cell population correlated with reduction of peak PBMC-associated virus,
suggesting possible antiviral activity in vivo as well as in vitro.308 Other FIV
infection studies have confirmed an expansion of this CD8a+blow T-cell
subset212,374 and also reveal expression of lymphocyte activation and adhe-
sion markers by this subset.376,499 However, these studies also show conflict-
ing data on the issue of a restriction of antiviral activity to the CD8a+blow

subset with some data suggesting that both CD8a+blow and CD8a+b- subsets
are capable of noncytolytic antiviral activity.311,379,492,499–502 A lack of agree-
ment is also apparent among studies regarding correlations between CD8
T-cell noncytolytic antiviral activity and either CD4 T-cell counts, clinical
disease in vivo, distribution patterns of this cell subset in blood and lym-
phoid tissues, or persistent expansion of the CD8a+blow subset throughout
the course of virus infection.212,308,376,379,503 More recent reports indicate that
CD8 antiviral activity production could be enhanced or induced in vitro 
by exposure to either virus-infected cells or to cells expressing an irrel-
evant antigen, but is not induced by mitogen activation.334,502,504 These
conflicting reports indicate that additional studies using standardized
methodologies will be needed for a more precise definition of this CD8 
T-cell antiviral activity. However, data generated from almost all studies
reported so far suggest that this noncytolytic CD8 antiviral activity is remi-
niscent of a still undefined secreted CD8 antiviral factor (CAF) previously
described for HIV-1 infection.382,383 Noncytolytic CD8 antiviral factors asso-
ciated with both HIV-1 and FIV infections, although not clearly defined,
have been hypothesized to be associated with the innate immune system.
Multiple factors proposed in previous reports to represent human CAF
include human b-chemokines RANTES, MIP-1a, MIP-1b, MCP-1, SDF-1,
and alpha defensins.478 These proteins, however, do not meet the criteria
of CAF definition,478 either due to their biochemical nature or because they
are not exclusively expressed by CD8 T-cells. Observation of CD8 T-cell 
antiviral activity in both HIV-1 and FIV infection confirms the importance
of this host immune response to lentivirus infection and provides another
opportunity for use of the FIV animal model for assessment of HIV-1
immunopathogenesis.

6. FIV VACCINE DEVELOPMENT

A safe efficacious vaccine that prevents the spread of HIV will be essen-
tial to arresting the spread of the AIDS epidemic. Studies with nonhuman
primates and SIV and chimeric SHIV isolates have demonstrated that 
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live-attenuated viruses are highly effective;505–507 however, such vaccines
maintain a low level of pathogenicity.508–510 Other vaccine trials in the rhesus
macaque animal model have described noninfectious DNA vaccines that
control viremia and suppress clinical disease but do not induce sterilizing
immunity against SIV/SHIV infection.511–513 FIV vaccine research and 
development have been fairly well supported due to the value of this animal
model for HIV vaccine development and to the significance of FIV as a
natural pathogen in cats. A wide variety of vaccine approaches have been
examined, although efforts have concentrated on particular vaccine
methods including whole killed virus (WKV)-based vaccines, DNA vaccines,
and viral protein subunit vaccines.514 A commercial FIV vaccine (Fel-O-Vax
FIV, Fort Dodge Animal Health), containing whole killed viruses repre-
senting two distinct FIV subtypes, was approved by the USDA in 2002 
for use in the domestic pet cat population and is one of only two com-
mercial lentiviral vaccines currently in use, including a live attenuated EIAV
vaccine widely used in China.515,516 However, use of this FIV WKV vaccine
is still not widely accepted due to significant issues including interference
of vaccine-induced antiviral antibodies with commercial FIV diagnostic
assays517 and the potential of vaccine-induced enhancement of virus 
infection.485,518–520

FIV WKV and Fixed-Cell Vaccines

FIV immunization studies based on conventional WKV or fixed virus-
infected cell (FC) vaccines have produced a diverse array of experimental
findings. Vaccine efficacy for different and identical FIV WKV-based vac-
cines has varied greatly, most likely due to modifications of vaccine inacti-
vation procedure, producer cell types used, vaccination schedule, vaccine
adjuvants, vaccine doses, routes of challenge, and variability in virulence 
or subtypes of challenge FIV isolates.514 WKV-based vaccine studies have
reported both complete or partial protection against challenge with homol-
ogous and sometimes heterologous FIV isolates and have also described
vaccine-induced enhancement of FIV infection. Interestingly, enhance-
ment of challenge virus infection has been more frequently associated with
FC vaccines prepared with autologous feline lymphocytes.485,518,519 In con-
trast, FC and WKV vaccines based on virus-infected cell lines have proven
efficacious, although protection may be considerably reduced against chal-
lenge with either heterologous or more virulent FIV isolates.487,521–526 The
current commercial FIV WKV vaccine is composed of two isolates includ-
ing FIV-Petaluma subtype A and FIV-Shizuoka subtype D, specifically to
broaden virus-specific immune responses, and has demonstrated improved
protection against multiple subtypes when compared to single subtype
WKV vaccines.487,527 Use of a FIV WKV vaccine as a booster to a priming
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immunization with a recombinant canarypoxvirus (ALVAC)-based FIV
vaccine also improved protective responses against challenge with isolates
distinct from the vaccinating strains.528 Duration of WKV and FC vaccine-
induced protection has been another concern, with some vaccine studies
revealing a breakthrough in vaccine-induced protection a year after vacci-
nation despite boostering the primary immunization.529,530 Another
concern relates to differences in WKV or FC vaccine-induced protection
observed against similar challenge viruses but delivered by different routes
of exposure, including parenteral and mucosal delivery.526 Collectively
these findings suggest that WKV vaccines demonstrate significant potential
for development of lentivirus vaccines, but that multiple issues including
WKV vaccine-induced enhancement still require attention for achievement
of optimal protection.

Conclusions regarding neutralizing antibodies as immune correlates
of vaccine protection frequently varied in early reports describing WKV and
FC FIV vaccines.525,531–533 Nonetheless, other early studies, as well as more
recent reports, present findings that suggest a correlation between appear-
ance of virus neutralizing antibodies and WKV and FC vaccine-induced pro-
tection.487,522,523,526,534,535 WKV and FC vaccines have also induced potent
cellular immune responses that are thought to be important correlates of
protection.484,487,497,535–537 The current commercial FIV WKV vaccine con-
taining inactivated whole viruses of subtypes A and D, elicited strong 
cellular responses against both vaccine strain viruses and moderate 
neutralizing antibody activity, particularly when commercial Fort Dodge
vaccine adjuvant FD-1 was supplemented with human IL-12. In fact, the
commercial dual subtype FIV WKV vaccine administered with human IL-
12 provided broad protection against homologous and heterologous virus
challenges containing in vivo-derived FIV inoculum.487,497 However, the
actual contribution provided by cellular and humoral immune responses
to protection induced by this vaccine approach is still not clear and may
ultimately require immune cell depletion studies for determination.
Despite reports of FIV WKV and FC vaccine efficacy, acceptance of this
vaccine approach in the veterinary community is restricted by concern of
vaccine antibody interference with FIV antibody-based diagnostics.517 Fur-
thermore, exploration of WKV vaccines in the SIV and SHIV animal model
has been extremely limited and was discouraged by early studies showing
SIV WKV vaccine-induced protection resulted from immune responses to
cellular antigens in vaccine preparations, rather than to viral antigens.538,539

However, renewed enthusiasm for vaccines that induce strong neutralizing
antibody responses466 has lent increased support for multiple modality
vaccine approaches that include WKV as a component. Inclusion of a WKV
vaccine as a component is expected to enhance and broaden virus-specific
humoral immune responses induced by other vaccine components such as
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live viral vectors and DNA.540,541 The sizable body of data already generated
for FIV WKV and FC FIV lends strong support for use of the feline animal
model for further investigation of WKV and FC vaccine approaches for
HIV-1.

FIV Subunit and Peptide Vaccines

Various FIV subunit vaccine approaches have been tested including
SU (primarily V3 and C2 epitopes), TM and Gag peptides,465,480,483,493,524

recombinant SU proteins generated from bacterial expression plasmids
administered as single immunogens,542,543 or in combination with recom-
binant SU proteins expressed from vaccinia462,472 or baculovirus vector
systems,544,545 and immunoaffinity-purified SU from FIV-infected cell
lysates.531 Absence of protection against FIV challenge, observed with many
of these frequently highly immunogenic subunit approaches, recapitulates
findings reported for subunit vaccine approaches in the nonhuman
primate model.546 However, partial protection against challenge infection
was revealed in a few reports describing immunization with either
immunoaffinity-purified SU531 or SU proteins conjugated to autologous ery-
throcytes via biotin-avidin-biotin bridges,547 although immune correlates of
protection were not determined. As described in the section on immune
responses, a FIV peptide vaccine based on an extracellular TM3 epitope,
similarly positioned to that of the highly neutralizing HIV-1 2F5 epitope,
was also shown to be capable of inducing partial immunity to FIV chal-
lenge.465 Vaccine-induced enhancement of FIV challenge virus infection
has also been observed, with a subunit approach consisting of coimmu-
nization of a bacterially expressed full-length envelope protein with either
SU or SU-TM vaccinia recombinant proteins.462 However, coinoculation of
recombinant SU proteins, with a plasmid expression vector encoding the
FIV NC protein, abrogated vaccine-induced enhancement of challenge
infection that was observed for vaccination with recombinant SU alone543

and actually improved vaccine efficacy in another study.545 Loss of vaccine-
induced enhancement and increased vaccine efficacy associated with
coinoculation of NC expression plasmid with recombinant SU were
hypothesized to result from a plasmid DNA adjuvant effect based on altered
cytokine expression profiles and the absence of FIV NC-specific immune
responses associated with this approach. All together, these data do not
support use of vaccines consisting of single viral protein subunits. Instead,
these findings suggest that FIV may provide another vaccine model for
testing peptides encoding broadly reactive neutralizing epitopes as com-
ponents of a multiple modality vaccine that also includes immunogens for
induction of cellular responses, a balanced vaccine approach currently of
interest in HIV-1 vaccine design.466,548
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FIV DNA Vaccines

Assessment of other vaccine approaches, including DNA vaccines,
attenuated virus vaccines, and live attenuated viral or bacterial vectors for
expression of FIV antigens, is still somewhat limited at this time. FIV DNA
vaccine approaches, based on deletion mutants of FIV provirus plasmids,
have shown considerable efficacy when challenged with less virulent FIV
isolates.174,314,331,549 DNA vaccines, including either defective proviruses or
SU and TM expression cassettes along with feline cytokine expression
vectors, have shown particular promise in limited studies.314,549–551 Extremely
low or absent humoral immune responses observed with FIV DNA vaccines
may partially result from failure to incorporate codon optimization of viral
structural genes encoded by these vaccine plasmids, a process found criti-
cal for improved immunogenicity of HIV-1 DNA vaccines that do not coex-
press the viral Rev protein.552 DNA vaccine efficacy has been observed
despite low antibody responses and may be attributed in some measure to
strong virus-specific CTL responses,553 despite the lack of a clear correla-
tion between measured CTL activity and DNA vaccine-induced protec-
tion.314 Unfortunately, DNA vaccine-induced protection has proven to be
reduced or negligible against more pathogenic isolates.314,523 Moreover,
DNA vaccines encoding envelope genes used without cytokine adjuvants
have been associated with enhancement of challenge virus infection.554–556

FIV Vaccines Using Live Viral and Bacterial Vectors

Mixed results regarding efficacy have been reported for the few FIV
vaccines utilizing either live viral or bacterial vectors. Immunization of 
cats with a replication-defective adenovirus type 5 expressing FIV Env was
poorly immunogenic and failed to induce protection against FIV chal-
lenge.557 A vaccine composed of Venezuelan equine encephalitis (VEE)
virus replicon particles engineered to express the FIV matrix/capsid region
of Gag and full length Env also failed to induce protection against FIV 
challenge, although the vaccine elicited both humoral and cellular
responses.558 A combination vaccine using priming inoculations with a
feline herpes virus (FHV) vector expressing the FIV gag gene and a FHV
vector expressing FIV env and booster inoculations with a FIV FC vaccine
also failed to protect immunized cats from FIV challenge infection.521 In
contrast, partial protection against FIV challenge was observed for cats
immunized with live attenuated Salmonella typhimuriaum aroA strains
expressing FIV CA and truncated SU encoding hypervariable regions
V3–V5, although correlates of protection were not defined.559 Partial pro-
tection against challenge was also observed by vaccination of cats with a
recombinant canarypoxvirus (ALVAC)-based FIV vaccine used alone or in
combination with a FIV FC vaccine.528 Furthermore, a single oral immu-
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nization of cats with a live recombinant Listeria monocytogenes strain, which
both expresses FIV Gag and delivers an FIV truncated Env-expressing
plasmid, was found to confer protection by reduction of virus load and
virus-induced disease after FIV challenge.560 The limited number of FIV
vaccine studies utilizing live viral vectors is surprising, given the interest
and success of multiple modality vaccines consisting of live recombinant
viral vectors and DNA expression plasmids recently observed for the
SIV/SHIV animal models.513

FIV Attenuated Virus Vaccines

Attenuated live virus vaccines have been extensively examined in the
SIV/SHIV animal models due to consistent efficacy shown by these viruses
for inducing protection against challenge with highly pathogenic SIV and
SHIV isolates.505–507,561 A widely used vaccine based on an attenuated strain
of equine lentivirus EIAV has protected 75 million horses and donkeys over
the past 30 years in China.515,516 Studies describing efficacious molecularly
cloned attenuated EIAV and CAEV vaccine viruses have also been
reported.562,563 Examination of attenuated FIV vaccines has been limited
but shown that this approach is also effective for the feline AIDS animal
model. The FIV-Petaluma virus variant used in the commercial FIV WKV
vaccine was recently shown to establish a low-level infection of cats without
induction of apparent FIV-associated disease.316 Furthermore, infection
with the attenuated FIV-Petaluma variant protected against infection with
a different pathogenic FIV isolate (FIV GL8), although of the same subtype.
Complete protection was conferred by this attenuated FIV against FIV GL8
delivered by the intraperitoneal route and partial protection was demon-
strated against challenge by a mucosal route. Complete protection was also
imparted against wild-type FIV challenge by inoculation of cats with infec-
tious molecularly cloned FIV deletion mutants including a LTR mutant
encoding a deletion of the AP-1 site564 and a vif-deleted provirus (FIV-Dvif)
administered as a DNA vaccine.174,331 Lastly, superinfection of domestic cats
with either nonpathogenic lion or puma nondomestic feline lentiviruses
has been shown to confer resistance to infection with pathogenic domes-
tic FIV.565 Immune correlates were not apparent from any of these attenu-
ated FIV vaccine studies. In fact, the substantial genetic variation observed
between domestic and nondomestic feline lentiviruses argues against initial
control of challenge virus infection driven by epitope-specific immune
responses and instead suggests currently undetermined resistance factors
or mechanisms possibly associated the innate immune system. An impor-
tant limitation of attenuated lentiviral vaccines is the concern for long-
term safety as demonstrated by experiments performed by Ruprecht and
coworkers, which showed that a SIV nef deletion mutant may cause fatal
AIDS-like disease in newborn macaques and may become pathogenic after
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long-term infection of adult macaques.508–510 Regardless of whether attenu-
ated lentivirus vaccines will ever be safe enough for general use, examina-
tion of these viruses in animal model systems, including FIV, offers an
important opportunity to identify and fully characterize immune responses
and undefined host resistance factors that confer protection against path-
ogenic virus infection or disease.

Critical Issues for FIV Vaccine Development

FIV vaccine development faces critical issues that are very similar or
identical to those facing HIV-1 vaccines. Characterization of immune cor-
relates of protective immunity for any of the FIV vaccine approaches exam-
ined so far has been elusive, a situation that is common to all lentivirus
vaccines including those for SIV and SHIV, and must be addressed for suc-
cessful HIV-1 vaccine design in the future.566 Vaccine-induced enhance-
ment of pathogenic virus challenge has been consistently observed with FIV
and EIAV vaccine approaches,567 involving either WKV, FC, or protein sub-
units/peptides and for FIV, was thought to result from enhancing anti-
bodies that might be specific to epitopes within Env hypervariable regions
V3–V5 or to the PID epitope.462,568,569 However, vaccines using recombinant
Env proteins with regions V3–V5 deleted were shown to remain capable of
inducing enhancement of challenge infection.569 Occurrence of FIV DNA
vaccine-induced enhancement of challenge virus infection despite negligi-
ble antibody responses, also suggested mechanisms other than enhancing
antibodies, such as lymphoid activation.554,555 A very recent report described
enhancement of challenge virus infection after vaccination of rhesus
macaques with an attenuated recombinant varicella-zoster virus vaccine
expressing SIV Env.570 Vaccine-associated enhancement in this study cor-
related with appearance of robust anamnestic virus-specific CD4 proli-
ferative responses in the absence of strong CD8 responses and again
suggested that immune activation may play a role in vaccine-induced
enhancement along with cellular responses skewed against CD8 T-cells.
These findings suggest major concerns for clinical testing of HIV-1 vaccines
for which less than optimal CD8 responses are already predicted and vali-
date use of the FIV animal model for characterization of this potentially
devastating complication of HIV vaccine use. A third issue of importance
for both future and the current commercial FIV vaccine design as well as
future commercial HIV-1 vaccines, concerns interference of vaccine-
induced antibodies with FIV diagnostics. All lentivirus diagnostic assay
systems utilize seropositivity as a marker for virus infection. PBMC virus iso-
lation and plasma viral RNA detection systems using PCR, although spe-
cific, are not sufficiently sensitive to detect all virus infections or currently
feasible as routine diagnostic assays. Future HIV-1 vaccine design will even-
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tually need to address this issue for which the FIV animal model may prove
most useful.

7. FIV AND ANTIVIRAL THERAPIES

Relatively soon after the initial isolation and characterization of FIV,
considerable efforts were focused on characterizing this lentivirus as 
an animal model for antiviral therapies for HIV-1. These studies were
encouraged by similarities between FIV and HIV-1 RT in amino acid
sequence, structure and physical properties, catalytic activities, and suscep-
tibility to multiple nucleoside analogs, including AZT, 3TC, 9-(2-
phosphonomethoxyethyl)adenine (PMEA) and (R)-9-(2-phosphonyl-
methoxypropyl)-2,6-diaminopurine {(R)-PMPDAP)},571–575 as discussed
earlier in this chapter. Conversely, FIV has proven relatively resistant to
therapies including nonnucleoside RT inhibitors and protease inhibitors
used in highly active antiretroviral therapy (HAART) protocols for HIV-1-
infected patients.96,109,110,576 Nevertheless, ongoing studies are evaluating
protease inhibitors in vivo that show activity against proteases of multiple
lentiviruses in vitro, as well as drugs that target lentiviral TM fusion domains
conserved across different lentiviruses. Identification of such compounds
will be important for design of efficacious HAART protocols for FIV infec-
tion and continued development of FIV as a model for HIV-1 antiviral drug
therapy.

Examination of FIV susceptibility to AZT in vitro resulted in the first
description of emergence of an AZT-resistant lentivirus through virus
passage in cell culture104 and led to a rigorous examination of multiple
drug-resistant FIV RT mutants that arise in vitro.108,577–579 Although FIV resis-
tance to AZT did not map to homologous residues within AZT-resistant
HIV-1 RT mutants, both FIV and HIV-1 do share a similar determinant
(M184 in the YMDD active site of the RT palm subdomain) for suscepti-
bility to nucleoside analog 3TC.106,107 Accordingly, a Met-to-Thr mutation
in the YMDD motif of RT has been observed in 3TC-resistant mutants for
both FIV and HIV-1. Studies assessing drug-resistant FIV mutants in vivo
have been very few but have revealed attenuation of an AZT-resistant FIV
when inoculated into cats.111 These findings recommended the potential
use of this model for characterizing pathogenesis of other FIV variants resis-
tant to drugs, targeting domains conserved between lentiviral enzymatic
proteins.

Examination of FIV susceptibility to nucleoside analogs AZT, PMEA,
and (R)-PMPDAP in vitro has been complemented by a variety of in vivo
studies that illustrate the value of this animal model for HIV-1 antiviral drug
development and assessment of drug efficacy. Studies testing the merit of
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AZT as monotherapy for either reducing virus load, improving CD4:CD8
T-cell ratios, or clinical status in both experimental primary infection and
chronic natural infection with FIV have produced somewhat mixed results.
Altogether, however, investigations have revealed fairly limited efficacy for
AZT used as a single therapeutic regimen for FIV infection, as previously
found in HIV-1 infection, and frequently reported side effects such as
anemia that are also observed in human patients.580–587 Furthermore, a
single report examining combination therapy of AZT and 3TC for cats
either acutely or chronically infected with FIV described only slightly
improved efficacy compared to AZT treatment alone.588 In contrast, nucle-
oside analog PMEA and its derivative (R)-PMPDAP have proven very effi-
cacious as antiviral therapies for FIV infection both in vitro and in vivo by
significantly reducing virus load and improving CD4:CD8 T-cell
ratios.572,573,575,581,589,590 Combination therapy consisting of AZT, 3TC, and a
third nucleoside analog abacavir also blocked FIV replication in a syner-
gistic manner in vitro.591 These observations suggest that this drug combi-
nation or combinations including PMEA may warrant future assessment as
HAART protocols using the FIV animal model.

A shortage of HIV-1 protease inhibitors that effect FIV replication due
to differences in substrate specificity displayed by FIV PR and HIV-1 PR90–95

has hampered use of the FIV animal for analysis of combination drug pro-
tocols used in HAART protocols for HIV-1-infected patients. However,
attempts to identify a protease inhibitor universally active against multiple
lentivirus PRs revealed that a statine-based inhibitor LP-13096 and a C2-
symmetric competitive inhibitor identified as TL-393,592 were both capable
of inhibiting PR expressed by HIV-1, SIV, and FIV. Interestingly, compari-
son of crystal structures of FIV PR and HIV-1 PR in complex with TL-3
reveals differences in the position of the flaps in FIV PR and HIV-1 PR,
whereas complexes of FIV PR and HIV-1 PR with inhibitor LP-130 are
nearly identical in conformation.593 Recent reports have shown TL-3 to
inhibit FIV and HIV-1 replication and to be active against protease
inhibitor-resistant HIV-1 mutants in vitro.93,592 Furthermore, TL-3 treatment
of FIV-infected cats reduced virus load and disease, including clinical neu-
rologic dysfunction and severe acute phase immunodeficiency.343,594 These
findings support further testing of TL-3 in combination drug protocols for
FIV infection both in cell culture systems and in vivo. Assessment of com-
bination protocols with TL-3 may be particularly warranted for testing a
proposed hypothesis that therapy with compounds broadly reactive against
proteases of multiple lentiviruses will less likely be associated with emer-
gence of protease inhibitor-resistant virus mutants in vivo.

Recent preliminary studies have also described testing synthetic pep-
tides targeted to determinants within the FIV TM ectodomain, such as the
heptad repeat 2 (HR2) domain595 and the membrane-proximal tryptophan-
rich region138,416 (Figure 3) as antiviral therapeutics. Previous studies
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showed that HIV-1 peptides derived from the HR1 and HR2 regions are
potent inhibitors of HIV-1 infection and function by blocking virus-
mediated cell fusion.596 Similarly, the membrane-proximal tryptophan-rich
region immediately downstream of HR2 within the TM ectodomain has
also been shown to be important for virus-induced fusion and infectivity
for both HIV-1 and FIV.34,137,597 Testing of combination FIV therapies that
include nucleoside analogs, protease inhibitors such as TL3, and Env
peptide inhibitors now proven active against FIV has not yet been reported
but looks promising for further development of the FIV model for HAART
therapies for HIV-1.

Various other antiviral approaches have shown activity against FIV
replication either in vitro or in vivo but have been examined in a limited
fashion. Strategies previously shown to successfully target the FIV Rev 
regulatory system in vitro include a ribozyme directed to the FIV RRE
element598 and small molecule intervention using 1,8-diaminooctane that
blocks the formation of hypusine required by eIF-5A, a cellular factor
required for HIV-1 Rev function.166 Cytokines and cellular growth factors
including recombinant human interferon-alpha2, human interferon-
omega, human interferon-tau, recombinant human GM-CSF, IL-16, and
recombinant human insulin growth factor-1, demonstrated limited success
as treatment for FIV infection either in cell culture systems or in infected
cats.328,394,599–603 However, cytokines as adjunctive therapy to HAART therapy
are currently under evaluation in HIV-1-infected patients604 and may be
worthy of similar examination in the FIV model, where mechanisms 
may be experimentally characterized. Cytokines may be useful both as
immune reconstitution therapeutics and for activating expression of latent
reservoir viruses for subsequent elimination by antiviral drugs. In conclu-
sion, animal models such as FIV and SIV provide opportunities for exam-
ination of tissues and cell subset reservoirs for virus in hosts undergoing
HAART therapy as reported for HIV-1-infected patients232,605 and, more
importantly, characterization of viral mechanisms for persistence within
these reservoirs.

8. FIV AS A VIRAL VECTOR

Advances in characterization of FIV molecular virology have facilitated
development of FIV vectors as vehicles for gene transfer in both dividing
and nondividing cells.606,607 FIV vector development has equally contributed
significantly to the body of knowledge regarding viral determinants of FIV
gene expression, virus packaging, and integration. Lentiviruses provide
unique vector systems that allow reliable integration of foreign genes into
chromosomal DNA of nondividing cells. Although cumulative data gener-
ated for HIV-based vectors suggest that safe and effective primate lentivirus
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vectors will be possible, concern over the clinical use of gene vectors
derived from a pathogenic human retrovirus (HIV-1) may restrict the use
of such vectors. FIV has provided the first nonprimate lentivirus vector
system capable of gene transfer efficiency comparable to that observed with
HIV-based vectors.608 Development of lentivirus vectors based on FIV has
received continued support due to the apparent lack of FIV replication
competence in human cells, resulting from restriction of FIV LTR pro-
moter activity. Although cell culture-adapted variants of FIV are capable of
utilizing human chemokine receptor CXCR-4 for infection of human
cells,260 FIV LTR-directed gene expression and virus production are abro-
gated in human cells.415 Lack of cross-reactivity of FIV proteins with those
of HIV is another potential advantage for use of FIV-based vectors. As dis-
cussed above, FIV virion structure and genomic organization are typical of
other lentiviral genomes except for the absence of specific accessory and
regulatory genes such as vpr, vpu, nef, and tat and the presence of a pol-
encoded dUTPase. The less complicated FIV genome provides another
advantage for use of this vector system. FIV vectors systems infect human
primary cell types from a broad array of tissues, including brain, eye, airway,
hematopoietic system, liver, muscle, and pancreas.607 These and other
factors have promoted enthusiasm for FIV vector systems for gene therapy
in human disease.

The first FIV vector described was derived from FIV molecular clone
34TF1038 and documented that FIV-based vectors were capable of trans-
ducing nondividing human cells.260 Subsequent studies reported by other
research groups described biology and cell tropism for similar but modi-
fied FIV vector systems also based on FIV 34TF10.225,609,610 All FIV vector
systems described to date use three plasmids: a transfer vector for encod-
ing the gene of interest, a packaging vector for expression of structural and
enzymatic genes, and a plasmid for expression of the vesicular stomatitis
virus (VSV)-G envelope protein for pseudotyping of vector particles.606 A
chimeric FIV LTR, composed of a human cytomegalovirus (hCMV) imme-
diate early gene promoter replacing the FIV U3 element and fused to the
R/U5 LTR domains, is found in all FIV transfer vectors and is necessary
for FIV vector production from human cells. As stated earlier, studies
focused on optimization of FIV vectors system have mapped specific repli-
cation domains that include encapsidation determinants,44,45 a central poly-
purine tract, and a central termination sequence that generates a central
DNA flap in the preintegration complex.46 Data from these studies revealed
a divergence in sequence between the FIV cPTT and the FIV 3¢ PTT, and
also showed that the FIV cPTT and 3¢ PTT are not entirely purine. 
These findings uncovered differences between FIV and HIV-1 reverse trans-
cription and have been incorporated into FIV vector design. Vector 
optimization studies have also characterized class I FIV integrase mutants
that prevent the integrase reaction but do not perturb other Gag/Pol 
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functions.125,607,611 These integrase mutants may be incorporated into 
preclinical gene therapy studies in animals for providing control vectors
that identify tissues with a requirement for vector integration for gene
expression. Finally, FIV vectors have been further modified by deleting
noncoding and nonstructural FIV sequences as well as specific gag
sequences for construction of minimal vectors with reduced cytotoxicity,
yet efficient gene transfer.609,612 Continued FIV vector design studies will
contribute to further understanding of the FIV life cycle and FIV molecu-
lar virology, as well as facilitate development of optimal lentiviral vector
systems. Additional studies will also be required to fully characterize and
compare relative efficiencies, as well as biosafety of FIV with primate
lentivirus vectors.

9. FELINE LENTIVIRUSES OF NONDOMESTIC CATS

Incidence

The initial observation of infection of nondomestic cats with a feline
lentivirus613 was subsequently confirmed by multiple reports revealing
either virologic or serologic evidence of infection in both captive and free-
ranging populations of several nondomestic feline species.269,275–282 Species-
specific feline lentivirus isolates have since been characterized for lions
(FIV-Ple), leopards (FIV-Ppa), pumas/courgars (FIV-Pco), and pallas cats
(FIV-Oma).277,614–617 Nondomestic feline lentivirus infection of free-ranging
nondomestic felids is worldwide and includes lion and leopard populations
within Africa; cougar populations in southern and western United States,
Canada, and South America; cheetahs in Africa; and Pallas cats in central
Asia.269,275,278,281,282,613 Interestingly, the prevalence of feline lentivirus infec-
tion in specific nondomestic cat populations, including lions in the
Serengeti National Park and Ngorongoro Crater of east Africa and Kruger
National Park of South Africa and cougars within the Snowy Mountain
Rage in Wyoming, is quite high ranging from 58% (cougars) to 90%
(lions).277,281,282,618 Despite evidence of endemic infection of free-ranging
lion and cougar populations, overt disease has not been associated with
lentivirus infection in these populations.619,620 This apparent lack of viru-
lence, along with the significant genetic diversity observed among feline
lentiviruses, suggests that FIV-Pco and FIV-Ple are ancient viruses that have
adapted to their hosts282,615,618 and may be comparable to African SIV iso-
lates that are similarly nonpathogenic for their natural hosts.621,622

Genomic Diversity

Characterization of a molecularly cloned FIV-Oma proviral genome
revealed genomic organization similar to that of domestic cat FIV iso-
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lates.614 However, current knowledge of genomic diversity of nondomestic
FIV isolates is based primarily on phylogenetic analyses focused on viral
sequences generated from endemic FIV-Ple- and FIV-Pco-infected cat pop-
ulations. Although lentiviruses infecting nondomestic cats are clearly
related to domestic cat FIV, comparison of amino acid and nucleotide
sequences derived from the highly conserved pol gene of nondomestic
(lion, cougar, and pallas cat) and domestic feline FIV isolates reveals con-
siderable variation, ranging from 21 to 30% differences in nucleotides and
19 to 45% in amino acids.269,277,614,615,618 These data indicate that divergence
between domestic and nondomestic cat lentiviral genomes is similar to that
observed between HIV-1 and HIV-2. Furthermore, significant genomic
diversity reported for cougar FIV-Pco isolates gathered from North and
South America defined two principal clades and 15 divergent subclades 
for this nondomestic FIV.282,615 Genetic divergence measured for the two
FIV-Pco clades was similar to the diversity that distinguishes domestic cat
FIV from FIV-Ple isolates. Similarly, analyses of FIV-Ple isolates from lion
populations within the Serengeti Reserve and Ngorongoro Crater in south-
eastern Africa identified three phylogenetic clades exhibiting genetic diver-
sity also similar to that which separates domestic cat FIV from FIV-Pco.277,618

Sequence diversity within the conserved pol genes derived from both FIV-
Pco and FIV-Ple isolates is greater than that reported for the few pol
sequences available for domestic cat FIV. In fact, this pol gene variation is
similar to diversity measured for the more variable env genes used to define
unique domestic cat FIV clades. These findings provide additional support
to the theory that nondomestic feline lentiviruses are ancient viruses that
have existed within cougar and lion species much longer than FIV in
domestic cats.

Additional findings from phylogenetic analyses of endemic FIV-Pco-
and FIV-Ple-infected cat populations include evidence of vertical transmis-
sion (Pco)282,615 and possible coinfection of different subtypes within a
single host (Pco and Ple).615,618 A recent report examining a large free-
ranging lion population that included 13 prides within the Serengeti
National Park revealed the presence of all three FIV-Ple subtypes widely 
dispersed within the population. Infection with the three FIV-Ple sub-
types within the same pride and possibly within the same host was also
observed.618 Furthermore, a high incidence (43%) of coinfection with two
to three FIV-Ple subtypes within individual animals was reported, although
the alternative possibility of infection with subtype-recombinant viruses was
not ruled out. Significant genomic divergence between different FIV-Ple
subtypes, most notable between subtype C and the two other subtypes (A
and B), was also observed for this population of lions. Monophyletic clus-
tering of FIV-Ple sequences was observed for only one of the prides under
study.
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Findings described above for lion populations within Serengeti
National Park contrasted with those generated from a study of a smaller
population of wild cougars located in a mountain range in southeast
Wyoming.282 These animals supported an overall FIV-Pco prevalence rate
of 58% and a remarkable 100% rate of infection for all adult animals.
Although analysis of both pol and env sequences confirmed the presence
of two distinct FIV-Pco lineages within this infected cougar population,
sequence diversity between the lineages was low and evidence of coinfec-
tion of a single host with viruses of distinct lineages was not found. Impor-
tantly, investigation of the evolution of both FIV-Pco pol and env sequences
within this cougar population over time revealed mean rates of 1 to 3% per
10 years, a rate considerably less than rates of 0.3 to 1% per year reported
for HIV.623–626 Collective observations generated so far from phylogenetic
analyses of nondomestic FIV isolates suggest that these lentivirus infections
provide unique opportunities to evaluate virus dynamics and viral sequence
evolution in a natural host for a nonpathogenic lentivirus.

Infection and Replication of Nondomestic Feline Lentiviruses

The extent of genetic divergence described so far between domestic
and nondomestic feline FIV isolates would suggest that infection and repli-
cation of nondomestic isolates may not be possible in domestic cats or in
primary lymphocytes isolated from domestic cats. Reports of in vitro repli-
cation properties of nondomestic feline lentiviruses are scarce and have
been restricted by the inability of some nondomestic FIV isolates such as
cougar FIV-Pco, to replicate in domestic cat primary lymphocytes.269,617

However, some nondomestic FIV isolates including FIV-Ple and FIV-Oma
have been shown to replicate in domestic cat lymphocytes and some feline
cell lines including CrFK cells (FIV-Oma) and a feline lymphoid cell line
(3201 cells) (FIV-Ple).275,617 FIV-Pco was also shown to replicate in 3201
cells.617 Although characterization of receptor usage for nondomestic feline
lentiviruses has not yet been reported, these current findings for in vitro
growth properties suggest that nondomestic FIV isolates may also be
capable of infecting and replicating in vivo in domestic cats. Rare, isolated
cases of naturally occurring cross-species transmission of domestic cat FIV
to nondomestic cats have been reported, which involved a cougar and a
wild-caught Tsushima cat belonging to a subspecies of leopard cats located
in Japan.279,615 Experimental transmission studies have also confirmed the
infectivity of both FIV-Pco and FIV-Ple in domestic cats627,628 and revealed
that establishment of persistent FIV-Ple viral infection is possible in the
absence of FIV-associated disease. Moreover, prior infection of domestic
cats with either FIV-Pco or FIV-Ple appears to impart some resistance to
challenge with pathogenic domestic cat FIV based on lower challenge virus
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loads and higher CD4 counts measured for FIV-Pco- and FIV-Ple-infected
domestic cats compared to naive cats after exposure to domestic cat FIV.565

Additional studies with rigorous measurement of virus load and careful
examination of viral immunopathogenesis over extended time periods will
be needed to characterize nondomestic feline lentivirus infection of the
domestic cat as a model for HIV infection.

10. OUTLOOK FOR THE FIV ANIMAL MODEL

Significant progress has been made in the development of antiviral
drug regimens for HIV-1, although complete elimination of the virus from
the host and full restoration of immunocompetency are still not possible.
However, a commercial safe and efficacious vaccine for HIV-1 is still not
available and is unlikely in the near future, despite exhaustive efforts in
HIV-1 vaccine development that began 20 years ago immediately after the
initial characterization of HIV-1.566 Several serious issues that must be
resolved for future vaccine success include identification of immune cor-
relates of protection against either lentivirus infection or virus-associated
disease. The apparent difficulty of addressing this question was predictable
since virus elimination has not been observed during natural infection with
immunodeficiency-inducing lentiviruses, even when strong virus-specific
cellular and humoral immune responses have been detected in the
infected host. Vaccine-induced protection against pathogenic challenge
has been difficult to achieve in both the SIV and FIV animal models, and
when observed, has been inconsistent. An additional complication is pre-
sented by the specter of vaccine-induced immune responses that prove
detrimental rather than protective as reported for FIV and more recently
in the SIV animal model. The complication of virus strain diversity has
barely been addressed by vaccine design in animal models and surely poses
a major complication for HIV-1 vaccine success in the future. Successful
resolution of these obstacles in vaccine development, and most particularly
the lack of understanding of why some vaccines such as attenuated viruses
are sometimes protective, absolutely requires continued examination of
viral pathogenesis and host immune responses in animal models including
both nonhuman primate and nonprimate lentivirus animal models. Eluci-
dation of pathogenic mechanisms used by these immunodeficiency-
inducing lentiviruses during the earliest stages of virus exposure and 
virus-host interactions will be critical for design of vaccines that will have
any potential for sterilizing immunity, if such a goal is possible. Similarly,
a far more precise understanding of viral mechanisms for immunodefi-
ciency will also be necessary for design of therapies of immune reconsti-
tution in both acutely and chronically HIV-1-infected hosts, which can only
be gained through experimental animal model studies.

198 ELLEN E. SPARGER



Significant progress in characterization of FIV infection has been
accomplished in the past 10 years, especially regarding molecular charac-
terization of viral proteins, FIV receptor usage, and virus tropism and local-
ization in vivo. Progress in development of FIV vectors for gene therapy
has also been accomplished and has contributed considerably to the mole-
cular characterization of FIV. Continued efforts in FIV vaccine and broad-
based antiviral therapeutic development has demonstrated the strong
potential of the FIV model for investigation of novel vaccine approaches
and antiviral drugs. Lastly, similarities observed for host cell targets for virus
infection and immunodeficiencies associated with FIV and HIV infection
in vivo offer strong support for use of this animal model for crucial studies
focused on mechanisms of immunopathogenesis of lentivirus-induced
acquired immunodeficiency.
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1. INTRODUCTION

The domestic cats (Catus domesticus) from which feline immunodeficiency
virus (FIV) was first isolated showed clinical signs of immunodeficiency, and
the incidence of disease was associated with the prevalence of FIV. The 
first publication by Niels Pedersen and his collegues1 at the University of
California describes a number of important genomic, structural, and bio-
chemical characteristics of the virus that were found to be remarkably
similar to human immunodeficiency virus (HIV). During the past two
decades, FIV infection in the domestic cat has become an excellent com-
parative model for studying several aspects of HIV biology, vaccine devel-
opment, and particularly immunopathogenesis. Although the lentiviruses
genetically most closely related to FIV are those of the small ruminants,
maedi-visna virus of sheep, and caprine arthritis encephalitis virus,2,3 the
type of disease produced by FIV is remarkably similar to acquired immun-
odeficiency syndrome (AIDS) in humans.

HIV infection results in a transient lymphopenia at the time of sero-
conversion followed by a partial rebound in CD4+ T-cell numbers and the
development of a CD8+ lymphocytosis after several weeks. The character-
istic decrease in the CD4+/CD8+ T-cell ratio progresses throughout the
asymptomatic stage of infection as CD4+ T-cells continue to decline. By the



time HIV+ patients develop AIDS, the CD4+ T-cell numbers are markedly
reduced.4 Parallel with a loss in CD4+ T-cell numbers is a progressive decline
in CD4+ T-cell proliferative response to mitogenic and antigenic stimula-
tion that is unrelated to CD4+ cell numbers.5 The number of CD8+ T-cells
also decreases as AIDS develops, but unlike CD4+ T-cell counts, is not a
good predictor of disease progression.6,7 The loss of CD4+ cell numbers and
function is highly predictive of the development of AIDS, suggesting that
the immunopathogenesis of HIV and the development of AIDS are cen-
tered around this selective loss. Despite intensive research in the 20 years
after the first isolation of the virus, the mechanisms responsible for the
changes in circulating lymphocyte subsets in HIV+ patients are not fully
understood.

The development of the FIV animal model with virus-immune system
interactions similar to those seen with HIV has greatly facilitated the study
of the immunopathogenesis of AIDS, which will be focus of this chapter.

2. COURSE OF THE DISEASE

As in HIV+ patients, progressive immune dysfunctions in naturally 
or experimentally FIV+ domestic cats usually result in four clinical stages
of disease (Figure 1). The acute phase of the infection is characterized 
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FIGURE 1. Natural history of FIV infection. The acute stage infection is characterized by an
initial plasma viremia and a decrease in CD4+ and CD8+ cells in the peripheral blood that is
followed by a rebound of CD4+ and CD8+ cells and a marked decline in plasma viremia. The
initial phase of the immune response (gray underlayed area) appears to be normal and similar
to other viral infections.198 With transition to the asymptomatic stage of infection a low level
plasma viremia persists and CD4+ cell counts in the peripheral blood remain lower than phys-
iologic numbers before the infection. With time of infection CD4+ cells and in later stages
also CD8+ cells progressively decrease. Clinical symptoms appear as the infection progresses
to the AIDS-related-complex (ARC) and AIDS stages that are characterized by a marked
immunodeficiency and an increase in plasma viremia.



by an early peak in plasma viremia generally three to four weeks post-
infection. Transient clinical signs may accompany this early period of 
virus replication, commonly manifested as mild pyrexia, anorexia, depres-
sion, and neutropenia. Acute diarrhea, conjunctivitis, and upper respira-
tory tract symptoms may develop in more severely affected cats.8

During this period, productive infection is seen within the thymus, mucosal
and systemic lymphoid tissues, and bone marrow, and the virus can be
detected in plasma, saliva, vaginal secretions, semen, and milk/
colostrums.9–13 Virus also enters the central nervous system early in the
course of infection and can be isolated from cerebrospinal fluid.10 Some
cats develop a persistent generalized lymph-adenopathy without obvious
secondary or opportunistic infections.8 Concurrent with the humoral and
cellular immune response the level of viral load in plasma decreases and
the animals become clinically asymptomatic. Usually the infection remains
clinically inapparent for prolonged periods of time, lasting for several
years. Despite the lack of clinical disease symptoms, there is progressive
immune dysfunction characterized by loss of CD4+ cells, altered cytokine
profiles, inability of CD4+ cells to produce interleukin (IL)-2, and loss of
T-cell proliferative response to mitogen and major histocompatibility
complex (MHC) II restricted recall antigens. Antibody responses in FIV+
cats have been reported to be normal or enhanced,14 but usually infected
cats mount reduced antibody responses to a variety of antigens and
microorganisms.15–17 As immune dysfunctions progress, infected cats even-
tually move into the AIDS-related complex (ARC) stage of infection. This
stage is characterized by recurrent episodes of infection and inflammation,
and cats suffer from infections of the oral cavity, weight loss, anemia,
leukopenia, upper respiratory tract infections, chronic skin disorders, diar-
rhea, and lymphoid neoplastic disorders. Neurologic symptoms associated
with the ARC stage of FIV infection may include sleep disorders, behav-
ioral changes, and altered visual and auditory evoked potentials.18–20 As in
HIV+ patients,21 the great majority of lymphoid tumors are of B-cell
origin.8,22,23 Clinical symptoms worsen over a period of months to years, and
animals may develop a disease picture comparable to AIDS in man. Cytope-
nia with CD4+ T-cell numbers less than 200–300/ml of blood is usually seen
with this stage of disease that is also characterized by increased plasma viral
load, weight loss, pancytopenia, severe emaciation, chronic disease symp-
toms, and opportunistic infections. In the individual cat the degree of 
CD4+ cell depletion, however, does not solely predict the clinical outcome,
although for the larger population of FIV+ cats, this correlate can be
made.24,25 Cats usually die within months of developing AIDS-associated
clinical disease.22,23,26,27

Whatever the mechanisms leading to the loss of CD4+ cell numbers
and function, data suggest that FIV and HIV affect the immune system in
a similar manner and share a common immunopathogenesis.
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3. FELINE IMMUNODEFICIENCY VIRUS (FIV)

A major feature of retrovirus infection is virus persistence in the host.
Lentiviruses achieve this through the integration of a reverse transcribed
DNA copy of the viral RNA into the host cell chromosomal DNA, which is
maintained as provirus for the life of the cell. Lentivirus persistence is also
promoted by the establishment of effective mechanisms to evade the host’s
specific immune responses to viral antigens. The latter can be achieved by
constant mutational changes in viral antigens presented to the immune
system or by interference with immune regulatory mechanisms essential
for the induction of an effective immune response.

