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Pathogenesis of lentivirus infections

Ashley T. Haase

Department of Microbiology, University of Minnesota, 420 Delaware St, SE, Minneapolis, Minnesota 55455, USA

Following infection of animals or humans, lentiviruses play a prolonged game of hide and seek with
the host’ s immune system which results in a slowly developing multi-system disease. Emerging knowledge
of the disease processes is of some relevance to acquired immune deficiency syndrome (AIDS), which
is caused by a virus possessing many of the characteristics of a lentivirus.

LENTIVIRUSES, a subfamily of retroviruses (Table 1), derive
their name from the slow time course of the infections they
cause in humans and animals'~'®, The persistence and spread
of these viruses, despite host defences, and the origins and slow
evolution of the diseases they cause, pose fascinating problems
in pathogenesis which have assumed a new significance with
the addition of the agent of acquired immune deficiency syn-
drome (AIDS) to the subfamily. This review summarizes the
increasingly coherent picture of the pathogenesis of lentivirus
infections, and discusses the relevance of these concepts to the
behaviour and control of the AIDS virus.

Visna-maedi and central issues

Lentiviruses cause chronic diseases affecting the lungs, joints,
nervous, haematopoietic and immune systems of humans and
animals (Table 1). The prototypic lentiviruses, visna and maedi,
derived their Icelandic names from the prominent symptoms
(wasting and shortness of breath) of the neurological and pul-
monary diseases they cause in sheep. In fact, it is the same virus®
that is responsible for both maedi, the more prevalent pulmonary
disease, and visna, a paralytic condition showing some
resemblance to multiple sclerosis''"'®. These two diseases
reached epidemic proportions in Iceland in the 1940s about a
decade after the virus was inadvertently introduced into Iceland
by sheep imported from Germany. An Icelandic physician, Bjorn
Sigurdsson, investigated the outbreaks of visna and maedi,
showed that a filterable agent caused them'?, and discovered
the long incubation period and protracted course of disease that
distinguish slow infections'®. Sigurdsson introduced the term
slow infection'’ to capture the novel timescale of disease and
the experimental design needed to demonstrate transmissibility,
thus setting the stage for the discovery of slow diseases in man'®,
In natural and experimental infections’ of sheep (Fig. 1a),
the aetiological agent of visna-maedi replicates at the site of
entry (the lung in natural infections) and subsequently spreads
via the bloodstream or by other routes, such as the cerebrospinal
fluid (CSF). The infected animal mounts a defensive response
which has both nonspecific components, such as phagocytic
cells, and specific humoral and cellular-immune elements'”°,
These defence mechanisms are effective against extracellular
virus but are generally unable to eradicate the infectious agent
altogether. Virus persists in many organ systems and continues
to circulate in blood and tissue fluids. In the lungs and central
nervous system (CNS), tissue is destroyed in areas where
inflammatory cells have collected, and eventually this burden
of pathological change becomes apparent as shortness of breath
or partial paralysis and weight loss. In natural infections,
animals generally become symptomatic in the second year of
infection and die after a protracted and progressive illness.
This brief description of the major events of infection in
visna-maedi is intended to bring out three salient problems in
understanding the pathogenesis of slow infections: (1) How does

virus persist and spread in the face of a vigorous and sustained
immune response by the host? (2) What causes destruction of
tissue? (3) Why do these pathological events evolve so slowly?

Virus gene expression and persistence

The best current explanation for the persistence of lentiviruses
is the immunologically silent nature of the infection. Most
infected cells harbour the virus in a latent state in which viral
antigens are not produced in sufficient quantities for detection
and destruction of the infected cell by immune-surveillance
mechanisms?'. To show the magnitude of these damping effects,
evidence for and molecular measures of the restricted virus gene
expression in vive have been set against a background of the
growth of virus under permissive conditions in tissue culture in
Figs 1 and 2 and Table 2. In tissue culture, visna virus reproduces
rapidly to high titre and destroys the host cell**?, In this lytic
and productive cycle, genetic information is transferred from
the RNA genome of the infecting virus to a DNA intermediate

Table 1 Retrovirus subfamilies

Subfamily Disease Natural hosts
Oncoviruses Cancer Man, animals,
birds and
reptiles

Man, animals
Man, animals

Inapparent infections
Slow infections

Spuma viruses
Lentiviruses

Visna-maedi virus Pneumonia, Sheep, goats
meningoencephalitis
Progressive pneu- Pneumonia Sheep, goats

monia virus (PPV)
Caprine arthritis
encephalitis virus

Arthritis, pneumonia,
meningoencephalitis

Goats, sheep

(CAEV)
Zwoegerziekte Pneumonia, Sheep
meningoencephalitis
Equine infectious Fever, anaemia Horses
anaemia virus
(EIAV)
AIDS virus Immune deficiency, Man
(HIV) encephalopathy,
myelopathy

The retrovirus subfamilies shown are currently accepted taxonomic
divisions'?'. The EIAV and AIDS virus are provisionally included in
the lentivirus subfamily because they, too, cause slow infections and
have other properties in common with visna-maedi'??>-'?!; cell fusion
and other cytopathic effects in tissue culture; virion morphology; poly-
peptide composition; large envelope glycoproteins; shared antigenic
determinants in the major structural protein (gag); similar size and
structure of their genomes; nucleotide