Cell Tropism

HIV and FIV are both lymphotropic lentiviruses. The majority of HIV
strains utilize the host cell CD4 molecule as the primary receptor. It was
originally thought that FIV has a somewhat broader lymphocyte tropism
than HIV as it does not utilize the CD4 receptor and has the ability to infect
CD8+ cells and B-cells.28 However, HIV and SIV infection of CD8+ cells and
B-cells has been reported, and some strains of HIV and SIV have been
demonstrated to enter target cells independent of their CD4 expression
(Table I).29

In vivo, FIV infects CD4+, CD8+ T-cells, B-cells, cells of the mono-
cyte/macrophage lineage, astrocytes, and megacaryocytes.1,10,28,30,31 The vast
majority of bone marrow cells apparently remain virus-free throughout the
course of FIV infection. By in situ hybridization, FIV RNA was detected only
in limited numbers of megacaryocytes and mononuclear cells.32,33 For both
FIV and HIV, only low numbers of circulating monocytes have been found
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TABLE I
Main Cell Tropism and Chemokine Receptor Usage

Cell Tropism HIV SIV FIV

CD4+ T-cells + + +
CD8+ T-cells (+) (+) +
B-cells - - +
Monocytes/macrophages + + +
Astrocytes/Glia cells + + +

Chemokine receptora

CCR5 + + -
CXCR4 + - +

a Belong to the seven-transmembrane domain chemokine receptor family



infected.28,34 Both viruses, however, are prevalent in tissue macrophages and
follicular dendritic cells.33,35

The principal in vivo target of FIV early after infection is CD4+ T-cells,
which carry the highest proviral burden.28 As the infection progresses to
the asymptomatic phase the provirus burden shifts from the CD4+ cells to
the CD21+ B-cells and CD8+ cells.28,32,36 Several reasons may account for the
shift in proviral burden within weeks after acute infection. As with HIV
infection, FIV can be lytic for CD4+ cells in vitro, raising the possibility that
a highly susceptible population of CD4+ cells are infected and rapidly lysed.
Immune-mediated destruction of infected CD4+ cells as a means of reduc-
ing virus burden may also occur. In support of this the decrease in CD4+

cell proviral burden in FIV+ cats correlates with the increase in activated
CD8+ cells.37 CD8+ cells may control virus levels by CTL-mediated FIV-
infected CD4+ cell lysis or by suppression of virus replication in a noncy-
totoxic, contact-dependent non-MHC restricted mechanism.38–41 Whatever
the reason, continued viral replication in the CD4+ T-cell population may
then depend on a slow renewal of these cells or on a smaller CD4+ T-cell
subset supportive of a nonlytic virus infection.

Differential susceptibility of CD4+ cell subsets has been reported for
both HIV and SIV.42,43 Subsets of activated CD4+ cells are preferentially
infected by HIV-1 and SIV in vitro and the same subsets of highly differ-
entiated, activated CD45RO expressing CD4+ cells contain the majority of
provirus in vivo during the entire course of the infection.44,45 In vitro studies
demonstrated that productive HIV infection is associated with a CD4+ T-
cell subset characterized by a partial activation phenotype, as indicated by
cell surface expression of the CD25 receptor (IL-2 receptor a chain).
Peripheral blood mononuclear cells (PBMC) depleted of CD25+ cells are
markedly diminished in their ability to replicate HIV when infected in
vitro.42,43 CD4+CD25+ cells were also shown to be susceptible to productive
HIV infection in vitro, whereas highly purified resting CD4+CD25- cells
were resistant to infection.46 Interestingly, a naturally occurring CD25+

subset of CD4+ T-cells (T regulatory cells) with unique immune regulating
properties has been described in humans and rodents.47,48 While the
CD4+CD25+ cells reported to support HIV replication were not identified
as T regulatory cells, these observations are of interest, as the partial acti-
vated phenotype of CD4+CD25+ T regulatory cells could make it a particu-
larly favorable target for sustained HIV infection. Studies in our laboratory
demonstrated that both CD4+CD25+ and CD4+CD25- cells are susceptible
to FIV infection in vitro and in vivo, but only CD4+CD25+ cells replicate the
virus in the absence of mitogenic stimulation. In contrast to CD4+CD25-

cells, CD4+CD25+ cells, whether or not infected with FIV, do not prolifer-
ate in response to Concanavalin A (Con A) stimulation and are relatively
resistant to activation-induced programmed cell death. These observations
plus the fact that CD4+CD25+ cells are partially activated and yet are anergic
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and incapable of progressing through the G1 cell cycle suggest that they
could represent a long-lived reservoir of productive FIV infection.49

Receptor Usage

Despite the similar cell tropism to HIV, there is no evidence that FIV
uses the CD4 molecule as a cellular receptor.50,51 FIV infects a range of CD4-

cell lines, including monocyte/macrophages,30,52,53 which in cats do not
express CD4 and cells of neuronal lineage.10 CD4 expression on cells also
does not correlate with susceptibility to in vitro infection with FIV.54 It is
intriguing that FIV infection induces CD4+ T-cell associated AIDS-like
disease in cats and yet does not share a common primary cellular receptor
with HIV.

Binding of HIV to the primary receptor induces a conformational
change in the envelope glycoprotein that enables interaction with a
chemokine coreceptor. Following a second conformational change, the
viral envelope glycoprotein fuses with the cellular membrane of the target
cell allowing virus entry into cells.55,56 HIV-1 coreceptors belong to the
seven-transmembrane domain chemokine receptor family, with CCR5 and
CXCR4 being the main receptors for macrophage and T-cell tropic isolates,
respectively (Table I).57–59 The expression of CCR5 on human peripheral
blood T-cells is largely restricted to CD4+CD45RO+ (memory) cells, while
CXCR4 is expressed on B-cells and on both CD4+CD45RA+ (naïve) and
memory T-cells.60 CCR5-dependent viruses are detected early in HIV infec-
tion. In about 50% of infected individuals progression of the disease coin-
cides with the emergence of CXCR4-dependent viruses. The differential
expression of CXCR4 and CCR5 on cells of the immune system may
provide a basis for the specific targeting of memory T-cells early in infec-
tion and the additional cell types targeted with the emergence of CXCR4-
dependent strains in the later stages of infection.

FIV strains of clade A and tissue culture adapted strains of clade A and
B have been shown to utilize CXCR4 as a receptor for envelope-mediated
fusion.61–63 The second extracellular loop of CXCR4 acts as the primary
determinant of usage by the FIV envelope V3 to V5 region,64,65 and two
CXCR4 ligands, stromal cell derived factor 1 alpha (SDF1") and the bicy-
clam AMD3100 are able to inhibit FIV infection.62,63,66 In addition, the
feline CXCR4 displays 94.9% amino acid homology with the human coun-
terpart and FIV is able to utilize both species of CXCR4 for cell infection
and syncytia formation. It is unknown whether CXCR4 acts as a primary
receptor for some strains of FIV. Certain primate lentivirus strains can
utilize CXCR4 independently of the primary receptor CD4.29 In contrast to
the chemokine distribution in the human immune system, the expression
of feline CXCR4 in vivo is mainly restricted to monocytes and B-cells and
found to be unaltered after FIV infection.67 CXCR4 expression has also
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been reported on freshly isolated thymocytes and on a proportion of T-
cells in the lymph nodes. In vitro, expression of CXCR4 was shown to be
upregulated on mitogen-activated feline T-cells.62 If CXCR4 is also upreg-
ulated upon T-cell activation in vivo, FIV might selectively target activated
CD4+ cells in early stages of the infection, as has been reported.28,67 In
support of this, FIV has been shown to productively infect partially acti-
vated CD25 expressing CD4+ T-cells in vitro.49

It is, however, likely that FIV also uses alternate cellular receptors, in
agreement with the differential receptor usage by HIV strains.57 Consistent
with this, a number of CXCR4+ cell lines are resistant to infection by
primary isolates of FIV, and viral infection of T-cells is not consistently
inhibited by natural ligands for CXCR4.68,69 In addition, RANTES, the
natural ligand for CCR5, inhibits FIV infection of feline PBMC and anti-
bodies against CCR5 or CCR3 reduce FIV-dependent fusion of human
PBMC.68,70 Feline cell surface molecules can also function as coreceptors
for HIV and SIV infection, as HIV-2 and SIV can infect feline cells express-
ing the human CD4 molecule.71 These results suggest a shared chemokine
receptor usage between primate and feline lentiviruses and a close evolu-
tionary link of entry mechanisms between FIV and HIV. In addition to
chemokine receptors, cell surface heparans have been shown to contribute
to the envelope glycoprotein binding of cell culture adapted strains of
FIV,69 similar to that described for HIV.72 FIV envelope binding to primary
T-cells that cannot be inhibited by RANTES, SDF-1a, macrophage inflam-
matory protein 1$, or heparan also suggests the usage of additional cellu-
lar receptor(s) for some FIV strains.69

Antibody and complement binding has been shown to enhance sus-
ceptibility of B-cells for HIV infection.73 An indirect antibody and comple-
ment-dependent mechanism of viral entry into B-cells might also occur in
FIV+ cats. This is supported by the fact that proviral burden in B-cells
increases dramatically as the anti-FIV antibody response develops and
would explain why B-cells are not susceptible to FIV infection in vitro.28,74

Viral Clades

Phylogenetic analysis of the nucleotide sequences encompassing the
gag and envelope variable (V) 3 to 5 regions revealed that the degree of
divergence among FIV isolates from different places is a function of the
geographical distance and segregation.75–79 Five distinct clades (A-E) of 
FIV have been identified based on greater than 15 to 20% variability in
envelope amino acid sequences. The majority of viruses identified to date
belong to clade A or clade B.75–77,80 While both virus groups are distributed
worldwide, clade A viruses have been found to predominate in the western
United States, northern Japan, Germany, and South Africa, whereas clade
B viruses predominate in eastern Japan, Italy, Portugal, and the central and
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eastern United States.75,77 Clade B viruses are significantly more diverse
than clade A and can be distinguished by three evolutionary subgroups.77

Clade C viruses are common in northern Taiwan, Japan, and Vietnam.77,81–83

Several clade D viruses have been characterized from Japan and Vietnam.
Two Argentine strains represent subtype E viruses.84

It is currently not known whether infections with viruses from 
different clades or superinfections with viruses from different clades are
associated with an accelerated disease progression. Experimental studies,
however, suggest that FIV isolates from different clades differ in their path-
ogenicity, tissue cell tropism, and clinical disease.85–87 In one study, peak
plasma viremia and tissue provirus burden were significantly greater in cats
infected with clade B virus (FIV-2542) compared to those infected with 
a clade A virus (FIV-PPR).13 In another study comparing clade C (FIV-
CPGammar) and clade A (FIV-Petaluma) viruses, greater plasma viremia,
PBMC proviral burden, tissue viral burden, and histologic lesions were
detected in the clade C virus infected cats.88 Further studies are necessary
to determine whether differences in the pathogenicity described for these
clade B and clade C viruses can be extrapolated to other members of the
clades.

4. IMMUNE RESPONSE TO FIV

The hallmarks of FIV infection, as with HIV infection, is the progres-
sive loss of CD4+ T-cell numbers and immune function. The immune
defects in FIV+ cats are characterized by decreased responses to antigen
and mitogen stimulation, reduced antibody responses to a variety of 
antigens, and increased susceptibility to secondary pathogen. As FIV
induces a similar disease state as HIV, despite using an alternative cellular
receptor and having a broader cell tropism, understanding the
immunopathogenesis of FIV is of prime importance to elucidate the mech-
anism(s) of CD4+ T-cell depletion and the pathogenesis of lentivirus-
induced immunodeficiency.

Humoral Immune Response

B-cell numbers do not differ significantly from normal in either natu-
rally or experimentally FIV+ cats.17,27,89,90 Most naturally and experimentally
infected cats develop a polyclonal gammopathy (mainly IgG) directed
against nonviral proteins that can be detected as early as 6 weeks post-
infection.89,91,92 The hypergammaglobulinemia correlates histologically
with the activation of the B-cell compartment in lymphoid organs.25

Antibodies directed against FIV can be detected in serum of experi-
mentally infected animals by ELISA or western blot as early as 2 weeks
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postinfection and typically persist throughout the course of the disease.12,93

Antibody responses against Gag and Env usually develop at approximately
the same time and tend to remain high throughout the lifespan of the
infected animal.94,95 Using recombinant, partially overlapping peptides,
immunodominant domains have been localized within the surface and
transmembrane glycoproteins of FIV. Within the surface glycoprotein, an
immunodominant region has been identified within the V3 region, which
shares both structural and functional homology with the V3 domain of
HIV.96–99 Other immunodominant domains have been localized to the
carboxy terminus of the surface and transmembrane glycoprotein, as well
as to at least four different epitopes on the Gag protein.100–102 In addition,
the ectodomain of the FIV transmembrane glycoprotein contains an
immunodominant domain, also termed principal immunodominant
domain, analogous to that found in other lentiviruses.98 A pentapeptide
comprised between two cysteine residues represents a linear B-cell epitope,
which is recognized by 100% of sera from FIV+ cats.100 Characterization of
this domain revealed that chimeric FIV envelope protein containing the
principal immunodominant domain of HIV is correctly processed and is
capable of inducing syncytia in feline cells, whereas chimeric FIV envelope
proteins containing the similar domain of maedi-visna virus (MVV) or
equine infectious anaemia virus (EIAV) are nonfunctional. Computer 
modeling of this domain in FIV, HIV, MVV, and EIAV suggested a conser-
vation of structure between FIV and HIV, whereas there is little similarity
in structure between HIV and MVV or EIAV.98

Neutralizing Antibodies

The V3 region is an important target for virus-neutralizing antibodies.
Synthetic peptides consistent with this region have been found to inhibit
FIV-neutralizing activity of pooled immune cat sera, and cat sera raised
against these peptides effectively neutralized FIV infectivity for Crandell
feline kidney (CrFK) cells.96 Residual neutralizing activity in the absorbed
sera suggests that other nonlinear determinants in the viral envelope are
also involved in neutralization. The involvement of the V4 and V5 regions
of the surface glycoprotein in virus neutralization has been shown as single
amino acid changes in these regions conferred resistance to virus neutral-
ization.103,104 These data are supported by findings that the V3 to V5 region
of the FIV envelope interacts with the second extracellular loop of CXCR4
to mediate fusion.64,65 It is of interest to note that neutralizing epitopes and
also at least in part the immunodominant regions on the viral envelope
coincide with genetically highly variable regions.

Although FIV infection induces a strong neutralizing antibody
response, the role of these antibodies in controlling virus infection is con-
troversial. The presence of neutralizing antibodies does not correlate with
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virus clearance or disease progression in FIV+ cats, as virus neutralizing
titers are similar in asymptomatic and symptomatic FIV+ cats.105,106 Also, sera
that exhibited elevated titers of highly efficient, cross-reactive neutralizing
activity when assayed on CrFK cells exerted a much lower neutralizing
effect when assayed in PBMC, thymocytes or T-cell lines.103,106,107 In contrast,
the activity of neutralizing antibodies in vivo has been shown in adoptive
transfer experiments, as sera from vaccinated cats effectively protect cats
against subsequent challenge with the homologous strain of FIV.108,109 Cats
without detectable antibody production are also reported to progress more
rapidly to terminal immunodeficiency.110,111

Cellular Immunity to FIV

CD4 + T-Cells

In healthy domestic cats, CD4+ cells represent approximately 66% of
the T-cells in circulation, whereas CD8+ cells represent a much smaller 
proportion, yielding normal CD4:CD8 ratios between 1.5 and 3 (Figure
2A).17,27,90 In cats, similar to the situation in humans, CD4+ cells are the
main source of IL-2,112 which explains the “help” that CD8+ cells must
receive from CD4+ cells in mounting an immune response. CD4+ T-helper
function is manifested by IL-2-promoted expansion and differentiation of
natural killer (NK) cells and antigen-specific CD8+ cells into effector cells.
As such, antigen-specific CD4+ T-cell responses are essential for controlling
viral infection, including HIV and FIV infections.

The rapid expansion of activated CD8+ cells during the acute phase of
HIV and FIV infection suggests that in the initial immune response, CD4+

cells are able to provide the necessary T-cell help. Studies suggest, however,
that even at the acute stage of infection HIV-1 specific CD4+ immune
responses are not sustained as there is a relative absence of CD4+ cell pro-
liferative responses to HIV antigens despite normal CD4+ cell responses to
other antigens.113–115 During the chronic phase of infection, HIV-specific
CD4+ T-cell responses in the peripheral blood of HIV+ individuals, in 
particular those to the envelope, are also often difficult to detect.116 In
patients undergoing continuous highly active antiretroviral therapy
(HAART) reconstitution of functional antigen-specific CD4+ T-cell
responses to HIV and several other antigens has been observed.117–119 The
restoration of antigen-specific CD4+ T-cell responses in patients undergo-
ing HAART, however, does not always correlate with a significant decrease
in plasma viremia.118

Activation of CD4+ T-cells has been documented in both FIV and HIV
infection as CD4+ cells show an upregulated expression of B7.1 and B7.2
costimulatory molecules.120–123 Additional evidence of chronic and pro-
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gressive T-cell activation in FIV+ cats and HIV+ patients comes from studies
investigating the expression of L-selectin (CD62L), a surface marker that
is lost on activated T-cells. Analysis of CD62L expression on CD4+ cells in
FIV+ cats demonstrated that with time after infection the percentage of
CD4+CD62L- cells increase such that the CD4+CD62L- cell population rep-
resents about 80% of the total CD4+ cells in long-term (>7 years) infected
cats (Figure 2C and D).41 In other words, 80% of the circulating CD4+ as
well as CD8+ T-cells (Figure 2E and F) in the blood of chronic, long-term
FIV+ cats have an activation phenotype. A similar phenotype change has
been reported for CD4+ cells of HIV+ patients.124,125
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FIGURE 2. FIV infection results in decreased CD4+/CD8+ cell ratios and activation of T-cell
subsets. Flow cytometric analysis of feline CD4+ and CD8+ cells in the peripheral blood derived
from control (A, C, E) and FIV+ cats (B, D, F) are shown. In uninfected animals, the number
of CD4+ cells exceeds the number of CD8+ cells (A), whereas in FIV+ cats the decreased CD4+

cell numbers result in an inverted CD4/CD8 cell ratio (B). Numbers in the upper and lower
quadrants represent percentage of positive cells of the total CD45+ lymphocyte population of
representative blood samples. Two-color flow cytometric analysis reveals a loss of CD62L
expression on CD4+ and CD8+ cells in FIV+ cats (D, F) as compared to control animals (C, E).
Note that the loss of CD62L expression on CD8+ cells is restricted to the CD8a+blow cell pop-
ulation. Numbers in the upper and lower right quadrants represent percentage of positive
cells of representative blood samples. The increase in the percentage of CD4+CD62L- as well
as CD8+CD62L- cells progresses throughout the course of FIV infection.



CD8 + T-Cells

FIV and HIV infection results in increased total CD8 cell counts in 
the peripheral blood, which can usually be detected early after infection,
remain high throughout the long asymptomatic phase of infection, and
decrease only late in the infection prior to the development of AIDS-like
disease symptoms.27,89,126 In both infections, the CD8 lymphocytosis corre-
lates with the emergence of CD8+ cells that provide antiviral immunity
through cytotoxic and virus-suppressive mechanisms.38,40,41,127–129

Cytotoxic T Lymphocytes (CTL). CTL responses in the peripheral blood
of FIV+ cats can be detected as early as 2 weeks postinfection,130 which is
similar to the very early detection of virus-specific CTL activity in SIV+

macaques.131 Early detection of CTL activities corresponds with a reduction
in viremia and transition to the asymptomatic phase.128,130 In chronically
FIV+ cats, CTL responses against Gag, Pol, and Env epitopes are also
detectable in the lymph nodes and spleen.128,129,132 As the lymph node is a
known site of virus sequestration and replication following HIV infection,
and CTL responses in HIV+ patients are associated with the maintenance
of a low viral burden in the asymptomatic phase of long-term progressors,133

the demonstration of CTL at these sites in FIV+ cats may reflect the attempts
of the host immune system to control virus replication.134 In support of this,
vaccine-induced protection against FIV challenge has been associated with
CTL responses directed against the Env protein.135

Noncytolytic Antiviral Activity. In addition to the virus-specific CTL
responses, FIV and HIV infection induces a population of nonantigen 
specific CD8+ effector cells that suppress virus replication in CD4+ cells by
a noncytotoxic, contact-dependent, non-MHC restricted mechanism.38–41

CD8+ effector cells that mediate immunity through cytolytic or noncytolytic
suppressor mechanisms can be divided by differential expression of surface
markers. Early detection of noncytolytic CD8+ effector cells in FIV+ cats is
associated with reduced expression of the CD8 b chain and increased
expression of MHC class II molecules.14,37,40,41 As reported for HIV+

patients,125 FIV-induced CD8a+blo cells are also characterized by a progres-
sive downregulation of CD62L (Figure 2E, F) resulting in more than 70%
CD62L negative cells of the total CD8b+ population in the peripheral blood
of long-term (>7 years) infected cats.41 The appearance of these CD8a+blo

cells correlates with the acute stage of infection and the rapid decline 
in viremia.38,41,136 In the case of FIV infection, activated CD8a+bloCD62L-

cells possess strong anti-FIV activity40,41 and are capable of controlling FIV
expression in vivo and in ex vivo cultured PBMC, suggesting that they may
play a major role in maintaining the low plasma viremia in cats during the
asymptomatic stage of infection.40,137,138 Further phenotypic characteriza-
tion of the CD8+ cell population in FIV+ cats revealed a profound and sus-
tained loss of the naïve CD8a+bhiCD62L+CD44loCD49dloCD18lo phenotype
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with a concurrent expansion of an CD8a+bloCD62L-CD44hiCD49dhiCD18hi

activation phenotype in the circulation.41 Similar to FIV infection, in
patients with long-term HIV infection, activated CD8+CD11ahi cells, includ-
ing a major subpopulation of CD8+CD62L-CD11ahi cells, represent approx-
imately 80% of the total CD8+ T-cells in the circulation.124,125 The loss of
CD62L and increase in the adhesion molecule (CD44) and integrin
(CD49d, CD18) on the surface of CD8+ cells is indicative of T-cell activa-
tion and therefore suggests that naïve CD8 cells are largely replaced by acti-
vated CD8+ cells during the course of FIV and HIV infection.

Additional evidence of chronic and progressive CD8+ T-cell activation
in HIV+ patients and FIV+ cats comes from the analysis of B7 costimulatory
molecules and CTLA4 expression on these cells. Similar to what is seen on
CD4+ cells, the CD8+B7+ phenotype represents approximately 80% of the
total CD8+ cells in long-term (>7 years) infected cats, and B7 expression
has been shown to be largely confined to the CD8a+blo cell population.122

The role of these activated CD8+ T-cells in controlling FIV or HIV infec-
tion in vivo is unknown, although Bucci et al.136 has shown by CD8+ cell
depletion studies that they have a potent suppressive activity on FIV repli-
cation in CD4+ cells cultured ex vivo.

5. IMMUNOPATHOGENESIS OF FIV INFECTION

The decline in the number of CD4+ T-cells and the inversion of the
CD4+/CD8+ cell ratio is seen in naturally and experimentally FIV+ cats
regardless of the route of infection (Figure 2A and B).12,27,36,110,136 The onset
of CD4+ T-cell depletion usually coincides with the peak plasma viremia
during the acute stage of infection,139 and after a partial rebound pro-
gresses throughout the asymptomatic and symptomatic phases of the infec-
tion. Several mechanisms of CD4+ cell loss have been proposed. FIV is lytic
for CD4+ cells in vitro, suggesting that this may occur in vivo as well.
Immune-mediated destruction of infected cells may also occur. CD8+ CTL
and NK cells capable of lysing virus-infected cells have been demonstrated
in both FIV and HIV infection.38,128,129 Due to the high viral load during the
acute phase of infection, lytic infections of target cells might at this stage
of infection contribute predominantly to the CD4+ cell decline. However,
as the infection progresses, the percentage of infected cells among the total
lymphocyte population is relatively low, indicating that mechanisms other
than lysis of infected cells may be involved in the continued CD4+ T-cell
loss. Whatever the mechanism(s) responsible for CD4+ T-cell loss with
disease progression, increased secondary infection is a manifestation of this
immune dysfunction.

The types of secondary infections seen in HIV and FIV infections 
are those that are controlled by a functional cell-mediated immune (CMI)
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response. While the development of these secondary infections can be
attributed to the decline in CD4+ cell numbers and the resulting decrease
in cytokines (IL-2, IFN-g) required for a successful CMI response, numer-
ous studies indicate that the immune dysfunction develops before a 
significant decrease in CD4+ cell numbers. Clerici et al.5 described a
sequential loss of immune functions in HIV infections beginning with an
inability to respond to recall antigens and progressing to lack of response
to human leukocyte antigen (HLA) alloantigens and finally to phyto-
hemagglutinin (PHA) stimulation. These defects occurred in many HIV+

individuals prior to CD4+ cell loss. Similar immune dysfunctions have been
described in FIV infection.17,140 In our laboratory we developed a Toxo-
plasma gondii-FIV coinfection model that allowed us to examine FIV-
induced dysfunctions in the CMI response. Normal cats challenged with 
T. gondii develop a transient chorioretinitis that resolves 3 to 4 weeks post-
challenge.141,142 However, as early as 16 weeks after infection with FIV, FIV+

cats challenged with T. gondii develop severe interstitial pneumonia result-
ing in 50% to 75% mortality.141,143 This suggests that severe immune dys-
function develops early after lentivirus infection. Several mechanisms
responsible for this immune dysfunction have been proposed including
cytokine deregulation,144 defective or altered antigen presentation,145,146

and inappropriate activation of immune regulatory cells.147 The remainder
of this chapter will address these proposed mechanisms of HIV/FIV
immunopathogenesis.

Cytokine Alterations

There have been numerous studies evaluating cytokine levels in FIV
infections, suggesting that the perturbations in cytokine production
observed in the human immune system following HIV infection are paral-
leled in FIV+ cats. Clerici et al.5 reported that PBMC from HIV+ individu-
als had decreased proliferation and IL-2 production in response to recall
antigens as compared to seronegative controls. This nonresponsiveness has
important consequences, as IL-2 has been shown to determine both the
magnitude of a primary cellular immune response, as well as the develop-
ment of memory cells. In contrast to many other cytokines, IL-2 is not
redundant with regards to its role in the generation of a normal immune
response and other cytokines or surface ligands cannot substitute for IL-2.
In contrast to the lack of IL-2, serum levels of tumor necrosis factor-alpha
(TNF-a) are found elevated in all AIDS patients, and approximately 50%
of those with ARC, but none in the asymptomatic phase of HIV infection.148

Lawrence et al.140 reported similar results (decreased IL-2 and increased
TNF-a levels) in FIV+ cats early after infection. Elevated levels of IL-6 have
been reported in the serum of both HIV+ patients149,150 and FIV+ cats,140 and
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both infections have been shown to stimulate production of IL-6 by
macrophages.53,151 In FIV+ cats, peak production of the proinflammatory
cytokines IL-6, IL-1, and TNF-a by PBMC was found to coincide with
periods of depressed immune responses as evidenced by a concurrent
depressed responsiveness of PBMC to mitogen stimulation and the pres-
ence of clinical signs.152 With the division of CD4+ cells into two subsets
based on cytokine production, Clerici and Shearer144 speculated that HIV
infection affects these subsets differently, causing a switch from a T-helper-
1 (TH1; IL-2 and IFN-g producers) to a T-helper-2 (TH2; IL-4, IL-5, IL-6,
and IL-10 producers) type response to specific antigens. However, further
studies did not support a clear TH1 to TH2 switch. Elevated levels of IL-10
and IFN-g in PBMC and lymph nodes of HIV+ patients have been described
by Graziosi et al.153 and Than et al.154 The latter also reported increased
expression of TNF-a and decreased IL-12 mRNA, whereas IL-2 and IL-4
mRNA were undetectable in both patients and controls. Others have also
described decreased IL-12 p40 and p35 synthesis in HIV+ patients.155

However, decreases in IFN-g production have also been reported in HIV+

individuals,156,157 while IL-4 has been reported to increase.157,158 It is not 
surprising that the precise changes in cytokine expression leading to HIV-
associated immune deficiency, and how such changes may impact immune
responses to other antigens, remain controversial. The heterogeneity of the
patient populations, including virus burden, disease progression, and expo-
sure to other pathogens, makes meaningful comparisons difficult. Some of
these issues have been addressed in FIV+ cats.

FIV infection has provided a powerful animal model to examine
lentivirus-induced cytokine dysfunctions, allowing for analysis of constitu-
tive cytokine levels prior to and after FIV infection, as wells as cytokine
responses following challenge with secondary pathogens. Using an FIV-T.
gondii coinfection model, we were able to analyze constitutive cytokine pro-
duction by lymph node cells from normal and FIV+ cats before and after
challenge with T. gondii.159,160 FIV infection caused a marked increase in
constitutive IFN-g, TNF-a, and IL-10 mRNA expression in the lymph nodes
during the acute stage infection. Challenge of control cats with T. gondii
induced an increase in IL-2, IFN-g, and IL-12 (p40) in lymph nodes, indica-
tive of a normal CMI response, whereas IFN-g and IL-10, but not IL-2 or
IL-12, were increased in lymph nodes of FIV-T. gondii coinfected cats. Dean
and colleagues161,162 reported similar findings using an FIV-Listeria monocy-
togenes coinfection model. In both cases, prior to secondary challenge, the
levels of IL-10 with respect to IL-12 in the FIV+ cats were greatly elevated
compared to negative cats. These data suggest that FIV-induced immuno-
deficiency may be derived from a failure to generate an IL-12 dependent
response, in part due to elevated levels of IL-10, a cytokine known to sup-
press IL-12 production by dendritic cells.
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Altered Antigen Presentation

A number of studies have examined the possibility that the CD4+

T-cell immunodeficiency in HIV+ patients is the result of inadequate or
inappropriate antigen presentation. Defective antigen presentation can
lead to T-cell anergy, which is characterized by decreased or no IL-2 prod-
uction following T-cell receptor (TCR) stimulation. Studies have shown
that anergy is more easily induced in IL-2/IFN-g secreting CD4+ T-cells than
in IL-4 secreting CD4+ T-cells.163,164 The unresponsiveness of CD4+ T-cells in
HIV infections resembles anergy, and it has been suggested that it is the
result of defective antigen presentation by antigen presenting cells
(APC).145,146 Mechanisms proposed for defective APC function include loss
of dendritic cells due to direct virus infection,165 decreased expression of
accessory molecules such as MHC class II or B7 on APC,145,165,166 and
decreased cytokine or cytokine-dependent signaling.145

Inadequate APC costimulation is consistent with the observation that
T-cells from asymptomatic HIV+ patients and FIV+ cats fail to produce IL-2
and proliferate after antigenic stimulation. The lack of IL-2 in the stimu-
lated cells results in anergy and progression to activation-induced pro-
grammed cell death or apoptosis,167,168 leading to the speculation that loss
of T-cell function and subsequent immune deficiency in HIV+ patients and
FIV+ cats is the result of anergy/apoptosis. This speculation is supported
by the findings of abnormally high frequencies of apoptotic cells in the
lymph nodes of HIV+ individuals and FIV+ cats.169–172

T-Cell-Mediated Immunopathology

Recent data suggest that the CD4+ T-cell immune hyporesponsiveness
in FIV+ and HIV+ patients may be unrelated to APC but result from unique
immunosuppressive properties of virus activated T-cells. These potentially
immunosuppressive T-cells fall into two categories: the activated
B7+CTLA4+ T-cells that are part of the normal T-helper cell immunoregu-
latory response; and the CD4+CD25+ T-regulatory cells, a distinct popula-
tion of CD4+ T-cells with negative immunoregulatory properties.

B7 +CTLA4 + T-Cell-Induced Anergy and Apoptosis

There is recent evidence that HIV and FIV infections may cause
immunopathology by disrupting the normal process of activation-induced
programmed cell death (apoptosis) that controls the magnitude and dura-
tion of the T-cell immune response. Apoptosis regulates the cellular reper-
toire throughout the life of an organism and is initiated by engagement of
specific cell surface receptors with their ligands. The best described exam-
ples of receptor interactions that transduce intracellular signals mediating
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cell death are between proteins that belong to the TNF family (e.g., FasL
with Fas, TNF-a with TNF-a receptor, Apo2L with TRAIL), and interactions
between the B7 costimulatory molecules and CTL antigen 4 (CTLA4).
Apoptosis induced by proteins of the TNF family induce caspase-mediated
cell death in many tissues, whereas the B7-CTLA4 apoptotic pathway
induces T-lineage-specific cell death via the suppression of IL-2, resulting
in antigen-specific anergy or clonal deletion of previously activated T-
cells.173,174 The inability of CD4+ cells from HIV+ individuals and FIV+ cats
to produce IL-2 and proliferate in response to recall antigens suggests that
the increased apoptosis could be due to B7-CTLA4 interactions.

B7.1 and B7.2 costimulation receptors are normally found on profes-
sional APCs, such as dendritic cells, activated monocytes, and B-cells.175

These molecules interact with CD28 and CTLA4 on T-cells, providing 
necessary second signals to either stimulate IL-2 synthesis (B7-CD28) thus
promoting an immune response or suppression of IL-2 production 
(B7-CTLA4) and terminating the immune response. CD28 is constitutively
expressed on T-cells, whereas CTLA4 is expressed only after T-cells have
been activated, 2 to 3 days after peptide-TCR engagement. As the binding
avidity of the B7 molecules for CTLA4 is 50–100 times greater than for
CD28, negative signaling would dominate over activation on cells express-
ing both CD28 and CTLA4. While B7.1 and B7.2 are normally found on
professional APCs, a number of studies have demonstrated that these mol-
ecules are upregulated on activated T-cells in vitro176,177 and in vivo in situ-
ations of chronic antigenic stimulation such as autoimmune disease178,179

and HIV infection.121 Our laboratory has recently reported an increase in
the percentage of CD4+ and CD8+ T-cells that express B7.1 and B7.2 mol-
ecules in FIV+ cats compared to uninfected cats.122 The numbers of B7 pos-
itive CD4+ and CD8+ T-cells increase with disease progression such that the
majority of T-cells (≥75%) in the lymph nodes express B7 molecules in
long-term (>7 years) infected cats. Interestingly, the majority of B7+CD4+

and B7+CD8+ T-cells in FIV+ cats also express CTLA4, and we have been
able to correlate the expression of these molecules to spontaneous T-cell
apoptosis in vitro180 and in LN and PBMC of FIV+ cats in vivo.122 Further,
in a more recent study, we have found that T-cell apoptosis in the PBMC
of HIV+ individuals is associated with CD4+ T-cells coexpressing B7 and
CTLA4.123 As ligation of CTLA4 by B7 transduces a signal for down-
regulation of IL-2 and induction of anergy and apoptosis, we speculated
that persistent antigenic stimulation, as seen in HIV and FIV infection,
chronically induces B7.1/2+CTLA4+ T-cells capable of T-T interactions that
result in T-cell anergy and apoptosis. Such a mechanism could explain the
progressive loss of T-cell immune function and increase in lymph node T-
cell apoptosis, which is the hallmark of FIV and HIV infections.

This speculation is supported by the observation that T-cells activated
in vitro and shown to express B7 are capable of antigen presentation and
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can engage the TCR on other activated T-cells in an antigen specific
manner.181 However, in contrast to professional APC, evidence suggests that
T-T cell antigen presentation does not costimulate IL-2 production and
proliferation, but primes T-cells for anergy and apoptosis.182,183 Why T-T 
cell antigen presentation favors anergy over costimulation is not known.
Greenfield et al.183 demonstrated that while B7.1 expressed on T-cells was
capable of binding both CD28 and CTLA4 on costimulated T-cells, B7.2
was capable of binding CTLA4 but not CD28, leading to T-cell anergy. As
we have also documented increased expression of CTLA4 on T-cells from
FIV+ cats, one can envision activated B7 expressing CD4+ cells being able
to present antigen to other T-cells expressing CTLA4, resulting in anergy
or apoptosis. The proposed mechanism for T-T antigen presentation
leading to anergy and apoptosis is illustrated in Figure 3. As not all anergic
cells progress to apoptosis, such a mechanism could explain the decreased
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IL-2 production and immune unresponsiveness prior to CD4+ cell loss.
Moreover, the T-T cell interactions may not need to be antigen specific in
their immunosuppressive function. Bienzle et al.184 reported that HIV-
specific CTL exerted a cytotoxic effect against uninfected, activated CD4+

cells but not against nonactivated CD4+ cells. This effector function was
restricted to CD8+ cells from HIV+ individuals, not antigen specific or MHC-
restricted, and killed uninfected CD4+ cells via apoptosis as opposed to a
normal CTL-mediated perforin mechanism. The studies of Bienzle et al.184

are consistent with the reported loss of immunity to primary T. gondii infec-
tion in the FIV-T. gondii coinfection model. The large numbers of FIV-
induced B7+CD8+ or B7+CD4+ effector cells in the lymph node could
interact with activated CD4+ cells responding to T. gondii antigens, result-
ing in anergy and eventual apoptosis and the inability to develop an
immune response to T. gondii. While there is compelling evidence for a
marked expansion of a unique population(s) of phenotypically and func-
tionally activated CD4+ and CD8+ with disease progression in FIV/HIV
infection, there is no direct evidence as yet that it plays a role in inhibiting
protective T-cell responses to FIV/HIV antigen or to other unrelated
pathogens. The most interesting data to date comes from reports by
Vahlenkamp et al.180 and Bull et al.185 that anti-B7.1 or IL-2 treatment of
cultured purified CD4+ cells from FIV+ cats significantly inhibits sponta-
neous apoptosis, as would be expected if apoptosis were the result of B7+-
CTLA4+ mediated T-T interactions.

CD4 + T Regulatory Cell-Mediated Anergy and Apoptosis

Studies in a number of experimental models have firmly established
the existence of a “professional” CD4+ regulatory T-cell population (Treg)
that performs an important antiautoimmunity function by inhibiting the
activation of autoreactive T-cells, thereby maintaining peripheral self-
tolerance.47,48 Evidence has accumulated that CD4+CD25+ Treg cells can
also suppress immune responses against infectious agents, such as bacte-
ria, fungi, viruses, and intracellular parasites,186,187 and play a central role
in regulating the T-helper-dependent immune response. The defining
feature of CD4+CD25+ Treg cells in both rodents and humans is their ability,
when activated through their TCR, to inhibit proliferation and induce
apoptosis of other activated CD4+ or CD8+ T-cells in vitro. This in vitro sup-
pression is mediated through a cell contact-dependent mechanism that
transduces a signal for transcriptional down-regulation of IL-2, resulting in
anergy and apoptosis.188,189 Although activation of CD4+CD25+ cells is, with
some exceptions (e.g., lipolysaccharide [LPS] and IL-2), antigen-specific,
once activated, they suppress CD4+ and CD8+ T-cell responses in an antigen
nonspecific manner.188,190

Phenotypic analysis of CD4+ Treg cells reveal that, in addition to CD25,
Treg cells express CTLA4, and when activated B7.1 and B7.2.191,192 This
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surface phenotype is reminiscent of the activated CD4+B7+CTLA4+ cells
that we have described in FIV+ cats and HIV+ patients that we propose may
play a role in CD4+ immune hyporesponsiveness in these lentivirus infec-
tions (Figure 3). CD4+CD25+ T-cells in normal and FIV+ cats display the
salient characteristics of CD4+ Treg cells in humans and rodents,47,48,187,193,194

as they constitute about 5 to 10% of the peripheral T-cell population, 
fail to proliferate in response to Con A stimulation (Figure 4B), and are
relatively resistant to activation-induced programmed cell death (Figure
4C).49,195 Phenotypic analysis of CD4+CD25+ T-cells from FIV+ cats revealed
that these cells also express B7.1, B7.2, and CTLA4,195 suggesting that they
were activated in vivo. Consistent with this interpretation, freshly isolated
CD4+CD25+ T-cells from FIV+ cats, but not normal cats, are able to suppress
the proliferative response of Con A-stimulated autologous CD4+CD25- T-
cells (Figure 4E). This suppression was contact-dependent and correlates
with the downregulation of IL-2 production,195 providing further support
that the CD4+CD25+ T-cells in FIV+ cats are activated Treg cells capable of
anergy induction.

It is possible that they are FIV antigen specific and activated by chronic
antigenemia. It is also possible that they are nonspecifically activated by
molecules such as LPS that has been shown to occur in vitro with murine
as well as feline CD4+CD25+ Treg cells. Why Treg cells would be activated
in FIV infection is not clear. However, it is easy to imagine their potential
role in the immune dysfunctions associated with FIV/HIV infections. One
can speculate that chronic FIV antigen presentation, and in particular aber-
rant antigen presentation by CD4+B7+MCHII+ T-cells may activate Treg cells
to dampen protective CD4+ T-helper cell-dependent immune responses to
FIV antigens. This negative immunoregulatory property of active CD4+

Treg cells is well documented in a number of infectious diseases.186,187,196,197

The activated CD4+CD25+B7+ cells are found predominantly in the lymph
node as opposed to the blood of FIV+ animals, and it is the lymph node
where we would expect immune responses to antigen to occur and where
we would expect Treg cells to exert their suppressor function. It will be of
much interest to further explore the possible role of FIV-activated
CD4+CD25+ Treg cells on the CD4+ T-helper-cell immunodeficiency in
infected cats and determine if a similar mechanism contributes to human
AIDS.

In addition to their potential role in immunosuppression in HIV and
FIV infection, CD4+CD25+ Treg cells may contribute to the long-term virus
persistence in these infections in vivo. In vitro studies have shown that acti-
vated CD4+ cells expressing CD25 can be productively infected with HIV
in vitro, whereas highly purified resting CD4+CD25- cells were resistant to
HIV infection.46 The CD4+CD25+ cells reported to support HIV replication,
however, were not identified as Treg cells. Recent studies in our laboratory
using the FIV infection model demonstrated that both CD4+CD25+ and
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FIGURE 4. Feline CD4+CD25+ LN cells are anergic and productively infected with FIV. FIV
infection results in activation of immunosuppressive function(s) of CD4+CD25+ T-regulatory
cells in vivo. Lymph node (LN) cells of FIV+ and control cats were sorted (MoFlo® cell sorter,
Dako-Cytomation) into CD4+CD25+ and CD4+CD25- cells (>97% purity) (A). Analysis of the
purified cell subsets using 3H TdR incorporation assays reveals that in contrast to CD4+CD25-

cells, CD4+CD25+ cells derived from FIV+ and FIV- cats are unresponsive to 2-day mitogen
stimulation (Con A; 5mg/ml) (B). As the percentage of Annexin V positive cells among the
CD4+CD25- and CD4+CD25+ cells cultured for 36h with or without IL-2 (100IU/ml) does not
differ significantly (C), failure of CD4+CD25+ cells to proliferate upon mitogen stimulation
indicates a state of nonresponsiveness/anergy. Coculture of FCD4E cells with in vitro unstim-
ulated CD4+CD25- and CD4+CD25+ cells from FIV+ cats reveals that FIV can be rescued pref-
erentially (p < 0.05) in cocultures with CD4+CD25+ cells (D), as determined by the presence
of FIV-p24 in the culture supernatant. The results (mean ± standard deviation) of at least four
independent experiments (B, C, D) are shown. Viral replication and the lack of increased
apoptosis in these cells support the hypothesis that the partially activated, anergic CD4+CD25+

cells might serve as persistent reservoir of FIV replication in vivo. The phenotype of anergic
CD4+CD25+ cells is reminiscent of immunosuppressive CD4+ Treg cells. To test the ability 
of CD4+CD25+ cells in FIV+ cats to suppress the proliferation of stimulated autologous
CD4+CD25- cells, we performed coculture experiments using Con A (5mg/ml) stimulated
CD4+CD25- cells as targets and CD4+CD25+ cells as effector cells. The 3H TdR incorporation
assays reveal that the proliferation of CD4+CD25- cells is markedly inhibited by coculture with
unstimulated CD4+CD25+ cells in a dose-dependent manner as shown for three individual
FIV+ cats (E). As experiments using similar CD4+ cell subpopulations derived from FIV- cats
reveal only a minor inhibition of target cell proliferation, the experiments suggest that FIV
infection results in the activation of immunosuppressive CD4+CD25+ Treg cells in vivo.



CD4+CD25- cells are susceptible to FIV infection. In contrast to CD4+CD25-

cells, which become latently infected, CD4+CD25+ cells isolated from FIV+

cats or infected in vitro harbor a productive FIV infection (Figure 4D), 
yet have functional characteristics of CD4+CD25+ Treg cells.49 Thus,
CD4+CD25+ Treg cells could potentially provide a long-term, stable reser-
voir for FIV, as well as HIV replication. Further experiments will address
the role of cellular transcription factors known to regulate FIV replication
in the activation state and function of CD4+CD25- and anergic CD4+CD25+

cells. Figure 5 depicts the proposed mechanism of CD4+CD25+ Treg 
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cell activation induced immunosuppression of T-cell-mediated immune
responses and the possible role of CD4+CD25+ Treg cells in persistent viral
replication.

6. CONCLUSION

FIV is a lentivirus of cats with a pathogenesis and clinical disease pattern
that parallels HIV infection.8,22,25,134 Cats develop an acute infection syn-
drome, including low-grade fever and transient generalized lymphadeno-
pathy, followed by a long asymptomatic period in which the CD4+/CD8+

ratio declines due to an early increase in CD8+ and a progressive decrease
in CD4+ cells.28,37 This asymptomatic period is followed by the development
of a variety of disorders, many of which mimic AIDS in humans.8,22 Similar
to HIV, the acute stage FIV infection is characterized by a high plasma
viremia followed by a marked decline and persistent low-level viremia
during the long asymptomatic stage of infection.24

The relevance of FIV as a model for HIV immunopathogenesis is
underscored by the remarkable parallels in CD4+ and CD8+ phenotypic and
functional changes during disease progression. Both infections are char-
acterized by early and long-term changes in cytokine expression (e.g., ele-
vation in IFN-g and IL-10) and CD4+ T-cell anergy and apoptosis. While the
molecular mechanism(s) leading to immunodeficiency and AIDS is not
known, recent new studies in the FIV animal model of AIDS suggest that
anergy and/or clonal deletion of other antigen activated T-cells may be
involved. Whatever, the mechanism(s) leading to CD4+ immune dysfuntion
in HIV+ patients—and there have been many proposed—the FIV infection
in cats has been and will continue to be an important animal model to
study the immunopathogenesis of HIV infection. Based on data developed
principally in the FIV model, one such scenario suggests that progressive
deterioration of CD4+ numbers and function characteristics of FIV/HIV
infection could result from chronic anergic signaling mediated by virus
activated T-cells expressing B7 molecules. More recent data developed in
the FIV model support an argument that virus activated CD4+CD25+ Treg
cells may abort protective T-helper-cell responses to antigens.
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1. INTRODUCTION

Drug abuse is an important route of exposure to human immunodeficiency
virus-1 (HIV-1). However, the role that drugs of abuse play in lentivirus
disease progression remains unclear. There is a pressing need for appro-
priate animal models to examine the role of drugs of abuse on lentivirus
disease progression. The feline immunodeficiency virus (FIV)/cat model
is a legitimate system for the study of lentivirus-induced disease. Not only
does FIV produce a disease that is very similar to human acquired immune
deficiency syndrome (AIDS), but it is also similar to HIV-1 at both the 
molecular and biochemical levels. In this chapter, we will concentrate on
the interactions of opiates and methamphetamine with lentivirus-induced
disease, emphasizing the use of the FIV model.

The 2004 United Nations World Drug Report estimates that 3% of the
world’s population are users of illicit drugs (United Nations, 2004). World-
wide use of heroin and other opiates is estimated at 15 million users, while
the global estimate of amphetamine and methamphetamine users is about
30 million (United Nations, 2004). A recent National Institute on Drug
Abuse report (NIDA, 2000) estimates that 2.4 million people in the United
Sates have used heroin; this number has remained stable for several years.
In contrast, methamphetamine use has been increasing rapidly. In 1994,
the National Household Study on Drug Abuse estimated that, in the United
States, there were approximately 4 million people who have used metham-
phetamine. A recent estimate of methamphetamine use more than doubles
that figure to 8.8 million (NIDA Research Reports Series, 2002).



The precise interaction of drugs of abuse with HIV-1, the etiologic
agent of AIDS, is not known. It is clear, however, that through the sharing
of contaminated needles and syringes, intravenous drug use has become a
common route of HIV-1 exposure. Increasingly, a larger proportion of HIV-
infected individuals acquire the virus through drug use or are exposed to
drugs of abuse during their disease course. Increased exposure to HIV-1
occurs from the rather obvious practice of sharing contaminated needles
and syringes, but sexual transmission of HIV is also increased in the drug-
abusing population. Illicit drug use impairs judgment in sexual practices,
encourages sex-for-money or sex-for-drug exchanges, and is frequently
employed for the purported aphrodisiac-like qualities of some agents
(United Nations, 2004; Ross and Williams, 2001). The prevalence of HIV
infection easily approaches 50% in certain regional populations of intra-
venous drug abusers, increasing to 90% in some cases (United Nations,
2004). Thus, in certain populations, there is a convergence of drugs of
abuse and HIV-1; yet our understanding of the potential effects that simul-
taneous exposure to drugs of abuse and HIV-1 might have on disease pro-
gression is very limited.

Properly controlled epidemiological studies in the drug abuser 
population are extremely difficult to conduct. Surreptitious use of drugs,
coinfection with other pathogens, time of infection, route of infection, 
viral strain, genetic factors, malnutrition, stress, environmental factors,
dosage of drug used, frequency of drug use, and the lack of compliance
with investigator’s instructions are all confounding variables. Thus, to 
truly understand the complex interaction between drugs of abuse and
lentivirus infections, both epidemiological studies and animal studies are
needed.

2. THE FIV/CAT MODEL FOR AIDS PATHOGENESIS AND 
DRUG ABUSE

There are seven main reasons that the FIV/cat model is well suited for
examining the effects of drugs of abuse on lentivirus neuropathogenesis:
(1) both FIV and HIV-1 are lentiviruses and share many common structural
and biochemical properties; (2) the clinical syndromes for both FIV and
HIV-1 are remarkably similar; (3) the FIV/cat system has been developed
into a reproducible disease model, with the establishment of reliable mea-
sures (detectable within 2 months postinfection) of both general and neu-
rological disease progression; (4) the cost of cats is relatively low, thus
appropriate numbers of animals can be employed in properly controlled
studies, increasing the likelihood that meaningful results will be obtained;
(5) invasive CNS studies are possible during early stages of the disease; 
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(6) specific pathogen-free (SPF) cats are available, eliminating confound-
ing interactions with other feline pathogens; and (7) the nervous system
of the cat has been well characterized, and the pharmacology of numerous
compounds (including morphine and methamphetamine) has been thor-
oughly investigated in the feline species.

FIV Transmission and Pathogenesis

FIV was first identified as a lentivirus in cats by Niels Pedersen and 
colleagues (1987) at the University of California at Davis. FIV infection is
associated with an immunodeficiency syndrome similar to human AIDS.
Animals experimentally infected with FIV develop a lymphadenopathy
similar to that found in human AIDS (Pedersen et al., 1987). FIV-induced
feline AIDS (FIV-FAIDS) is primarily a disease of free-roaming cats. Bite
wounds usually inflicted during cat fights are the primary mode of natural
FIV transmission; however, vertical transmission does occur, and FIV has
been transmitted experimentally using infected semen (Burkhard and
Dean, 2003). Similar to HIV-1, FIV has a long latency, with an average age
incidence of approximately 6 years (Ishida and Tomada, 1990). Chronic
clinical conditions associated with FIV include: upper and lower respira-
tory infections, diarrhea, upper and lower urinary tract infections, thrush,
skin conditions, gingivitis, lymphadenopathy, weight loss, anemia, ocular
conditions, and various malignancies (reviewed in Burkhard and Dean,
2003; Uhl et al., 2002; Willis, 2000). FIV-infected SPF cats have reduced
immune functions, including decreased lymphocyte proliferative responses
to mitogens and T-dependent antigens (Barlough et al., 1991; Bishop et
al., 1992; Lin et al., 1990). Particularly striking is the marked depletion of
CD4+ cells, a hallmark of the progression of human AIDS, that is evident
in both experimentally and field-infected cats (Burkhard and Dean, 2003).
Ishida and Tomada (1990) have studied the natural pathogenesis of FIV
and have found that after an acute phase, lasting weeks to months, an
asymptomatic phase lasting up to 5 years can be observed prior to the onset
of AIDS-related complex and AIDS. Animals typically die of a wasting con-
dition, often exacerbated by opportunistic infections.

FIV Neuropathogenesis

Similar to HIV infection, neurological involvement is also noted early
in FIV infection (Fox and Phillips, 2002; Podell et al., 2000). It is clear that
infectious virus can be recovered from the brain and cerebrospinal fluid
when inoculated by either the intracerebral or peripheral route (Dow et
al., 1990; Phillips et al., 1994). In the absence of opportunistic infections,

DRUGS OF ABUSE, AIDS, AND THE FIV MODEL 277



pathologic findings include perivascular infiltrates of mononuclear cells,
diffuse gliosis, glial nodules, and white matter pallor. These FIV-induced
lesions are primarily located in the caudate nucleus, midbrain, and rostral
brain stem, regions where methamphetamine also causes toxic effects
(Hanson et al., 2004). Central nervous system (CNS) lesions are seen as
early as 1 month after infection when the virus is given intracerebrally, 
and as early as 2 months after infection when the virus is inoculated 
intravenously. Thus, CNS entry for FIV is an early event, even when inoc-
ulated peripherally. FIV-infected cats can have delayed pupillary response,
delayed righting reflex, anisocoria, delayed auditory and visual evoked
potentials, decreased sensory and spinal conduction velocities, and dis-
turbed sleep patterns (Henriksen et al., 1995; Phillips et al., 1994; Podell
et al., 1993).

FIV Tropism

One of the major differences between FIV and HIV-1 is receptor usage.
It appears that FIV, unlike HIV-1, does not use CD4 as a receptor (Brown
et al., 1991; Dow et al., 1990; Hosie et al., 1993). Recently, a primary recep-
tor for FIV has been identified as CD134 (OX40), a T-cell activation antigen
and costimulatory molecule (Shimojima et al., 2004). Despite the evolu-
tionary differences between the feline and human lentiviruses, both viruses
use receptors that target the infection to a subset of T-cells that are critical
for the production of an active immune response. FIV does use the same
coreceptors as HIV-1. Like HIV-1, FIV uses the alpha chemokine receptor,
CXCR4, as a coreceptor for cell entry (Richardson et al., 1999; Willet et al.,
1997). Certain strains of FIV have also been demonstrated to use beta
chemokine receptors to mediate FIV infection. Johnston and Power (2002)
demonstrated that the V1CSF strain of FIV required the presence of either
CCR5 or CCR3 as entry cofactors.

In spite of the partial differences in receptor usage, HIV-1 and FIV
display similar patterns of cell tropism and disease pathogenesis within
their respective hosts. The primary cellular targets of FIV in vivo include
CD4+ and CD8+ T-lymphocytes as well as cells derived from the mono-
cyte/macrophage lineage (Burkhard and Dean, 2003). This host cell range
resembles the pattern of cell tropism displayed by HIV-1 (Levy, 1993). Like
human AIDS, disease progression in FIV-infected cats is characterized by
an inversion of the CD4/CD8 ratio that evolves due to a progressive decline
in circulating CD4+ T-cells accompanied by a sustained increase in acti-
vated CD8+ T-cells (Burkhard and Dean, 2003).

Primary cultures of the microglia and astrocytes are productively
infected with FIV in vitro. HIV also productively infects, in vitro, both astro-
cyte (Dewhurst et al., 1987; Erfle et al., 1991) and microglia (Sharpless 
et al., 1992) cultures. FIV does not infect neurons, but it is associated with
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neuronal death, especially in the striatum (Zenger et al., 1997). The mech-
anism of neuronal damage is unclear, possibly resulting from the effects 
of FIV on the neuron supportive functions of astrocytes, toxic products
released from infected microglia, or cytokines produced in response to the
viral infection. Astrocytes are by far the most common cell type of the brain
and are important in maintaining the neuronal microenvironment in the
CNS. One of the most important functions of astrocytes is to regulate the
level of extracellular glutamate, a major excitatory neurotransmitter that
accumulates as a consequence of neuronal activity. Excessive levels of extra-
cellular glutamate often result in neuronal toxicity and death. In vitro 
infection of feline astrocytes with FIV can significantly inhibit their glu-
tamate scavenging ability (Billaud et al., 2000; Gruol et al., 1998; Yu et al.,
1998). As is predicted by this finding, brain glutamate levels are increased
in FIV-infected cats (Power et al., 1997). HIV-1 infected microglia cul-
tures produce the neurotoxic compounds TNF-a, IL-1b, quinolinate,
eicosanoids, and Ntox (Gendelman et al., 1994; Genis et al., 1992; Giulian
et al., 1996). Microglia infected with FIV probably produce similar neuro-
toxins, although the relevance of these products in FIV-induced CNS patho-
genesis requires further elucidation.

Genetic Characteristics of FIV

Marked similarities between HIV and FIV are also present at structural,
molecular, and biochemical levels of the virus (reviewed in Miyazawa et al.,
1994). Because FIV, like HIV, is a lentivirus, the two viruses share a number
of properties, including a tRNA-lys primer-binding site, translation of the
pol gene through ribosomal frameshifting, and a magnesium-dependent
reverse transcriptase. In addition to the gag, pol, and env genes common to
all retroviruses, both FIV and HIV have the coding capacity for small reg-
ulatory genes. A region is present between pol and env that, by analogy with
other lentiviruses, encodes a potential transactivating domain (Sparger et
al., 1992). Also present is an open reading frame following pol that coin-
cides precisely, in size and location, to the HIV viral infectivity factor gene,
vif. Both FIV Rev and a Rev responsive element (RRE) have been identi-
fied (Phillips et al., 1992). These FIV elements regulate viral mRNA expres-
sion in a manner that is similar to the HIV system. The reverse transcriptase
enzymes of FIV and HIV resemble one another in their physical proper-
ties, catalytic activities, and sensitivities to several inhibitors (North et al.,
1990a, 1990b).

Thus, the signs, lesions, nature, course, pathogenesis, and etiology of
the syndrome in cats is markedly similar to human AIDS, demonstrating
the relevance of the FIV/cat system as a model for the human disease. In
recent years, our laboratory has concentrated on the use of the FIV/cat
model to determine the effects of opiates and amphetamine derivatives on
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lentivirus disease progression. Some of our findings, in context with the
research of others, are presented below.

3. OPIATES AND THE FIV/CAT MODEL

Opiates have well-known physiological and psychological effects,
including analgesia, euphoria, and diminished emotional distress,
although these effects can be altered in chronic abusers (White, 2004).
They are also considered to be immunosuppressive. The immunomodula-
tory properties of opiates and endogenous opioids are mediated directly
through immune system cells or indirectly through the CNS. Opiates
decrease lymphocyte proliferative responses to mitogen, decrease the
CD4/CD8 ratio, and suppress natural killer (NK) cell activity. Morphine
exposure reduces respiratory burst activity of monocytes. Through these
activities, opiates depress primary and anamnestic antibody responses,
phagocytic function, and delayed-type hypersensitivity reactions (Peterson
et al., 1998).

The Feline Response to Morphine

Morphine is the primary metabolite of heroin, the most commonly
abused opiate; thus, morphine is used to study the effects of opiates in vitro
and in vivo. The feline pharmacological response to morphine has been
thoroughly investigated and is nearly identical to the response seen in
humans (de Andres et al., 1984; Harris et al., 1984; Villablanca et al., 1984).
From the early studies investigating pharmacology of morphine in cats, a
misconception arose that morphine does not induce a typical reaction in
the feline species. These studies described an atypical response called feline
mania. A dose response analysis was not performed, with morphine being
given to cats at dosages that are commonly used in other species (>5–
10mg/kg). It was later shown that when the morphine dosage is reduced
to 0.5–3mg/kg given intraperitoneally, a typical morphine reaction is
demonstrated in cats (Fertziger et al., 1974). At this reduced morphine
dosage, the feline opiate response is characterized by three stages: (1) an
autonomic stage (vomiting, swallowing, vocalization, and salivation); (2) a
quiet stage (fixed gaze, sitting, mydriasis); and (3) a head movement stage
(aroused, sitting, complex head movements typical of visual tracking, 
and pouncing/avoidance paw movements). The cats’ sleep, urination, and
defecation functions are all depressed, and an opiate dependence syn-
drome develops (de Andres et al., 1984; Harris et al., 1984; Villablanca et
al., 1984). It was concluded from these later studies that when given the
appropriate morphine dosage, the cat is an excellent model for studying
the effects of opiates.
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Feline Mu Opiate Receptor

To further develop and validate the feline model for examining the
effects of drugs of abuse and their interactions with lentiviruses, an exam-
ination of the feline mu opiate receptor (MOR) was conducted. A partial
sequencing of the feline MOR revealed a homology of 92 and 93% to the
published human MOR sequences. MOR transcripts were present in the
feline brain and tonsil, but not in the spleen. Using microphysiometry, 
the specific receptor-ligand interactions of the human and feline opiate
receptors were shown to be similar (Billet et al., 2001).

Effects of Opiates on Lentivirus Infections

Intuitively, illicit drug use would seem likely to cause a deleterious
effect on lentivirus disease progression. Because both opiates and lenti-
viruses are immunosuppressive, it seems logical that the combining of 
these two agents would lead to increased severity or more rapid progres-
sion of disease. However, the literature is filled with many conflicting data.
In vitro, opiates have an enhancing effect on HIV-1 replication in several
cell systems (Schweitzer et al., 1991, Peterson et al., 1990, 1994), but the
in vivo effects of opiates on HIV-1 disease progression are murkier. Some
epidemiological studies have demonstrated an increased frequency and
severity of HIV-associated illnesses in intravenous drug users (Mientjes 
et al., 1991; Friedman et al., 1996), while others show no such associa-
tion (Lyles et al., 1997), or even suggest a delayed progression to AIDS
(Spijkerman et al., 1996). Animal studies have been similarly confusing.
Morphine increased the severity of pneumonia in herpesvirus- and 
Pasteurella-infected swine, but decreased herpesvirus associated neurologic
disease in the same animals (Risdahl et al., 1993). Chronic morphine expo-
sure had no deleterious effects on the progression of Friend virus disease
in mice (Starec et al., 1991) and had a protective effect in one study
(Veyries et al., 1995). Likewise, contradictory effects were seen in studies
on chronic morphine administration to simian immunodeficiency virus-
infected monkeys (Donahoe and Vlahov, 1998).

It has been hypothesized that many of the animal studies did not cor-
rectly model the pattern of drug use in the abusing population, as many
of the animal studies administered morphine in a chronic continuous
manner. This pattern more accurately models methadone treatment than
a pattern of street use (Kreek, 1990). The scheduling of morphine expo-
sure in a modeling system has the potential to greatly affect the course of
the disease. The patterns of chronic continuous exposure, multiple acute
exposure, and the pattern of escalating drug use interspersed with periods
of withdrawal might very well have different physiological effects, resulting
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in different effects on lentivirus disease progression. To address these con-
cerns, two separate FIV studies were conducted.

FIV/Cat Model for Occasional Opiate Abuse

In the first study (Barr et al., 2000), the FIV/cat system was used to
model the weekend opiate abuser: the nondependent, nonaddicted, and
nontolerant person. Sixteen cats were placed into four groups: cats infected
with FIV (FIV-PPR strain) only, cats treated with morphine only, morphine-
treated/FIV-infected cats, and untreated/uninfected control cats. Multiple
acute morphine exposures, administered over a period of 26 weeks, did
not increase the severity of early lentivirus infection. On the contrary, mor-
phine exposure delayed or moderated the FIV-induced disease progression
(Table I). Although the animals were exposed to only one injection of mor-
phine (2.0mg/kg) per day for 2 consecutive days each week, the morphine-
treated/FIV-infected animals had a delayed onset of FIV-induced
lymphadenopathy, did not develop or had a significant delay in the FIV-
induced effects on brain stem auditory evoked potentials, and demon-
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TABLE I
Effects of Opiate Exposure in FIV-Infected Cats

“Weekend User” Acute, “Dependent User” Escalating
Study Paradigm intermittent exposure exposure and withdrawals

Morphine exposure 2.0mg/kg/day, IM 1.0mg/kg/day, increasing to
2 days/week 2.0mg/kg/day, SQ

2-day and 2-week withdrawals
Physical examination Delayed onset of No significant differences

lymphadenopathy in between treated and untreated,
morphine-treated, FIV+ cats FIV+ cats
versus untreated, FIV+ cats

T lymphocyte subsets No significant differences No significant differences
between treated and between treated and untreated,
untreated, FIV+ cats FIV+ cats

Plasma viremia Trend toward lower levels in No significant differences
morphine-treated FIV+ between treated and untreated,
cats—Not significant FIV+ cats

Cell-associated Trend toward lower levels in No significant differences
viremia morphine-treated FIV+ between treated and untreated,

cats—Not significant FIV+ cats
Plasma cortisol No significant differences Significant elevation in cortisol

between treated and levels during withdrawal periods
untreated, FIV+ cats in morphine-treated cats

Brainstem auditory Protection against FIV- Protection against FIV-induced
evoked potentials induced delays in auditory delays in auditory evoked

evoked potentials potentials



strated a trend toward decreased virus load. In this study, the pattern of
drug exposures did not lead to morphine dependency and signs of with-
drawal were not observed.

FIV Model for Opiate Addiction and Withdrawal

In the second study (Barr et al., 2003), morphine treatment of FIV-
PPR-infected cats modeled a typical pattern of escalating drug use inter-
spersed with withdrawals. Twenty-four cats were divided into four groups,
as described for the first study. The cats were exposed to increasing doses
of morphine (from 1.0mg/kg/day to 1.5mg/kg/day) or a placebo over 4
weeks, followed by a 2-day mini-withdrawal. Morphine administration was
resumed, increasing from 1.5mg/kg/day to 2.0mg/kg/day over the next
3 weeks, then discontinued for 2 weeks. This 9-week cycle was repeated
once. To demonstrate that stress was associated with morphine withdrawal,
plasma cortisol levels were determined during the trial. In the morphine-
treated cats, cortisol levels peaked at time points corresponding to each
morphine withdrawal. These levels returned to baseline during morphine
treatment and were normal when measured several weeks after the final
withdrawal. Morphine-treated cats displayed clear behavioral and physical
signs of opiate exposure and signs of withdrawal when the drug was
stopped. Despite the evidence of stress associated with withdrawals, mor-
phine exposure did not enhance the severity of FIV-related disease (Table
I). Similar to the first study, morphine provided a significant protective
effect on FIV-associated changes in brainstem auditory evoked potentials.
Plasma viremia tended to be decreased in morphine-treated cats, although
the effect was not statistically significant.

These studies collectively suggest that opiate exposure is unlikely to
adversely affect the progression of acute lentivirus infection and might even
be beneficial in controlling lentivirus-associated neurological disease. The
pattern of opiate exposure does not seem to affect the outcome of mor-
phine/FIV interactions. The mechanisms of the neuroprotective effect
require further investigation.

4. METHAMPHETAMINE AND THE FIV/CAT MODEL

D-methamphetamine hydrochloride is a strong CNS stimulant. 
The physiological effects of methamphetamine include dilated pupils,
increased heart and respiratory rates, elevated blood pressure, hyperther-
mia, decreased appetite, and increased wakefulness. The psychological
effects of methamphetamine intake are associated with a feeling of eupho-
ria, increased alertness and vigor, and increased social interactions (NIDA
Research Report, 2004; Yu et al., 2003). High doses of methamphetamine
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can cause stereotypical or repetitive behaviors. Methamphetamine can be
ingested, smoked, inhaled, or injected, with the intravenous route of expo-
sure to methamphetamine gaining in popularity. Intravenous drug use is
often associated with the sharing of contaminated needles and syringes, a
common method of HIV-1 transmission. Additionally, methamphetamine
reduces inhibitions and increases the likelihood of unsafe sexual practices
among its abusers, increasing exposure to HIV-1 (Ross and Williams, 2003).

Feline Response to Methamphetamine

Cats have been frequently used to study the effects of methampheta-
mine, with doses ranging from 0.04mg/kg/injection to as high as 50
mg/kg/day (reviewed in Phillips et al., 2000). Additionally, cats, like other
species, can be conditioned to self-administer methamphetamine (Balster
et al., 1976). What is not apparent from the early literature is that higher
methamphetamine doses can only be safely achieved by gradually increas-
ing the level of drug that is given to the animals, and that a number of cats
may succumb to toxic methamphetamine reactions. In fact, doses as low as
1.0mg/kg/day produce readily demonstrable behavioral effects as well as
a typical methamphetamine-induced temperature elevation (Phillips et al.,
2000; Huitron-Resendiz et al., submitted for publication). The elevation in
temperature varies between individual cats (Figure 1) and can be lethal in
some cats if it is not controlled. These data show that the feline is very sen-
sitive to low doses of methamphetamine.

Effects of Methamphetamine on Lentivirus Infections

Interactions between methamphetamine and HIV-1 can occur
through several means. One area of clear convergence is the effect of these
two agents on the CNS. Both lentiviruses and methamphetamine produce
toxic changes in the deep gray nuclei, in particular the mesostriatal and
corticostriatal neural elements. The neurotoxic properties of metham-
phetamine have been the subject of two recent reviews (Hanson et al.,
2004; Kita et al., 2003). Methamphetamine acts directly on neurons by
mimicking the action of the neurotransmitter, dopamine. The neurotoxic
effects of methamphetamine on the brain monoamine systems are well
characterized and include eventual loss of dopamine and serotonin termi-
nals, the production of reactive oxygen radicals leading to oxidative stress,
disruption of mitochondrial function, and neuronal necrosis or apoptosis.
On the other hand, the effect of HIV-1 on neurons is believed to be indi-
rect, primarily through the action of toxic products from the virus, such 
as gp 120 and Tat, and from substances released from astrocytes and
microglial cells, such as TNF-a, IL1-b, and superoxides (Gendelman et al.,
1994; Genis et al., 1992; Giulian et al., 1996). Neurons are also damaged
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when the virus disrupts the normal support functions of astrocytes, includ-
ing glutamate uptake and recycling.

A second area of potential interactions between methamphetamine
and lentiviruses is in the immune system. Information on the effects of
methamphetamine on immune function is limited. Methamphetamine
does have some immunomodulatory properties, including the suppression
of IL-2 and IFN-g and the enhancement of TNF-a production in mice (Yu
et al., 2003). High doses of methamphetamine also induce apoptosis of
thymic and splenic lymphocytes in rats (Isawa et al., 1996).

The FIV model has been used to investigate the effects of simul-
taneous exposure to methamphetamine and lentivirus infection. Initial
investigations into the interaction between methamphetamine and FIV
replication were performed in vitro. In a study in our laboratory, a con-
centration dependent effect of methamphetamine on FIV replication was
demonstrated, with the highest concentration of methamphetamine
causing a threefold increase in FIV replication (Phillips et al., 2000).

DRUGS OF ABUSE, AIDS, AND THE FIV MODEL 285

7:30 8:00 8:15 8:30 8:45 9:00 9:15 9:30 9:45 
94

95

96

97

98

99

100

101

102

103

104

105

1 cat 
3 cats 

3 cats 
5 cats 

Time (A.M.)

Te
m

p
e

ra
tu

re
 (

F)

FIGURE 1. Response of cats to methamphetamine (METH). Twelve specific pathogen-free
cats were administered 1.0mg/kg of METH orally at 7:30 a.m., and their body temperature
was recorded every 15 minutes over the next 2 hours. Three types of temperature responses
were observed in the cats: (1) Four cats (�, �) had body temperatures that remained rela-
tively stable, or decreased, following METH exposure; (2) five cats (�) experienced a self-
limiting rise in temperature; and (3) three cats (�) had body temperature increases of more
than 4°F, requiring cooling intervention (arrows).



Another research group found that methamphetamine significantly
increased FIV replication in a feline astrocyte line, although the effect was
lost for astrocyte-adapted virus (Gavrilin et al., 2002).

FIV Model for Binge Use of Methamphetamine

In our most recent study (Huitron-Resendiz et al., submitted for pub-
lication), we modeled the bingeing methamphetamine user with sequen-
tial, repeated periods of abstinence. Twenty-four cats (six cats per group)
were given methamphetamine (1.0mg/kg, per os) or a placebo daily for 5
consecutive days, followed by 2 drug-free weeks. This pattern of metham-
phetamine exposure was repeated over a 17-week period. Two groups 
of cats (FIV-infected and methamphetamine-treated/FIV-infected) were
infected with FIV-PPR on the fifth day of the first methamphetamine 
exposure. Some cats experienced severe hyperthermic responses at the 
1.0mg/kg dose (Figure 1); subsequent methamphetamine doses were
decreased for these cats. In this model, methamphetamine exposure sig-
nificantly accelerated and enhanced the FIV-induced CNS functional
pathology, as measured by delays in brainstem auditory evoked potentials,
an indication of early lentivirus-induced CNS disease. Methamphetamine
treatment also accelerated the onset of FIV-induced lymphadenopathy, a
clinical sign of FIV infection. Reciprocally, FIV enhanced the metham-
phetamine-induced effects on brain. In the caudate nucleus, both
dopamine (DA) and 3,4-dihydroxyphenylacetic acid (DOPAC) levels 
were significantly lower and the 5-hydroxyindol-3-acetic acid (5-HIAA)/
serotonin (5-HT) ratio was significantly higher in the FIV- and 
methamphetamine-treated cats relative to the values found in either the
methamphetamine-treated or FIV-infected alone groups. Similarly, simul-
taneous FIV and methamphetamine exposure resulted in lower dopamine
transporter (DAT) levels than did methamphetamine exposure alone.

Brain extracts of frontal gray matter, frontal white matter, and caudate
from these same cats were examined by proton magnetic resonance spec-
troscopy (Cloak et al., 2004). Similar to HIV’s effect on brain metabolites,
the FIV-infected cats exhibited decreases in choline, creatine, and gluta-
mate in the frontal white matter. The decrease in glutamate was an unex-
pected finding and conflicted with earlier studies (Power et al., 1997);
perhaps the early stage of infection or the region of brain selected for 
evaluation was responsible for the difference in results. The FIV-induced
decrease in glutamate normalized in the methamphetamine-treated/FIV-
infected cats. Clearly, additional research must be done to determine 
the effects of methamphetamine and FIV infection on regional brain
metabolites.

The results of this study indicate that in concurrent FIV infection 
and methamphetamine exposure, a dual potentiation occurred. That is,
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methamphetamine enhanced certain aspects of FIV-induced CNS disease,
and FIV enhanced some of the toxic effects of methamphetamine. The
interactions are complex and may vary depending upon the area of the
brain that is being examined. Contrary to our predictions, based on earlier
in vitro findings, methamphetamine did not increase peripheral virus load.
This finding emphasizes the fact that neurologic disease progression does
not necessarily mirror progression of systemic FIV infection. Further work
must be done to elucidate the mechanisms by which FIV and metham-
phetamine interact to achieve their neurotoxic synergism, and to deter-
mine patterns of FIV expression in the CNS.

5. CONCLUSION

With the two drugs of abuse discussed above, we see very different effects
on FIV disease progression. With morphine, enhanced lentivirus disease
progression was not detected, and in fact, certain measures of FIV disease
progression did not develop or had a significant delay in their onset.
However, we see a very different pattern when cats are simultaneously
exposed to both methamphetamine and FIV. Not only was FIV disease 
progression enhanced by methamphetamine, but also FIV significantly
enhanced the methamphetamine-induced neurotoxicity. Frequently, in the
drug-abusing populations, it is common for several different illicit drugs to
be used at the same time. The impact on lentivirus disease progression in
any given individual will likely depend upon which drugs are being used,
in what combination, and at what dose and frequency of use. The FIV
model should be helpful in understanding the underlying mechanisms as
well as the complex interactions that are occurring between drugs of abuse
and lentivirus disease progression.
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1. INTRODUCTION

Many experimental strategies have been adopted in experiments to protect
cats from FIV infection by vaccination, and some have been successful. The
interest in developing a vaccine arose both because FIV is a common cause
of morbidity and mortality in pet cats and because the feline virus provides
a model for its counterpart in man, human immunodeficiency virus (HIV),
for which an effective vaccine is urgently required to halt the current tragic
pandemic of acquired immunodeficiency syndrome (AIDS). Shortly after
the discovery of FIV and its characterization as a lentivirus,54 attempts were
made to produce a vaccine and success was soon achieved with relatively
simple inactivated virus or inactivated virus-infected cell vaccines.82 Further
development of this approach led to the introduction in 2002 of the first
commercial vaccine against FIV.59 With an estimated prevalence of the
infection of up to 25% in populations of pet cats, an effective FIV vaccine
could have a significant influence on animal welfare. In addition, this
success poses the question of whether a similar strategy might produce an
effective vaccine against HIV.

Many candidate HIV vaccines have been constructed and a number
are currently undergoing clinical trials in human populations. The results
from the first phase III trial, which was designed to test the ability of a
vaccine based on the envelope surface glycoprotein (SU) to protect against
exposure to HIV in a high-risk population, were not encouraging. Much
of the slow progress in producing HIV vaccines to take to phase III trials
is because there is no ideal surrogate host in which to carry out experi-
ments that would confidently predict whether a candidate vaccine was



indeed protective or would identify the correlates of protection. Even in
the chimpanzee, the putative source of the simian immunodeficiency virus
(SIV) from which HIV was originally derived, the dynamics of experimen-
tal HIV infection are sufficiently different from those in man to render the
model problematic. SIV itself is a plausible model system in which to test
vaccine strategies and has been used extensively for this purpose as
described in Chapters 5 and 6. Although these simian viruses do not appear
to cause disease in their natural hosts—various primate species in Africa—
they do cause a fatal immunodeficiency upon inoculation of Asian
macaques that is very similar to human AIDS. This outcome may very well
mimic the situation that has developed in man, who has yet to coevolve suf-
ficiently with HIV to render that virus less pathogenic. Many SIV vaccines
have been tested in macaques, but still there is no consensus about what
constitutes a vaccine that could serve as an example for HIV. The appar-
ent effectiveness of the recently introduced commercial FIV vaccine raises
the questions of how good FIV is as a comparative model system for HIV
in vaccination studies, and what weight should be put on the results from
FIV vaccine trials in making decisions about the type of HIV vaccine to be
tested in clinical trials in man.

In this review we examine the similarities between FIV and HIV that
make the feline virus an excellent model with which to pursue vaccine
strategies for human AIDS. We then discuss the crucial issues that must be
considered and the choices that have to be made in producing FIV vac-
cines. Finally, we discuss the results of experimental trials of a selection of
FIV vaccines that might influence the development of vaccines for HIV.

2. RELEVANCE OF FIV TO HIV VACCINATION

How similar are FIV and HIV? Certainly there are differences between
the two viruses in biology and natural history. Thus, FIV has a different
genome content and organization from HIV, as illustrated in Figure 1. In
nature FIV is transmitted mainly by biting, rather than through a mucosal
surface like HIV. Following infection, a proportion of infected cats develop
AIDS, although many individuals do not develop terminal disease.1 To
enter cells, primary isolates of FIV use CD134 as a receptor66 and CXCR4
as a coreceptor.78 In contrast HIV-1 uses CD4 as a primary receptor and
CCR5 and other chemokine receptors, including CXCR4, as a coreceptor.
However, despite these differences, both viruses critically target CD4+ T
lymphocytes and the outcome of infection is remarkably similar in cats and
man. In the present context, the dynamics of infection and the resulting
immune response are so much alike following infection with either virus
that FIV should be able to provide valuable information to aid the devel-
opment of  HIV vaccines. It is the common features of FIV and HIV rather

294 STEPHEN DUNHAM and OSWALD JARRETT



than their differences that should guide us to the essential requirements
for successful protection by vaccination against each infection.

The FIV Genome

FIV, like HIV, is a complex retrovirus, with a genome approximately
10kb in size, containing accessory genes in addition to gag, pol, and env
(Figure 1). A comparison of the nucleotide sequences of representative FIV
and HIV sequences (FIV Petaluma M25381 and HIV NC_001802) reveals
an overall homology of approximately 63% in gag-pol and 76% in env. The
corresponding proteins exhibit lower homology of 43% and 35% respec-
tively (comparisons made using GCG Bestfit, University of Wisconsin). The
feline pol gene, like HIV, encodes protease, integrase, and reverse tran-
scriptase proteins, which have analogous functions in each of the viruses.
FIV pol also encodes an additional enzyme, deoxyuridine pyrophosphatase
(DU), not found in primate lentiviruses, which reduces cellular concen-
trations of dUTP, preventing viral mutations due to its misincorporation
into viral cDNA. The activity of viral DU is particularly important in non-
dividing cells such as macrophages, which have low endogenous levels of
the host enzyme. FIV mutants lacking DU are consequently unable to repli-
cate productively in macrophages.40 Although DU is absent in HIV, its role
is assumed by HIV Vpr, which directs incorporation of uracil DNA glyco-
sylase (UNG2) into HIV virions, thereby reducing misincorporation of
uracil and facilitating replication in macrophages.9
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The export of unspliced and singly spliced viral RNAs from the nucleus
requires the presence of Rev, which is encoded by both HIV and FIV
genomes. Rev mediates nuclear export by binding to the Rev response
element (RRE). For FIV the RRE is located 3¢ to the transmembrane 
(TM) protein of Env, whereas in HIV the RRE is 5¢ to TM. The vif (viral
infectivity factor) gene is also common to both FIV and HIV and functions
in a similar way for both viruses. Vif expression is critical for viral dissemi-
nation in vivo and infection of nonpermissive cells including lymphocytes
and macrophages. Recent evidence has shown that HIV Vif acts by abro-
gating the effect of the cellular antiretroviral factor APOBEC3G,65 and it is
likely that FIV Vif acts in an analogous manner. FIV lacks a tat gene and its
corresponding transactivation response (TAR) element. Additionally, the
FIV genome does not encode Nef, Vpr, or Vpu. It does, however, encode
an additional accessory protein designated ORF-A or ORF-2. ORF-A was
initially considered as a tat-like gene because of its ability to transactivate
viral transcription at low levels. However, it shares several properties with
HIV Vpr, including nuclear localization and induction of G2 cell cycle
arrest.22

Knowledge of the genetic structure of FIV allows the use of virus
mutants as experimental vaccines. For example, the deletion of accessory
genes such as ORF-A or vif can result in the production of attenuated
viruses that can be utilized as vaccines.43 DNA vaccines have also been pro-
duced using full-length molecular clones of provirus, which are rendered
replication defective by in-frame deletion of either the reverse transcrip-
tase or integrase genes.16,29

FIV Infection in Cats

Most natural FIV infections are acquired by biting, presumably
through the inoculation of virus, or virus-infected cells, from the saliva of
persistently infected cats. Cats are readily infected by parenteral inocula-
tion of virus, for example, by the intravenous, intraperitoneal, or intra-
muscular route. Transmission from mother to her kittens may occur but
only a proportion of the offspring become persistently infected. Although
neither oronasal or venereal spread has been documented in nature, cats
can be infected by experimental inoculation of virus into the nose, mouth,
vagina, and rectum51 and the virus can be recovered from semen following
natural or experimental infection.37 In each case, inoculation results in the
infection of lymphoid and myelomonocytic cells, which become reservoirs
that maintain a persistent infection.

FIV closely resembles HIV in the dynamics of its growth in vivo. Thus,
in the first few days following experimental inoculation, the virus grows in
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dendritic cells, macrophages, and CD4+ T lymphocytes and is found in the
plasma within 2 weeks. The level of virus in the plasma and proviral DNA
in the blood mononuclear cells rises over a period, reaching a peak at
about 8 to 12 weeks. During this period, mild to moderate clinical signs, 
for example anorexia, depression, and pyrexia, may be observed that are
associated with the initial uninhibited growth of the virus. These condi-
tions generally subside rapidly, although signs such as generalized lym-
phadenopathy, due to increased numbers and size of active germinal
centers in the cortex of the lymph nodes, may continue for several weeks
or months. The fall in plasma viral load heralds the beginning of the so-
called asymptomatic phase that can last for many years, and in many cases
for life, during which the cat is quite healthy. It is assumed that virus repli-
cation is brought under control by the developing immune response to 
the virus. CD8+ FIV-specific cytotoxic T-cells (CTL) can be detected in the
blood within one week of infection.3 Rather later, at around the same time
as the peak in virus load, anti-FIV antibodies, including virus neutralizing
antibodies, appear in the plasma.17

Another hallmark of early FIV infection by certain isolates is the
appearance of a population of CD8+ T-cells termed CD8low,77 which has the
phenotype a+/blow. These cells serve as a marker of immune activation by
more virulent strains of FIV and functionally may contribute to the non-
cytolytic activity for FIV mediated by CD8+ T-cells.

The final outcome of FIV infection, following experimental or natural
challenge, is variable. During the asymptomatic phase the plasma virus load
is stable, but a progressive decline in CD4+ T lymphocyte numbers occurs.
In an as yet unknown proportion of naturally infected cats, this decline
results in a functional immunodeficiency that leads to clinical disease and
death. In one experiment, in which cats were infected as kittens with the
FIV-GL8 strain and were maintained for 10 years, approximately half of 
the cats developed serious and ultimately fatal conditions that could be
ascribed to the infection (John Callanan, personal communication). By
contrast, in a completely closed household of 26 pet cats observed over a
10-year period, natural FIV spread slowly among the cats but did not appear
to cause any significant disease.1 Clearly, in vaccine trials with FIV or HIV,
the efficacy of vaccination must be measured by the capacity of the vaccine
to prevent infection rather than disease.

As discussed below in more detail, strains of FIV differ in virulence.
Viruses of high virulence are defined here as those that establish high virus
loads, cause a reduction in CD4+ T lymphocyte numbers, and activate
CD8low T-cells. By contrast, viruses of low virulence establish infections so
that plasma viral RNA and proviral DNA or infectious virus may be diffi-
cult to detect. These viruses do not cause a decline in CD4+ T-cell numbers
or induce a rise in CD8low T-cells.
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Immune Responses to FIV Infection

Although the immune response to natural or experimental FIV infec-
tion does not eliminate the virus from its host, as in HIV infection, it is suf-
ficiently powerful to contain the infection for many years. Consequently, it
is not unreasonable to believe that the quality of this response might be
one to emulate by vaccination and that if the immune system is appropri-
ately primed before exposure, that more effective control of the virus may
be possible. As noted above, the responses that accompany FIV infection
and are presumed to play a major role in inhibiting viral infection are the
induction of CTL and virus neutralizing antibodies. Although our ability
to define precisely the details of feline immune responses is fairly rudi-
mentary because of a relative lack of reagents, compared to those available
for man and macaques, there is in fact very little difference between FIV,
SIV, and HIV in our understanding of the appropriate immune responses
that block viral infection. Early studies on HIV vaccination concentrated
on raising virus neutralizing antibodies and hence on generating vaccines
that incorporated SU that contains the targets for these antibodies. It was
considered desirable to include antigens that could induce antibodies that
would neutralize viruses of as many clades of virus as possible. Later
research concluded that CTL were crucial in protective immunity and
several vaccine approaches have been developed, which include peptide
epitopes recognized by appropriate haplotypes of populations in which the
vaccine might be applied. This same cycle of opinion has occurred in FIV
vaccine research.

3. CRUCIAL FACTORS IN FIV VACCINE 
DEVELOPMENT STRATEGIES

Viral Immunogens

An unresolved issue for both FIV and HIV is which virus strain or
isolate should be used as a source of immunogen in a vaccine. There are
a number of FIV strains that have been used as antigens or challenge
viruses, including viruses with differences in antigenicity, clade, and 
virulence.

Antigenic Variation

A major consideration in the development of any vaccine is whether
there is antigenic variation between virus isolates to which the target pop-
ulation might be exposed. With their high rates of mutation and recom-
bination, together with the selection pressure applied by the antiviral
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immune responses of the host, lentiviruses might be expected to be highly
antigenically variable; and so it has proved.

The classical method of antigenic typing of viruses is by virus neutral-
ization. Unfortunately, as for HIV, the measurement of virus neutralizing
antibodies against FIV has been, and remains, difficult. In early studies,
neutralization by sera, from infected or vaccinated cats of FIV adapted for
growth in the feline fibroblast cell line CRFK, was reported.17 However, this
type of CRFK-tropic, and probably CD134-independent, FIV does not rep-
resent the majority of viruses that are isolated from naturally infected cats
and are probably transmitted in the field (Hayley Haining and Margaret
Hosie, personal communication). It is likely that neutralization of these
viruses in this assay is mediated through blocking of the interaction
between the V3 region of SU and CXCR4 by anti-V3 antibodies, as virus
neutralizing antibodies can be completely absorbed by a peptide that 
represents the V3 loop (Robert Osborne, personal communication). Cats
vaccinated with an inactivated virus vaccine that had high levels of virus
neutralizing antibodies measured in this way were protected from chal-
lenge with the CRFK-tropic FIV-Pet but were only partially protected against
FIV-GL8.32 These antibodies may have contributed to protection from FIV-
Pet, although this is not known for certain. However, it is unlikely that anti-
V3 antibodies alone were responsible, because in other experiments cats
vaccinated with V3 peptides that include an immunodominant B-cell
epitope were not protected against FIV-Pet.44 These findings suggest that
other immune mechanisms are required for protection against most 
naturally occurring viruses.

Neutralization assays employing feline blood mononuclear cells or T-
cell lines to measure residual infectivity, such as MBM or Mya-1, are gen-
erally considered to be more appropriate indicators of antibody activity
because they may be relevant to immunity in vivo. However, serum virus
neutralizing antibody titers in these systems have generally been low,
making interpretation of results difficult. Some of the problems of mea-
suring antibody in this way in cats vaccinated with inactivated virus or virus-
infected cells were resolved by preabsorbing the sera with the cells in which
the virus was prepared.50 This procedure appears to remove anticell activ-
ity in the sera and thereby enhances virus neutralizing antibodies titers.
Using this technique, virus neutralizing antibodies have been demon-
strated in vaccinated cats, but again it is not clear whether this activity oper-
ates in vivo or contributes to protection.

Clades

An unresolved and very important issue about HIV vaccination is
whether clades are relevant to vaccination. Do clades represent different
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antigenic types and if so, should vaccines be designed to include antigens
of the prevalent clade(s) in a particular geographic area? FIV appears to
be an excellent model in which to answer these questions. FIV exists in at
least 5 clades or subtypes (A–E), and in some geographical areas these
clades are distinct. Thus, in analyses of FIV isolates made in Italy and the
UK, it was found that all of the Italian isolates belonged to clade B,55 while
all of the UK isolates were of clade A (Alexandra Müller and Mauro 
Pistello, personal communication). In Austria and southern Germany there
appears to be a mixture of the two clades, including recombinants.69 This
curious distribution may be due to the patterns of migration of cats and
the evolution of FIV in these cat populations. Additional clades and recom-
binants have been identified throughout the world.62

Unfortunately it has not yet been possible to resolve the issue of
whether FIV clades represent serotypes because of the difficulties in anti-
genic typing using virus neutralization, as described above. An indication
that there may be clade-specific differences comes from a comparison of
the neutralization of viruses representing five different clades,36 although
insufficient isolates were examined to provide a comprehensive view of
antigenic relationships. A potential further complication is the finding 
of type-specific neutralization within viruses of clade A using the CRFK-
based assay.52 There have been few reports of antigenic relationships
between primary FIV isolates, predictably because of the technical difficul-
ties encountered. One study of 15 Italian isolates of clade B confirmed 
their resistance to neutralization and failed to reveal any correlation
between behavior in neutralization assays and genetic relatedness or epide-
miological distribution.13 Experience in the UK with clade A viruses 
has been similar (Alexandra Müller, personal communication). This 
resistance appears to be highly conserved in FIV, as infection of cats with
neutralization-sensitive virus results in the evolution of a neutralization-
resistant population with time.4 Clearly this is a very important field of study
that urgently requires further effort to clarify.

A pragmatic approach to the issue, which is feasible in the cat but not
in man or macaques, has been to determine whether a vaccine that con-
tains antigen(s) derived from one clade can protect against challenge with
a virus of another clade. So far this has not been done in a systematic way,
although Pu et al.59 showed that cats vaccinated with an inactivated cell
vaccine containing a mixture of clades A and D were protected more effec-
tively against challenge with viruses of clades A, B, or C than cats vaccinated
with a clade A virus alone. The commercial vaccine derived from that
experimental vaccine protected completely against a further clade B virus.58

This information is of practical significance as FIV of clade B is widely dis-
tributed in the United States and parts of Europe. The generality of these
results needs to be confirmed by the use of further challenge viruses rep-
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resenting all FIV clades. This cross-clade protection implies, however, that
there are immunogens in common among clades.

Virulence

While the virulence of a virus used for the challenge of vaccinated 
cats has to be taken into account in assessing vaccine efficacy, as discussed
below, it is not so clear if virulence is an important consideration in 
the choice of virus to be used in a vaccine. Do virulent viruses have 
other phenotypic characteristics that make them more attractive as
immunogens?

Cell tropism is one characteristic that is almost certainly an important
factor in virulence. Like HIV, FIV has a tropism for CD4+ T lymphocytes.
As described previously, the primary receptor for FIV is CD13466 and the
coreceptor is CXCR4.78 It is probable that the viruses transmitted in nature,
accordingly most relevant to vaccine development, require both of these
molecules for virus entry into cells. Viruses in a minority of primary iso-
lates of FIV, as well as certain “laboratory-adapted” strains, are able to infect
cells directly through an interaction between the V3 region of the SU
protein and CXCR4.78,79 Although only a few of these viruses have been
tested for their capacity to replicate in vivo, those that have been inocu-
lated into cats establish lower virus loads, and consequently are considered
to be less virulent, than more “primary” isolates. By contrast, it is consid-
ered that the CXCR4-tropic HIVs that appear during the terminal phases
of infection are somehow associated with the decline in immune respon-
siveness of the host, and therefore are more virulent than the primary
CCR5-tropic viruses that are initially present after infection. Experience
with FIV suggests that in fact the viruses that enter cells using only the core-
ceptor may be a product of the immunodeficiency rather than the cause. It
is relevant to this review that in the cat there appears to be pressure on
these CXCR4-tropic FIVs to evolve into viruses with a phenotype more like
that of the primary isolates, which use both receptors.33 Direct inoculation
of a CXCR4 tropic FIV that established a very low virus load was followed,
almost 3 years later, by the emergence of a virus population that appeared
to have a change in receptor usage. When inoculated into kittens, these
variant viruses established a higher virus load than the parental virus,
similar to that following infection with a “primary” isolate. Consequently,
there appeared to be selection pressure on the virus to evolve a phenotype
that was more suited for long-term survival in its host.

The association between receptor usage, cell tropism, and virulence
has yet to be fully determined. It is important that this association be un-
raveled because a great deal depends on the answer, particularly the 
choice of viruses that should be included in a vaccine for HIV or FIV and
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which should be used as challenge viruses in FIV vaccine trials to measure
efficacy.

Immune Responses to Vaccination and Correlates of Protection

It is often asserted that to be effective a vaccine should induce 
an immune response that is equivalent to that which occurs in individuals
who have been challenged with the cognate infectious agent and have 
subsequently recovered. The problem with defining the type of response
to HIV or FIV that should be induced is that these viruses establish persis-
tent infections from which the infected individual never recovers, even
though they possess strong antiviral immune responses. Accordingly, it can
also be argued that since the responses that are observed in the course 
of the infection do not eliminate the virus, they may not necessarily be 
indicators of the type of immunity that would be desirable in a protective
vaccine.

The protection that is afforded by inactivated virus vaccines against
FIV has been exploited to determine the immune correlates of vaccine-
induced protection. An experiment with an inactivated virus vaccine that
was manipulated to protect only a proportion of vaccinated cats allowed a
comparison of the immune responses following vaccination, which resulted
in either protection or the establishment of a persistent infection.21,28 While
virus neutralizing antibodies appeared to be correlated with protection in
the period immediately following virus challenge, CTL induced early after
vaccination correlated with protection from further challenge 8 months
later. These results suggested that perhaps a more universal response, in
which both virus neutralizing antibodies and CTL were induced, is bene-
ficial in vaccination. That each component is important in protection 
is suggested by the results of experiments in which protection could be
transferred from successfully vaccinated cats by either serum25 or blood
mononuclear cells.61 Whether the conclusions from these experiments with
inactivated virus vaccines are valid also for other types of vaccines is not
known. Since vaccines other than inactivated vaccines have not been
entirely successful, it is not yet possible to determine directly the correlates
of whatever protection they have provided.

Challenge Systems

Although the measurement of immune responses elicited by vaccina-
tion may give a valuable indication of the immunogenicity of a vaccine, it
is still not entirely clear what immune responses may be protective. A broad
range of cellular and humoral responses may be required or specific anti-
body responses to defined epitopes may be essential. Furthermore, the 
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contribution to protection made by nonspecific innate immune responses
(e.g., NK cells) is uncertain. In the absence of such correlates of protec-
tion, the assessment of vaccine efficacy is only possible using a challenge
model. Further, the choice of an appropriate challenge is clearly impor-
tant. There are four factors that should be considered: choice of virus
strain, source of virus, challenge route, and dose of inoculum.

Choice of Challenge Virus Strains

There are a number of viral strains that have been used in efficacy
studies, as illustrated in Tables I, II, and III. These strains vary significantly
in their virulence, as assessed by viral loads attained and by reduction in
CD4+ T-lymphocyte numbers following challenge. A further consideration
is whether a homologous or heterologous challenge should be used.
Choice of challenge strain may be influenced by geography; for example,
in northern Europe clade A viruses predominate, while in central and
southern Europe, clade B viruses are more common. Studies on field cases
of FIV have shown that the majority of infected cats have relatively high
viral loads and have depressed CD4+ T-lymphocyte counts. This supports
the use of more pathogenic virus as a challenge strain for vaccine studies.
In addition, this provides a realistic model for HIV, where high viral loads
and suppression of CD4 counts are typically seen in infected patients. The
feline model offers good opportunities to study the effect of viral variation
on the ability of vaccines to protect against challenge by viruses of differ-
ent clades and of different pathogenicity.

Source and Type of Virus Inoculum

It is believed that FIV is transmitted mainly by biting and, therefore,
through the traumatic transfer of virus or virus-infected cells in the saliva.
The dilemma in choosing the most appropriate source of virus is to balance
simulation of natural infection with the practicalities of obtaining a suit-
able and reproducible inoculum. Infected saliva has not been used because
of the difficulties in obtaining sufficient quantities of acceptable quality.
The materials that have been most widely employed are free virus or
infected cells grown in cultures of feline T-cells, either primary blood
mononuclear cells or cell lines. The use of virus derived from molecular
clones may be preferable, as it ensures consistency between experiments
and avoids viral attenuation that can occur with long-term culture in vitro.
Increasingly, virus-containing plasma from cats infected with an appropri-
ate FIV strain is used. Although virus grown in vitro is more readily con-
trolled, virus obtained ex vivo may represent more closely the state of the
virus that is transmitted naturally; for example, in terms of its resistance or
susceptibility to neutralizing antibodies.
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Route of Challenge

In assessing the efficacy of FIV vaccines in the development of prod-
ucts for use in the target species, the challenge should be delivered in a
manner that is relevant to the route of infection by which natural trans-
mission occurs. This being the case, establishing the outcome of housing
vaccinated and nonvaccinated cats together with healthy persistently
infected cats should provide the most natural and realistic measure of
vaccine efficacy. However, for practical use, direct parenteral inoculation
of virus has to be employed. In attempts to provide a model of sexual trans-
mission of HIV, mucosal challenge by FIV has also been used.

Natural Challenge. A clear advantage of the FIV model over the SIV
model is that ultimately the testing of a vaccine in its natural host under
field conditions is possible. This provides the most realistic assessment of
how well the vaccine performs in its intended environment. The prevalence
of FIV is quite high in many populations of cats, with estimates ranging
from 1–12% in the healthy pet cat population and up to 100% in small
populations. This high prevalence might suggest that it would be easy to
test FIV vaccines in a natural setting with relatively small numbers of cats,
either under experimental conditions or in the field. Unfortunately, this is
not the case. In situations of natural transmission among pet cats in the
field it would be difficult, if not impossible, to obtain permission from reg-
ulatory authorities to carry out the experiment; keeping pet or shelter cats
in a situation in which unvaccinated individuals might be infected is not
appealing.

In the experimental situation, which simulates natural transmission, the
problem is achieving a sufficiently high incidence of transmission of the
infection, particularly among cats that are well socialized and nonaggressive
toward each other. Group sizes need to be large, to ensure statistically mean-
ingful results, because a portion of vaccinates is likely to remain uninfected
following challenge. The experience of many is that cats housed with FIV-
infected animals may remain uninfected over periods of years. However, in
some cases regular, if slow, spread of infection has been recorded.1

These potential problems ensure that testing of the majority of can-
didate vaccines must still be performed in experimental animals, with 
challenge virus being administered artificially. How can we make these
experiments more realistic? Should we consider using a dose of virus that
represents a more natural challenge or use multiple lower doses of virus?
The hope is that vaccines that are able to prevent infection in an experi-
mental setting with a “robust” challenge may be more likely to provide 
significant protection in pet cats in the field.

Inoculation of Challenge Virus. As discussed above, there is a difference
in the route of natural transmission of FIV and HIV: HIV is transmitted
across mucosal surfaces, while FIV is spread mainly by biting. Consequently,



FIV can serve as a model for HIV vaccination in two ways. In the first, more
obvious model, which we have been describing until now, the principles
established in eliciting protection from a natural challenge may be able to
be applied to HIV. The second model involves manipulation of the FIV
system by attempting to protect cats against virus administered by the
vaginal or rectal routes, which are not the natural means of transmission
of FIV but may be more relevant to HIV.

Cats may be infected vaginally, rectally, or orally,51 although these
mucosal routes require higher doses of virus than intramuscular, intraperi-
toneal, or intravenous inoculation to produce persistent infection. Infec-
tion may be more readily established by rectal or vaginal routes with
cell-associated virus than cell-free virus.5 This is in agreement with the infec-
tious doses required to infect macaques with SIV by these routes.2,68 Vaginal
inoculation is more efficient than rectal inoculation, while oronasal admin-
istration is the least effective method of infection.7

Clearly the route of viral challenge may influence the ability of 
vaccines to protect against infection or disease. While infection by the 
intramuscular and intraperitoneal routes requires relatively low amounts
of virus for infection, mucosal infection by either the vaginal, rectal, or
intranasal/oral routes requires large amounts: up to four logs higher than
that required to establish infection by the intravenous or intraperitoneal
routes. The implication of this difference is that HIV may similarly be more
readily transmitted by intravenous drug use than by sexual transmission.
What remains to be determined, although seems very likely, is whether vac-
cination may more readily prevent infection by mucosal compared to par-
enteral inoculation. The desired immune responses required to prevent
infection are almost certainly different depending on the route of expo-
sure to virus. Examples of the results of vaccination trials using mucosal
challenge are discussed below.

Dose of Challenge Virus. The dose of viral inoculum used for challenge
is typically chosen to be sufficiently high to ensure that all nonvaccinated
controls become infected; usually 10–50 median cat infectious doses of
virus are used. However, this dose is likely to be far greater than would be
encountered in a natural challenge. It is possible, therefore, that vaccina-
tion trials carried out using these challenge doses may underestimate the
potential efficacy of vaccines in a field setting. This contention is supported
by the vaccine trial by Matteucci et al.,49 which was performed in a popu-
lation of feral cats in a private shelter where FIV was endemic, with a preva-
lence of 29 to 58%. Animals were vaccinated with six doses of a FIV clade
B paraformaldehyde-inactivated infected cell vaccine and observed for a
28-month period after the first immunisation. Although 5 of 14 control
animals became infected, all 12 vaccinates remained free of infection. This
result contrasts with the relatively modest success obtained in laboratory
cats using similar vaccines.
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Measurement of the Outcomes of Vaccination

In assessing the success of vaccine experiments, four potential out-
comes may be envisaged. The vaccine may provide robust protection,
inducing sterilizing immunity, where it is not possible to isolate infectious
virus or detect viral RNA or proviral DNA by the polymerase chain reac-
tion (PCR) following challenge. Although they may not provide sterilizing
immunity, vaccines may provide significant protection, leading to a
decrease in viral loads in the blood or lymphoid tissues following challenge.
Alternatively, vaccines may fail to provide any degree of protection, or
worse, may actually enhance infection following challenge. Examples of
each of these outcomes may be seen in Tables I–III. Many vaccines have
failed to induce significant protection. This has been the outcome even
when vaccination has induced significant anti-viral immune responses. By
contrast, some degree of protection has been achieved with vaccines that
failed to activate one or another arm of a specific immune response. These
findings further emphasize the need for viral challenge when assessing
vaccine efficacy.

With experience of lentiviral vaccine development, the realization that
the quality of the immune response induced by vaccination might be 
insufficient to provide sterilizing immunity against infection has given rise
to the hope that it might control subsequent infection sufficiently to 
reduce the transmissibility of the virus from the infected individual and to
prevent the progressive decline to disease and death. Confirmation that
the risk of transmission can be reduced by vaccination should be possible
with FIV, as it is should be perfectly feasible to quantify virus or proviral
DNA in saliva.46 Surprisingly, very little work appears to have been done on
this important subject.

The most worrying result for a candidate vaccine is the finding that
infection is enhanced following challenge. This outcome has been
observed with a number of different types of FIV vaccine, including inac-
tivated whole cell vaccines, some envelope subunit vaccines, and DNA vac-
cines encoding viral envelope. A number of potential mechanisms for such
enhancement have been proposed and are discussed below.

4. EXAMPLES OF FIV VACCINES

Inactivated Virus and Virus-Infected Cell Vaccines

In spite of the number of variables associated with the challenge
system, if a vaccine can be shown to be effective in cats against a virulent
challenge with FIV, given the biological similarities between the two
lentiviruses, it must be considered to be a serious candidate for develop-
ment as an HIV vaccine. With this in mind, what lessons have we learned
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from the cat? The results of recent FIV vaccine trials shown in Tables I–III
illustrate the number of candidate vaccines that are in development. While
the earliest FIV vaccines to be studied were those based on virus or infected
cells inactivated with paraformaldehyde, since then many approaches have
been tried. These include peptide and recombinant proteins, DNA vac-
cines, and viral vectors. However, despite the application of new technolo-
gies to FIV vaccine development, and while DNA vaccines have shown early
promise, inactivated virus and infected cell vaccines remain the most 
successful.

Inactivated Virus Vaccines

The whole inactivated virus vaccine pioneered by Yamamoto and 
her colleagues provided complete protection against challenge with
homologous virus (FIV-Pet)82 and another strain of clade A.81 Hosie et al.32

confirmed these results and showed subsequently that this vaccine,
although not providing full protection against challenge with a heterolo-
gous virus (FIV-GL8), significantly reduced the virus load.26 The reasons
for the difference in the degree of protection achieved against challenge
by the two viruses were not entirely clear but, as discussed above, a strong
possibility is that the greater virulence of the FIV-GL8 strain was responsi-
ble. A virus that establishes a high virus load might be more difficult to
protect against by vaccination, either because it grows more rapidly fol-
lowing infection or establishes infection in cells that are not accessible to
the immune response induced by the vaccine. Another possible explana-
tion is that the two viruses differ in antigenicity. In the CRFK-based neu-
tralization assay, it was shown that although FIV-Pet and FIV-GL8, both of
which are of clade A, were cross-neutralized by sera derived from cats
infected with either virus, there was a degree of antigenic strain specificity.52

A third possibility, mentioned previously, is that the FIV-Pet virus was more
readily neutralized than FIV-GL8 by the particular antibody induced by 
vaccination, such that the effective dose of virus was rapidly reduced 
immediately following challenge.

If the virulence of a virus indicates a phenotype that should be incor-
porated into a vaccine in order to provide effective protection, then viruses
such as FIV-GL8 should be prime candidates. However, early attempts to
produce an effective inactivated virus vaccine based on FIV-GL8 were
unsuccessful.31 This lack of efficacy was ascribed to the poor preservation
of SU on the vaccine virus, compared to the FIV-Pet from FL4 cells. In an
attempt to produce a vaccine containing FIV-GL8 particles with high levels
of SU, a molecular clone was modified to produce a virus in which the
endocytosis signal in the cytoplasmic tail of Env was mutated, thereby pro-
moting an accumulation of virus at the infected cell surface and incorpo-
ration of SU into viral particles.30 A vaccine derived from these particles
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inactivated with paraformaldehyde provided partial protection from viru-
lent FIV-GL8 challenge. Although the formulation of the two FIV-GL8 vac-
cines was quite different, it may be that the significant improvement of
efficacy of the second vaccine was due to better preservation of SU on the
vaccine virus particles. However, the degree of protection achieved by the
second vaccine against FIV-GL8 challenge was not markedly greater than
that afforded by a previous vaccine based on FIV-Pet.26 This outcome sug-
gests that factors other than the quality of SU are necessary for protection
against challenge by viruses of high virulence.

Inactivated Virus-Infected Cell Vaccines

Vaccines based on inactivated FIV-infected cells have also provided
good protection. This material is attractive as a commercial proposition
because it does not require expensive concentration or purification, and 
it contains the full range of viral proteins. In their initial experiments,
Yamamoto et al.82 obtained essentially equivalent protection with vaccines
containing either paraformaldehyde-inactivated whole virus or inactivated
infected cell vaccines. In these experiments the vaccines were derived from
the interleukin-2-independent FL4 cell line that is chronically infected 
with FIV-Pet, and the challenge was the homologous virus administered by
the intraperitoneal route. In further developments of this approach, the
vaccine was found to protect also against another virus of the same clade.81

The inclusion of cells infected with a second strain of FIV, FIV-Shi, belong-
ing to clade D, extended the efficacy of the vaccine, which now protected
against challenge by three different FIV strains: FIV-Pet (clade A), FIV-Ban
(clade B), and FIV-Shi (clade D). The commercial derivative of this vaccine
was shown subsequently to protect against FIV-FC1, a “primary” isolate of
clade B, a common clade in the United States.60 This virus was considered
to be of high virulence as it caused a reduction in CD4+ T-cell numbers in
unvaccinated cats.

In an attempt to set a benchmark against which other vaccines could
be judged, we tested the ability of this commercial vaccine to protect
against challenge with the virulent UK isolate, FIV-GL8. The vaccine failed
to provide sterile protection in any cats regardless of whether they were
challenged by the intramuscular, intraperitoneal, or oronasal route. This
raises the question of whether FIV-GL8 represents an excessive challenge.
Studies of UK field isolates have shown that they typically produce high
viral loads and depress CD4+ T-cell numbers, such that FIV-GL8 appears to
be representative. However, it is not clear if there are other factors that may
compromise the ability of vaccines to protect against this isolate. Ideally,
vaccines would be tested against a panel of well-characterized field isolates,
but unfortunately this is impractical at present.
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Confirmation of the efficacy of vaccines containing FIV-infected cells
was provided by Matteucci et al.47 A vaccine based on paraformaldehyde-
inactivated cells of the MBM feline lymphoblast line infected with FIV-M2
protected cats when challenged with ex vivo, cell-free virus 4 months after
vaccination. No significant protection was recorded when the cats were
challenged 12 or 28 months after vaccination, indicating that the duration
of immunity was short. Nevertheless, this vaccine protected cats in a natural
setting over a period of 24 months, as described above.49

In contrast to these successes, other types of inactivated cell vaccines
have not proven to be as protective. The substrate in which the vaccine
virus is grown may have an effect on efficacy. Thus, a vaccine based 
on paraformaldehyde-inactivated CRFK cells or feline thymocytes 
infected with FIV-UT113 failed to protect cats on challenge with homolo-
gous virus.75 An even more alarming outcome was found in later trials of
vaccines containing inactivated FIV-infected autologous T-cells.38 The ratio-
nale for these experiments was that FIV antigens would be presented 
in a MHC-matched manner. However, the challenge with homologous 
virus was found to enhance the challenge, indicated by a shorter period
between challenge and the appearance of viraemia in the vaccinated cats
versus the controls. Similar results were obtained by Giannecchini 
et al.23 in testing four vaccines based on inactivated infected autologous 
lymphoblasts.

Inactivated HIV Vaccines

There has been comparatively little interest in developing inactivated
virus vaccines for HIV, despite the efficacy of some FIV vaccines and the
extremely successful use of many killed vaccines for other human diseases.
The main reason for the lack of interest is the danger arising from incom-
plete inactivation of infectious virus and the high cost of production for a
virus that is required for large-scale use in poor countries.

Recently, inactivated HIV has been used as the boost in a prime-boost
vaccination regime in an attempt to protect macaques from infection with
a SIV-HIV recombinant virus (SHIV).80 The rationale for using inactivated
virus particles was that they might induce high levels of virus neutralizing
antibodies to complement the cell-mediated immunity likely to be elicited
by the priming component, a vaccinia virus recombinant expressing HIV
and SIV structural proteins. The vaccine failed to prevent infection with
the challenge, although virus loads were very much reduced compared 
to those in unvaccinated control animals, and the vaccinated macaques
remained healthy over a period of 21 months while the controls developed
AIDS within this period.
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Attenuated Virus and DNA Vaccines

Attenuated virus vaccines offer several advantages over inactivated vac-
cines. They can be relatively inexpensive to produce, often do not require
an adjuvant for efficacy, and produce a robust immune response. Of 
relevance to the development of lentivirus vaccines is the capacity of 
attenuated vaccines to induce both antibody and cell-mediated immune
responses. Viruses have traditionally been attenuated by prolonged passage
in cell culture. However, the introduction of defined changes using mole-
cular techniques offers a more refined and perhaps safer approach. The
deletion of accessory lentiviral genes provides a method to reduce viru-
lence without completely disabling virus replication and dissemination in
vivo and has been extensively pursued in the SIV model. Attempts to
produce a nef deleted SIV vaccine were based on the discovery that a
number of individuals infected with an HIV variant deleted in nef showed
slow disease progression. Although this approach showed initial promise,
the eventual development of disease, both in vaccinated macaques and
HIV-infected individuals, led to an obvious reluctance to pursue such vac-
cines for HIV.76

A further opportunity provided by the FIV model is the availability of
viruses of low virulence that can be tested for their ability to protect against
subsequent challenge with a more virulent virus. The possibility that FIV-
Pet, attenuated by prolonged growth in vitro, could protect against a sub-
sequent virulent challenge has been studied. Modest protection was seen
against FIV-M2 administered intravenously.57 Excellent protection was
achieved against intraperitoneal challenge with cell-free FIV-GL8 but not
cell-associated vaginal challenge.56 Although such vaccines are unlikely to
be considered safe enough for clinical development, they may be able to
provide a useful insight into both viral determinants of pathogenesis and
immune correlates of protection.

A difficulty encountered with the use of attenuated virus vaccines is
that of growing viral stocks to sufficient titers in vitro to produce the quan-
tities required for vaccination. DNA vaccines offer an alternative method
for exploring the immunogenicity of proviruses that can be rendered
defective by selective deletions. The first successful example of this
approach used a deletion in the reverse transcriptase gene to produce a
DNA vaccine (DRT) that provided significant protection against challenge
with the homologous virus, FIV-Pet.29 This encouraged the hope that
vaccine protection might extend to more virulent isolates. However, sub-
sequent studies have failed to demonstrate such significant levels of pro-
tection against FIV-GL8, using proviral DNA vaccines with either the DRT
vaccine or a similar vaccine with a deletion in integrase.16,26 Attempts to
improve levels of protection by using a variety of cytokine adjuvants and a
prime-boost approach have also been unsuccessful. One of the most
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promising results shown by DNA vaccination, against FIV-PPR, used a provi-
ral DNA vaccine attenuated by a deletion in vif.43 Unfortunately, the safety
of such a vaccine is uncertain, with the possibility that the attenuated virus
may revert to a virulent phenotype.

If DNA vaccines were to be developed for widespread use, then one
concern that would need to be addressed is the use of vectors that do not
contain antibiotic resistance genes. A system to accomplish this has been
tested in the FIV model. Minimalistic, immunogenic defined gene expres-
sion (MIDGE) constructs encoding FIV Env and feline IL-12 and lacking
unnecessary vector sequences have shown significant protection against
challenge with FIV-Z2.6,41

The experience with DNA vaccines for FIV mirrors that of DNA vac-
cines for SIV and other viral pathogens. Although they have shown early
promise, they have yet to produce levels of protection, when used alone,
that suggest they may be applied to HIV. This has led to several approaches
to try to improve their efficacy, including the use of cytokine adjuvants, inoc-
ulation of DNA vaccines in combination with viral vectors or proteins in a
prime-boost approach, use of improved delivery systems, and alteration of
codon usage to improve expression levels. Some of these approaches are
currently also being tried for FIV. Should improved efficacy be attained then
this would be of great value to the development of other lentiviral vaccines.

Protein and Peptide Vaccines

Early efforts to develop both HIV and FIV vaccines attempted to
induce protective neutralizing antibodies. Although the majority of suc-
cessful experiments in the FIV model have used whole inactivated or
infected cell preparations, as outlined above, experiments have also been
performed using subunit and peptide vaccines (Table III). These have
largely been unsuccessful and indeed this result reflects the great challenge
that is faced in developing antigens that will induce potent, broadly reac-
tive antibodies that can mediate protection from HIV. It is likely that to be
successful such vaccines will have to comprise protective epitopes that are
very similar to those in the virus. Since the majority of these are confor-
mationally dependent, it is expected that peptide immunogens are less
likely to achieve this. The use of envelope gp120 as a vaccine has met with
poor success, most likely due to the lack of authentic conformation of the
monomer. This outcome has been seen in the FIV system where the rela-
tively poor efficacy of a purified gp120 vaccine was in contrast to the robust
protection provided by the whole inactivated virus from which the purified
preparation was derived.27 The lack of efficacy of gp120 in animal models,
however, does not appear to be a lesson that was heeded in the clinical
development of an HIV vaccine, where gp120 was pursued at great cost as
a prototypic HIV vaccine, as discussed above.
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Viral Vectored Vaccines

Like DNA vaccines, vaccination with viral vectors is effective at gener-
ating cell-mediated immune responses. Although relatively few studies have
been performed with viral vectors for vaccination against FIV, one of the
most effective vaccines for the other pathogenic feline retrovirus, FeLV, is
a canarypox vector, which expresses FeLV Env and Gag proteins. Cats
immunized with a “prime” of canarypox virus encoding FIV env and gag-
pol followed by a “boost” of inactivated FIV-infected cell vaccine were solidly
protected against homologous challenge with clade A FIV-Pet. When 
subsequently challenged with clade B FIV-Bang, cats showed full to partial
protection.71 The idea of combining a vaccine that can generate potent
cell-mediated immunity with one that can generate potent antibody
responses is one which has being adopted in an effort to develop an effec-
tive human AIDS vaccine.45 However, early data from a phase I and II clin-
ical trial in humans of the prime-boost combination of canarypox and
gp120 or gp160 are not encouraging. In this trial, individuals who became
infected subsequent to vaccination showed no delay in the progression of
infection compared to those receiving placebo.39

Enhancement of Challenge by Vaccination

The disturbing phenomenon of enhancement of the FIV challenge
following vaccination, evidenced by an acceleration of the appearance of
viraemia, a higher virus load, or an increase in the proportion of cats
becoming infected compared to control cats, has been observed with
several different types of vaccines. This effect has not been recognized in
macaques vaccinated with SIV.* Therefore, it is not known whether
enhancement is a danger to be avoided in HIV vaccination, although it is
a concern, as sera from infected individuals may amplify HIV infection in
vitro and the enhancing activity in serum has been suggested as a compo-
nent in the progression to AIDS.

Two plausible mechanisms have been advanced to account for
enhancement of FIV infection by vaccination. The first implicates antibody-
mediated infection of target cells, for example, by Fc or complement recep-
tors. In experiments to evaluate several Env products as immunogens,
enhancement produced in cats vaccinated with Env expressed by a vaccinia

FIV MODEL FOR AIDS VACCINE STUDIES 323

* Since going to press enhancement has been recognized in the SIV model Ref:
Staprans, S. I., Barry, A. P., Silvestri, G., Safrit, J. T., Kozyr, N., Sumpter, B., Nguyen,
H., McClure, H., Montefiori, D., Cohen, J. I., Feinberg, M. B. (2004). Enhanced
SIV replication and accelerated progression to AIDS in macaques primed to mount
a CD4 T cell response to the SIV envelope protein. Proc. Natl. Acad. Sci. U.S.A 101,
13026–13031.



recombinant was transferable to naïve cats by plasma from the vaccinated
animals.67 Definition of the regions of Env that might be responsible for
this effect proved to be elusive.35 Pancino and Sonigo53 showed that the
highly conserved structure of the principal immunogenic determinant of
TM, maintained through two delineating cysteines, was essential for viral
infectivity and suggested that the induction of antibodies to this region,
which represent a large proportion of serum anti-FIV antibodies in infected
cats, might be a mechanism that has evolved to enhance viral entry and
growth.

However, that the induction of antibodies specific for Env is not the
only possible mechanism involved is evident from experiments in which
enhancement was produced in cats immunized with vaccines that did not
include Env and consequently could not elicit anti-Env antibodies; for
example, a recombinant p24 (Gag) vaccine adjuvanted with immune stim-
ulating complexes.31 In addition, enhancement might be due to the gen-
eration of effectors other than antibodies. Thus, Richardson et al.63 showed
that a likely mechanism for increased viral growth in cats after challenge
was an expansion of activated T lymphocytes, induced by vaccination with
a DNA Env vaccine that did not induce anti-FIV antibodies. In a previous
trial of a similar vaccine, which had resulted in enhancement, the vacci-
nated cats had been challenged shortly after vaccination at a time when
lymphocyte activation might have been at a peak. In the second trial, in an
attempt to minimize this effect, the vaccinated cats were not challenged
until 10 weeks after the final vaccination. The cats immunized by the intra-
dermal/intramuscular route did not exhibit enhanced infection after chal-
lenge. However, the appearance of virus in the blood of some cats, in which
vaccine was targeted to mesenteric lymph nodes, was very much acceler-
ated. These cats had FIV-specific helper T-cell proliferative responses and
their cells were more susceptible than normal cells to infection with FIV
ex vivo. Although the number of subjects in these experiments was small,
the results suggest that activated FIV-specific T-cells might be more sus-
ceptible to infection than nonspecific cells, as has been demonstrated for
HIV.14 It is also possible that vaccination results in a change in the popu-
lation of cells that are susceptible to infection. For example, the quantity
and distribution of cells expressing receptors for FIV may be increased.

Of great concern for the welfare of cats is the finding that enhance-
ment has been seen in trials of vaccines based on inactivated infected FL4
cells, which resulted in the production of the commercial FIV vaccine,15

and with other inactivated cell vaccines.23,38 In cats challenged 4 weeks after
receiving their third dose of commercial vaccine, plasma viral loads were
elevated at 2 weeks postchallenge compared to unvaccinated controls. Viral
loads fell below those of controls by 8 weeks postchallenge, but the early
rise suggests that wider viral dissemination and establishment of viral reser-
voirs may have occurred.15
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Clearly, the potential for enhancement is of great importance, not just
for the use of the FIV vaccine, but also for the development of HIV vac-
cines. It has been suggested that increasing the length of time following
vaccination prior to challenge may reduce the risk of enhancement.
However, prevention of exposure to the virus while the immune response
“matures” and the possibly increased susceptibility to infection declines
seems an unlikely proposition for a commercial vaccine.

Vaccination Against Mucosal Challenge

The development of mucosal vaccines against HIV is undoubtedly a
rapidly growing area, given increased impetus with the finding that the 
gastrointestinal mucosa represents a major viral reservoir.74 As discussed
above, much effort has been applied to developing the FIV model to
accommodate challenge by a mucosal route that is relevant to HIV. Some
degree of protection from vaginal challenge has been achieved by vacci-
nation. Although parenteral vaccination with an inactivated virus vaccine
did not protect against challenge with homologous virus, the vaccinated
cats had significantly lower virus loads than control cats.48 In another
approach, a recombinant vaccine consisting of an alphavirus replicon that
delivered FIV gag and env given subcutaneously induced serum and
mucosal anti-FIV antibodies but did not protect from vaginal challenge
with FIV-NCSU-1, a virulent strain.8

The use of bacteria as vectors for mucosal vaccine delivery is also an
area of growing interest for lentivirus vaccination. Early attempts to develop
Salmonella as a vector for FIV vaccines met with only modest success.72,73 In
contrast, in a more recent trial of a recombinant Listeria monocytogenes
vector expressing FIV Gag and Env, a single oral dose of vaccine provided
significant protection.70 Both vaccinated and control cats became infected
following challenge with the virulent NCSU-1 strain of FIV, but the vacci-
nated cats had extremely low virus loads compared to the controls and did
not suffer from the depletion of lymphocytes in the intestine or mesenteric
lymph nodes as was found in the control cats.

Vaccine trials using rectal challenge have also been carried out.
Mucosal immunization, with either a SU V3 peptide or inactivated infected
cells, adjuvanted with quil A and cholera B toxin, although inducing 
FIV-specific antibody and T-cell proliferation, did not protect cats from
rectal challenge with the homologous virus, FIV-GL8.19 More successful
results were obtained with an inactivated FL4 cell vaccine when immu-
nization was targeted to the iliac lymph nodes and rectal challenge was 
with homologous cell-free FIV-Pet.18 It is not known whether this difference
in outcome in the second trial was due to a better preserved immunogen,
more effective immunization, or because of the lower virulence of the 
FIV-Pet challenge. Challenge with cell-associated virus proved to be un-
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expectedly inefficient, even in control cats vaccinated with inactivated
uninfected cells, which suggested that an anticell immune response had
been induced that might have protected from challenge in a non-FIV-
specific fashion.

As for parenteral challenge systems, the success or failure of vaccina-
tion against mucosal challenge could be due to a variety of factors, includ-
ing choice of antigen delivery system and strain of challenge virus.

5. CONCLUSIONS

In this short review we have discussed some of the ways in which the
development of FIV vaccines has been approached. The driving force
behind many of these attempts has been to produce a vaccine that could
be used in the field to prevent the spread of FIV among domestic cats. In
addition it is recognized that if this end were to be achieved, the method-
ology might very well be applicable to the development of a vaccine against
HIV in humans. So far, success has been tantalizingly close: a commercial
vaccine has become available and an experimental vaccine has been shown
to protect against challenge in a natural setting. Other vaccines have pro-
vided partial protection. Paradoxically, a valuable outcome of some of the
trials of FIV vaccines that have failed to provide complete protection is that
several confounding factors have been identified, which, by their resolu-
tion, may provide the basis for more effective vaccines in the future. For
example, the commercial vaccine has been found to protect against some
virus strains but not others. This result may be due to differences in viru-
lence between the viruses used for challenge. Sufficient well-characterized
FIV strains are now available to test if this is the reason. Another possibility
is that there are antigenic differences between the viruses. Again, the avail-
ability of a very large number of primary FIV isolates of different clades from
around the world means that the antigenic relationships between individ-
ual viruses and clades might be defined, and the practical significance of
any difference might be tested directly by experimental challenge. The
question of whether partial protection reduces the transmissibility of FIV
can be determined by the quantification of virus in the saliva of vaccinated
and challenged cats. Enhancement of infection following vaccination is a
concern for the application of HIV vaccines in the field. Further definition
of the factors responsible for enhancement and those that are necessary to
overcome enhancement by certain FIV vaccines should be made.

Despite the opportunities provided by FIV to resolve these issues, which
undoubtedly also apply to HIV vaccine development, the feline model has
been relatively neglected by the AIDS research community. The crucial
problems that have arisen in the course of FIV vaccine development will
only be resolved by careful, systematic analysis of the viral and host factors
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responsible. We have no doubt that given more generous resources, many
of these problems could be overcome, and the central tenets for the pro-
duction of effective vaccines against both FIV and HIV could be established.
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1. INTRODUCTION

Human immunodeficiency virus (HIV) infection shares close similarities
with feline immunodeficiency virus (FIV) infection in respect to mole-
cular structure, replication properties, and pathogenesis of disease. FIV
causes an immunodeficiency syndrome in domestic cats comparable to
acquired immunodeficiency syndrome (AIDS) in humans.

As anti-HIV drugs and combination therapies are only partially effec-
tive in controlling viral replication and rapid emergence of resistance limits
their efficacy, development of new drugs is crucial. Furthermore, the ques-
tion of whether therapy should be started early in infection or when disease
is more advanced has become a major point of discussion. Identification
of suitable animal models that mimic HIV infection and the evolving 
clinical syndrome seen in humans is essential for development and testing
of antiviral agents in vivo. The FIV model can be used to investigate phar-
macodynamic and pharmacokinetic properties of anti-HIV compounds
and can help to determine their antiviral potency. Studies in experimen-
tally infected cats allow evaluation of drug efficacy in preexposure models,
in recent infection as well as in chronic infection with defined infection
status. In addition, a major advantage of the FIV/cat model for evaluation
of antiviral drugs is the fact that cats are naturally infected with the virus,
and treatment studies can be performed without experimental infection in
naturally exposed animals. FIV infection is an important problem in the
cat population as 2 to 30% of pet cats worldwide are naturally infected by
FIV. Treatment studies in naturally infected cats are not only helpful in the
development of new drugs against HIV but also of major importance for
veterinary medicine as they provide a potential treatment for pet cats, thus



improving clinical signs, increasing quality of life, and prolonging survival
time in these animal patients.

2. DEVELOPMENT OF THE FIV/CAT MODEL

For using the FIV/cat system as an animal model for treatment of HIV
infection, several in vitro and in vivo parameters have been developed.

In Vitro Parameter

First, potential compounds have to be screened in FIV-infected cell
cultures for their anti-FIV efficacy and cytotoxicity in feline cells. A number
of different feline cells have been used including Crandell feline kidney
(CrFK) cells or primary lymphocyte cultures that can be infected with FIV.
For investigation of the antiviral efficacy in vitro, different assays can be
used, for example, measurement of reverse transcriptase (RT) activity or
FIV p24 antigen concentration in cell culture supernatants, immunohisto-
chemical staining, counting of infected cells as well as polymerase chain
reaction (PCR) to determine provirus or virus load in culture cells or super-
natants, respectively. Cytotoxicity can be determined in vitro using trypan
blue staining of viable cells or tests to evaluate enzymatic cell function 
(e.g., MTT or XTT assays).

In Vivo Parameters

Usefulness of a variety of parameters to determine efficacy, compare
activity, and detect side effects of antiviral compounds in FIV-infected cats
has been evaluated. Clinical parameters, like quality of life and improve-
ment of clinical signs, need to be objectively quantified to allow statistical
analysis. This can only be achieved by performing placebo-controlled
double-blind studies.

Karnofsky’s Score

To evaluate quality of life and well-being of cats, the Karnofsky’s score
was modified for cats. The Karnofsky’s score, evaluating quality of life in
human patients and commonly used for HIV-infected individuals (Fischl 
et al., 1990), was originally developed by David A. Karnofsky in 1948 for
patients suffering from lung cancer (Karnofsky et al., 1948). This score
determines the ability of a patient to carry on normal activities in life by
using a scale from 0 to 100%.

This index has been modified for cats (Hartmann and Kuffer, 1998)
taking playing, grooming, sleeping, eating, sexual, and comfort behavior
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of the feline patients into consideration. The modified Karnofsky’s score
enables judgment of quality of life and well-being in cats which otherwise
would be very difficult to interpret. Objectivity is given by a classification
oriented in details concerning general condition as well as changes in
behavior. Establishing an objective quantifiable scale is especially impor-
tant for animal studies because the patient itself is not able to give infor-
mation about well-being and life quality, which should be one main criteria
for treatment success.

Clinical Signs

Under natural conditions, FIV-related clinical signs develop after a
long latent time period over years, as in HIV. Symptoms are characterized
by a progressive immunosuppression and appearance of opportunistic
infections like viral (e.g., feline calicivirus, feline herpesvirus, and poxvirus
infection, feline infectious peritonitis (FIP)), protozoal (e.g., toxoplasmo-
sis, cryptosporidiosis, fungal (e.g., candidiasis, cryptococcosis), and 
bacterial (e.g., mycobacteriosis) infections. In both diseases, cofactors 
like secondary infections play an important role for manifestation of the
immunodeficiency (Torten et al., 1990; Reubel et al., 1994). Progression
of both types of infection takes a parallel course, and a similar classifica-
tion in different stages of disease is possible. Neurological signs are
described in FIV and HIV infection, which show similar histopathological
pictures (Dow et al., 1990). In addition, hematological changes during FIV
infection are comparable to those of HIV-infected patients (Scadden et al.,
1989).

FIV infection progresses through several stages, much like HIV infec-
tion in humans. Recognized clinical stages in cats include an acute phase,
a clinically asymptomatic phase of variable duration, and a terminal phase
of infection. Attempts have been made to define the clinical course in dif-
ferent stages analogous to those of HIV infection; there is, however, often
no sharp distinction between the phases in cats and not all stages will be
apparent in some cats.

The primary phase of infection is characterized by clinical signs of
varying severity such as fever, diarrhea, stomatitis, conjunctivitis, uveitis,
and generalized lymphadenopathy and by laboratory changes such as lym-
phopenia and neutropenia. Signs persist from a few days to several weeks
before disappearing. Mortality during the initial stage is low, and in natural
infection clinical signs are usually not noticed by the owners. Following the
first stage, cats enter a long period of clinically normal appearance (latent
stage) before finally progressing to the terminal stage. Although no clini-
cal signs are present, a progressive decrease in CD4+ cells and CD4/CD8
ratio and a hypergammaglobulinemia can usually be demonstrated during
the latent stage. Cats in the terminal stage with AIDS-like disease suffer
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from opportunistic infections, myelosuppression, tumors, or neurologic
signs. The span between the primary and the terminal stages has not been
precisely determined, but it can last up to 5 years or more. Some cats may
carry FIV for life with minimal disease problems. Cofactors such as expo-
sure to secondary infections determined by environmental conditions play
an important role in disease progression, as it has been shown that indoor
only cats in single cat households have a significant longer symptom-free
period and life expectancy than cats that have contact with other cats and
infectious agents.

Many FIV-infected cats are clinically completely healthy; others present
with a history of recurrent illnesses with periods of relative health between
episodes. In a follow-up study in naturally FIV-infected cats, the rate of 
progression was variable, with death occurring in about 18% of infected
cats within the first 2 years of observation (about 5 years after the esti-
mated time of infection). An additional 18% developed increasingly severe
disease, but more than 50% of the infected cats remained clinically asymp-
tomatic during the 2 years (Barr and Phillips, 2000). In a survey study of
826 naturally FIV-infected cats examined at North American Veterinary
Teaching Hospitals, the most common disease syndromes diagnosed in the
FIV-positive patients were stomatitis, neoplasia (especially malignant lym-
phoma and cutaneous squamous cell carcinoma), ocular inflammation
(uveitis and chorioretinitis), anemia and leukopenia, opportunistic infec-
tions, renal insufficiency, lower urinary tract disease, and endocrinopathies
such as hyperthyroidism and diabetes mellitus (Shaw et al., 1990; Levy,
2000), some of which are most likely associated with the older age in which
these cats were presented (e.g., endocrinopathies, renal insufficiency) than
with their FIV infection.

Stomatitis. Chronic ulceroproliferative stomatitis is the most common
disease syndrome found in cats naturally infected with FIV; depending on
the investigated population, up to 50% of FIV-infected cats may suffer from
oral lesions. The proliferative stomatitis characteristically originates in the
fauces and gradually spreads rostrally, especially along the maxillary teeth.
The lesions are often painful and tooth loss is common. Severe stomatitis
can lead to anorexia and emaciation.

Histologically, the mucosa is invaded by plasma cells and lymphocytes,
accompanied by variable degrees of neutrophilic and eosinophilic inflam-
mation. The cause of the syndrome is uncertain, although the histologic
findings suggest an immune response to chronic antigenic stimulation or
immune dysregulation. In addition, circulating lymphocytes of cats with
stomatitis have higher than normal expression of inflammatory cytokines
(Levy, 2000), further implicating immune activation in the pathogenesis of
this condition. Concurrent calicivirus infection is often identified in the
oral cavity of cats with FIV-associated stomatitis and may be one of the infec-
tious cofactors capable of inducing stomatitis in combination with FIV.
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Other infectious agents may also play a role. Trichomoniasis in the oral
cavity is found significantly more often in FIV-infected cats than in FIV-
free animals. Oral Candida infection has been described in cats with FIV
infection, similar to the opportunistic infection in HIV-infected humans.
Recently, Bartonella infections have been discussed as being a potential
cofactor in chronic proliferative stomatitis.

Neurologic Disease. Both central and peripheral neurologic disease
complicates the course of HIV infection of humans, and the same is true
for FIV. The dementia of human AIDS is often characterized by a slight
decline in cognitive ability or behavior, changes that may be too subtle to
recognize in cats. About 5% of clinically diseased FIV-infected cats have
neurological abnormalities as a predominant clinical feature of their
disease. Although the majority of FIV-infected cats do not manifest clini-
cally observable neurologic dysfunction, a much higher proportion of 
naturally and experimentally infected cats exhibit microscopic lesions in
their central nervous system (CNS) (Dow et al., 1990; Barr and Phillips,
2000). However, as in HIV infection, histopathologic lesions only poorly
correlate with detected clinical abnormalities. Experimental studies suggest
that brain lesions may occur in the absence of massive infections, and
abnormal neurologic function has been documented in FIV-infected cats
with only mild to moderate histologic evidence of inflammation.

Uncommonly, neurologic signs are caused by opportunistic infections
such as toxoplasmosis, cryptococcosis, or FIP; mostly, abnormal neurologic
function is the result from a direct effect of the virus on CNS cells. Ex-
perimentally, neurologic expression of FIV infection is highly strain-
dependant. The virus infects the brain early, with virus-induced CNS lesions
sometimes developing within 2 months after experimental infection (Barr
and Phillips, 2000). However, these early CNS signs are frequently transient
in nature and may resolve after a few weeks or months. The reversal nature
of these early neurologic signs may reflect resolution of transient lesions
or the adaptive ability of the brain.

Neurological aberrations seen in naturally infected cats tend to be
more behavioral than motor. Twitching movements of the face and tongue,
psychotic behavior, dementia, loss of bladder and rectal control, compul-
sive roaming, and disturbed sleep pattern have been recognized. Other
signs described are nystagmus, ataxia, convulsions, and intention tremor.
In addition, sensitive electrodiagnostic tests such as nerve conduction
velocity and brain stem auditory evoked potentials may detect abnormali-
ties in clinically normal FIV-infected cats (Phillips et al., 1994; Barr and
Phillips, 2000).

FIV has been isolated from cerebrospinal fluid (CSF), cerebral cortex,
nucleus caudatus, midbrain, cerebellum, and rostral and caudal brain
stem. Pathologic findings include the presence of perivascular infiltrates of
mononuclear cells, diffuse gliosis, glial nodules, and white matter pallor.
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These lesions are usually located in the caudate nucleus, midbrain, and
rostral brain stem. Brain cells that have been shown to be infected by FIV
include microglia and astrocytes. The virus does not infect neurons;
however, neuronal death has been associated with FIV infection (Barr and
Phillips, 2000). Especially forebrain signs are often a result of direct neuro-
nal injury from the virus. The mechanism of neuronal damage is unclear.
Neuronal apoptosis has been discussed. Neuronal damage may also result
from the effects of FIV on the neuron supportive functions of astroytes,
toxic products released from infected microglia, or cytokines produced in
response to viral infection. In vitro studies support the hypothesis that FIV
infection of CNS cells, in particular astrocytes, may impair normal meta-
bolism (Zenger et al., 1995; Barr and Phillips, 2000). Documented abnor-
malities of astrocyte function include altered intercellular communication,
abnormal glutathione reductase activity that could render cells more sus-
ceptible to oxidative injury, and alterations in mitochondrial membrane
potential that disrupt energy-producing capacities of the cell (Zenger et
al., 1995; Sellon, 1998). Astrocytes are by far the most common cell type of
the brain and are important in maintaining CNS neuronal microenviron-
ment. One of the most important functions of astrocytes is to regulate the
level of extracellular glutamate, a major excitatory neurotransmitter that
accumulates as a consequence of neuronal activity. Excessive extracellular
glutamate often results in neuronal toxicity and death. It has been shown
that infection of astrocytes with FIV can significantly inhibit the glutamate-
scavenging ability of feline astrocytes, potentially resulting in neuronal
damage (Yu et al., 1998).

Tumors. FIV-infected cats have a higher incidence of certain types of
tumors, as is the case in HIV-infected humans. Statistically, FIV-infected cats
are five times more likely to develop malignant lymphoma or leukemia
(mainly B cell) than noninfected cats, compared to 62 times for feline
leukemia virus (FeLV) infected cats and 77 times for cats with dual
FIV/FeLV infection (Callanan et al., 1996; Sellon, 1998). Neoplastic 
diseases that have been reported besides malignant lymphomas include
squamous cell carcinomas, fibrosarcomas, mast cell tumors, and myeloid
tumors. In the survey study at North American Veterinary Teaching Hos-
pitals including 826 naturally FIV-infected cats, the second most common
neoplasia was cutaneous squamous cell carcinoma (Levy, 2000). This may
not only be the result of FIV infection being associated with tumor devel-
opment but also be influenced by the fact that FIV-infected cats are usually
free-roaming by the time the infection is detected and therefore might have
increased exposure to sun when compared to indoor only animals.

It is not exactly known how FIV is associated with these cancers.
Lentiviruses are not considered to be directly oncogenic. Due to the fact
that older cats are more likely to both be infected with FIV and develop
tumors, it is difficult to determine the exact role of FIV in the neoplastic
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process. It is known that infection with immunosuppressive lentiviruses is
associated with increased cancer risk, but most studies have suggested indi-
rect mechanisms. Examination of five tumors of cats naturally or experi-
mentally infected with FIV with molecular probes to screen for integrated
viral sequences was not able to detect integrated FIV genome, suggesting
that the role of FIV in lymphomagenesis is generally indirect (Terry et al.,
1995). There are several theories about the association of tumors with 
FIV infection. FIV might increase cancer incidence by decreasing tumor
immunosurveillance mechanisms; it might promote tumor development
through immunostimulatory effects by replicating in lymphocytes; it 
might impair immunological control of oncogenic FeLV infection as well
as control of overgrowth of transformed lymphoid cells; or it might allow
other cancer-causing agents to be activated (Hartmann, 1998). An excep-
tion was recently found in a B-cell lymphoma in which the tumor cells con-
tained a single integrated FIV genome. Genome analysis indicated that FIV
integration in this case resulted in promoter insertion and truncation of a
conserved gene on feline chromosome B3, whereas the unaffected allele
of the gene appeared to be transcriptionally down-regulated. This gene is
located within a region of frequent tumor-specific deletions. These new
observations demonstrate that FIV may indeed also have a direct mutagenic
potential (Beatty et al., 2002).

Immunological Changes

Immunological changes are similar in FIV and HIV infections. In both
infections, there is a selective decrease of the CD4+ cell count and the
CD4/CD8 ratio. Furthermore, a progressive reduction of the stimulability
of the T-lymphocytes can be seen, in combination with an unspecific B-cell
stimulation (Hara et al., 1990; Taniguchi et al., 1990). Changes in cytokine
pattern (Lehmann et al., 1992; Ohashi et al., 1992; Lawrence et al., 1995)
and a reduced antibody response against T-cell dependent synthetic
polypeptides (Torten et al., 1991) develop during the course of infection,
which resemble immune dysfunction in humans with AIDS. 

The immune response of the cat to the retroviral infection follows the
same pattern as in HIV-infected patients. Antibodies against env-proteins
are regularly and early produced, whereas antibodies against core proteins
may appear later (Rimmelzwaan et al., 1994).

FIV replicates in CD4+ and CD8+ lymphocytes, in B lymphocytes, in
macrophages, as well as in astrocytes and microglia cells. As in HIV, some
FIV strains replicate preferentially in lymphocytes and only minimally in
macrophages, while other strains are able to replicate equally well in both
cell types. Replication in different cell types is thought to be associated 
with use of different cellular receptors and to be responsible for different
clinical manifestations. Virus replication in cells of the monocytes/
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macrophage lineage can result in disease manifestation in the CNS. While
authors agree that during the early phase of infection with FIV, the major
reservoirs of infected cells in the peripheral blood are CD4+ lymphocytes,
the shift in viral tropism and receptor usage during chronic infection is still
a matter of discussion (Willett et al., 2002). FIV and HIV target cells by
binding their external envelope glycoprotein to a cellular receptor, and for
both viruses interaction with a chemokine receptor (CXCR4 and CCR5)
on the cellular surface (of lymphocytes and macrophages, respectively) is
essential to mediate fusion between the viral and host cell membrane. Like
HIV, FIV infects CD4+ cells in vitro and in vivo, but does not use the feline
CD4 molecule as a cellular receptor. The nature of the primary receptor
is still in discussion. Initially, the CD9 molecule was considered because
antibody blockage of the CD9 receptor inhibits FIV infection. Meanwhile,
it was demonstrated that CD9 blockage prevents the release of the virus
rather than the binding (DeParseval et al., 1997). It has been hypothesized
that the chemokine receptor CXCR4 acts as primary receptor for FIV and
that CCR5 receptors may influence FIV infection by modulating the expres-
sion of CXCR4 (Willett et al., 2002). Recently it was shown that FIV targets
activated CD4+ T-cells by using CD134 as a binding receptor (DeParseval 
et al., 2004).

FIV can be isolated from lymphocytes at the earliest between days 10
and 14 after infection. Viremia rapidly increases until day 21, peaks between
weeks 7 and 8, and then decreases gradually until virus load increases again
in the terminal stage. Conversely, when the virus peaks, CD4+ cells decrease
(Diehl et al., 1995). Within the first few weeks of infection, both CD4+ and
CD8+ cells decline. The initial lymphopenia is followed by a strong immune
response, which is characterized by the production of anti-FIV antibodies
and a rebound in CD8+ cells above preinfection levels. This results in a per-
sistent inversion of the CD4/CD8 ratio. Over time, both CD4+ and CD8+

cells gradually decline. Decrease of CD4+ cells depends on several mecha-
nisms and is not only caused by a reduced live span of infected lymphocytes
but also characterized by programmed active cell death, apoptosis, of unin-
fected cells. In HIV, distinctive clinical stages can be defined based on
absolute CD4+ cell count. A CD4+ cell count of 200/ml or less is an AIDS-
defining condition in HIV infection. It is more difficult to assign clinical
stages of disease to cats based on CD4+ cell counts, mainly because FIV
appears to be less pathogenic than HIV. Although chronic inflammatory
conditions and opportunistic infections are more common in cats with low
CD4+ cells, other cats with low counts appear to remain healthy.

Apart from the quantitative decrease of CD4+ cells, FIV-infected cats
show a dysfunction of immune cells (e.g., loss of ability of lymphocytes to
proliferate in response to stimulation). In addition, a significant perturba-
tion of cytokine production can be detected that contributes to the 
immunodeficiency. Cell-mediated immunity is more profoundly affected
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than humoral immunity. Despite being target cells of viral infection, there
are no changes in number or proportions of B-cells after FIV infection.
Chronic inflammatory conditions, neoplasia, and infections with intracel-
lular organisms are more common than infections controlled by anti-
bodies. FIV-infected cats appear to respond adequately to vaccination and
frequently develop a polyclonal hypergammaglobulinemia characteristic 
of nonspecific stimulation of humoral immunity.

Provirus and Virus Load

Development of quantitative PCR and RT-PCR to quantify provirus and
virus load, respectively, has created very important tools for treatment
studies in experimentally and naturally infected cats. Virus expression
levels have been shown to correlate with disease stages in HIV and FIV
infections, and it has been shown that not only HIV RNA levels but also
FIV RNA levels play an important role in predicting the rapidity of disease
progression (Diehl et al., 1996). These findings enhance the utility of the
FIV model in assessing and evaluating anti-HIV therapy strategies aimed at
reducing replicative virus load. However, while PCR is a very sensitive and
specific method if used in research cats and experimental conditions, it
can pose a problem if naturally infected cats are used. Various PCR assays
have been shown to be incapable of detecting some FIV strains in the 
field due to the marked variability of the viral genome. PCR reagents, in-
cluding primer and probe sequences, are often selected based on genetic
sequences of a few well-characterized FIV strains. How well these reagents
detect the wide variety of genetically divergent strains present in the envi-
ronment is unknown, but failure rates of up to 50% have been reported
(Klein et al., 1999). Additionally, virus load is often too low to be detected
be RT-PCR, and it has been shown that some laboratory cats with docu-
mented FIV infection have even insufficient circulating provirus copies 
for detection by conventional PCR. Therefore, cats entering treatments
studies, either in experimental or natural conditions, should be pretested
for provirus or preferentially virus load and only cats with detectable levels
should be included in theses studies.

3. TREATMENT STUDIES IN FIV-INFECTED CATS

Many compounds have been shown to be active against FIV, in cell
culture and in infected cats. Most of the FIV treatment studies are aimed
to screen new compounds in the FIV/cat model to document a potential
benefit for HIV-infected patients. Many of these substances are in an ex-
perimental state and will never appear on the market or be accessible to
veterinarians even if some have very good efficacy against FIV. In this
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chapter, an overview of all published treatment studies performed with
compounds that are commercially available at the moment will be given.

Inhibitors of the Viral Replication Cycle

“True antivirals” are compounds that interfere with one step (or
several steps) in the viral replication cycle. Closer scrutiny of the relation-
ship of the virus to the cell reveals several points at which the viral cycle
can be interrupted, including adsorption to and penetration of the cell,
uncoating of the viral nucleic acid, the various stages of nucleic acid repli-
cation, assembly of new viral particles, and release of infectious virions (if
the cell is not destroyed).

The most common antiretroviral drugs are inhibitors of the reverse
transcription inhibiting the retroviral enzyme RT (e.g., nucleoside ana-
logues). Drugs with broader spectrums inhibit other viral enzymes like DNA
or RNA polymerases and thus interfere with virus genome replication (e.g.,
forscarnet) or by inhibiting proteases (e.g., protease inhibitors) that are
important for the splitting of precursor proteins during virus assembly.
Other drugs target the virus entry by binding to specific receptors that the
virus uses for adsorption (e.g., bicyclams, a new class that inhibits the
CXCR4 receptor important for HIV and FIV entry), by acting as fusion
inhibitors preventing the conformational changes of the virus necessary 
for the fusion process (e.g., T20), or by interfering with uncoating (e.g.,
amantadine). Antivirals used for HIV treatment at the moment belong 
to one of four classes of compounds: nucleoside analogues (nucleoside
reverse transcriptase inhibitors, NRTI), nonnucleoside reverse trans-
criptase inhibitors (NNRTI), protease inhibitors, and entry inhibitors
(newest group). In addition, some immunomodulatory substances are
being investigated.

While many nucleoside analogues have been used against FIV, most
NNRTI are highly specific for HIV-1 and not active against FIV. Only fos-
carnet, a relatively old compound belonging to the NNRTI, has proven
activity against FIV. Most protease inhibitors active against HIV also are not
effective against FIV and therefore only have been investigated in in vitro
studies. Efficacy against FIV of the new fusion inhibitors (e.g., T20) that
recently came on the market is mainly undetermined yet, although there
are experimental fusion inhibitors with proven activity against FIV (Garg
et al., 2004). Other compounds (e.g., bicyclams) interfering with virus
entry by binding to cellular receptors (e.g., CXCR4) are active against FIV
(Hartmann et al., 2002; Stengel et al., 2003).

Nucleoside Analogues

In the event of viral replication, it is the process of nucleic acid repli-
cation (which is extremely rapid relative to most mammalian cells) that has
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proved to be the most vulnerable point of attack. The most clinically useful
antiviral agents are nucleoside analogues interacting with this specific step.
These nucleoside analogues are derivatives of nucleosides, so-called
antimetabolites. A nucleoside consists of a nitrogenous base covalently
attached to a sugar (ribose in RNA, 2-deoxyribose in DNA); a nucleotide
consists of a nitrogenous base, a sugar, and a phosphate group. A nucleic
acid (RNA and DNA) contains a chain of nucleotides covalently linked to
form a sugar-phosphate backbone with protruding nitrogenous bases. For
integration of these nucleotides (or monophosphates) into the nucleic
acid, three high energy phosphate groups have to be bound to the nucle-
oside first (triphosphates), 2 of which are removed, releasing their energy
during prolongation of the nucleic acid chain.

Nucleoside analogues are very similar molecules to the “true” nucleo-
side. They equally have to be phosphorilated intracellularly to become
active compounds. Due to their structural similarities, they can bind to the
active center of enzymes (e.g., RT and other polymerases) and block
enzyme activity. Many of them also can be integrated in developing DNA
or RNA strands, but due to differences in the molecular structure, the next
nucleotide cannot be attached. This leads to chain termination or non-
functional nucleic acids.

Nucleoside analogues can be divided into antimetabolites with
“wrong” base (e.g., ribavirin), antimetabolites with “wrong” sugar (e.g.,
zidovudine), and antimetabolites with “wrong” base and “wrong” sugar
(e.g., didanosine). Nucleoside analogues are not only accepted as false sub-
strates by viral enzymes but also by cellular enzymes, and this is the major
cause of their toxicity. Selectivity, however, results from differences in DNA
synthesis of infected and noninfected cells; in noninfected cells, DNA 
synthesis is intermittent, while it is continuous and fast in infected cells.

Zidovudine. Zidovudine, 3¢-azido-2¢,3¢-dideoxythymidine, AZT, was the
first drug to be approved for treatment of HIV infection. Originally, AZT
was developed as a potential anticancer drug in 1964 but appeared to be
not very active. In 1985, its anti-HIV activity was demonstrated in vitro, and
approval from the U.S. Food and Drug Administration (FDA) was granted
in 1987 for HIV-infected patients. AZT inhibits replication of retroviruses
and has a mild inhibitory effect on the replication of herpes viruses. It
inhibits new infection of cells but not replication of viruses already present
in infected cells. The inhibitory effect of AZT is 100 times higher against
HIV-RT than mammalian cell DNA polymerases (Greene and Watson,
1998a). It has been used in experimental and in clinical trials in FIV-
infected cats.

AZT is a thymidine derivative with a chemical structure very similar to
thymidine but a missing OH-group at the 3¢-position of the sugar. There
are 2 major modes of action. AZT is converted to its triphosphate 
intracellularly. The first phosphorilation to AZT monophosphate is per-
formed very fast and effectively by cellular kinases. Phosphorylations to the
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di- and triphosphate, however, are slow and limiting steps. AZT monophos-
phate competitively inhibits the enzyme monophosphate kinase responsi-
ble for the second and third steps in nucleoside phosphorylation. This
leads to a depletion of the nucleoside triphosphate pool necessary for DNA
production. This mechanism explains its anti-herpes virus activity and also
its side effects. The more important mode of action occurs after conver-
sion to AZT triphosphate. AZT triphosphate blocks the retroviral RT, the
enzymes that converts viral RNA into DNA. Due to its similarity to thymi-
dine triphosphate it can enter the active center of RT and is integrated into
the developing DNA strand. The missing OH-group at the sugar, however,
leads to DNA chain termination. AZT monophosphate, incorporated in the
DNA, cannot be cleaved from the active center, and thus, the enzyme is
blocked.

It has been shown that AZT inhibits FIV replication in vitro and in vivo
(Greene and Watson, 1998a); it reduces plasma virus load, improves the
immunological and clinical status of naturally FIV-infected cats, increases
quality of life, and prolongs life expectancy. In a placebo-controlled trial,
AZT improved stomatitis and increased the CD4/CD8 ratio in naturally
FIV-infected cats (Hartmann et al., 1995a, 1995b, 1998). Neurologic abnor-
malities also tend to respond favorably to treatment with AZT. In some cats
with FIV-associated neurologic signs, there is marked improvement within
the first days of therapy. As is the case in HIV, there is evidence that FIV
can become resistant to nucleoside analogues. AZT-resistant mutants 
of FIV can arise already after 6 months’ use. A single point mutation in the
FIV gene was identified that can create resistance to AZT (Smith 
et al., 1998). In humans, resistance to AZT frequently develops, but the
addition of 3TC to a therapeutic protocol can cause AZT-resistant strains
to revert to AZT-sensitive strains. A combination of these two drugs might
be a promising approach in FIV-infected cats to prevent resistance 
development.

AZT should be used at a dosage of 5 to 10mg/kg every 12 hours orally
or by subcutaneous injection. The higher dose should be used carefully as
side effects develop easily. For subcutaneous injection, the lyophilized
product (marketed for IV injection in humans) should be diluted in iso-
tonic NaCl solution (5ml) to prevent local irritation. For oral application,
syrup (raspberry flavor) or gelatin capsules (compounded individually for
each cat) can be given. AZT is rapidly and completely absorbed from the
gastrointestinal tract, and absorption is unaffected by the presence of food.
AZT is metabolized in the liver and is rapidly excreted through the urine
(Greene and Watson, 1998b). It is widely distributed throughout the body,
penetrates into CNS and CSF, and crosses placenta. In human medicine,
it is successfully used to treat HIV-infected pregnant women to prevent
infection of the child. Pregnancy of FIV-infected queens is a potential indi-
cation for AZT treatment if the owner wants the kittens to be delivered,
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although in contrast to HIV-infected women in utero transmission occurs
infrequently in natural FIV infection.

Side effects of AZT in cats are similar to the side effects reported in
humans. Thus, regular blood cell counts are necessary because nonregen-
erative anemia is a common side effect, especially if higher dosages are
used. Complete blood counts should be performed weekly for the first
month. If values are stable after the first 4 weeks, a monthly control is 
recommended. Cats with bone marrow suppression should not be treated
because of the risk of life-threatening anemia. In cats with concurrent
chronic renal failure dosage should be reduced to avoid toxicity. Studies
in which cats were treated with AZT for 2 years showed that AZT is well 
tolerated in most FIV-infected cats. Hematocrit declines within 3 weeks of
initiating treatment to about 60% of baseline but comes back up afterward
in most cases even without discontinuation of treatment. If hematocrit
drops below 20%, discontinuation is recommended and anemia usually
resolves within a few days (Hartmann et al., 1995b). Neutropenia is less 
frequent than anemia. Other side effects in cats, including vomiting or
anorexia, rarely develop. One side effect sometimes positively noted by
owners is the development of a fuller and shiny hair coat. AZT should not
be combined with drugs that are myelosuppressive. Concurrent use of non-
steroidal antiphlogistics has to be monitored carefully as it can delay AZT
metabolism, result in kidney toxicity, or lead to neutropenia.

Stavudine. Stavudine, 2¢,3¢-didehydro-2¢,3¢-dideoxythymidine, d4T, is a
thymidine-based nucleoside analogue and was the fourth drug to receive
FDA approval for use against HIV infection. D4T is closely related in mode
of action to AZT, since both are thymidine analogues.

D4T is active against FIV in vitro (Balzarini et al., 1996; Zhu et al.,
1996). Mutants of FIV resistant to d4T and cross-resistant to several other
antivirals including AZT, didanosine, and foscarnet have been found. A
single point mutation in the RT-encoding region of the pol gene responsi-
ble for the resistance was identified (Zhu et al., 1996). No in vivo data in
FIV-infected cats are published so far.

Didanosine. Didanosine, 2¢,3¢-dideoxyinosine, ddI, is also used to treat
HIV infection in humans (second anti-HIV drug approved by FDA). DdI is
an inosine analogue, an antimetabolite containing a “wrong” base and a
“wrong” sugar molecule. It is intracellularily converted to the active sub-
stance ddI triphosphate that competitively inhibits RT. It is less bone
marrow suppressive in humans but is less active against HIV than AZT.

DdI is active against FIV (Gobert et al., 1994) in vitro. Controlled in
vivo studies confirming the efficacy in cats with FIV infection are not avail-
able so far.

Zalcitabine. Like AZT, zalcitabine, 2¢,3¢-dideoxycytidine, ddC, was 
originally developed as an antitumor agent, and 20 years later its anti-
retroviral activity was detected. It is currently used to treat HIV infection
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in humans (third drug approved). DdC is an analogue of the nucleoside
2¢-desoxicytidine. The active compound is the intracellularily produced
ddC triphosphate that acts as RT inhibitor.

In vitro, antiviral efficacy has been demonstrated against FIV (Medlin
et al., 1996) but no in vivo data exist demonstrating its efficacy in FIV-
infected cats. A mutant of FIV resistant to ddC was selected in cell culture
that showed cross resistance to other antiviral compounds (e.g., ddI, fos-
carnet) (Medlin et al., 1996).

Lamivudine. Lamivudine, (2R,cis)-4-amino-1-(2-hydroxymethyl-1,3-
oxathiolan-5-yl)-(1H)-pyrimidin-2-one, 3TC, the youngest of the approved
nucleoside analogues against HIV, is the (-)enantiomer of a dideoxy ana-
logue of cytidine with activity against HIV and hepatitis B virus (HBV).
Intracellularly, 3TC is phosphorylated to its active triphosphate metabolite,
3TC triphosphate. The principal mode of its antiretroviral action is the
inhibition of the RT via DNA chain termination after incorporation into
the viral DNA. 3TC triphosphate is also a weak inhibitor of mammalian
DNA polymerases a and b, and mitochondrial DNA polymerase, and this
explains its anti-HBV activity. 3TC is often combined with AZT in HIV-
infected patients as both drugs show a synergistic effect. However, HIV
mutants exist that are resistant to both 3TC and AZT.

3TC is active against FIV in vitro (Arai et al., 2002; Bisset et al., 2002).
Combination of AZT and 3TC had synergistic anti-FIV activities in primary
peripheral blood mononuclear cell cultures (Arai et al., 2002). FIV mutants
resistant to 3TC, containing a point mutation in the RT gene, were selected
in vitro and showed cross resistance to AZT (Smith et al., 1998). One 
in vivo study was performed in experimentally FIV-infected cats that 
were treated with a high dose AZT/3TC combination (each drug 100 or
150mg/kg/day). Combination protected some cats when the treatment
was started before experimental infection. However, AZT/3TC treatment
had no anti-FIV activity in chronically infected cats. Severe side effects
including fever, anorexia, and marked hematological changes were
observed in some of the cats with such high dosage dual drug treatment
(Arai et al., 2002).

The pharmacokinetic of 3TC in cats shows considerable similarity to
pharmacokinetics of AZT in cats and to that of 3TC in humans (Jordan et
al., 2001). Thus, in naturally infected cats 3TC dosages similar to AZT are
probably recommended.

Ribavirin. Ribavirin, 1-b-D-ribofuranosyl-1H-1,2,4-triazole-3-carboxam-
ide, RTCA, is a broad-spectrum triazole nucleoside that has marked in vitro
antiviral activity against a variety of DNA and RNA viruses. The strongest
antiviral activity is against RNA respiratory viruses and herpes viruses. RTCA
has been effective in HIV infection, Lassa fever (a human arenavirus infec-
tion), and in hantavirus infections. It is also used in humans with hepatitis
C and is part of the standard protocol in these patients. Systemic use,
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however, is limited due to the development of dose-dependant hemolytic
anemia in humans. Therefore, as single drug it is currently mainly used to
treat people with respiratory syncytial viral infection by aerosol route. If
used as an aerosol, only low concentrations appear in the systemic circu-
lation, and side effects are tolerable (Greene and Watson, 1998a).

RTCA is also a nucleoside analogue but in contrast to other anti-HIV
compounds that act primarily to inhibit RT activity by causing premature
chain termination during the transcription of DNA from the single-
stranded RNA template, RTCA allows DNA synthesis to occur, but prevents
the formation of viral proteins, probably by interfering with capping of viral
mRNA. In vitro, RTCA antagonizes the action of AZT, probably by feed-
back inhibition of thymidine kinase so that the AZT is not phosphorylated.

RTCA is active against a number of viruses in vitro including FIV
(Smyth et al., 1994), however, there are no controlled in vivo studies. As in
humans, the most common side effect in cats found in several studies
(already in low dosages of 11mg/kg) is hemolysis that develops as a result
of sequestration of the drug in red blood cells. In addition, a dose-related
toxic effect on bone marrow, primarily on megakaryocytes (resulting in
thrombocytopenia and hemorrhage) and erythroid precursors and later 
or in higher dosages suppressing also numbers of neutrophils was seen.
Liver toxicity also occurs (Povey, 1978; Weiss et al., 1993a). Weiss and
coworkers (1993b) tried to decrease the toxicity of RTCA by incorporating
it into lecithin-containing liposomes and giving it at a lower dosage 
(5mg/kg) intravenously to cats. They were, however, not able to reach 
therapeutic concentration with this treatment regimen. Overall, side effects
have limited the systemic use of RTCA in feline medicine.

Nonnucleoside Reverse Transcriptase Inhibitors (NNRTI)

Most NNRTI are highly specific for HIV-1 and not active against FIV
(Auwrex et al., 2004). Only foscarnet is active against other retroviruses
besides HIV.

Foscarnet. Foscarnet, trisodium phosphonoformate hexahydrat, PFA, is
a pyrophosphate analogue that inhibits virus-specific DNA and RNA poly-
merase and RT. It has a wide spectrum of activity against DNA and RNA
viruses including retroviruses. It has been administered to treat HIV infec-
tion especially if coinfection with cytomegaly virus is present, but signifi-
cant nephrotoxicity has limited its use. Renal dysfunction is evident in most
humans after 2 weeks of therapy (Greene and Watson, 1998a). PFA is only
virustatic, and after treatment is stopped, virus replication is activated.

PFA inhibits DNA polymerase activity by preventing pyrophosphate
exchange. The action is selective in that the corresponding mammalian
polymerase is much less susceptible to inhibition. In addition, activity of
PFA against retroviruses seems to be due to a different mechanism. Like
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the nucleoside analogues, PFA inhibits RT activity, but it binds to the
enzyme at a site distinct from that of the nucleoside triphosphates. The
effect is noncompetitive and reversible. PFA does not need to be activated
by phosphorylation.

In vitro, PFA has been shown to be active against FIV. As for HIV, PFA-
resistant FIV strains can develop (Gobert et al., 1994). No reliable data exist
on its efficacy in cats against FIV in vivo, and its use in veterinary medicine
is limited due to toxicity.

PFA has been used in experimental FeLV infection, and in these
studies it was mostly administered intravenously by continuous infusion
because of its short half-life, although oral application is possible. It should
not be given as a fast bolus (maximum intravenous rate 1mg/kg/min). It
penetrates the blood-brain barrier. Most of the drug is excreted in urine
mainly unmetabolized. PFA accumulates in bone matrix. Renal clearance
(Swenson et al., 1990) and bone deposition (Swenson et al., 1991) in cats
are age-dependant (faster clearance in younger animals, but more bone
deposition). As in humans, it causes nephrotoxicity and myelosupression
in cats. PFA also chelates divalent cations such as calcium, so that hypo-
calcemia, hypomagnesemia, and hypokalemia may develop (Ryrfeld et al.,
1992). PFA is toxic to epithelium cells and mucous membranes. Gastro-
intestinal side effects are common. Ulceration of genital epithelium may
occur as the drug is excreted in the urine unmetabolized. Oral adminis-
tration can cause irritation of mucous membranes and oral bleeding. Rec-
ommended dose for cats is 13.3mg/kg every 8 hours orally or intravenously
(as infusion of <1mg/kg/min) (Greene and Watson, 1998b).

Entry Inhibitors

Drugs recently developed for inhibition of the virus entry can be clas-
sified in fusion inhibitors and drugs interfering with the entry process by
binding to the cellular receptors (e.g., CXCR4). In the group of fusion
inhibitors only one drug has been licensed for HIV infection so far (T20).
Compounds binding to the cellular receptors have not been licensed for
treatment of HIV infection but are commercially available as stem cell acti-
vators for patients receiving bone marrow transplants.

The HIV and FIV fusion and entry process begins with interaction
between the trimeric envelope complex (a cluster of proteins on the outer
coat of the lentivirus referred to as gp160) and both the CD4 and a
chemokine receptor (either CCR5 or CXCR4) on the cell surface. This
complex is made up of 3 transmembrane glycoproteins (gp41), which
anchor the cluster to the virus and 3 extracellular glycoproteins (gp120),
which contain the binding domains for both CD4 and the chemokine
receptors. The first step in fusion involves the high affinity attachment of
the CD4 binding domains of gp120 to the N-terminal membranes distal
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domains of CD4. Once gp120 is bound with the CD4 protein, the envelope
complex undergoes a structural change, bringing the chemokine binding
domains of gp120 into proximity with the chemokine receptor, allowing
for a more stable two-pronged attachment. Antagonists of CXCR4 and
CCR5 act here. If the virus latches onto both CD4 and the chemokine
receptor, additional conformational changes allow for the N-terminal
fusion peptide of gp41 to enter the CD4 cell membrane. There are 2
heptad repeat sequences, HR1 and HR2, of gp41 that interact resulting in
collapse of the extracellular portion of p41 to form a hair pin structure. In
the absence of an inhibitor, the hair pin structure brings virus and cell
membrane close together, allowing fusion of the membrane and subse-
quent entry of viral RNA. The fusion inhibitor T20 acts here by mimicking
HR2, resulting in a botched formation of the hair pin (Eron and Hogan,
2002).

T20. T20 is a peptide fusion inhibitor of HIV. It is a conserved 36
amino acid synthetic C-peptide that corresponds to a region of the C-helix
structure of gp41. The C-peptide goes to work after gp120 has successfully
docked with the CD4 receptor. T20 mimics the activity of the C-helix struc-
ture. This effectively blocks the conformational changes that are required
to secure virus cellular membrane fusion. Clinical trials in HIV-infected
patients revealed that T20 has good antiviral efficacy and is well tolerated
(Kilby et al., 2002).

T20 has been tested against a variety of viruses, including HIV-2, SIV,
and FIV, and was found to show only minimal antiviral effect (Medinas et
al., 2002). However, peptides created specifically to inhibit FIV fusion are
highly active against FIV but not HIV (Giannecchini et al., 2003; Garg 
et al., 2004). If the primary amino acid sequence of HIV and FIV HR regions
would exhibit greater sequence homology, peptides from these regions
would most probably display greater antiviral cross-reactivity (Medinas et
al., 2002). Therefore, the recent commercially available peptide fusion
inhibitors are not useful for treatment of FIV infection, but new compounds
of this class developed in the future might be more promising.

AMD3100. AMD3100, 1,1¢-[1,4-phenylenebis(methylene)]bis-1,4,8,11-
tetraazacyclotetradecane octahydrochloride, JM3100, SID791, belongs to
the class of bicyclams. AMD3100 is licensed as a stem cell activator for
patients that undergo bone marrow transplantation. It is active against HIV
in vitro and also in clinical trials in HIV-infected patients but has not been
licensed for HIV because it caused cardial toxicity in some human patients.
Likely, related compounds that are less toxic will come on the market soon.

AMD3100 is the prototype of low-molecular-weight compounds that
have been shown to act as potent and selective antagonists of the
chemokine receptor CXCR4. Blocking the CXCR4 receptor triggers the
movement of stem cells out of the bone marrow and into circulating blood.
Once in the circulating blood, these stem cells can be collected and used
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to restore the immune system of cancer patients who have had treatments
that destroyed their immune cells. Alternatively, blocking the CXCR4
receptor also leads to inhibition of the entry of a number of lentiviruses.
CXCR4 is the main coreceptor for T-cell-line-adapted (T-tropic) HIV strains
(Berson et al., 1996; Feng et al., 1996; Hori et al., 1998; Zhang et al., 1998).
A close correlation between anti-HIV-1 activity and interaction with CXCR4
has been found for a series of bicyclams (Donzella et al., 1998; DeClercq
et al., 2001). Recently, it was shown that FIV strains also use CXCR4 for cell
fusion and viral entry and that a high degree of homology exists between
the human and feline CXCR4 (Willett et al., 1997). CXCR4 plays an impor-
tant role for FIV entry in the cell but it is currently unknown if receptors
other than CXCR4 are necessary for infection with FIV (Richardson et al.,
1999; Frey et al., 2001).

Since FIV binds to both human and feline CXCR4 and given the
amino acid sequence homology between the chemokine receptors of both
species, bicyclams were investigated as potential inhibitors of FIV infection.
A number of bicyclams, including AMD3100, are highly active against FIV
in vitro (Egberink et al., 1999). In a placebo-controlled double-blind study
in which 40 naturally FIV-infected cats were treated for 6 weeks, it was
shown that treatment with AMD3100 caused a statistically significant
improvement in the proviral load in FIV-infected cats. Patients receiving
AMD3100 did not show side effects during treatment. Cardiac function was
monitored carefully and was not compromised in the cats. Interestingly, a
statistically significant reduction of the serum magnesium level without pro-
ducing clinical signs was observed due to the administration of AMD3100
(Hartmann et al., 2002; Stengel et al., 2003).

In this study a potential resistance development was also investigated;
FIV strains of all cats treated with the bicyclam were collected and cultured
in the presence of AMD3100. There was, however, no development of resis-
tance to AMD3100 (Hartmann et al., 2002; Stengel et al., 2003).

AMD3100 is administered at 0.5mg/kg every 12 hours subcutaneously.
Side effects in cats are not described if cats are treated over a period of 
6 weeks.

Immunomodulators

Immunomodulators or immunostimulatory agents or biological
response modifiers are widely used against FIV-infected cats. It has been
suggested that these agents benefit infected animals by restoring com-
promised immune function, thereby allowing the patient to control viral
burden and recover from associated clinical syndromes. These substances
modify the responses of immunocompetent cells through cytokines or
other mechanisms. Some of them have not only an effect on the immune
system but also a true antiviral activity (e.g., interferons (IFN)).
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Interferons

IFN are polypeptide molecules produced by vertebrate cells in
response to viral infections or certain inert substances, such as double-
stranded RNA, and other microbial agents. In humans, there are at least 
3 characterized types of IFN: IFN-a (formerly leukocyte IFN), IFN-b
(formerly fibroblast IFN), and IFN-g. IFN-a and IFN-b are structurally
similar, being produced in response to viral infection or polyribonucleotide
administration. IFN-g is structurally distinct and is produced by T-lympho-
cytes in response to a specific antigenic stimulus. Human IFN have been
manufactured by recombinant DNA technology and are available on the
market. IFN are not strictly species-specific in their effects, although their
biologic activity and toleration are greater in cells of genetically related
species. IFN-a and IFN-b have antiviral activity. IFN-a has been licensed for
the treatment of people with myelogenous leukemia, papillomatosis, and
HIV infection. IFN-b is licensed for adjunctive treatment of various lym-
phatic and disseminated neoplasms and for treatment of symptomatic
AIDS patients. IFN-g is licensed for the treatment of people with chronic
granulomatous diseases and is considered to be an immunostimulant in
animals rather than an antiviral. Recently, recombinant feline IFN-a. ,
closely related to human IFN-a in its structure and effects, came on the
market in Japan and some European countries and is licensed for the treat-
ment of several virus infections in cats and dogs.

Human Interferon-a. Interferon-a, IFN-a, has immunomodulatory and
antiviral activity. IFN-a is active against many DNA and RNA viruses,
although sensitivity varies (e.g., myxoviruses are susceptible, whereas ade-
noviruses are not). In people, high-dose parenteral IFN-a administration
has shown some efficacy against influenzaviruses, rhinoviruses, herpes
viruses, and papillomaviruses. IFN-a has also been shown to inhibit onco-
genic transformation induced by retroviruses. IFN-a is not only applied 
systemically but also topically, intranasally, ocularly, and intralesionally
(e.g., in papillomavirus infections).

IFN-a acts as a cytokine, and therefore has an immunomodulatory
effect, but also has a direct antiviral effect by inducing a general “antiviral
state” of IFN-a-exposed cells that protects against virus replication. It is not
virucidal but merely inhibits viral nucleic acid and protein synthesis. It
binds to specific cell receptors that activate enzymes inhibiting synthesis,
assembly, and release of viruses.

Human IFN-a is marketed as a recombinant product (rHuIFN-a) pro-
duced by a cloned human IFN-a gene expressed in Escherichia coli. There
are two common treatment regimens for use of human IFN-a in cats: sub-
cutaneous injection of high dose (104 to 106 IU/kg every 24 hours) IFN-a
or oral application of low dose (1 to 50IU/kg every 24 hours) IFN-a. When
given parenterally in high doses, application leads to detectable serum
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levels. However, given parenterally to cats it becomes ineffective after 3 to
7 weeks because of the development of neutralizing antibodies against the
human IFN-a that limits its activity. In a study by Zeidner and coworkers
(1990) in which cats were treated with human IFN-a subcutaneously, cats
became refractory to therapy after 3 or 7 weeks, respectively, depending
upon whether a high (1.6 ¥ 106 IU/kg) or lower (1.6 ¥ 104 IU/kg) dose was
used (Zeidner et al., 1990).

Orally it can be given for a longer period as no antibodies develop.
Given orally (as is done by many veterinarians to treat FIV infection),
however, IFN-a is inactivated by gastric acid and, like other proteins,
destroyed by trypsin and other proteolytic enzymes in the duodenum;
therefore, it is not absorbed and cannot be detected in the blood after oral
administration (Cantell and Pyhala, 1973). Thus, direct antiviral effects are
unlikely after oral application; instead, it seems to have immunomodula-
tory activity. IFN-a may bind to mucosal receptors in the oral cavity stimu-
lating the local lymphoid tissue leading to cytokine release by lymphatic
cells in the oral or pharyngeal area, triggering a cascade of immunologic
responses that finally act systemically (Koech and Obel, 1990). Tompkins
(1999) showed that orally administered IFN-a induces cytokine responses
in buccal mucosal lymphoid structures, including upregulation of IFN-a
expression and downregulation of interleukin-4. In mice studies, it was
shown that subcutaneous administration of murine IFN-a had an antiviral
effect, while oral administration only caused an immunomodulatory effect;
infection of mice with encephalomyocarditisvirus resulted in death in
100% of mice if not treated, in 40% survival if mice were treated with 2 ¥
105 IU/mouse murine IFN-a orally, and in 90% survival if it was given at
the same dose intraperitoneally (Schelleken et al., 2001). The rational
behind the use of low doses (versus high doses) orally is to mimic natural
defense processes. In studies comparing low oral doses IFN-a with higher
oral doses, increasing the dose did not improve the effect (Cummins et al.,
1999).

Human IFN-a is active against FIV in vitro (Tanabe and Yamamoto,
2001). It is frequently used in the field for treatment of FIV-infected cats.
There are, however, no placebo-controlled studies that evaluate the effect
of either low dose oral or high dose parenteral use of human IFN-a in FIV-
infected cats. However, use of oral human IFN-a should be considered very
critically due to the expected immunomodulatory activities but lack of
antiviral activity after oral use. An unspecific stimulation of the immune
system is contraindicated in FIV infection as immunostimulation can lead
to an increased virus replication in HIV infection caused by activation of
latently infected lymphocytes and macrophages, and therefore can effect
a progression of disease. In cell culture, it was demonstrated that stimula-
tion of FIV-infected cells is consistently associated with enhanced produc-
tion of FIV (Sellon, 1998).
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Feline Interferon-w. Recently, the corresponding feline IFN, feline IFN-
w, was licensed for use in veterinary medicine in some European countries
and Japan. IFN are species-specific and the feline IFN clearly differs from
the human one not only concerning its antigenicity (therefore causing anti-
body development in animals) but also concerning its antiviral efficacy in
feline cells. Therefore, even if feline IFN-w is used long term, cats will not
develop antibodies. In addition, the fact that it is the homologous species
IFN in cats, it is expected to be more effective that human IFN-a.

Feline IFN-w is a recombinant product which is produced by bac-
uloviruses containing the feline sequence for this IFN that replicate in silk-
worms; subsequently, IFN-w is purified out of homogenized silkworm
preparation (Ueda et al., 1993a). Besides antiviral activity, antitumor effects
of feline IFN-w against canine neoplastic cells, antiproliferation, and 
anticolony-forming activities were demonstrated in vitro; thus, feline 
IFN-w might be useful for treatment of some feline neoplastic conditions
(Priosoeryanto et al., 1995; Tateyama et al., 1995), but in vivo studies are
missing so far.

Feline IFN-w is active against FIV in vitro. So far, only one study has
been performed to investigate efficacy against FIV infection in vivo; 62 nat-
urally FIV-infected cats were treated with IFN-w at 106 IU/kg subcuta-
neously every 24 hours on 5 consecutive days in 3 series (day 0, 14, 60) in
a placebo-controlled multicenter trial in France. This study did not show
significant changes in survival rate in treated cats when compared to the
placebo group, although some clinical improvement was noted (Maynard
et al., 2000).

Feline IFN-w has similar pharmacokinetic properties to human IFN-a
and is distributed primarily in the liver and kidneys, is catabolized rapidly
mainly in the kidneys, and is excreted in the urine without residual accu-
mulation in the body (Ueda et al., 1993b). Recommendation for treatment
in cats with acute virus infections is 2.5 ¥ 106 IU/kg intravenously or sub-
cutaneously every 24 hours for 3 consecutive days. In chronic virus infec-
tions, a treatment protocol of IFN-w at 106 IU/kg subcutaneously every 24
hours on 5 consecutive days in 3 series (day 0, 14, 60) is suggested. No side
effects have been reported.

Growth Factors

Besides IFN, other cytokines have been used to treat FIV-infected cats.
They do not have a direct antiviral effect but some regulate bone marrow
function and thus are thought to have a beneficial effect in virus infections
that interfere with hematopoiesis. Hematopoietic growth factors are gly-
coproteins that affect the growth and differentiation of blood cells, includ-
ing erythrocytes, platelets, monocytes, granulocytes, and lymphocytes.
Several of the feline hematopoietic growth factors have been cloned but

FIV AS A MODEL FOR HIV TREATMENT 353



have only been used in research trials and are not on the market. Thus,
human factors have to be used in veterinary medicine instead, but cats
develop antibodies against the human products limiting the length of 
treatment.

Filgastrim. Filgastrim, granulocyte colony-stimulation factor, G-CSF, is
on the market as recombinant human product (rHuG-CSF) for treatment
of neutropenia in humans with various conditions (e.g., HIV infection, anti-
tumor and antiviral treatment, transplantations). The human product also
increases blood neutrophil counts in various animals, either in healthy indi-
viduals or in animals with certain neutropenic conditions. Neutrophilia
usually occurs by day 7 after application and reaches maximal levels from
10 to 14 days of treatment. In cats, short-term increases in neutrophil
counts are followed by neutropenia with continued use owing to devel-
opment of neutralizing antibodies to this heterologous product (dose-
dependent after 10 days to 7 weeks), and treatment should be used for 
not more than 3 weeks (Arai et al., 2001). Potential use in virus infections
are neutropenias associated with FIV, FeLV, or parvovirus infections or 
concurrent with antiviral chemotherapy to avoid neutropenic side effects.

G-CSF has been used in FIV-infected cats. In one study, a small number
of naturally FIV-infected cats was treated but no significant changes were
seen when compared to untreated cats (Kraft and Kuffer, 1995). In a recent
study, G-CSF was used in chronically experimentally FIV-infected cats using
5mg/kg every 12 hours for 14 days. All treated cats developed increases in
neutrophils; all treated FIV-infected cats but no placebo-treated infected
cats, however, developed a significant increase in virus load of FIV in
peripheral blood mononuclear cells during the treatment. It was hypothe-
sized that this increase in virus replication may be due to either enhanced
infection of lymphocytes or enhanced expression of FIV by infected lym-
phocytes (Arai et al., 2001). Therefore, use of G-CSF in FIV-infected cats
should be considered carefully.

G-CSF is used in cats at 5mg/kg subcutaneously every 24 hours for 3
to 5 consecutive days in acute virus infections and potentially up to 21 days
in chronic virus infections. Potential side effects include bone discomfort,
splenomegaly, allergic reactions, and fever (Greene, 1998; Arai et al., 2001).
There is a risk of development of persistent antibodies against endogenous
feline granulocyte colony-stimulation factor after 10 days (if used in a
higher dose) to 7 weeks, resulting in rebound neutropenia.

Erythropoietin. Erythropoietin, EPO, is on the market as recombinant
human product (rHuEPO) and is effectively used in cats and dogs with
nonregenerative anemia due to endogenous erythropoietin deficiency in
chronic renal failure. EPO treatment does not only increase red blood cell
counts but also megacaryocyte and platelet numbers in animals and
humans with clinical disease (Ogilvie, 1995). In a recent study, human EPO
also increased white blood cell counts in cats (Arai et al., 2001).
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In one study, FIV-infected cats were treated with human EPO (100IU/
kg subcutaneously 3 times a week for 2 weeks). All treated cats had a
gradual increase in red blood cells, hemoglobin concentration, and packed
cell volume, but also increased white blood cell counts consisting of either
increased neutrophils, lymphocytes, or a combination. In contrast to treat-
ment with filgrastim, no increased virus loads were observed, and thus,
human EPO can be used safely in FIV-infected cats (Arai et al., 2001). EPO
therefore may be indicated in FIV-infected cats with cytopenias.

Recommended dosage is 100IU/kg subcutaneously every 48 hours
until desired packed cell volume is reached, then as needed to maintain
the packed cell volume. Anti-EPO antibodies may develop in 25 to 30% of
treated animals after 6 months to 1 year. Binding of these antibodies not
only to the human EPO but also the bodies own EPO nullifies their phys-
iologic actions on erythroid progenitor cells, causing bone marrow failure
and refractory anemia. Anti-EPO antibodies, however, dissipate after 
discontinuation of treatment and anemia resolves. Side effects include 
systemic hypertension, seizures, and iron depletion and develop from
pathophysiologic adaptation to increased red blood cell volume. Thus,
packed cell volume has to be monitored regularly in animals with long-
term treatment.

Insulin-Like Growth Factor-1. Insulin-like growth factor-1, IGF-1, is 
on the market as recombinant human product (rHuIGF-1). Insulin-like
growth factors resemble insulin in structure, receptor composition, and
action; 2 insulin-like growths factors (type 1 and 2) have been character-
ized and both have broad anabolic actions that include stimulated differ-
entiation of a wide variety of cell types, amino acid transport, protein
synthesis in muscle, glucose transport and lipid formulation in fat, and fatty
acid synthesis in the liver. In addition, IGF-1 has the ability to induce thymic
growth and to stimulate T-cell function. Thymus involvement and the devel-
opment of thymic lesions in HIV infection are hypothesized to alter thymus
function and to limit T-cell maturation and replenishment of the periph-
eral lymphoid pool. Therapeutic modulation to protect or enhance thymus
function may therefore ameliorate peripheral lymphopenia and retard
disease progression in lentivirus infections.

In two experimental studies, effect of human IGF-1 in FIV-infected
cats, its impact on the thymus and development of side effects were inves-
tigated (Gregory et al., 1997; Woo et al., 1999). Treatment with human IGF-
1 resulted in a significant increase in thymus size and weight and evidence
of thymic cortical regeneration in FIV-infected cats. Inflammation in the
thymus was reduced as evidenced by a reduced numbers of B-cells. No side
effects were described in these two studies, although it had been observed
earlier that subcutaneous infusion of 2800mg/kg IGF-1 over 24 hours can
result in marked hypoglycemia and shock in fasted cats (Gregory et al.,
1997). Although of particular concern that IGF-1 could induce T-cell stim-
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ulation that might increase FIV replication, virus load was not increased
during treatment in either of the 2 studies. These studies suggest that treat-
ment with human IGF-1 may be effective in enhancing thymus function
and replenishing the peripheral T-cell pool especially in young FIV-infected
cats (Gregory et al., 1997; Woo et al., 1999). There are no field studies so
far to show usefulness in naturally FIV-infected cats.

Human IGF-1 is applied through continuous subcutaneous infusion in
a dose of 1000mg/kg/24 hours for 30 days using surgically implanted mini-
pumps. Cats should be fed ad libidum to avoid hypoglycemia, and blood
glucose levels should be monitored regularly.

Other Drugs With Immunomodulatory Activity

A number of drugs (e.g., levamisole) used for different reasons in
humans and animals also have immunomodulatory activity. IFN inducers
are immunomodulatory compounds, that are widely used in virus-infected
cats and dogs. These compounds induce synthesis of IFN and other
cytokines. Several macromolecules and certain microorganisms are known
to produce antiviral and other antimicrobial activities in the host. Most of
the substances known to have this effect have a structure similar to double-
stranded DNA that can be of microbial origin or new synthetic nucleic acid
polymers. Therapy and prophylaxis with IFN inducers have become more
attractive in veterinary medicine in the past years. Effects of these com-
pounds on unspecific defense functions are difficult to test, and the results
(positive and negative) in special in vitro test systems cannot simply be
transferred to in vivo situations and vice versa. Most of the reports that do
appear in the literature about these compounds are difficult to interpret
due to unclear diagnostic criteria, lack of clinical staging or follow-up, the
natural variability of the course of disease, the lack of placebo control
groups, small numbers of animals used, and additional supportive treat-
ments given. Although reports of uncontrolled studies sometimes suggest
dramatic clinical improvement, these effects are usually not observed when
followed by controlled studies.

There is no conclusive evidence from controlled studies that these
drugs have any beneficial effect on health or survival of asymptomatic
animals with virus infections. An unspecific stimulation of the immune
system might even be contraindicated in cats with FIV infection, because
it has been shown in HIV infection that these drugs can lead to an
increased virus replication caused by activation of latently infected lym-
phocytes and macrophages, and therefore can effect a progression of
disease. In cell culture it was demonstrated that stimulation of FIV-infected
cells is consistently associated with enhanced production of FIV (Sellon,
1998). Therefore, unspecific immune stimulation should be avoided in FIV-
infected cats.
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Acemannan. Acemannan is a water-soluble long-chained complex car-
bohydrate (mannan) polymer derived from aloe vera plant and licenced
for veterinary medicine. Acemannan is thought to be taken up by
macrophages, stimulating them to release cytokines, which stimulate 
cell-mediated immune responses including cytotoxicity. In murine tissue
culture, acemannan induces macrophages to produce tumor necrosis
factor-a and interleukin-1. Acemannan is also thought to have a true antivi-
ral effect as it interferes with viral glycosylation and has been shown to
inhibit growth of HIV, Newcastle disease virus, and influenza virus. Ace-
mannan has been used as an adjuvant in vaccines or by itself to enhance
regression of tumors, for example, in the management of postvaccinal
injection-site sarcomas in cats (Harris et al., 1991; King et al., 1995). It also
may accelerate wound healing.

Acemannan has been used in FIV-infected cats in a study including 49
FIV-infected cats with clinical signs receiving acemannan either by intra-
venous or subcutaneous injection once weekly for 12 weeks or by daily oral
administration for 12 weeks. The reported beneficial effects observed in
this study are not clear because cats were concurrently treated with anti-
biotics and other symptomatic or supportive therapies and the study did
not contain a control group (Yates et al., 1992). Acemannan treatment
must be considered with caution in FIV-infected cats because of its
immunostimulatory effects.

Acemannan is used systemically at 2mg/kg subcutaneously or
intraperitoneally every 7 days for 6 weeks. Subcutaneous injection rarely
can cause hypersensitivity reactions to the drug. Necrosis can occur at the
injection site (Fogleman et al., 1992). Very high intraperitoneal doses can
cause abdominal pain, vomiting, and diarrhea; an atypical microgranulo-
matous peritonitis with mononuclear/macrophage infiltrates in the liver,
spleen, and peritoneal surface has been described (Greene and Watson,
1998b).

Levamisole. Levamisole is a broad-spectrum anthelmintic, used, for
example, as heartworm preventive in cats and dogs (Dillon, 1984; 
Reinemeyer et al., 1995) that nonspecifically stimulates cell-mediated
immunity in a variety of species. Levamisole was detected as immuno-
modulatory substance when treatment applied against nematode infesta-
tion did not only kill the parasites but also improved clinical signs of other 
infections. Levamisole influences phosphodiesterase activity leading 
to increase of cyclic guanosin-3¢,5¢-monophosphate and decrease of 
cyclic adenosine monophosphate. Increase in cyclic guanosin-3¢,5¢-
monophosphate in lymphocytes stimulates proliferative and secretory
responses. It also potentiates mononuclear cells in phagocytosis, chemo-
taxis, and intracellular destruction of bacteria. Levamisole has been used
in cats with mammary tumors, but had no significant effect (MacEwen 
et al., 1984).
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Levamisole has been given to FIV-infected cats (Cotter et al., 1991),
but its effect has never been substantiated by controlled studies. It remains
investigational.

Toxicity of levemisole is relatively high; hypersalivation, vomiting, 
diarrhea, and CNS signs have been observed similar to signs observed in
nicotine poisoning (Hsu, 1980). Morphologic lesions, characterized by
perivascular, nonsuppurative, or granulomatous meningo-encephalitis,
were described in the CNS of treated dogs. Potential facilitation of the cell-
mediated immune system may produce the lesions in the CNS by causing
the body to react against latent agents (Greene, 1998).

Lactoferrin. Lactoferrin is a protein of bovine origin that binds iron,
reducing its availability for bacteria. It has been used for its local
immunomodulatory effect in the oral cavity, and it has been shown to
increase phagocytic activity of neutrophils (Sato et al., 1996). A protective
effect of lactoferrin during lethal bacteremia has been reported in mice.
In a study in healthy humans, orally administered lactoferrin increased the
phagocytic activity of peripheral mononuclear cells in some but not all indi-
viduals (Yamauchi et al., 1998).

Lactoferrin has been used in cats with FIV infection and stomatitis. It
was applied topically (40mg/kg every 24 hours for 14 days) to the oral
mucosa of the cats with intractable stomatitis (FIV-infected cats and FIV-
negative control cats) and improved clinical signs of disease (pain-related
response, salivation, appetite, and oral inflammation) in all cats indepen-
dent of their FIV status (Sato et al., 1996).

Lactoferrin is administered at 40mg/kg every 24 hours for 14 days.
The powder must be purchased from chemical suppliers and has to be
mixed in solution. The solution should be applied locally with a syringe; it
should not be mixed with food. Side effects are not described.
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1. INTRODUCTION

Equine infectious anemia virus (EIAV), the etiologic agent of equine infec-
tious anemia (EIA) or swamp fever, is a unique macrophage-tropic
lentivirus. EIA, described in the veterinary literature in the mid-19th
century, was one of the first diseases determined to be caused by a “filter-
able agent.”1 However, studies of the virus languished as methods for its
culture in horse leukocytes were not described until the 1960s, and even
then difficulty working with equine cultures forestalled its detailed char-
acterization. EIAV was adapted to growth in a persistently infected cell line
in 1973, and evidence that EIAV was a retrovirus was presented in 1976.1 A
detailed characterization of viral structural proteins was finally available in
the early 1980s.1 Although of considerable veterinary importance, studies
of EIAV remained relatively obscure in comparison to the oncogenic retro-
viruses, especially those affecting more amenable animal models such as
chickens and mice. EIAV and the other so-called “slow viruses” of ungu-
lates, maedi-visna virus (MVV) of sheep and caprine-arthritis encephalitis
virus (CAEV) of goats, garnered some attention due to reports that
described their ability to form viral swarms during persistent infection.
Descriptions of the EIAV genome appeared shortly after reports that HIV
shared sequence homology with the animal lentiviruses, a finding that
placed a new urgency on understanding the molecular biology and patho-



genesis of these viruses, and reinvigorated attempts at vaccine develop-
ment.1 Overall, the pace of EIAV research has remained slow in compari-
son to primate lentiviruses, primarily due to the lack of reagents and other
difficulties of working with this large animal model. However, as described
below, the use of EIAV as a comparative system has contributed to our
understanding of HIV replication and disease.

EIAV Genome Organization

A schematic of the EIAV genome is shown in Figure 1; at 8.2kb it is
considerably smaller than the genomes of the primate lentiviruses. The
long terminal repeats (LTRs) range from 305 to 320bp and the enhancer
region, found in U3, varies extensively between cell-culture adapted and
wild-type virus strains.2 The overall organization of EIAV gag and pol is
similar to other lentiviruses; EIAV gag and pol overlap and protease (PR) is
in-frame with reverse transcriptase (RT). The EIAV capsid protein (CA or
p26) shares 30% of its amino acids (aa) with HIV and the overall base com-
position of the EIAV genome, at 60 to 62 mole percent A + T, is typical for
lentiviruses.1 A major difference between EIAV and the primate lentiviruses
is found in the organization of pol, which in the case of EIAV also encodes
the enzyme deoxyuridine triphosphatase (dUTPase or DU).3

EIAV env encodes an approximately 860 residue precursor polypep-
tide that is cleaved and processed to generate a surface unit glycoprotein
(SU or gp90) of approximately 440 aa and a transmembrane protein (TM
or gp45) of approximately 400 aa.1 SU is highly glycosylated and the
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FIGURE 1. Schematic diagram of the EIAV genome and the major spliced mRNAs. Open
reading frames are indicated by arrows. Orfs encoding pol, tat, env, and rev exon 1 are in the
same reading frame. The major spliced viral mRNAs are: (1) A singly spliced product that
serves as a tricistronic mRNA encoding Tat, S2, and Env. (2) A 4-exon mRNA that encodes
Tat and Rev. (3) A three exon mRNA that encodes Tat, but lacks the first coding exon of Rev.
(4) A singly spliced mRNA that encodes TTM, a protein comprised of Tat and TM sequences.
As described in the text, Rev-minus mutants fail to produce the 3-exon mRNA.



numbers and positions of potential N-linked glycosylation sites vary among
isolates, particularly during chronic infection.1 EIAV env contains variable
and conserved domains that are generally similar to those mapped for HIV
SU and TM.1 EIAV TM has two hydrophobic domains with the first 
presumed to be the surface exposed fusion domain and the second the
membrane-spanning domain.1,4 TM is glycosylated on sites located on the
N-terminal surface exposed region of the protein and has a long cytoplas-
mic domain (about 200 aa) typical of other lentiviruses.1 EIAV TM may
occur in two forms in mature virions. Both uncleaved (45kDa) and cleaved
(32–35kDa glycosylated and 20kDa unglycosylated) TM products have been
isolated from purified virions.1,4 The cleaved TM products have been con-
firmed by protein sequencing, and the cleavage site has been placed at a
His-Leu bond located 240 aa from the amino terminus. This cleavage
product is not present in cell lysates, suggesting that cleavage occurs exclu-
sively in free virus.1,4

Another difference between EIAV and the primate lentiviruses is the
relative simplicity of the EIAV genome with only three small open reading
frames (orfs) in addition to gag, pol, and env. These small orfs are used to
produce four auxiliary proteins (Figure 1). A transactivator protein, Tat, is
required for efficient transcription from the EIAV LTR and shares prop-
erties with HIV-1 Tat (HTat).2 EIAV Tat (ETat) is 83 aa with a basic domain
and a hydrophobic core sequence (Figure 2A) and lacks the cysteine rich
domain found in HTat. The functional domains of ETat have been mapped
using EIAV/HIV-1 Tat chimeras to activate chimeric promoters. It has been
demonstrated that the activation domains of ETat and HTat are inter-
changeable despite the fact that they share no apparent aa sequence
homology.2

The entire 26 aa carboxyl terminal region, including the basic domain
of ETat, is required for interaction with EIAV TAR (ETAR), located at posi-
tions +1 to 25 of the nascent transcript.5 However, unlike the case for HIV-
1, no strong interaction between ETat and ETAR can be demonstrated in
vitro.5 ETAR binding and transcriptional activation of the EIAV LTR
require binding of ETat to equine cyclin T1. ETat also forms a complex
with human cyclin T1, but this complex fails to bind ETAR and does not
transactivate the EIAV LTR.5 The amino terminal region of cyclin T1 inter-
acts with ETat; a comparison of equine and human cyclin T1 proteins
reveals a leucine at position 29 of the equine protein, in place of a valine
in the human protein.5 Binding of an ETat-cyclin T1 complex to ETAR
requires L29 such that ETat will productively interact with human cyclin
T1 carrying a V29L substitution.5 The ability to create EIAV/HIV chimeric
proteins and to use ETat to compete with HTat for access to cellular cofac-
tors, such as cyclin T1, has provided a powerful tool to clarify mechanisms
of HTat function and underscores the utility of using EIAV as a model
system.
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The second auxiliary protein of EIAV, Rev, influences viral mRNA splic-
ing and transport and has obvious similarities to HIV Rev.2 The third aux-
iliary protein of EIAV is the product of the S2 orf. S2 is a 7kDa protein of
unknown function, but S2-mutants of EIAV replicate very poorly in vivo.6

EIAV Rev and S2 proteins are discussed in more detail below. A fourth aux-
iliary protein, containing regions of both the Tat and TM proteins (TTM),
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FIGURE 2. EIAV auxilliary proteins. (A) Complete aa sequence of Tat with the major func-
tional regions indicated. Tat sequences are highly conserved among EIAV strains. (B) A com-
parison of S2 sequences with proposed functional motifs as indicated. Potential
phosphorylation sites are indicated (* casein kinase II; * protein kinase C). EIAVPV is a bio-
logically cloned, virulent stock derived by horse passage of Malmquist EIAV. EIAV19 and EIAV17

are molecular clones with identical S2 sequences. EIAV19 is derived from FEA cells infected
with avirulent Malmquist virus. V26 and V70 are Japanese strains of EIAV. V70 is the virulent
parent of the highly attenuated V26 vaccine strain that was derived by passage in equine leuko-
cytes. Liaoning is a highly virulent Chinese strain. DLA (donkey leukocyte adapted) is an
attenuated vaccine strain that was derived from Liaoning by passage in donkey leukocytes.
(C) A comparison of Rev exon 2 sequences with function domains indicated. The origins of
R1 and R53 are described in the text.



also has been demonstrated, but its function remains undetermined.2 TTM
is generated from a transcript that fuses exon 1 to exon 4. The 27kDa
protein contains 29 aa from Tat fused to 218 aa from TM and was identi-
fied using peptide antisera against the amino terminus of Tat and the
extreme C-terminus of TM.2

Examination of EIAV splicing patterns reveals some interesting fea-
tures of EIAV gene expression.2 Exon 1 of all spliced RNAs is the first
coding exon of tat and at least three abundant viral mRNAs encode com-
plete Tat proteins (Figure 1). Tat translation initiates at a CUG codon, thus
adequate Tat expression appears to derive from suboptimal expression of
several different RNAs. The predominant singly spliced viral RNA is func-
tionally tricistronic, expressing Tat, S2, and Env.

Cell Tropism

EIAV is primarily macrophage-tropic. The absence of T-cell tropism is
a significant difference between EIAV and the primate lentiviruses and cer-
tainly has a major impact on the clinical manifestations and outcome of
infection. It has been clearly demonstrated that during the acute disease
episode, the bulk of virus production takes place in mature tissue
macrophages.7 The virus burden measured in the blood on the day of sac-
rifice correlates to the extent of virus replication in macrophages, and
quantitative studies indicate that most of the viral burden during acute
disease is accounted for by virus replication in tissues rich in macrophages,
such as spleen and liver.7 Endothelial cells also harbor EIAV during acute
infection, but the overall contribution of this cell type to total virus burden
is unknown.8 Sensitive in situ hybridization and PCR techniques have been
used to compare the tissue sites and levels of EIAV replication during clin-
ical and subclinical infections, and to determine if cells other than
macrophages might be an important reservoir for viral persistence.9 A non-
macrophage reservoir (such as endothelial or dendritic cells) has not been
detected during the carrier stage. Virus production continues in tissue
macrophages, but at levels that are significantly reduced relative to periods
of clinical disease.9

In contrast to tissue macrophages, peripheral blood mononuclear cells
(PBMC) contain proviral DNA but generally express little virus, generating
less than 1% of the total viral burden.7 The percentage of circulating mono-
cytes harboring proviral DNA is estimated to be less than 10%.10 In vitro
studies of EIAV expression suggest complex regulation of EIAV expression
in monocytes versus macrophages, with expression increasing upon differ-
entiation.10,11 Upon in vitro infection of nonadherent monocytes, virus
expression is delayed by 2 to 3 days as compared to infection of adherent
cells.11 Similarly, when PBMC are recovered from EIAV infected horses,
virus expression is initially absent, but increases with differentiation of the
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cultured monocytes, at approximately 6 to 8 days postplating.10 In addition,
treatment of equine monocyte-derived macrophages (eMDM), with either
lipopolysaccharides (LPS) or phorbol myristate acetate (PMA), decreases
the production of infectious virus.12 Treatment of cells with increasing
amounts of LPS increases the level of virus inhibition and although the
cause for the inhibition is not fully understood, early events, up to and
including transcription of multiply spliced mRNA, are not inhibited in LPS-
treated macrophages.12

Field strains of EIAV can be propagated in both eMDM and equine
bone marrow–derived macrophages (eBMDM); infection of these
macrophage cultures is highly cytopathic. Unfortunately, it can be difficult
to work with primary equine macrophages as their viability and suitability
for EIAV culture can vary widely between donor animals. Also, neither
eMDM nor eBMDM can be maintained in culture for long periods of time.
Due to these limitations, strains of EIAV that replicate in nonmyeloid cells
have been isolated. The Malmquist strain of EIAV has been recovered by
blind passage of the Wyoming field strain in equine dermis (ED) cells,13

and many derivatives of the Malmquist strain are commonly used today.
The Malmquist strain can also be cultured in cell lines of canine (Cf2Th
and D17) and feline (FEA) origin; however, these cell lines do not support
replication of field strains of EIAV. Recently cultured equine endothelial
cells have been shown to support replication of some EIAV strains.14 As with
many viruses, strains of EIAV that are extensively passaged in culture (in
either myeloid or nonmyeloid cells) generally become attenuated as a
result. It should be noted that in vivo attenuation does not correlate with
the ability of EIAV to produce cytopathic infection in eMDM. Some atten-
uated EIAVs replicate to high titer in eMDM, and some virulent stocks can
be propagated in nonmyeloid cells.15

2. DISEASE INDUCTION BY EIAV

A unique feature of the EIAV life cycle is transmission by deer and
horse flies.16 Virus transmission is purely mechanical and can occur if a fly
is interrupted during a blood meal and moves from an infected to an unin-
fected animal. Transmission decreases with distance between horses, as
biting flies seldom travel more than 100 yards to complete a blood meal.
Virus transmission also has been reported to occur through semen or from
a mare to a foal, although these transmissions occur infrequently. Virus also
can be readily transmitted by blood-contaminated veterinary instruments.16

While EIAV infects all members of the family Equidae, the disease is
best described in E. callabus (domestic horses and ponies); due to their
small size, Shetland ponies are common experimental animals. An acute
disease episode generally occurs 1 week to a month following exposure to
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the virus, lasting no more than several days.17 Acute disease is character-
ized by fever and thrombocytopenia with many animals also displaying diar-
rhea, CNS depression, anorexia, and petechiae on mucus membranes.16

High-titer plasma viremia is coincident with the acute febrile episode,17 and
there is a correlation between severity of disease and level of virus replica-
tion.18 The acute disease episode is fatal in a small percentage of animals.17

The chronic or persistent phase of EIA is typified by discrete, periodic
episodes of clinical illness. These episodes usually occur within 1 year of
the initial infection, but may also appear years later, particularly in response
to stress or upon administration of immunosuppressive drugs.16 Fever and
thrombocytopenia are indicators of discrete disease episodes, and recur-
ring cycles of illness lead to the classic symptoms of edema, weight loss, and
anemia.16 As during the acute disease episode, high-titer viremia accom-
panies febrile episodes, but virus replication per se does not correlate with
disease, as titers of up to 104 copies of viral RNA have been measured in
plasma in the absence of clinical disease.18 It has been shown at both the
protein and nucleotide sequence levels that viruses recovered during
chronic EIA vary in their env (and overlapping rev) sequences.1,19,20 Fol-
lowing a period of chronic disease many infected horses and ponies
become inapparent carriers. While the level of circulating virus in carriers
is low, transfer of whole blood efficiently transmits infection to naive
animals.16

EIAV-Induced Anemia

The development of anemia is a result of both intravascular and
extravascular hemolysis and impaired bone marrow responses.17 EIAV SU
hemaglutinates erythrocytes and complement-coated erythrocytes are
present in infected horses, suggesting that circulating virus-antibody com-
plexes attach to erythrocytes via Fc or complement receptors, leading to
complement-mediated lysis. Erythrophagocytosis is also evident in splenic
and bone marrow macrophages from acutely infected horses. Impaired
bone marrow responses also contribute to EIAV-induced anemia, as evi-
denced by the development of anemia in severe combined immunodefi-
cency (SCID) foals.17 SCID foals do not produce antibody and their
erythrocytes lack antibody and complement on their surface. As discussed
below, suppression of erythropoiesis by proinflammatory cytokines likely
contributes to the anemia in SCID foals and during acute febrile episodes
in immunocompetent horses.

EIAV-Induced Thrombocytopenia

The cause of EIAV-induced thrombocytopenia has been investigated
extensively as it is a consistent clinical finding.17 Various mechanisms, both
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immune and nonimmune mediated, have been postulated, but a review of
relevant studies suggests the thrombocytopenia associated with febrile
episodes is likely due to platelet destruction with removal, as well as
reduced production by bone marrow megakaryocytes (MK cells). Strong
support for nonimmune-mediated mechanisms of thrombocytopenia is
derived from the SCID foal model. SCID foals lack functional T- and B-
cells, but have normal macrophages and are readily infected by EIAV.21

Infected SCID foals develop severe thrombocytopenia during acute infec-
tion, ruling out a role for T- or B-cell involvement in the process. Exami-
nation of MK cells in the bone marrow during EIAV-induced
thrombocytopenia has failed to demonstrate significant alterations in MK
cell numbers and there is no evidence that MK cells are infected by
EIAV.21–23 However, evidence does exist for a primary production deficit of
platelets.21 In support of this hypothesis, Tornquist and Crawford23 show
inhibition of MK maturation and growth in vitro upon addition of plasma
from prethrombocytopenic animals. These sera contain elevated levels of
TNF-a and TGF-b, proinflammatory cytokines that have been demon-
strated to have suppressive effects on MK colony growth in other species.24

The addition of antibodies to TNF-a and TGF-b to inhibitory prethrom-
bocytopenic plasma partially decreases the suppressive effects of the sera,
indicating a role for these cytokines in either reducing proliferation of early
MK progenitor cells or by inhibiting MK maturation.23 In addition, injec-
tion of purified TNF-a induces severe thrombocytopenia in mice and
humans possibly by stimulating secretion of platelet agonists.25,26 Other
studies reveal IL-1 and IL-6 are capable of directly activating platelets in
vitro27,28 and platelet activation in vivo has been observed in thrombocy-
topenic ponies acutely infected with EIAV.22 These studies support a model
of platelet loss due to the accelerated removal of in vivo activated platelets
from the circulation. Indeed, platelets from acutely EIAV-infected horses
have increased surface-bound fibrinogen, ultrastructural changes, and
hypofunctional aggregation responses to agonists in vitro consistent with
in vivo platelet activation.22 Activation of platelets could cause degranula-
tion or formation of aggregates resulting in their removal from circulation.
Both a primary production deficit of platelets and platelet loss due to in
vivo platelet activation could be functioning to produce the severe throm-
bocytopenia associated with acute EIA, and both mechanisms for platelet
loss could be the result of altered cytokine production by infected
macrophages.

Role of Virally Induced Cytokines in Disease

Mounting evidence suggests that virally induced cytokines cause many
of the clinical abnormalities seen during EIA febrile episodes.22,29,30 Using
cell-based assays of cytokine activity, significant increases in the proinflam-
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matory cytokines IL-6, TNF-a, and TGF-b have been demonstrated during
viremic phases.22,29,30 Increased TNF-a has been correlated to the level of
viremia, severity of clinical signs and vaccine-induced disease enhancement
in experimental infections, with higher levels of TNF-a present in sera of
ponies infected with virulent EIAVPV than in that of avirulent EIAVPR-
infected ponies.29 TNF-a levels also are elevated in Arabian foals infected
with the highly virulent EIAVWYO field strain and in SCID foals infected with
the virulent, culture-adapted EIAVWSU5.30 Likewise, increased IL-6 levels are
found in sera of ponies experimentally infected with EIAVWYO,22 and in
media following in vitro infection of eBMDM with EIAV.31 These enhanced
levels of IL-6 and TNF-a activity may be responsible for fever, thrombocy-
topenia, anemia, anorexia, hypergammaglobulinaneamia, and polyclonal
B-cell activation frequently observed in EIAV-infected equids.

Proinflammatory cytokines are predominantly produced by
macrophages32 and are well known for their pyrogenic activities.33 The
inflammatory effects of these cytokines can cause anorexia and wasting
during viremic episodes in EIAV-infected horses1 as seen in HIV AIDS.34

Elevated TNF-a and IL-1 activities promote migration of leukocytes, acti-
vation of endothelial cells, and stimulation of the hypothalamic pituitary
axis.35 TNF-a and IL-1 may exacerbate EIA anemia by activating
macrophages and neutrophils, enhancing phagocytosis of complement-
coated erythrocytes, and suppressing erythropoiesis by down regulating
erythropoietin production and dysregulating iron metabolism.36 IL-1
induces expression of prostanglandins,37 which can result in fever,
anorexia, and lethargy, common symptoms of EIA. IL-6 participates in reg-
ulating various steps of hematopoiesis in vivo and is a potent cofactor of
hematopoietic progenitor cells in vitro.38 Together with IL-10, IL-6
increases total serum globulin and IgM concentrations, which are com-
monly seen in EIAV-infected horses.39

We have reported the use of an equine-specific ribonuclease protec-
tion assay (RPA) to quantitate mRNA levels of 10 cytokines40 and have uti-
lized this newly developed assay to show significant differences in cytokine
induction in eMDM exposed to virulent and avirulent EIAV clones.41 Viru-
lent EIAV17 induces significant increases in proinflammatory cytokines,
whereas avirulent EIAV19 fails to induce any of the tested cytokines above
that of control levels. These data are consistent with the hypothesis that
cytokines directly contribute to EIA pathogenesis. Notably, the proinflam-
matory cytokines are elevated during febrile episodes when circulating
virus is readily detectable, suggesting these cytokines may affect EIA patho-
genesis by modulating viral replication in vivo. There are several ways the
proinflammatory cytokines could contribute to enhanced replication of
EIAV in vivo, including (a) recruitment of uninfected monocytes to sites
of viral replication via monocyte-chemotactic factors; (b) promotion of
monocyte migration into tissue by the stimulation of adhesion molecules;42
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and (c) induction of nonmonocytic cells to produce EIAV-activating 
molecules.

Immune System Alterations

EIAV infection does not result in severe immunodeficiency, but alter-
ations in lymphocyte subsets have been noted, particularly during periods
of robust virus replication. For example, the mitogen-induced proliferative
responses of peripheral blood lymphocytes (PBL) isolated from ponies
during febrile episodes or in PBL exposed to acute sera are significantly
suppressed.43,44 A direct virus effect for this process is likely, as the addition
of high concentrations of infectious or heat-inactivated EIAV to eMDM is
able to directly suppress mitogen-induced proliferative responses.44 The
addition of virus after addition of mitogen does not alter proliferative
responses, suggesting that the initial activation of mononuclear cells is
altered. Antigen-specific lymphocyte proliferation is also suppressed during
febrile episodes.44

EIAV-induced abnormalities of lymphocyte counts have been demon-
strated in both acute and carrier animals. Inapparent carriers have signif-
icantly decreased T-lymphocyte numbers and modest increases in B-cells.39

During acute febrile episodes, or during recrudescent disease, more pro-
found differences are seen. T-cell subsets (CD4+, CD5+, and CD8+) are sig-
nificantly decreased in febrile animals, while there is an increase in
circulating B-cells.39,45 Thus febrile animals have significantly decreased T-
to B-cell ratios in comparison to seronegative horses. Increased B-cell
numbers may contribute to the elevated concentrations of gamma globu-
lin that are a common finding in EIAV-infected horses. Alternatively (or in
addition) B-cells may be activated due to secretion of inflammatory
cytokines as described above.

3. IMMUNE RESPONSES THAT CONTROL EIAV REPLICATION

Immune responses are required to control EIAV infection and usually
are effective, although elimination of the virus is never achieved.1 The
importance of immune system control during long-term infection is
demonstrated by disease recrudescence upon experimental immune sup-
pression and the development of disease upon transfer of whole blood
from long-term inapparent carriers to naive recipients.16 Antibodies to
EIAV CA as well as to group-specific determinants of SU can be detected
early after infection (within weeks). Neutralizing antibodies directed
against SU and TM are not detected until at least a month after infection
and are seldom detected until well after the resolution of the initial febrile
episode.1 The poor initial neutralizing antibody responses to EIAV may
result from the fact that the viral SU and TM proteins are heavily glycosy-
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lated. Detailed studies of antibody avidity and epitope specificity indicate
that the development of a fully mature humoral immune response takes
from 6 to 8 months and is characterized by moderate to high avidity anti-
bodies that are capable of recognizing conformational epitopes.46,47 The
poorly neutralizing antibodies present at earlier times postinfection (pi)
are of low avidity and are directed primarily at linear epitopes.46 Delay in
development of an effective neutralizing humoral immune response may
explain why the chronic phase of EIAV, with recurrent febrile periods, gen-
erally occurs during the first year pi. A recent study shows that serum neu-
tralization titers to an infecting virus stock are lower in ponies that develop
chronic EIA than in those that do not progress to the chronic stage of
disease.47 Once the humoral immune response matures, it remains rela-
tively constant for up to 3 years.46 Despite the slow development of effec-
tively neutralizing antibody, its role in the control of virus replication is
underscored by the fact that viruses that emerge to replicate to high titer
during chronic infection are unique populations that have temporarily
escaped host immune control.1

The first suggestion that EIAV strains are antigenically heterogeneous
came from virus neutralization assays of viruses recovered during chronic
EIA, and in 1973 it prompted the hypothesis that “the persistence of virus
in the blood of infected horses might be maintained by a consecutive
development of antigenically distinct virus populations not susceptible to
antibodies previously produced, and that the increase in such variants
might be responsible for febrile relapse.”48 Since that time, EIAV antigenic
variation has been examined extensively. Immunologic studies, as well as
molecular analyses of viral variants isolated during discrete febrile episodes,
illustrate that chronic EIA in particular is a period of dynamic interaction
between host and virus, during which variant viruses emerge by escaping
from immune surveillance.1 As regards immune escape and genetic varia-
tion, env sequences have been analyzed most extensively.1,20,47 The devel-
opment of an env quasispecies during infection is best characterized in
experimental infections where the genetic makeup of the infecting stock
is known. In studies using the biologically cloned stock EIAVPV (whose env
sequence divergence is about 0.2%), env divergence ranges from 0.09 to
2.6% upon pair-wise clone comparisons.49 Analysis of SU sequences reveals
that discrete populations of SU sequences are recovered from febrile
episodes and suggests that the virus population associated with any given
disease episode is replaced during subsequent disease episodes.49 Eight dis-
crete variable regions of SU have been identified with mutations consist-
ing of blocks of nucleotide substitutions as well as insertions and deletions,
particularly within the principal neutralizing domain (PND), a region of
the SU protein against which the neutralizing antibody is directed.1,47 In
studies of a virulent EIAV stock originating in Japan,19 SU variation recov-
ered from 22 distinct febrile episodes is reminiscent of that reported for
EIAVPV.
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Direct evidence that SU variation is responsible for neutralization
escape has been obtained by recovery and analysis of virus-neutralizing
mouse monoclonal antibodies recognizing EIAV SU.1 These strongly neu-
tralizing antibodies map to epitopes in the V3 domain of SU, a region pre-
dicted to form a surface loop; this region of SU is similar to the V3 loop
of HIV-1.1 A panel of env variants recovered from sequential febrile
episodes in an experimentally infected horse has been used to further char-
acterize the effects of env variation on neutralization phenotype and 
to specifically define neutralizing determinants in env.47 This study reveals
that env sequences found during later febrile episodes are increasingly 
neutralization-resistant and that the V3 and V4 regions of EIAV SU con-
tribute individually to serum neutralization resistance.47

Characterization of cell-based immune responses to EIAV has been
challenging due to the scarcity of equine specific reagents. However, the
role of cytotoxic T-lymphocyte (CTL) activity in the control of EIAV repli-
cation has been firmly established.50–53 Cellular immune responses play a
major role in controlling virus replication early after infection due to the
delay in the development of neutralizing antibody. EIAV-specific CD8+ and
CD4+ CTL are present within 7 to 10 days pi, a time of appearance that cor-
relates extremely well with control of initial viremic episodes.50,53 CTL activ-
ity is MHC restricted and a majority of CTL are CD8+53. Memory CTL
(CTLm) has also been demonstrated after in vitro stimulation of PBL from
carrier horses.50,51 CTL recognize epitopes on MA, CA, SU, TM, and S2,
and a majority of animals have CTL directed to MA and CA.52,54 However,
one difficulty of measuring CTL responses to EIAV is that vector-transduced
target cells present a single set of epitopes that are likely not recognized
by CTL directed against viral variants that arise in infected horses.

Immune reconstitution of SCID foals is being investigated as a means
of studying protective immune responses to EIAV.55 If successful, these
studies will provide a method for determining the critical components of
a protective immune response to EIAV. In a recent study, a SCID foal
treated with adoptively transferred virus-stimulated lymphocytes derived
from a persistently infected half sibling donor became lymphocyte
engrafted and developed EIAV-specific CTL and neutralizing antibody
which controlled virus replication.55 These data indicate the importance of
the equine model in studying lentivirus immune status and how it relates
to disease.

4. VACCINES

The emergence of the AIDS epidemic in the 1980s renewed interest
in the development of an EIAV vaccine, an effort that had been largely
abandoned after a reliable serodiagnostic test for the virus became avail-
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able in the 1970s.1,16 Montelaro et al. and Issel have extensively tested inac-
tivated whole virus and subunit vaccines.1 An inactivated whole virus
vaccine, prepared from avirulent, culture-adapted EIAVPR, protects over
90% of horses against homologous challenge. Although it fails to protect
against infection by a heterologous, virulent strain (EIAVPV), the vaccinated
animals experience a milder disease than unvaccinated controls.1 A subunit
vaccine of lectin-purified viral glycoproteins also protects vaccinees against
challenge by homologous virus. However, results of heterologous challenge
of vaccinees is troubling, as half of the challenged animals display more
severe symptoms than unvaccinated controls, suggestive of immune
enhancement.1

Additional vaccine trials of subunit vaccines have been performed 
to investigate immune enhancement, and a subunit vaccine consisting of
baculovirus-expressed EIAV SU (rgp90 vaccine) has been extensively tested
in three trials. Of 17 vaccinated ponies challenged with EIAVPV the follow-
ing results have been reported: Seven animals developed more severe
disease than unvaccinated control animals indicative of immune enhance-
ment, seven animals experienced moderate disease, and three were
infected but remained asymptomatic.18 The different vaccine protocols
used in the study generate different serologic responses such that there is
no apparent correlation between antibody levels and the frequency of
disease enhancement. A particulate vaccine consisting of EIAVPV conju-
gated to glutaraldehyde-activated iron-oxide beads also has been tested.
Recipients of this vaccine are not protected against infection with 300 50%
horse infectious doses (HID50) of homologous virus, but on a positive note,
they have delayed progression to disease and lower viral RNA loads as com-
pared to nonimmunized controls.56

While use of an inactivated vaccine and protection against high-titer
virus challenge are laudable goals, they are not likely to be achieved for
lentivirus vaccines. Thus, live attenuated vaccines and use of more natural
challenge doses of virus have been tested in the EIAV system. Li et al.57 have
constructed an EIAV provirus (EIAVUKDS2) lacking a functional S2 gene.
While the precise function of EIAV S2 is unknown, it is known that the
protein product is required for robust virus replication in vivo but is dis-
pensable in vitro.6 EIAVUKDS2 replicates to low levels in horses and ponies,
without disease production.57 EIAVUKDS2-infected animals develop “mature”
humoral immune responses50 by 6 months pi that are characterized by
moderate to high avidity antibody capable of recognizing conformational
epitopes. EIAVUKDS2 vaccinated horses are protected from challenge with
multiple low doses (10 HID50) of EIAVPV. Not only is protection from
disease achieved, but RT-PCR of plasma and tissue samples has revealed no
evidence of the challenge virus.57 Similar results have also been obtained
after challenge with a higher virus dose (300 HID50) of EIAVPV. In contrast
to the S2-deletion vaccine, another method of attenuation, removal of DU,
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does not protect against challenge.58 EIAV clones lacking DU replicate at
very low levels in cultured eMDM,3 thus it is not surprising that EIAVDDU

replicates very poorly in Shetland ponies.58 EIAVDDU does not protect
against infection or disease following a challenge (at 15 months pi) with
300 HID50 of EIAVPV,59 suggesting that there is a threshold level of virus
replication that must be achieved in order to generate protective immune
responses.

To determine predictive correlates of protection, humoral immune
responses of ponies to vaccines developed by Hammond et al. have been
comprehensively analyzed by quantitative, qualitative, and functional
assays.59 While no single measured parameter provides a statistically signif-
icant correlate of protection, multiple parameters can be used as correlates
of protection. For example, the combination of high end point titer of IgG
along with recognition of conformational epitopes correlates with protec-
tion. In contrast to the ability to correlate specific humoral responses 
to protection, no clear correlates to disease enhancement have been 
determined.59

An attenutated EIAV vaccine was tested in Japan in the 1970s and the
attenuated and parental virulent strains recently have been sequenced.60

The attenuated strain, V26 has been compared to V70, the virulent parental
strain, revealing the following differences: S2 sequences diverge by 6% and
S2 of the attenuated virus lacks the S2 initiation codon. The LTRs are
10.7% divergent with a large insertion in the U3 region of V26. Gag
sequences are 1.22% divergent, pol is 1.05% divergent, env is 1.65% diver-
gent, and there are no differences in either tat or the env PND.60 Finally,
an attenuated EIAV vaccine has been developed in China and has been
widely used since the 1980s.1,16 The vaccine, generated by passage in donkey
leukocyte cultures, protects about 85% of vaccinees from challenge with
virulent EIAV.

5. MOLECULAR CHARACTERIZATION OF 
VIRULENCE DETERMINANTS

To examine roles of viral gene products in disease production,
sequence comparisons have been made of viruses recovered from differ-
ent stages of disease and between attenuated and virulent strains. Infec-
tious molecular clones also provide a powerful tool to examine and map
the virulence determinants of EIAV. Two different types of virulence deter-
minants can be considered. The first affects the ability of the virus to repli-
cate to high titer in the relevant host cells, eMDM, without impacting virus
replication in other cell types. EIAV DU is an example of this type of viru-
lence determinant. A second, and perhaps more interesting, group of vir-
ulence determinants are those that do not manifest themselves in vitro, but
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are critical in vivo. These virulence determinants involve more subtle inter-
actions between virus and host. In this group, S2, env, and the viral LTRs
can be powerful determinants of virulence, though their respective roles
in the disease process remain to be determined.6,61

S2 Protein

Strong evidence for expression of EIAV S2 derives from the presence
of high titer antibodies in experimentally and naturally infected equids and
the presence of the S2 orf in all EIAV field strains.1 The EIAV S2 protein
has been shown to play an important role in viral pathogenesis as its dis-
ruption on the background of virulent clones is highly attenuating and
results in substantially lower levels of plasma viral RNA relative to parental
viruses6 (Fuller unpublished). S2 is not necessary for viral replication in
vitro,62 and the protein has proven to be difficult to express to high levels
in cultured cells.63 As shown in Figure 1, the open reading frame that
encodes S2 is located between pol and env, immediately following the
second exon of tat and overlaps the amino terminus of env.1 S2 translation
likely occurs as a consequence of leaky ribosome scanning of a singly
spliced tricistronic mRNA encoding Tat, S2, and Env.1

The requirement for S2 in EIAV disease expression prompts specula-
tion as to its function and a comparison of S2 aa sequences from various
strains reveals some interesting features (Figure 2B). S2 has a predicted
size of 7kDa. The amino-terminal half of the protein is conserved, while
the carboxyl terminal half of the protein is divergent. The S2 sequences of
two Chinese strains differ by approximately 50% from Wyoming-derived
and Japanese strains. In contrast, the vaccine (DLA) and virulent (Liaon-
ing) Chinese strains differ from each other at only four positions (Figure
2B). The virulent Japanese strain (V70) differs from Wyoming S2 at seven
positions, while the Japanese vaccine strain (V26) lacks an initiator methio-
nine, a feature that could certainly be the basis for attenuation.64 In con-
trast, EIAV17 and EIAV19 (molecular clones producing virulent and
avirulent virus stocks respectively) have identical S2 sequences, indicating
that while S2 is necessary, it is not sufficient to confer virulence.

A scan for predicted motifs in S2 reveals highly conserved domains. A
completely conserved myristiylation signal is predicted to begin at residue
7, which if utilized would remove the first six aa from the protein. If myris-
tiylation does occur, a predicted nucleoporin motif (GLFG) would be
removed that is present in several EIAV isolates. It is possible that two pop-
ulations of S2 could be present in infected cells, one population that is
cleaved, myristiylated, and directed to the plasma membrane, and a second
that is uncleaved and traffics to the nucleus. The GLFG motif is apparently
not absolutely required for virulence, as it is not present in the acutely vir-
ulent EIAV17. Other motifs that have been identified in EIAV S2 include a
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Src-homology region 3 (SH3) binding motif (PxxP), found in all S2
sequences, a casein kinase II substrate domain, and two to three protein
kinase C (PKC) substrate sites. All of the S2 sequences also have basic
regions at their C-termini that could serve as nuclear localization domains.

As regards genomic location and expression, S2 resembles the HIV-1
auxiliary protein Vpu,65 however, it has little overall aa sequence homology
to this or other HIV auxiliary proteins. HIV-1 Vpu is an 81 aa protein that
promotes degradation of CD4, interacts with proteosome members to
inhibit IkB degradation, promotes HIV particle release, and may have ion
channel activity.65 HIV-1 Vpu is an integral membrane protein that contains
a high proportion of charged residues in its cytoplasmic domain and has
a pair of serine residues that are constitutively phosphorylated by casein
kinase II.65 The integral membrane domain of HIV Vpu is important in
particle release and channel activity, while the cytoplasmic domain appears
to be most important for its other activities. Like HIV-1 Vpu, EIAV S2 has
a pair of serine residues that could be substrates for casein kinase II. SIV
lacks a Vpu protein, but the particle release enhancing activity of HIV Vpu
is found in the TM proteins of some SIV isolates.65

EIAV S2 also has some features in common with the Nef proteins 
of the primate lentiviruses. These include its effect on virulence and the
presence of both myristiylation signals and an SH3-binding PxxP motif 
that is similar to the one found in SIV Nef.66 A combination of membrane
localization (via myristiylation) and a PxxP motif suggests that S2 may 
function to interact in cell-signaling pathways as has been firmly established
for HIV-1 Nef.66 It is interesting to speculate that the activities of EIAV S2
may include some of those identified for Nef (cell activation and signal-
ing) and Vpu (protein degradation). Our lab has recently investigated the
ability of bacterially expressed S2 to interact with SH3 family members
using a commercially available protein interaction screen and the results
indicate that S2 does interact with some SH3 domains (Payne and Fuller
unpublished).

Rev Variation and Activity Correlate with Stage of Disease

EIAV Rev (eRev) is a 165 aa protein whose first 29 aa are derived from
the SU region of env, with the remainder encoded by the S3 orf that over-
laps TM.2 ERev is required for virus replication and influences both viral
mRNA splicing and transport.67,68 ERev-minus mutants export reduced
levels of intron-containing (gag) RNA from the nucleus, as compared to
the wild-type virus; in this regard ERev is similar to HIV Rev (HRev). The
ERev nuclear export signal (NES) is located toward the N-terminus of 
orf S3, as indicated in Figure 2C.69 This domain, rich in polar residues, is
functionally interchangeable with the leucine rich effector domain of
HRev.2 ERev export function is inhibited by leptomycin B, a drug that
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inhibits HRev export via host cell CRM1.70 Therefore, ERev export activity
is either CRM1-dependent or uses another leptomycin B-sensitive export
protein.70

ERev-minus mutants display alterations in the relative abundance of
spliced mRNAs as compared to wild type virus, with the loss of a 3 exon
multiply spliced transcript and an increase in a 4 exon transcript.2,68 ERev
regulates splicing by binding to a purine-rich exon splicing enhancer (ESE)
located proximal to the 5¢ splice site of exon 3, inhibiting exon 3 splicing,
probably via interactions with the host cell protein ASF/SF2, a member of
the serine- and arginine-rich family of splicing factors.67,71 Mutations in the
central region of ERev (Figure 2C) eliminate production of the 3 exon
alternatively spliced transcript and the mutant ERev fails to bind the ESE.67

Mutations in the C-terminal basic region, the nuclear localization signal,
of ERev also reduce the levels of the 3 exon transcript, however, mutations
in the NES do not affect alternative splicing.68

Sequence variation occurs in the overlapping TM/rev region of the
EIAV genome. This region encodes the carboxyl terminus of TM, predicted
to be internal in the virus particle and thus not expected to play a major
role in virus neutralization. Therefore, it has been speculated that rev vari-
ation may be important in EIAV infection, with differences in ERev activ-
ity conferring distinct selective advantages at different times during
infection.69

Longitudinal examination of ERev shows that subpopulations coexist
in infected animals.64,72 Many of the observed ERev variants differ in a
central region of the protein (designated the “variable region” in Figure
2C) that has not yet been assigned a function based on site-directed muta-
genesis. However, chimeric proviral clones containing these naturally
occurring rev genotypes differ in their rate and overall level of virus repli-
cation in ED cells, and these ERev variants display significantly different
levels of export activity of mRNA in transient expression assays.64,72 An ERev
group (clade B) that predominates in the Wyoming virus inoculum also
predominates during the acute disease episode in Wyoming-infected
horses.64,72 The clade B group is represented by the R1 sequence shown in
Figure 2C. R1 is very similar, differing by only two residues from EIAV17

Rev, indicating that the virulent EIAV17 clone contains a Rev that is repre-
sentative of the Wyoming field strain.61 Clade B Revs also predominate
during long periods of inapparant disease in Wyoming virus-infected
horses.64,72

A second group of ERevs (clade A) has been identified as the major-
ity population during periods of chronic disease in Wyoming-infected
horses.64,72 The R53 ERev sequence shown in Figure 2C represents clade 
A and appears closely related to the ERev sequence of the avirulent, 
fibroblast-adapted EIAV19 clone. Assays of ERev nuclear export activity show
significantly greater nuclear export for R53 than for R1. Virus replication
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assays in ED cells indicate that virus with R53 ERev on the background of
EIAV19 replicates to similar levels as EIAV19, while R1 on the same genetic
background yields decreased amounts of virus.64 Thus higher nuclear
export activity of ERev correlates with increased virus production in fibrob-
lasts. If the ERev phenotypes measured in fibroblasts are similar in vivo,
increased virus expression may well result in the recurrent febrile episodes
that constitute the chronic phase of EIA. In contrast, as the immune system
of the infected animal matures, decreased ERev activity (thus decreased
particle production) could promote viral persistence by reducing CTL
killing of infected cells.64 It is not entirely clear why the ERev variants that
predominate during the acute febrile episode (and present on an acutely
virulent clone) have lower ERev activity than those variants present during
the chronic disease phase.

LTR Variation

Another variable region in the EIAV genome is the transcriptional
enhancer found in U3 of the LTR. Retroviral LTRs play a critical role in
virus expression, and LTR variation has long been recognized to play a key
role in the biologic phenotypes of retroviruses. Enhancer motifs commonly
found in EIAV LTRs include PU.1 binding motifs that interact with the
myeloid/B cell specific transcription factor, PU.1 as well as MDBP, PEA-2,
Oct, and CRE sites.2 Variation in EIAV U3 includes deletions, duplications,
and point mutations that change the nature of these transcription factor-
binding motifs. LTR sequences are divergent between culture-adapted and
field strains of EIAV and these divergent LTRs influence in vitro growth
characteristics.15,73 LTRs representing virulent, unpassaged EIAVs have very
similar sequences that contain 3 PU.1 sites and a CRE site.2 In contrast,
fibroblast adapted EIAV LTRs, as well as those from healthy seropositive
carrier animals, show extensive variation.2 As illustrated in Figure 3, these
LTRs generally have lost the 5¢-most PU.1 site, but have gained other tran-
scription factor-binding motifs such as PEA-2 and Oct.2 Assays of the pro-
moter activity of the Wyoming field strain LTR reveal that it does not
support high levels of transcription in nonmyeloid cells.15,73 In Cf2Th, FEA,
and D17 cells, the Wyoming LTR is transactivated by ETat, but overall levels
of reporter gene expression are significantly lower than those produced by
the EIAV19 LTR.15 However, having a mutation of the Wyoming LTR gen-
erate a PEA-2 site is sufficient to increase gene expression in fibroblasts.15,73

The inability of the Wyoming LTR to drive virus expression in fibroblasts
has also been demonstrated using molecular clones isogenic in all but LTR
sequences.15 Thus there is a strong selective advantage, upon passage in
cultured cells, for alterations in the Wyoming enhancer.

Selective advantages for variant LTRs in cultured macrophages and in
vivo are less clear. Fibroblast-adapted EIAV strains contain PU.1 sites, and
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viruses with these LTRs can replicate to high titer in eMDM.41 However, the
ability of a specific LTR to support replication in cultured eMDM does not
correlate with a role in acute disease. The influence of the EIAV LTR on
the development of acute disease is best demonstrated by comparing a pair
of molecular clones that differ only in their LTR sequences.61 Replacing
the LTRs of EIAV17 (acutely virulent) with the LTRs from EIAV19 (culture-
adapted, avirulent) results in loss of virulence (compare Figure 4A to 4C),
even at a high-infecting virus dose.41 The LTR swap does not change the
ability of clone-derived virus to replicate in eMDM, as EIAV17E/19L is cyto-
pathic and replicates to similar levels as EIAV17.41 Finally, as mentioned
above, LTR sequences recovered from healthy EIAV carriers are quite vari-
able2 (Payne and Ball unpublished), with enhancers that seem to resemble
those from culture-adapted viruses (Figure 3). Clearly additional studies
are needed, particularly as regards the regulation of virus expression in vivo
in monocytes versus macrophages, an area of study yet to be addressed in
any detail, in order to understand the role of EIAV enhancer sequences in
disease production and long-term viral persistence.

Env Variation

We have begun to analyze env variation as it impacts the acute viru-
lence phenotype of EIAV using a series of related molecular clones.41,61 The
viruses EIAV19 and EIAV17 share the same gag, pol, tat, and S2 genes, dif-
fering in env, rev, and LTRs (Figure 4). EIAV19 is highly attenuated in that
we have been unable to passage this virus to virulence. In contrast, EIAV17

causes severe disease in our Shetland pony model;74 an example of such an
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FIGURE 3. A comparison of the enhancer region of selected EIAV isolates showing variation
in transcription-factor binding sites. The sites indicated have been demonstrated to interact
with proteins from either nuclear or fibroblast nuclear extracts.2 The origin of each LTR is
indicated.



FIGURE 4. Temperature profiles of Shetland ponies infected with virus stocks derived from
the indicated clones. The parental clones are: EIAV19, that produces virus that is highly atten-
uated (panel B) and replicates in both eMDM and nonmyeloid cell lines,75 and EIAV17 that
was derived by replacing the env and LTRs of EIAV19 with sequences derived from the
Wyoming field strain.74 EIAV17 produces virus that is acutely virulent in a Shetland pony model
(panel A). Panels D through G show representative clinical outcomes of ponies infected with
virus stocks derived from the indicated clones.61 The open boxes in each genome schematic
represent the gag, pol, and S2 regions that are identical between EIAV19 and EIAV17. The light
gray boxes indicate the env/rev and LTR sequences of EIAV19. The black boxes indicate the
env/rev and LTR sequences of the EIAV17 parent. The infecting virus in panel D was derived
from DU-deleted version of EIAV17 (Payne and Fuller unpublished).



infection is shown in Figure 4A. A series of chimeric clones have been con-
structed and used to test the contribution of env and LTR sequences to the
acute virulence phenotype of EIAV17. Results of pony inoculations reveal
that LTR and env/rev sequences contribute to virulence, as replacement of
either region with sequences from EIAV19 abrogates the virulence pheno-
type. Env contributions to virulence phenotype also have been examined
with the EIAV17SU and EIAV17TM (SU or TM region and LTR of EIAV17) on
the backbone of EIAV19. Shetland pony infections show that SU contributes
more strongly to the virulence phenotype of the parental clone as EIAV17SU

causes febrile episodes in experimentally infected ponies while a similar
dose of EIAV17TM does not (compare Figure 4E and 4F). The disease-
producing dose of EIAV17SU is approximately 30 times greater (as deter-
mined by 50% infectious dose determinations in eMDM) than the lethal
dose of EIAV17, suggesting that both the EIAV17 TM and SU proteins con-
tribute to disease expression.

DU

Several nonprimate retroviruses, including EIAV, CAEV, MVV, and FIV,
encode DU.3 In host cells the enzyme plays a central role in dNTP biosyn-
thesis: hydrolyzing dUTP (produced from dCTP) to produce dUMP that
is required for synthesis of dTTP. Maintaining low dUTP concentration is
important in the cell as dUTP can be readily incorporated into DNA where
it becomes a target for the DNA-repair enzyme uracil-N-glycosylase (UNG).
Knock-out mutants in dUTPase have a phenotype of chromosomal frag-
mentation that results from this repair process. The requirement for
dUTPase among the retroviruses is less well understood, but studies suggest
a role for the enzyme in facilitating replication in nondividing cells3 where
one might expect to find suboptimal dNTP pools.

EIAV DU is expressed as part of the Pol polyprotein and is packaged
into virions where it is available to function during the early phases of the
retroviral life cycle.3 The requirement for EIAV DU in nondividing eMDM
is quite stringent, but the enzyme is not required in dividing cell lines.3

Transfection of EIAV19DDU into permissive cell lines produces a virus that
replicates at or near parental levels; however, when these viruses are passed
on to eMDM replication is impaired. RT activity is significantly reduced
compared to the parent virus and no cytopathic effects are evident.3 Exam-
ination of early steps in replication of EIAV19DDU in eMDM demonstrates
that viral DNA synthesis is not impaired; in fact, PCR analysis suggests an
increased rate of proviral DNA synthesis for the DU-deleted virus.3 A likely
explanation for this result is that dNTP concentrations are limited in dif-
ferentiated eMDM and EIAV19DDU is able to utilize dUTP, facilitating DNA
synthesis. In support of this explanation, the presence of uracil in proviral
DNA from EIAV19DDU-infected eMDM can be demonstrated by treating DNA
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from infected eMDM with the enzyme UNG to cleave uracil-containing
DNA prior to amplification with viral-specific PCR primers.3 This treatment
reduces the synthesis of viral-specific PCR product only in EIAV19DDU

infected eMDM, strongly suggesting that this viral DNA contains some level
of uracil. Further examination of the replication cycle of EIAV19DDU in
eMDM shows an approximately 100-fold decrease in viral transcripts. Thus
the uracil-containing provirus is not a competent template for transcrip-
tion.3 The molecular basis for the reduction in viral transcripts has not been
determined but several possibilities exist. Uracil-containing DNA might
become fragmented during efforts at DNA repair in the nucleus, could be
defective in integration, or may be a poor template for host-cell transcrip-
tion machinery.

As EIAV replicates primarily in macrophages in vivo, it is not surpris-
ing that DU is required for efficient replication in the horse and for devel-
opment of disease. Shetland ponies infected with DU-deleted viruses
(EIAVDDU ) have peak virus levels that are at least 10- to 100-fold lower than
in ponies infected with the parental virus.58 As shown in Figure 4A, EIAV17

causes severe disease when administered to Shetland ponies,74 but
EIAV17DDU (Figure 4D) causes no clinical disease, even when administered
at high doses. Animals infected with EIAV17DDU are also slower to serocon-
vert, and viral sequences are not recovered (Payne and Fuller unpub-
lished). Since EIAV is primarily transmitted via mechanical transfer, and
occurs most efficiently during episodes of viremia, it seems very unlikely
that a DU-deleted EIAV could be naturally maintained in an equine 
population.

Taken together, molecular analyses indicate that the virulence phe-
notype of EIAV is complex and is associated with several genes. S2 is
required for robust replication and disease production in vivo but is not
sufficient to confer virulence. Rev and LTR variants that are found during
different phases of infection (chronic versus inapparant for example) have
counterparts in virulent and avirulent molecular clones. SU or TM variants
also contribute to virulence phenotype, perhaps by induction of cytokines
that impact virus replication in vivo.
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1. INTRODUCTION

Caprine arthritis-encephalitis virus (CAEV) is a monocyte/macrophage
tropic lentivirus which causes an immune-mediated disease complex in
domestic goats characterized mainly by progressive arthritis of carpal
joints.1,2 Joint lesions caused by CAEV consist of synovial membrane hyper-
plasia and villous hypertrophy with extensive angiogenesis and perivascu-
lar infiltration of mononuclear cells accompanied by significant cortical
hyperplasia of regional lymph nodes.3 The mononuclear cell phenotypes,
comprising perivascular infiltrates, include MHC class II activated
macrophages, CD4+ and CD8+ ab T lymphocytes, and, predominantly, B
lymphocytes and plasma cells.3,4 CAEV-induced arthritis follows a chronic,
progressive course with clinical signs of periarticular swelling, accumula-
tion of synovial fluid containing inflammatory cells and radiographic
changes of soft tissue mineralization, and erosion of articular surfaces.5–7

Lesions contain CAEV infected macrophages8 and virus are readily recov-
ered from synovial fluid, synovial fluid cells, and explants of synovial
tissue.5,6 Previous studies have established that immune responses to CAEV
envelope glycoproteins contribute to the development of arthritis.

CAEV-induced arthritis is specifically associated with type 2 immune
responses to viral antigens, particularly surface (SU) and transmembrane
(TM) glycoproteins encoded by the envelope (env) gene. Long-term non-



progressor (LTNP) goats that remain clinically asymptomatic have a pre-
dominant population of SU-responsive Th1 lymphocytes9 and IgG2 biased
antibody response to SU (J. D. Trujillo and W. P. Cheevers, unpublished
results), whereas goats with arthritis have SU-responsive Th2 lymphocytes9

with high serum and synovial fluid titers of polyclonal and CAEV-reactive
IgG1.10–14 Increased IgG1 response to CAEV SU is initiated prior to devel-
opment of clinical arthritis,14 and selective induction of IgG2 responses by
vaccination with plasmid DNA expressing the CAEV env gene suppresses
development of arthritis following challenge infection.15

In summary, previous studies have established that immune responses
to CAEV envelope glycoproteins contribute to the development of arthri-
tis. This review emphasizes recent structural studies of the SU of CAEV,
with particular reference to structural similarities between small ruminant
lentiviruses and HIV-1.

2. PRIMARY STRUCTURE OF CAEV SU

The envelope glycoprotein of CAEV is expressed as a precursor gly-
coprotein which is processed by cellular enzymes into a surface envelope
glycoprotein with an apparent molecular mass of 135kDa (gp135) and a
transmembrane glycoprotein with an apparent molecular mass of 38kDa
(gp38).16,17 After processing, gp135 and gp38 remain associated through
noncovalent interactions to form a heterodimer anchored to the cell and
viral envelope membranes by the hydrophobic membrane spanning region
of gp38. TM moieties of different heterodimers are presumed to interact
to form the oligomeric envelope glycoprotein complexes inducing cell-to-
cell and virus-to-cell fusion.

Sequence Variability of CAEV SU

The mature SU of CAEV is 546 to 550 amino acids long, correspond-
ing to a polypeptide of a predicted molecular mass of 63kDa.18–20 Com-
parison of SU sequences from different CAEV strains has defined four
conserved (C1 to C4) and five variable regions (V1 to V5) (Figure 1).5

Analysis of neutralization variants and blood and tissue proviruses from
goats persistently infected with the CAEV-63 strain has identified two short
hypervariable SU regions within the quasispecies (Figure 1).21 Hypervari-
able region 1 (HV1) is located within the C3 region and occurs in a
sequence strictly conserved in all small ruminant lentiviruses except CAEV-
63 and 1244. Sequence variation in the HV1 region appears to occur only
in some persistently infected goats with progressive arthritis. The four-
amino acid HV2 region is located at the carboxy end of the V4 region and
coincides with part of the visna virus principal neutralization domain.21,22
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Sequence changes in the HV2 region occur in most proviruses or viruses
isolated from infected goats regardless of disease progression and may be
extensive within the quasispecies of an infected goat. Curiously however,
HV2 sequences of independent CAEV strains are very similar, conforming
to the consensus sequence Arg-Asn-Gly-Lys.20 Whether this HV2 consensus
sequence is an artifact of tissue culture or reflects a common sequence in
circulating strains is not known.

Glycosylation of CAEV SU

CAEV SU has about 21 N-linked glycosylation sites, 17 of which are
conserved in all strains.20 Given that the apparent molecular mass of SU is
135kDa, most if not all of these potential N-linked glycosylation sites are
probably glycosylated. O-linked oligosacharides have been reported as a
major component of CAEV SU glycans.23 However, complete digestion of
CAEV SU with PNGaseF results in a polypeptide of about 60kDa,24 indi-
cating that O-linked oligosacharides constitute only a minor fraction of
CAEV SU glycans. Potential N-linked glycosylation sites are asymmetrically
distributed throughout SU with most of the conserved sites clustered in its
carboxy terminal half, particularly between amino acids 355 and 454 in the
C3 and V4 regions (Figure 1).19,20 Desialylation of CAEV SU increases the
susceptibility of CAEV to proteases, neutralization by immune sera, and
binding of monoclonal and polyclonal antibodies to SU.23,24 Sialic acids on
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FIGURE 1. Schematic representation of CAEV and HIV-1 SU. Gray boxes represent 
variable (V1 to V5) regions and white boxes represent the conserved (C1 to C5) regions of
HIV-1 and CAEV SU. Asterisks indicate N-linked glycosylation sites in HIV-1 HXBc2 SU and
consensus potential N-linked glycosylation sites of CAEV SU. Dashed lines indicate the cor-
responding regions of CAEV and HIV-1 SU according to the alignment shown in Figure 2.
Dotted lines indicate the putative structural analogue of the HIV-1 V1/V2 loop structure in
CAEV SU as shown in Figure 4. Arrowheads indicate the positions of hypervariable regions
of CAEV-63 SU (HV1 and HV2, left and right, respectively). Sequences comprising the outer
domain of HIV-1 SU and the putative outer domain of CAEV SU are indicated. Variable and
conserved regions and consensus N-linked glycosylation sites of CAEV SU are according to
reference 20.



CAEV SU may thus constitute an important mechanism of immune evasion.
Visna virus SU has a similar number and distribution of potential N-linked
glycosylation sites as CAEV SU and is also sialylated. However, this virus is
more susceptible to neutralization and proteolysis than CAEV,23 indicating
that other structural features of SU also contribute to these biological 
properties.

3. COMPARATIVE STRUCTURAL MODEL OF CAEV SU

Little amino acid sequence similarity has been recognized between the
SU of divergent lentiviruses. This apparent lack of sequence similarity is
presumed to be due to the rapid rate of sequence variation of lentiviral SU
to evade the evolving immune responses mounted by their hosts coupled
to the adaptation of different lentiviruses to different host environments
and receptors. In contrast, a clear sequence similarity is observed between
the TM of different lentiviruses as well as between the TM of lentiviruses
and betaretroviruses.25–28 The different conservation of SU and TM is not
surprising since TM is less accessible to humoral immune responses than
SU and interacts with less variable elements (the unexposed surface of SU,
viral matrix proteins, envelope and target cell lipid bilayers and itself). In
fact, regions of HIV-1 SU not exposed on the oligomer surface are less vari-
able than exposed regions, indicating that the host is the major selective
factor in SU sequence variation.29

Three studies have proposed possible conserved structural elements
of retroviral SU. The first study proposed a conserved “knob and socket”
structure for the interaction between TM and SU in all retroviruses, the
knob being formed by the cysteine loop of TM and the socket by the
carboxy-terminal region of SU.30 However, the predicted conserved socket
structure does not reflect any sequence similarity in SU. A second study
proposed a common tertiary structure based on similar distributions of
conserved and variable domains in the SU of lentiviruses, but did not iden-
tify any sequence conservation.31 Another study identified three putative
domains in the SU of retroviruses defined by predicted secondary struc-
ture motifs.32 However, some of these predicted secondary structures did
not agree with the subsequent crystal structure of HIV-1 gp120,33 and the
general validity of this proposed structural model remains uncertain.

A Partial CAEV SU Structural Model Based on 
Sequence Similarity With HIV-1 gp120

We used the HIV-1 gp120 crystal structure as a framework for inter-
pretation of sequence similarities between primate and small ruminant
lentiviruses.33,34 Using this approach, we found a partial but statistically and
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structurally significant sequence similarity between the second conserved
(C2) region of gp120 of primate lentiviruses and the gp135 of CAEV and
the closely related maedi-visna virus of sheep (Figure 2).34 Interestingly,
amino acid similarity is clustered in short motifs corresponding to b-strands
in the HIV-1 gp120 while loop regions are usually not conserved. The clus-
ters of gp120 :gp135 sequence similarity generally mirrors the clusters of
sequence similarity within the small ruminant and primate lentiviruses,
respectively, suggesting a common structural constraint on sequence vari-
ation in gp135 and gp120. Five cysteines are conserved between gp120 and
gp135. Four of these cysteines form two disulfide bonds within the proxi-
mal region of the gp120 inner domain while the fifth represents the first
cysteine of the gp120 V3 loop (Figure 2). Although sequence variation
encompasses the whole gp120 C2 region (Figures 1 and 2), the most con-
served regions are those corresponding to gp120 b-strands 4 to 8 in the
virion-proximal region of the inner domain (Figure 3). Another important
structural element in this region is b-strand 25 of gp120 formed by a
sequence in the carboxy terminal C5 region about 20 amino acids before
the cleavage site between SU and TM (Figure 3). Consistent with the con-
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FIGURE 2. Alignment of the HIV-1 gp120 C2 (amino acids 213 to 298) and C5 (amino acids
483 to 491) regions with the SIV gp120 and CAEV gp135. Black and gray backgrounds indi-
cate amino acid identity or similarity, respectively. Dashes represent gaps introduced for
optimal alignment. Lines connecting cysteine residues indicate disulfide bonds of HIV-1
gp120. Arrows indicate positions of b-strands 4 to 12 and 25 of HIV-1 gp120. Positions of loops
A through D and V3 of HIV-1 are indicated above the alignment. Dots indicate a nonaligned
region of 185, 185, 312 amino acids in HIV-1, SIVsm, and CAEV SU, respectively. Numbers
indicate amino acid positions from the env gene initiation codon and numbers in parenthe-
ses indicate amino acids from the last residue of the alignment to the SU/TM cleavage site.
Figure adapted from references 34 and 35.



servation of b-strands 4 to 8 of gp120 in gp135, a sequence similar to that
of gp120 b-strand 25 is also present in gp135 in a similar position relative
to the cleavage site between SU and TM (Figure 2).35 Therefore, the inner-
proximal domain of HIV-1 gp120 shares sequence and structural similar-
ities with the gp135 of small ruminant lentiviruses.

General Conservation of the b4/b5 and b25 Region in the SU of
Lentiviruses and Betaretroviruses

Two elements of the sequences conserved between gp135 and gp120,
a 12-amino acid motif overlapping HIV-1 b-strands 4 and 5 and the 9-amino
acid conserved sequence overlapping b25, are also conserved in the SU of
other lentiviruses except the feline immunodeficiency virus (Figures 3 and
4).35 The b4/b5 motif is also present in the SU of all endogenous and
exogenous betaretroviruses.35 This is not surprising given the closer
sequence similarity between the TM of lentiviruses and betaretroviruses rel-
ative to other retroviral groups combined with the fact that b-strands 4 and
5 are located in a region of gp120 proximal to TM and the envelope
oligomer axis.36 Therefore, these two sequence motifs appear to form a
highly conserved structure in the SU of lentiviruses (Figure 3), and perhaps
in the SU of betaretroviruses as well, participating in SU-TM interactions.
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FIGURE 3. Location of regions of sequence similarity between HIV-1 gp120 and CAEV gp135.
Left panel: Ribbon diagram of the CD4-bound gp120 core. The target cell and envelope mem-
branes are located toward the bottom and the top of the figure, respectively. The gp120 inner
and outer domains are indicated. The region most conserved between HIV-1 gp120 and CAEV
gp135 (b-strands 4 to 8 and 25 in the inner-proximal region) is indicated in black. Right panel:
Detail of the inner-proximal region of HIV-1 gp120 indicating the position of b-strands 4 to
8 and 25 and loop A. The b4/b5 and b25 regions highlighted in black are conserved in most
lentiviruses as shown in Figure 4. Figure adapted from reference 41.



Potential Loop Regions of CAEV SU

The V1/V2 and V3 loop of HIV-1 gp120 are important structures
involved in immune evasion by masking the receptor binding regions from
the immune system. The gp120 V3 loop is also important for coreceptor
binding and tropism determination. The regions of sequence conservation
between CAEV gp135 and HIV-1 gp120 include most of the gp120 C2
region which is located between the V2 and V3 loop regions. Therefore,
the regions flanking the gp135 sequences conserved with the gp120 C2
region may define structural analogues of the gp120 V1/V2 and V3 loops
in gp135. Using this rationale, a potential V3 loop analogue has been pro-
posed for gp135.34 This sequence is flanked by two cysteine residues that
may form a short disulfide loop with the consensus sequence
“CQKRPGGC.” This sequence is included in the gp135 C2 region and is
relatively conserved between CAEV strains. Interestingly, this sequence
includes an immunodominant linear epitope recognized by sera from nat-
urally infected goats.20

Although there are no cysteines in the region immediately upstream
from the gp135 sequence conserved with gp120 C2, the highly variable V1
region of gp135 is located in a similar location relative to the conserved b4
cysteine as the gp120 V1/V2 loop structure (Figures 1 and 4). The V1
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FIGURE 4. Alignment of the b-strand 4, 5, and 25 regions of HIV-1 gp120 with the SU of
lentiviruses and betaretroviruses. Numbers at the right of the alignment indicate amino acid
position in Env. Black backgrounds represent identical amino acids or conservative variations
between the lentiviruses and betaretroviruses. Gray backgrounds indicate identical amino
acids or conservative substitutions between the lentiviruses and betaretroviruses which are not
conserved with the residues with black backgrounds. Numbers in parentheses indicate the
distance between the last amino acid of the alignment and the carboxy terminus of SU. Lines
indicate regions in b-strands 4, 5, and 25 and a-helix 5. JSRV, jaagsiekte sheep retrovirus; JDV,
jembrana disease virus; BIV, bovine immunodeficiency virus; FIV, feline immunodeficiency
virus; HERV-K, human endogenous retrovirus K; MMTV, mouse mammary tumor virus; MIAE,
mouse intracisternal A-type element. Figure adapted from reference 35.



region is about 18-amino-acids long but deletions within this region are
observed in some CAEV strains. In addition, 7 to 10 of the 18 amino acids
of V1 have charged side chains in different strains despite the sequence
variability in this region. The hydrophilic properties and apparent lack of
secondary structure of V1 sequences indicate that at least part of this region
forms a surface-exposed loop of gp135. Therefore, gp135 V1 may be struc-
turally analogous to the HIV-1 gp120 V1/V2 loop.

A structural analogue of the V1/V2 loop structure has also been pro-
posed for the equine infectious anemia lentivirus (EIAV) gp90.37 A con-
served potential N-linked glycosylation site in EIAV gp90 is located in the
same position relative to the putative V2 loop analogue and the conserved
b-strand 4 cysteine as the asparagine 197 glycan of gp120 modulating neu-
tralization sensitivity in HIV-1 (Figure 4).37 Interestingly, CAEV gp135 also
has a strictly conserved potential N-linked glycosylation site within V120 in
a similar location relative to the conserved b-strand 4 cysteine as EIAV gp90
and HIV-1 gp120 (Figure 4). This conserved glycan structure may repre-
sent a common structure involved in neutralization resistance in different
lentiviruses.

Domain Model of CAEV SU

The position of the colinear b4/b5 and b25 motifs can be used to
define putative domains of SU conserved in different lentiviruses. The
sequence comprising the outer domain of HIV-1 gp120 is located entirely
between the sequences of b-strands 8 and 25 (Figure 1).33 This would
suggest a similar outer domain between the conserved b4/b5 and b25
motifs of the SU of other lentiviruses.35 The distance between the b-strands
8 and 25 in CAEV and HIV-1 SU (Figure 3) would suggest a putative outer
domain for CAEV SU about 100 amino acids longer than the HIV-1 gp120
outer domain (Figure 1).35
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FIGURE 5. Alignment of the amino-terminal region of CAEV, EIAV, and HIV-1 SU. Amino
acid spacing is shown by “X” followed by a number. Cysteines residues are shown as “C.” The
underlined cysteine residues are located in the b-strand 4 motif conserved in most lentiviruses
and betaretroviruses. The b-strand, a-helix V1 and V2 regions of HIV-1 gp120 are shown below
the alignment. The position of the V1 region of CAEV gp135 is shown. “N” indicates the puta-
tive conserved N-linked glycosylation site of lentiviral SU. The position of the last amino acid
residue in the alignment is shown on the right. Figure modified from reference 37.



Similar to HIV-1 gp120, the putative outer domain, but not the inner
domain, of CAEV SU is highly glycosylated (Figure 1).19,20 Glycosylation of
the outer domain of gp120 is an important mechanism of immune evasion
as epitopes in this carbohydrate-rich surface that are exposed on the
oligomer surface may appear as “self” to the immune system, resulting in
the poor induction of antibody responses against this outer domain
surface.38 The heavy glycosylation of the putative CAEV SU outer domain
may have a similar role in immune evasion.

A possible two-domain structure of CAEV SU may also have implica-
tions in receptor binding. Binding of HIV-1 gp120 to CD4 is mediated by
residues in the interface between the inner and outer domains,33 and a
similar receptor binding structure may therefore occur in CAEV and other
small ruminant lentiviruses. In this regard, it is noteworthy that part of 
the loop B sequence of HIV-1 appears to be conserved in CAEV and other
small ruminant lentiviruses (Figure 2). Included within this conserved 
loop B sequence is the Thr-257 residue, which is one of the gp120 residues
lining the hydrophobic “Phe-43 cavity” critical for CD4 binding.33 The loop
B analogue of CAEV gp135 may therefore form an equivalent structure
indirectly involved in receptor binding and receptor-induced conforma-
tional changes of gp135, similar to the presumed role of gp120 loop 
B during CD4 binding.33 In addition, structural heterogeneity due to 
interdomain flexibility of gp120 may have an important role in immune
evasion by HIV-1, through inhibition of the induction or binding of 
antibodies to the receptor binding site.39 Assuming a two-domain structure
for gp135, a similar mechanism may be involved in the low induction 
or high resistance of CAEV and certain MVV strains to neutralizing 
antibodies.40

Experimental Evidence of the Structural Model

Interference assays have shown that CAEV and the Icelandic MVV
strain K1514 use different receptors to infect and fuse susceptible goat
cells.41 To test whether the putative V3 loop analogue of gp135 has any
effect on receptor usage, the CAEV SU sequence was replaced with that of
the corresponding sequence from MVV K1514. CAEV envelopes with the
heterologous V3 loop analogue sequence retained functionality and recep-
tor usage identical to that of the wild-type CAEV envelope in fusion-based
receptor interference assays (I. Hötzel, unpublished results). Furthermore,
a CAEV envelope with the whole V3 loop analogue replaced by the
sequence Cys-Gly-Ala-Gly-Cys was capable of inducing syncytia (but not
infectivity) in goat cells (I. Hötzel, unpublished results), indicating that this
region is not absolutely required for functional activity. Therefore, it seems
unlikely that the putative gp135 V3 loop analogue has any role in receptor
binding and usage. Whether this region has any role in immune evasion,
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similar to the masking of receptor binding sites by the HIV-1 gp120 V3
loop,42 remains to be determined.

The HIV-1 gp120 b4/b5 turn is located in a domain facing gp41 and
close to b25 residue I491 which interacts with gp41.43 Therefore, the gp120
b4/b5 turn may interact with gp41, although this has not has not been
tested. The partial CAEV gp135 structural model thus predicts a role for
the Pro-Tyr-Pro motif in the putative b4/b5 turn of gp135 in interactions
with gp38. We have recently tested this prediction and found that muta-
tions in the b4/b5 Pro-Tyr-Pro motif of CAEV gp135 increase the dissocia-
tion of gp135 from gp38.44 Furthermore, similar to HIV-1 gp120, mutations
in both the amino and carboxy-terminal domains of gp135 also increase
gp135 shedding, indicating that gp120 and gp135 share other structural
elements interacting with TM. In addition, immunological evidence indi-
cates a similar folding of the proximal region of the HIV-1 gp120 inner
domain formed by b-strands 5 and 25 in CAEV gp135. A monoclonal anti-
body recognizing a conformation-dependent epitope of CAEV gp135 failed
to react specifically with gp135 with mutations in the b5 proline residue or
a residue just downstream from putative b-strand 25.44 This indicates that,
similar to the corresponding HIV-1 gp120 regions, these two regions are
located close to each other in the folded gp135 despite their distance in
the primary structure. These findings support the general validity of the
gp135 inner domain structural model based on the sequence similarity
shown in Figure 2 and indicate that the SU of distantly related lentiviruses,
and perhaps betaretroviruses, share common structures for interactions
with TM.

The role of the gp120 inner-proximal domain in HIV-1 envelope gly-
coprotein intersubunit interaction, infectivity, and syncytium formation has
been recently tested.45 Consistent with the role of inner-proximal residues
in the interaction of gp135 with gp38 in CAEV, mutation of some residues
in this conserved gp120 inner-proximal domain affects intersubunit inter-
action. Interestingly, some mutations in the inner-proximal region affected
the efficiency of fusion mediated by the envelope glycoprotein indepen-
dently of stability of intersubunit interactions, suggesting that this region
has a role in the modulation of steps after receptor binding leading to
membrane fusion.

4. SUMMARY

The surface envelope glycoprotein of CAEV is the ligand for receptor
interaction and an important target of host immune responses that control
virus replication and disease status. A complete understanding of host-virus
interactions, particularly with regard to SU structure and function, will be
required to determine the mechanisms of disease pathogenesis and to
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develop effective vaccine strategies. This review summarizes recent studies
on the structural properties of CAEV gp135 SU with emphasis on higher
intramolecular order predicted by the crystal structure of HIV-1 gp120.
This review is intended to serve as baseline information for further studies
on the structure, antigenic properties, and function of the SU of CAEV,
MVV, and other lentiviruses.
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1. INTRODUCTION

Other chapters in this book have drawn the reader’s attention to the deva-
station caused by HIV infection, not only to the individuals concerned but
also to their families and dependants. Moreover, there are direct effects on
others in the community such as doctors, nurses, health workers and care
givers and; as well as running the risk of themselves becoming infected,
they are exposed daily to the harrowing tragedies of those afflicted by this
disease. AIDS not only drastically reduces life expectancy of the individual,
but also the quality of that life. In addition to these costs are the indirect
costs that further burden a stretched national economy, particularly in
regard to health care services, as spending on AIDS reduces unit resources
for all those that are in the system. A choice between caring for someone
with AIDS in their last few weeks or days of life, or saving the life of a
newborn, or repairing a fractured bone, should never have to be faced, but
it is in many countries on a daily basis. Set against this background how
can some people value the lives of nonhuman animals to the point where
they might want to restrict or even stop the use of animals to gain insights
and cures for these HIV diseases? The notion that animals have a right to
a life and a right not to suffer would mean just that. So is the issue of animal
rights, which would stop all the current uses of animals in research, simply
a privileged armchair view from the developed Western world put forward



by those who are relatively healthy and have just had a good meal? Or, is
animal rights a notion that reflects the thoughts of those wishing to
improve the lot of vulnerable beings through actions that do not involve
the use of animals in research? Perhaps there is a philosophically inter-
mediate position that might permit the continued use of animals while not
losing sight of the scientific and humanitarian objectives that are so badly
needed? In this chapter I wish to examine the various moral positions that
can be held and to translate these into practical ethical issues that can be
addressed by those seeking to use animals in their research as well as those
that oppose this use of animals. Neither camp will be satisfied, but as it was
once stated “Better a dissatisfied Socrates than a satisfied pig.”

2. SHOULD WE USE ANIMALS IN RESEARCH ON HIV?

The main objections to the use of animals in research are that during
their use they will inevitably experience pain and distress of various types
and, nearly always, they will die. Those who believe that animals, like
humans, have a right to a life and a right not to be caused to suffer, state
that it is wrong to cause animals to suffer and to take their lives notwith-
standing any benefit that may come from those uses (e.g., food, cures for
disease, and so on). Any such benefits are seen as ill-gotten gains on par
with torture and the use of humans in research without their consent.
Those who hold an animal rights view might argue that such “natural
rights” are necessary to protect the vulnerable, such as human babies and
the young, and they see animals in the same group as these types of
humans. Exploiting one vulnerable group of animals (chimps, mice) to
save another group (humans with AIDS) is unacceptable unless one can
find a morally relevant difference between the two groups. Both non-
human animals and human beings are living animals who are able to suffer
and have an interest in continuing to live a life that is valuable to them.
But in addition, humans, because they are able to make moral choices
unlike animals, have a duty not to exploit other animals (including other
humans) in any way that would cause them to suffer or die. To do so is no
different in principle to tribalism, racism, sexism, and ageism and has been
termed “speciesism” (Ryder, 1975). So if we assign such strong rights to
animals (not to suffer in any way and to live) then it follows they cannot
be used in research on HIV, FIV, SIV, and so on.

Another view might be to argue that while the lives of nonhuman
animals that are able to experience pain, distress, suffering, and lasting
harm (as well as happiness, i.e., they are sentient beings) are valuable, that
value can be overridden in some circumstances. Such a caveat demands
that the benefits of any use outweigh the harms that are inflicted. This leads
to some form of analysis of the burdens and benefits, sometimes referred
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to as a harm benefit or cost benefit analysis. Thus there has been a shift in
the philosophical position from one of absolute rights to one where certain
prima facie rules form a baseline and, providing only the minimum of suf-
fering is caused, the use of animals might be permitted for some greater
good. This change in emphasis is closely correlated with duties on those
who use animals to be very careful how they act. This approach would apply
to the use of human subjects in research as well. So rather than having an
absolute ban on the use of animals in HIV research, this utilitarian
approach requires that the (research) objective is so worthwhile that it 
outweighs any suffering inflicted on the animals concerned, and that level
of suffering is the minimum needed to obtain the scientific objective.
Unlike the animal rights position it also means that killing animals is not
wrong in a good cause. Note that this utilitarian approach, of necessity,
involves predictions of both the harms to the animals as well as the hoped-
for outcome. In many ways the harms are easier to predict than the out-
comes, and it is the very nature of research that there are long- and
short-term goals. Basic research on the genetic makeup of the virus, its
mode of infection, and trying to understand how disease is caused are long-
term goals that inform applied research. The development of treatments
to help those who are suffering from the disease, as well as developing pre-
ventive strategies such as vaccines, are often based on that fundamental
knowledge.

There is no easy way in which to weigh harms done to the animals
against the benefits that may accrue from the research; it is not a mathe-
matical formula, rather a value judgment that takes opinions from those
concerned (e.g., members of an ethics committee). There may be some
notion that severe pain and severe distress should never be caused to
animals (as in UK law) or that substantial pain and distress should not be
caused when the research benefit is a gain in knowledge rather than a
potential substantive contribution to a serious human or animal disease.
This should not be taken to mean that it is simply a matter of opinion,
rather that any view has to be justified by explanation (see Smith & Boyd,
1992). Ethics is not about holding an opinion; it is the justification of that
view that is key to taking a particular decision and the consistent applica-
tion of principles on which that opinion is based.

3. THE THREE RS: AN ETHICAL FRAMEWORK TO DEVELOP
RESEARCH STRATEGIES AND PROJECT EVALUATION

One ethical framework to decide whether a proposed use of animals
in a research project is acceptable was developed by Russell and Burch
(1959) during the late 1950s. It still forms the cornerstone of all legislation
controlling animal research worldwide. Its principles are that one should
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Replace animals whenever possible by using nonsentient means such as in
vitro techniques, computer modeling and so forth; Refine the experi-
mental design so as to minimize any suffering; and Reduce the number of
animals to the minimum needed to achieve an acceptable statistical stan-
dard. The use of the word “alternative” can be applied to all three Rs, but
it is commonly accepted that the term applies when no animals are needed
at all (i.e., a true replacement, such as the use of permanent cell culture
lines or computer modeling). Killing an animal for tissue would not be a
replacement as an animal could still “suffer” as a result of its husbandry or
its manner of death (it could experience fear on being removed from its
cage even though it was immediately humanely killed) and would be clas-
sified as a refinement; similarly with procuring tissues under terminal anes-
thesia. In many ways the three Rs overlap, particularly refinement and
reduction as the total suffering involved in a research project is a product
of the two (i.e., the number of animals multiplied by the duration and
intensity of suffering).

One way of starting to apply a practical ethical evaluation in animal
research is to ask questions: Is the work worth doing? and Is it possible to
carry out this scientific procedure and cause less suffering to the animals
concerned? The first question is often avoided by stating that it has been
peer reviewed and it therefore must be worth doing. But consider for a
minute the quality of research into cancer some decades ago when Presi-
dent Richard Nixon provided extra funds: did it work? To be ethical,
science has to be of the highest quality and well designed.

The level of suffering should always be kept to the minimum as it
would be unethical to cause extra avoidable suffering than was necessary to
achieve the scientific objective (see Figure 1). This means that only
methods that can be classified as good laboratory-animal practice should be
used. Animal researchers should refine their care and use of experimental
animals for moral and legal reasons, as well as for economic reasons: if an
animal dies before the experiment is completed or it suffers to an extent
that it did not yield reliable scientific data, then that life has been wasted
at best, and at worst it has provided misleading information. Poor animal
well-being caused by poor animal health, poor care or poor husbandry, or
clumsy experimental technique will lead to animal suffering, which may
well confound an animal’s response to the scientific variable being investi-
gated, thus adding to the biological variation. It may just skew the research
data with no significance, or it may totally alter the scientific interpretation
of that data. The results obtained are then not only misleading but in the
long run may lead to more animals having to be used. Paying attention to
animal well-being, therefore, makes sense for reliable, humane, and eco-
nomic science.

In the present context of infectious disease it is unlikely that replace-
ment alternatives can be used to totally replace whole living animals.
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However, it is also likely that a considerable amount of in vitro work can
be carried out to good effect before animal research is started. In vitro tech-
niques are cheaper and often needed to answer questions about cell-cell
interactions as well as the changes in cell function as a result of infection.
Replacement alternatives can be seen as adjuncts to the in vivo research
and should precede work in vivo whenever possible so that animals can be
used to answer more specific questions only obtainable in living animals.

Refinement can be defined as: Those methods which avoid or alleviate
or minimize the potential pain, distress or other adverse effects suffered by
the animals involved, or which enhance animal well-being. Approximately
20 years ago, animal welfare was considered mainly in the light of animal
health—an absence of disease—and scientists would have concentrated on
the potential effects of infectious microorganisms on their research (Pakes
et al., 1984). While disease is still an important issue today, it is less so than
before thanks to the high health standards maintained by the breeders of
laboratory animals. Moreover, other areas are emerging as important to
animals, particularly psychological well-being.

I now wish to illustrate some practical ways in which animals can suffer,
how these adverse states can be recognized, and how “best practice” or, a
preferably phrase for me is “good practices,” can be identified and put into
effect.
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Animal Suffering

Animal suffering is a generic term used rather loosely to refer to an
animal’s adverse reactions when exposed to some environmental change or
internal physiological or psychological perturbation. It should be possible
to use physiological and psychological indices to recognize when animals
are suffering, and this is a prerequisite to be able to assess, measure, and
even separate these emotional conditions. Several general references are
worth reading (Duncan & Maloney, 1986; AVMA, 1987; Dawkins, 1990,
1992, 1993; Smith & Boyd, 1991; ILAR/NRC, 1992; Townsend, 1993;
Morton, 1997, Paul-Murphy et al., 2004). While physiological outcomes of
the stress response can be measured, such as hormonal levels of cate-
cholamines, corticosteroids, endorphins, or target organ responses such as
heart rate and blood pressure, these adverse states are often not clearly sep-
arated from each other. For example, animals in pain or which are disabled
may also be anxious and frightened (see Figure 2). Animals are also able to
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suffer psychologically and this is seen as abnormal behavior, for example,
some mammals in captivity show signs of boredom and frustration (mental
distress) (Poole, 1992). Such signs can often be mitigated or reversed
through “enriching” the environment (or rather making it less barren!).
Refinement includes enrichment (Reese, 1991; Dean, 1999, Bayne et al.,
2002) and because we are under a moral obligation to reduce all avoidable
suffering to the minimum necessary through utilizing good practices, then
attention must be paid to the husbandry of animals as well as to the experi-
mental procedures that are carried out on them.

How Much Is an Animal Suffering?

First, it is important to recognize when an animal is suffering as this is
the fundamental starting point for its assessment, avoidance, and allevia-
tion. To assess whether an animal is suffering or not it is important to
observe the animal carefully for signs of abnormality, and to use the degree
to which it has deviated from normality as an indicator of the magnitude
of that suffering (Morton & Griffiths, 1985; Morton, 2000; Morton & Hau,
2002). Detecting early signs of such deviation in an individual animal
through a thorough clinical examination can be extremely valuable and
provide extra information with which to interpret the scientific data and
base further research (see “Score Sheets” below). Such measures of adverse
states can be easily quantified such as bodyweight (or the amount eaten
and drunk), temperature, behavior, heart rate, respiration rate; or detected
qualitatively on reliable indicators of health and well-being such as posture,
fecal consistency, pattern of respiration (e.g., labored), position of eyelids
(e.g., closed or open), ambulation (e.g., lameness of varying degrees). All
these signs can be objectively and reliably scored, and whether they are
scored quantitatively or qualitatively, it is in their interpretation where the
subjective element comes in.

Animals, Species, Speciesism, and Extrapolation

A range of animal species is used in research depending on the par-
ticular disease and the questions being asked. In some countries (e.g., the
UK) special consideration has to be given to companion animals such as
dogs, cats, and equidae (e.g., horses, ponies) and in other countries the
use of primates has been banned especially the great apes (e.g., chim-
panzees in the UK, the Netherlands). An ethical issue here is that the closer
the species is to man, the greater is the ethical concern to use that species
in ways we would not use human beings. Primate species other than great
apes are used in research, but there is still concern due to their advanced
neurophysiological development compared with lower species, their
requirement for appropriate facilities (i.e., not just a box as is traditional
for rabbits and rodents), for their care and husbandry, as well as their
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potential to suffer more like humans. This latter point is contentious as it
could be that more mammalian species suffer more than we currently
think, but the data are weak. However, there is an argument that studies
on pain and other neurological diseases that we can model in animals and
that disable humans psychologically as well as physiologically, may result in
similar feelings in animals as they do in humans. Until it can be proven
otherwise, animals should be given the benefit of the doubt.

What is known is that humans and nonhuman mammals share many
genes (> 90%) and so it is not surprising that results obtained in species
such as rats and mice can be fruitfully used in the study of diseases of
humans, as well as other animals. This obviously may not be 100% but,
when carrying out research on the same species that the disease naturally
affects (e.g., as is often the case in farm animals), the results become more
reliable, and any variation will be due to extraneous factors such as their
husbandry and housing or particular strain or breed differences.

An important point about animals is that, like humans, they are indi-
viduals and while group /herd/ flock averages are helpful in establishing
benchmarks for normal parameters, other factors can make one animal
very different from another. Such differences can be attributable to that
animal’s earlier life experiences (e.g., a lack of socialization in puppies to
other dogs and humans, or an adverse experience in relation to a human)
(Davis & Balfour, 1992; ILAR, 2002). So the attending clinician and the sci-
entists always have to bear that in mind as it may result in some animals
requiring more careful handling and coaxing, or more analgesia post-
operatively than others, and individual responses may affect the data 
collected.

Score Sheets

An approach to the recognition and assessment of animal suffering is
to use score sheets to examine in detail the impact on the animals of the
scientific procedures involved, and to score those in some way. Wallace et
al. (1990) tried to do this prospectively, but this approach assumes that all
researchers will be equally competent on all occasions, and that all animals
will react the same. An alternative approach is to look at it from the point
of view of what the animal is telling us, no matter what the procedure or
species of animal, or who is carrying out the procedure. Many laboratories
are approaching this difficult topic of the recognition and assessment of
suffering in animals (and nonverbal humans, babies) using score sheets,
that is, a list of cardinal clinical signs encountered in a particular scientific
procedure (see CCAC, 1998; Morton, 2000). These are developed through
experience and, by and large, are unique to the system of husbandry, to
the specific experiment, as well as to the species, and even the breed or
strain of animal being used. It is not possible to make a general score sheet
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for all experiments and for all species. One only has to consider the dif-
ferent potential adverse effects of a rejection of a skin transplant compared
with a kidney or heart transplant rejection to appreciate that different cli-
nical signs will be seen.

Practically, it is important to develop a disciplined approach and strat-
egy to the recognition of adverse effects in animals (see Morton & Griffiths,
1985). At the beginning of an assessment, the animal should be viewed from
a distance, and its natural undisturbed behavior and appearance noted.
Next, as the observer approaches the cage or pen, the animal will inevitably
start to take notice and interact with the observer and that interaction can
be used to determine whether it is responding normally (an animal may be
inquisitive or show signs of fear). Finally, a detailed clinical examination can
be carried out by restraining the animal in some way and observing its
appearance carefully and then making clinical measurements (e.g., of body
weight, body condition, temperature) in addition to its behavior as it may
have become more aggressive, fearful, or lethargic.

A list of clinical signs is developed by observing the first few animals
undergoing a novel scientific procedure very closely. The list can then be
modified with experience until a set of cardinal signs that most animals will
show during that experiment and that are relevant to the assessment of suf-
fering is determined. These key clinical signs are set out against time in a
score sheet (see Figure 3). On the left-hand side are listed clinical and
behavioral signs, and along the top the days and the time of the observa-
tion. The method of scoring is that clinical signs can only be recorded as
being present or absent indicated by a plus or a minus sign (or sometimes
a +/- if an observer is unsure). The convention is that negative signs indi-
cate normality or within the normal range, and plus signs indicate com-
promised animal well-being. In this way, it is possible to visually scan a score
sheet to gain an impression of an animal’s well-being: the more plus signs,
the more that animal has deviated from normality with the inference that
it is suffering more than it was earlier. Clinical treatments and other obser-
vations are also recorded. It is important to note that animals can be scored
at any time and it should certainly be more than once daily during critical
periods when an animal’s condition could predictably give rise to concern
(e.g., in the immediate postoperative period; or in a study on infection at
the time of bacteraemia or septicaemia).

At the bottom of the sheet there are guidance notes for the animal
caretakers about what they should provide in terms of husbandry and care.
There are also guidelines on how to score qualitative clinical signs such as
diarrhea and respiration, as well as criteria by which to judge humane end-
points. If an animal has to be put down, there is guidance about what other
actions should be taken such as tissues to be retrieved and kept in formal
saline; this helps ensure that the maximum information is always obtained
from any animal in the study.
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RAT No. ANIMAL ISSU E No. 
DATE OF STARV IN G: PRESTARVED WEIGHT:  
DATE
DAY
TI ME 
FROM A DISTANCE 
Inactive
Isolated
Walking on tiptoe
Hunched posture
Star ey  coat
Type of  breathing*
Grooming
ON HANDLIN G  
Not inquisitive and alert
Not eating
Not drinking/ av erage amount  dr unk  (m l)
Bodywe i ght  (g )
    % change  fr om start  
Body temperature  (C)  
Pale or sunke n  ey es
Dehydratio n  
Diarrhea 0 to 3 (+m or +b)**  
Distended abdom en/swo lle n  
Vocalization on gentle palpation   
Nothing abnormal detected (NAD) 
Give n  5m l sa line  s/c  or  p.o.  
Other signs noted: 
Lo ss  of  body  condition

SI GN AT UR E: 
Special hu sbandry req uire ments:   
Animals should be kept on gr id cag e  wi th  tr ay an d clean ed tw ice dail y, an d  mo use  box fo r enrich me nt  
Two bottles sh ould be provided for each cage and filled twic e daily 
Deprivation of water overnight  ma y  be sufficient to cause death by dehydration.  
Autoclaved diet mu st be provided.  
Scoring details 
*  Breat hi ng :  R = rapid; S = shallo w; L = labored; N= normal   
**0 = normal; 1 = loose feces on floor; 2 = pools of feces on floor; 3 = running out on handling;  
+ 'm' = feces contain mucus; + 'b' = feces contain blood 
Humane endpoints and actions  
1. Any animals showing signs of coma within the first 24–48 hr will be humanely killed
2. Any animals weighing less than the starting weight after 7 days will be humanely killed
3. An y an im al  sh owing tip toe or sl ow  ponderous gait will be  humanely killed
Info rm scie nt is t,  named veterinary surgeon, and animal technician in day- 
to-day care if any of 1 to 3 above are seen 
Scientific  Me asures
Animals that have to be put down should have their kidneys placed in formal saline and the pots clearly labeled  

FIGURE 3. Animal score sheet (blank) for Streptozotocin diabetes model.



While these sheets take time to fill in, it is not difficult for an experi-
enced person, such as an animal caretaker, to see if an animal is unwell so
the time taken can be reduced by simply scoring that the animal is normal
by ticking the NAD box (nothing abnormal detected). However, if an
animal is not normal, it does take time to check it and to make judgments
over what actions to take, but that is the price for practicing humane
science.

In order to promote good care and good continuity of care we allo-
cate an animal technician to be responsible for liaising with the scientists
and other technical staff, and also to maintain and update the score sheets.
The roles of the technician in charge are:

• to check that the appropriate licenses are in order and match them with
what the scientist actually intends to do that day to the animal(s);

• to check the score sheet is appropriate before the experiment begins;
• to know the purpose of the experiment and the scientific objectives, and

to become familiar with the scientific procedures to be carried out on
the animals and the clinical signs that may occur;

• to ensure all personnel (technicians, scientists) know how to use score
sheets and can recognize the clinical signs and interpret the signs clearly
into humane endpoints;

• to check that technicians not familiar with that experiment, say doing a
weekend or holiday rotation, are informed about animals;

• to liaise with licensees over the experiment timing, numbers of animals,
equipment, endpoints;

• to update the score sheets based on new signs or combinations of signs
observed; and

• to report to the responsible persons any concerns over the animals or
personnel involved.

This scheme of scoring clinical signs for the recognition and assess-
ment of adverse effects on animals during scientific procedures has been
shown to have several advantages, which include the following.

• Closer observation of animals is now carried out by all staff at critical
times in the experiment as the sheets have indicated those times that are
critical for the animal, and when the animals find their circumstances
most aversive.

• Subjective assessments of suffering by staff and scientists are avoided,
thereby promoting more fruitful dialogue, as evidence-based opinion
becomes possible based on the clinical signs. In a sense they empower
the animal technicians and help them demonstrate to less experienced
persons why an animal is “not right.”

• Consistency of scoring is increased as the guidance is clear and the
scoring options are limited.
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• Single signs or combination of signs can be used to indicate overall sever-
ity of the procedure, as well as alleviative therapies or scientific proce-
dures at set points in the experiment (e.g., blood sampling).

• The sheets help to determine the effectiveness of any therapy intended
to relieve adverse effects.

• The sheets help to determine which experimental models cause the least
pain and distress by comparing alternative animal models, thus helping
to refine scientific procedures.

• The sheets help to train those inexperienced in the assessment of adverse
effects.

As mentioned above the sheets are constantly being updated with
further experience; it is surprising how the process never seems to stop as
new staff pick up new signs, or new signs develop as the experimental
model is slightly modified, or staff start to perceive patterns of adverse
effects that, when taken as a whole, indicate early death or early deterio-
ration sufficient to warrant the animal being killed on scientific grounds
alone. Such information has led to better animal care as well as providing
useful scientific information such as the recognition of neurological
deficits, times of epileptic fits or weight loss, as well as unexpected findings
such as urinary retention in a model of renal failure. Furthermore, by
picking up signs of poor animal well-being early, humane endpoints can
be implemented sooner rather than later, which avoids animals being inad-
vertently lost from an experiment. In the UK, where severity limits are
imposed on each scientific procedure, the sheet can be used to indicate
when such limits have been reached, or are about to be reached, or may
have to be reviewed, by a precise observation of clinical signs. The score
sheet system provides a visual aid, opens up discussion between interested
parties, and helps focus attention on to the animal’s condition throughout
the procedures.

Alleviation of Adverse States

It is fairly evident that pain can be alleviated in animals through a
variety of strategies. Perhaps the most important is preemptive analgesia
(Flecknell & Waterman-Pearson, 2000) where pain is anticipated and
appropriate drugs given at an early stage before an animal experiences pain
and develops “wind-up.” Wind-up is sensitization of the central nervous
system that produces hyperalgesia and allodynia. (Hyperalgesia is an
increased sensitivity to painful stimuli and allodynia is a painful response
to a nonpainful stimulus.) Opiates are good for acute pain and if non-
steroidal antiinflammatory drugs are given at the same time, then the pain
due to tissue repair and the release of prostaglandin derivatives from the
action of cyclo-oxygenases can be mitigated. This is true also for chronic
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pain, such as in arthritis, and visceral pain. The general rule is that if the
equivalent condition is painful in humans, then it should be assumed that
it is painful in animals until proven otherwise, and relief should be given.
Any potential confounding effect of pain relief treatment on a potential
therapy can always be studied in its own right as a subsequent experiment
(refinement is considered to trump reduction). First, the potential of a new
treatment should be demonstrated humanely, and then any confounding
or synergistic effect should be studied.

Other states such as distress, or just “feeling unwell” as humans 
might have with a viral infection are more difficult to deal with, as the pre-
senting clinical signs (or symptoms in humans) are often less well defined,
such as malaise, headache, reduced appetite, and reduced (social) inter-
actions with other animals and humans. This is the advantage of keeping
animals in groups or pairs and having enrichment in their cages as it pro-
vides additional scoring measures for such interactions. Humans feel
lethargic, whereas animals show this by reduced activity, and so are less
responsive when disturbed; comparing affected animals with normal naïve
animals can quickly reveal significant differences. The experience of the
animal caretakers can often be very helpful in these situations. The degree
of change from normal is more difficult to assess as behavioral studies are
time consuming and some species, such as rodents, may only reveal such
differences at night—their normal activity times as they sleep during the
daytime.

Avoidance of Adverse States

As mentioned earlier in this chapter, it may be possible to minimize
any pain and suffering in two key areas.

Technical Skills

The first is that the research staff should be trained and competent in
carrying out the scientific techniques, including scoring adverse states in
animals. In some countries competency has to be demonstrable in some
way to an animal care and use committee or government inspector and
may include attending an accredited training course, as well as some assess-
ment of competence, analogous to a driving test. Training to learn about
driving is very different from being a good driver.

Experimental Design

If, after due consideration by an authority, such as an ethics commit-
tee or national controlling body, that it is acceptable to use animals in the
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proposed research because it will provide useful and important new infor-
mation, and that using animals is the only way to achieve the scientific
objective, the next step is to decide how best to carry out the work. This
step focuses on research strategies and the use of appropriate statistical
methods is prerequisite. It is important to appreciate that using too few
animals in an experiment is just as unethical as using too many, as the
research may have to be repeated. Researchers should seek professional
advice on the number of animals required to provide statistically signifi-
cant results before embarking on an experiment. There are now a range
of statistical approaches that enable better, more meaningful use of small
numbers of animals. (Festing et al., 2002) The key to good study design,
from the point of view of animal number reduction, is to define clearly in
advance exactly what the purpose of the test or experiment is, and what
actions or decisions will be taken on the basis of particular results. Then
researchers should opt for the lowest probability level that will meet their
essential information needs. There is no point in aiming for a very small
margin of error (by using greater numbers of animals) if that degree of
precision is not going to influence what is done with the results.

One way in which researchers can determine in advance the appro-
priate number of animals to use in an experiment is by carrying out pilot
studies on small numbers of animals. This practice, which is now becom-
ing commonplace as it reduces animal numbers, may also provide valuable
information on variations between animals (in terms of test outcomes), any
likely adverse effects that may be encountered, and any practical problems
that are likely to be encountered during the main study. For example, dif-
ferences in diet, bedding, staff, cleaning materials, husbandry, and envi-
ronment have all been shown to affect animals’ responses to chemicals in
various ways (van den Heuvil et al., 1990). Similarly, different species may
respond differently to a test substance. Pilot studies need not involve any
“waste” of animals, since the data can often be incorporated into the main
study results. Historical data are also useful, particularly for determining
the most useful means of study control, which may be a positive control
(for example, a standard challenge of a known infectious organism) or a
negative control without the active principle (i.e., vehicle only). Using such
background data can influence the number of animals needed for a given
study, and may even do away with the need for a control group altogether
if the control outcome is so well known and accepted that it does not need
to be demonstrated once again. For example, researchers drawing on his-
torical data will know that total pancreatectomy leads to diabetes mellitus,
with a consequent rise in blood sugar and death in less than 10 days. These
data can serve as a de facto control. The reason for running a control group
should be carefully considered as well as the number of animals needed in
that group.
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However, there are also issues not directly related to statistics that also
have to be considered in order to refine experiments, for example, to stage
the experimental work incrementally and to carefully review it after each
experiment (Morton, 1998, 2002). Another strategy is to cause a minimum
harm before a greater one in order to provide proof of concept. For
example, one does not need to test the effectiveness of a novel analgesic
by administering a severe stimulus, as if the potential agent will not work
on a minor stimulus then it will be unlikely to work on a greater one. In
terms of infections, it would be worth trying to see if a therapy worked at
an early stage rather than when a disease has progressed more, as a failure
to eliminate an infection early on does not bode well for success at a later
stage when a disease has become more widespread.

Humane Endpoints

A general definition of a humane endpoint is “the earliest stage at
which an experiment can be terminated”; the OECD (2001) defined it as
“The earliest indicator in an animal experiment of severe pain, severe dis-
tress, suffering or impending death.” It may be the time when the scien-
tific objective has been achieved, after all what is the point of going on?
Or it may be that an animal is so physiologically abnormal or so psycho-
logically disturbed that the scientific outcome measures will be skewed and
no longer of value (see ILAR, 2000). In the past, it was not uncommon to
use the death of a test animal as an endpoint, meaning the measurable
outcome of the experiment. This is changing as awareness grows that death
is rarely related to the experimental variable under study, but rather to indi-
rect effects such as dehydration and starvation. At the 1996 World Congress
on Alternatives to animal testing, workshop participants arrived at the fol-
lowing statement on humane endpoints: “In principle, death should not
be an endpoint in any experiment or test, but if death is proposed as an
endpoint, it must be justified with increasingly strong arguments as the
anticipated overall pre-death suffering increases” (Mellor & Morton, 1997,
p. 297). In studies on infection the scientific objective may have been
achieved when testing a vaccine and a vaccinated animal is showing signs
of infection that would be unacceptable in a human subject, or that it is
showing signs of disease that will inevitably proceed to death (in some
studies death has been the classical endpoint).

Even aside from the ethical considerations, which are self-evident,
there are good scientific reasons for avoiding death as a necessary outcome
of animal experiments. For example, histological analysis and culture
counts are severely compromised when samples are collected postmortem.
In infection studies, the counting of bacteria or plaque forming units at set
points before death may be more valuable than using death as an endpoint.
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Little work seems to have been done in this area and there is scope for
research aimed at determining, and refining, humane endpoints (Morton,
1999). One approach is to note the clinical signs preceding death closely,
find out which signs are irrevocably linked with death, and then use such
signs as prelethal endpoints. This idea of using early clinical signs to predict
later ones requires validation studies showing that animals would have nor-
mally progressed in that way and that such surrogate endpoints can be
relied upon. Grant-awarding bodies have a moral obligation to support this
sort of research aimed at developing and validating humane endpoints.
Pioneers of such research is Klaus Cussler of the Paul Ehrlich Institute in
Germany and Coenraad Hendriksen in the Netherlands whose teams have
been investigating surrogate endpoints for use in a vaccine potency tests
(see Hendricksen & Morton, 1999). Data recently presented by the group
showed that mice vaccinated against rabies, if unprotected or inadequately
protected and subsequently given a challenge doses of rabies virus, went
through a predictable series of clinical signs. Animals showing slow circu-
lar movements invariably progressed to death—the traditional endpoint
for the test—so this behavior could reliably be used as an alternative end-
point (Cussler et al., 1999). In other studies in mice, researchers have used
a body temperature of less that 35°C as a prelethal endpoint for some types
of infection models (Soothill et al., 1992). This approach can be used in a
variety of tests, including acute toxicity testing for novel compounds; assess-
ment of the virulence of microorganisms or parasites; and pharmaceutical
efficacy research, such as the vaccine potency test or the Rodent Protec-
tion Test for novel antibiotics (Acred et al., 1994).

4. GUIDANCE FOR ETHICS COMMITTEES AND 
PUBLICATION OF DATA

I have summarized some pointers for IACUCs, or the equivalent
depending on the country, in Tables I and II. Table I draws attention to
the proven value of the model and provides some of the details that 
may make it essential for that model to work. It is based on examples 
where a change in some of those parameters can change the outcome. It
also brings into question the fidelity of the model: How good a model is
it? Has it been used to develop new therapies successfully? and so on. There
is little point in refining experimental methods but not passing on that
information to others. So many details, tricks of the trade, remain buried
in-house, but there is a moral obligation to pass that knowledge on, includ-
ing the recognition, assessment, avoidance, and alleviation of animal 
suffering (see Morton, 1992). Table II raises the issues about the housing
and husbandry of the animals as well as methods for refining the experi-
mental design.
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5. CONCLUSION

This chapter deals with some of the underlying philosophical issues
concerning the use of animals in research. Taking the view that it is un-
ethical to carry out research that is badly designed, or that causes more
animal pain, distress, and suffering than is necessary to achieve the scien-
tific objective, I have concentrated on practical ways in which that may be
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TABLE I
Animal Model Data

1. Model of:

Purpose of the research (benefit)
2. Purpose that model can be used for (e.g., human disease, drug evaluation)
3. Advantages and disadvantages (scientifically and in its relevance and application to

human or animal disease or treatment)
4. Clinical trials or medicine (drug) evaluation indicating relevance or predictability of

the model to its intended purpose (2 above)

Animal details
5. Species of animal and experimental details (e.g., strain, inbred/outbred, sex, age,

weight, health status, acclimation period, other)
6. Husbandry special or critical requirements (e.g., caging or pen type, animal kept singly

or in groups, diet, bedding, isolator or filtration boxes, breeding details, other)
7. Methodological details (e.g., equipment required, manual skills required, dosing and

timings, timings of measurements, where advice can be obtained)
8. Refinement aspects (e.g., humane endpoints, score sheet giving cardinal signs, useful

tests, and any other information)
9. Scoring of signs and severity grading (severity grading: give average and maximum

expected)

Alternative models and staging strategies
10. Replacement (any alternative methods for all or part of the model available, such as

prescreening)
11. What information is necessary or would be useful before in vivo work begins?
12. Are pilot studies necessary for dose sighting? Are the doses chosen the minimum

necessary to obtain an indication of effectiveness before proceeding to more detailed
trials (e.g., dose response studies)?

13. Success rate of the model (give mean and range and methods used to determine
success)

14. Statistics (How are the data to be handled? What are the best means of analysis, data
transformation, etc.?)

15. If lethality is an endpoint, please justify. If a LD 50% dose is being obtained justify the
scientific necessity for a precise estimation in relation to the subsequent extrapolation
to human or animal therapies.

16. Ethical commentary
17. References:
18. Keywords for literature searches



identified and remedied. The guidance I have provided in the tables, I
hope, will act as an aide memoire for animal care and use/ethics committees.

REFERENCES

Acred, P., Hennessey, T. D., MacArthur-Clarke, J. A., Merrikin, D. J., Ryan, D. M., Smulders,
H. C., Troke, P. F., Wilson, R. G., & Straughan, D. W. (1994) Guidelines for the welfare
of animals in rodent protection tests. A report from the Rodent Protection Test Working
Party. Laboratory Animals 28, 1–8.

AVMA (1987) Colloquium on recognition and alleviation of animal pain and distress. J. Amer.
Vet. Med. Assn., 191, 1184–1294.

Bayne, K. A. L., Mench, J. A., Beaver, B. V., & Morton, D. B. (2002) Laboratory animal beha-
vior. In: Laboratory animal science ACLAM series (2nd ed., pp. 1240–1264). New York: 
Elsevier.

CCAC (1998) Guidelines on: choosing an appropriate endpoint in experiments using animals for
research and testing. Available from Canadian Council on Animal Care, Constitution
Square, Tower II, 315–350 Albert Street, Ottawa, Ontario, Canada K1R 1B1. ISBN 0-
919087-33-7. pp. 30.

Cussler, K., Morton, D. B., & Hendriksen, C. F. M. (1999) Humane endpoints in vaccine
research and quality control. In: Humane endpoints in animal experiments for biomedical
research. C. F. M. Hendriksen & D. B. Morton (Eds.) (pp. 95–101). London: Royal Society
of Medicine.

422 DAVID B. MORTON

TABLE II
Refinement Considerations

1. CONSIDER HOW ENVIRONMENTAL ASPECTS MIGHT AFFECT THE ANIMALS AND
THE EXPERIMENT

Husbandry (e.g., enrichment):
• Complexity of environment
• Interaction with humans and other animals (avoiding single caging or single penning of

animals, stable groups, in sight of others
• Novelty (e.g., diet, enrichment objects)

2. CONSIDER HOW SCIENTIFIC PROCEDURES CAN BE IMPROVED
Controls (necessity or use of historical data)
Staging of experiments (critical experiments, relationship in vitro to in vivo experiments)
Surgery and anesthesia (asepsis, modern anesthetics, analgesics)
Euthanasia (humane, skilled persons)
Statistics and experimental design (too many/too few?; right design; obtain professional

advice before starting work)
Endpoints (humane and scientific, avoid painful endpoints where possible)
Monitoring adverse effects (score sheets)
Education, training, and competence
Question tradition and obtain data to support scientific and humane suppositions
Database for animal models



Davis, H., & Balfour, D. (1992) The inevitable bond: examining scientist-animal interactions.
Cambridge: Cambridge University Press.

Dawkins, M. S. (1990) From an animal’s point of view: motivation, fitness and animal welfare.
Behavioural Brain Science 13: 1–61.

Dawkins, M. S. (1992) Animal suffering: the science of animal welfare. 2nd ed. London: Chapman
& Hall.

Dawkins, M. S. (1993) Through our eyes only. The search for animal consciousness. New York: W. H.
Freeman Spektrum.

Dean, S. W. (1999) Environmental enrichment of laboratory animals used in regulatory toxi-
cology studies. Laboratory Animals 33: 309–327.

Duncan, I. J. H., & Molony, V. (1986) Assessing pain in farm animals. Commission of the 
European Communities Brussels.

Ellery, A. W. et al. (1985) Working Committee for the Biological Characterization of labora-
tory animals/GV-SOLAS. Guidelines for specification of animals and husbandry methods
when reporting the results of experiments. Laboratory Animals 19(2): 106–108.

Festing M. F. W., Overend P., Gaines Das R., Cortina Borja M., & Berdoy M. (2002) The Design
of Animal Experiments: Reducing the Number of Animals in Research through Better
Experimental Design. Laboratory Animal Handbooks Series, 14. London: Royal Society
of Medicine Press.

Flecknell, P. A., & Waterman-Pearson, A. (Eds.) (2000) Pain management in animals. London:
WB Saunders: pp. 147–60.

Hendriksen, C. F. M., & Morton. D. B. (Eds.) (1999) Humane endpoints in animal experi-
ments for biomedical research. London: Royal Society of Medicine.

ILAR Institute of Laboratory Animal Resources (National Research Council) (2000) Humane
endpoints for animals used in biomedical research and testing. ILAR 41(2).

ILAR Institute of Laboratory Animal Resources (National Research Council) (2002) Impli-
cations of human-animal interactions and bonds in the laboratory. ILAR 43(1).

ILAR/NRC Institute of Laboratory Animal Resources and National Research Council. (1992)
Committee on Pain and Distress in Laboratory Animals: Recognition and alleviation of pain and
distress in laboratory animals. Washington, DC: National Academy Press.

Mellor, D. J., & Morton, D. B. (1997) Humane endpoints in research and testing. Synopsis of
the workshop. In: Animal alternatives, welfare and ethics (pp. 297–299). L.F.M. van Zutphen
& M. Balls. (Eds.) Amsterdam, The Netherlands. Elsevier Science BV.

Morton, D. B. (1992, April 11) A fair press for animals. New Scientist 1816: 28–30.
Morton, D. B. (1997) Ethical and refinement aspects of animal experimentation. In: Veteri-

nary vaccinology (pp. 763–785). P.-P. Pastoret, J. Blancou, P. Vannier & C. Verscheuren.
Amsterdam: Elsevier Science BV.

Morton, D. B. (1998, June) The importance of non-statistical design in refining animal experi-
mentation. ANZCCART Facts Sheet. ANZCCART News 11(2) Insert. ANZCCART, PO Box
19, Glen Osmond, SA5064, Australia.

Morton, D. B. (1999) Ethical aspects of the use of animal models of infection. In: Handbook
of animal models of infection (pp. 29–48). Otto Zak (Ed.). San Diego: Academic Press.

Morton, D. B. (2000) A systematic approach for establishing humane endpoints. ILAR Journal
2000, 41(2): 80–86.

Morton, D. B. (2002) The importance of non-statistical experimental design in refining
animal experiments for scientists, IACUCs, and other ethical review panels. In: Applied
ethics in animal research. philosophy, regulation, and laboratory applications (pp.
49–178). John P. Gluck, Tony DiPasquale, F. Barbara Orlans (Eds.). West Layfayette, IN:
Purdue University Press.

Morton, D. B., & Griffiths, P. H. M. (1985). Guidelines on the recognition of pain, distress
and discomfort in experimental animals and hypothesis for assessment. Veterinary Record
116:431.

ETHICAL ISSUES AND PRACTICAL REFINEMENTS 423



Morton D.B., & Hau J. (2002) Welfare assessment and humane endpoints. In: CRC handbook
of laboratory animal science Essential Principles and Practices (vol. 1., 2nd ed., pp. 457–486).
Jann Hau and Gerald LVan Hoosier, Jr. (Eds.). Boca Raton, FL: CRC Press.

OECD (2001) Environmental health and safety publications series on testing and assessment
no. 19: Guidance document on the recognition, assessment, and use of clinical signs as
humane endpoints for experimental animals used in safety evaluation environment direc-
torate. Retrieved from http://www.oecd.org/ehs/.

Pakes, S. P., Yue-Shoung, L. & Meunier, P. C. (1984) Factors that complicate animal research.
In: Laboratory animal medicine (pp. 649–665). J. G. Fox, B. J. Cohen & F. M. Loew (Eds.).
San Diego: Academic Press.

Paul-Murphy, J., Ludders, J. W., Robertson, S., Gaynor, J. S., Hellyer, P. W. & Wong, P. (2004)
The need for a cross-species approach to the study of pain in animals. J. Amer. Vet. Med.
Assoc. 224: 692–697.

Poole, T. B. (1992). The nature and evolution of behavioural needs in mammals. Animal
Welfare 1: 203–220.

Reese, E. P. (1991) The role of husbandry in promoting the welfare of animals. In: Animals
in biomedical Research (pp. 155–192). CFM Hendriksen & HBWM Köeter (Eds.). Amster-
dam: Elsevier.

Russell W. M. S. and Burch R. L. (1959) The principles of humane experimental technique. London:
Methuen.

Ryder, R. D. (1975) Victims of science—The use of animals in research. National Anti-vivisection
Society. Davis-Pointer Ltd. GB.

Smith, J. A., & Boyd, K. (Eds.) (1991) Lives in the balance. Oxford: Oxford University Press
Soothill, J. S., Morton, D. B., & Ahmad, A. (1992). The HID50 (hypothermia-inducing dose

50): an alternative to the LD50 for measurement of bacterial virulence. Internatl. J. Exper.
Pathol. 73: 95–98.

Townsend, P. (1993). Control of pain and distress in small laboratory animals. Animal Tech-
nology 44: 215–226.

van den Heuvel, M. J., Clark, D. G., Fielder, R. J., Koundakjian, P. P., Oliver, G. J. A., Pelling,
D., Tomlinson, N. J., & Walker, A. P. (1990). The international validation of a fixed dose
procedure as an alternative to the classical LD50 test. Food Chemical Toxicol. 28: 469–482

Wallace, J., Sanford, J., Smith, M. W., & Spencer, K. V. (1990) The assessment and control of
the severity of scientific procedures on laboratory animals. Report of the Laboratory
Animal Science Association Working Party. Laboratory Animals 24: 97–130.

424 DAVID B. MORTON



15

425

MAURO PISTELLO • University of Pisa, Pisa, Italy

Future Perspectives
MAURO PISTELLO

Animal research has served a major role in the development of modern
medicine and as clearly inferred from Dr. Gardner’s “Historical Perspec-
tive” and chapters focused on specific lentiviruses, much of today’s vast
knowledge concerning the biology and pathogenesis of viral infections has
been achieved by in vivo animal studies. Although a never-ending issue of
political controversy, there is little doubt that progress in medicine and
science are intimately connected to animal research.

An understanding in depth of mechanisms of pathogenesis and,
perhaps more importantly, development and assessment of vaccines against
lentiviruses require systematic and well-controlled in vivo experiments. 
Fortunately, continuous advances in basic and applied research have per-
mitted improvement of conventional in vitro techniques and development
of alternative methods replacing many in vivo experimentation and have
allowed adherence to the “Three Rs”, the enunciation of ethic principles
of animal research proposed in 1959: refinement, reduction, and replace-
ment. Scientists pledge to refine their techniques so as to induce the
minimum suffering, reduce the number of animals used, and replace
animals with other techniques whenever possible. While it is obvious that
every conscientious scientist designs and sets up experiments in such a way
as to minimize animal use, it is not obvious, especially to the nonscientific
community, why animal research is still necessary (mandatory for micro-
biology and many other medical disciplines) in today’s world.

The recent advent of molecular techniques and improvement of new
immunological assays permits dissecting and understanding important key
aspects of the natural history of virus infection and virus-host relationships.
In human immunodeficiency virus (HIV) and other lentiviral infections, it
has been clearly documented that the extent of virus replication plays an
important role in accelerating the course of disease and, on the opposite
side, both neutralizing antibodies and cell-mediated immune responses
provide effective protection from infection and disease progression. It is
not known, however, which neutralizing antibodies successfully block virus



infectivity in vivo and their effective titer or the type of CD4+ and CD8+
T-cells that coordinate the antiviral immune response and kill productively
and latently infected cells. Finally, cells and tissue compartments where
lentiviruses hide and persist are not clearly defined. The lack of under-
standing of these issues and the absence of definitive experimental evi-
dence that certain types of immune responses are indeed immune
correlates of protection support the view that more basic research (i.e.,
experiments with animal models) is needed for cure of disease and dev-
elopment of the efficacious vaccines.

In this context, computer models of infection and disease and the
technologies developed in the past few years have helped clarify some of
these issues. The endless increase of computing capacity has allowed devel-
opment of defining models of virus replication kinetics, persistence and
clearance from the host’s body, and efficacy of an immune response.
Although a computer model is only as successful as the person who dev-
elops the model, and is therefore limited by what is already known about
a disease, such a model is undoubtedly useful for predicting the course of
infection and disease and calculating the efficiency of antiviral treatments.
Practical implications of mathematical models either applied to humans or
animals are countless. Such models, however, need to be tested and vali-
dated in vivo. Ad hoc animal model experiments in which virus and host
factors are monitored and compared to computing model outputs are
essential steps before entering into human research and ultimately clinical
use.

Likewise, thanks to the amazingly rapid increase of computing power
and development of new compounds and labeling techniques, in vivo
imaging has reached sensitivity and resolution levels unthinkable only a few
years ago. Positron emission tomography (PET), for instance, is one of the
most widely used imaging techniques and is extensively used in clinical set-
tings for analyzing tissue metabolism and detecting tumor and inflamma-
tory processes. Today PET imaging can detect in a human body femptomols
of radio-labeled substrate with a spatial resolution below 2mm3. Such per-
formances and noninvasiveness have propelled PET scan analysis into a
remarkably powerful tool for early and precise diagnosis of a wide variety
of human diseases. Thanks to versatility and recent cost reduction, as well
as scaling down of instrumentation, PET analysis is currently widely used
in animal research. When appropriately delivered, PET reporter genes
encoding receptors that bind positron-emitting ligand probes or enzymes
that modify positron-emitting substrate probes readily permit visualization
of cells expressing or retaining the PET reporter probe. Recently, an ade-
novirus expressing herpes virus type 1 thymidine kinase injected into mice
was readily traced following injection of ganciclovir radio-labeled with 18F.
Application of this technique for monitoring the journey of lentivirus in
the body might give useful information about the primary sites of virus
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replication and, even more importantly, the sites where the virus hides and
persists during the chronic phase of infection or antiviral treatment.
Finally, PET imaging could also be useful in vaccine experiments for study-
ing the countermeasures adopted by the virus itself to avoid the adoptive
immune response.

Further emerging fields in which animal research is manifestly manda-
tory are developments of virus vectors and new strategies for drug and
vaccine delivery. Virus vectors are a novel procedure to devise useful com-
ponents to an otherwise dangerous substance. In nature, a virus can carry
a genome and its harmful cargo into specific cells. Within these cells, a
virus can activate its machinery, replicate, egress, and eventually cause the
cell’s death. It has been hypothesized that, if appropriately engineered, a
virus may deliver heterologous genetic material into specific cells. This
property can be exploited for treating genetic diseases and for immuniza-
tion purposes. Transduction, as this phenomenon has been called follow-
ing its discovery in bacteriophages, has been successful with a variety of
engineered viruses. When integrated into proteins interacting with a cell
receptor(s), the vector particles also evince a different cell tropism com-
pared to their unmodified counterpart and are therefore capable of pen-
etrating cells otherwise resistant to wild-type particles.

Lentivirus-derived vectors (lentivectors) have been found to be very
good as a vehicle for prolonged duration of expression of a heterologous
gene (transgene) and also have unmatched capability of delivering a trans-
gene into quiescent cells, which constitute the overwhelming majority of
cells in a living organism. However, a few lentivectors have been shown to
transduce terminally differentiated cells such as neurons, lymphocytes,
dendritic cells, muscular fibers, and so forth. Needless to say, virus vectors
must be tested for safety, efficiency as a carrier of a transgene, and thera-
peutic benefit in vivo. Whereas virus vectors have been first employed for
correcting genetic defects, in subsequent experiments vectors have been
used for delivering immunogens for possible vaccination against several
neoplasms and infectious diseases. In this context, other delivery systems
such as biopolymers, conjugated antigens, electric and biological devices,
alone or in different combinations, are being tested in vivo, once again
underlining the importance and necessity of animal research for develop-
ing safe and efficacious vaccines and antiviral compounds.

Last but not least and, albeit controversial, it is of value to mention
genetically modified animals and animal cloning. These techniques 
can indeed be useful in basic research. Genetically modified animals,
although not a natural model per se, might permit successful study and dis-
section of host factors important for containing infection and disease. On
the other hand, injection of intact virus, deleted mutants or different virus
amounts into cloned animals may help us to understand the genetic deter-
minants of virulence. 
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Previous chapters and this brief and certainly incomplete review
emphasize the crucial role of animal research for studying lentiviral infec-
tion and devising new preventative and therapeutic intervention strategies.
Although progress in biomedical research has permitted some alternatives
and surrogates for animal use, there is little doubt that future medical
science advances remain heavily dependent upon animal research. There
are many good reasons to be proud of past achievements using animals
and to expect that similar breakthroughs will follow in the future.
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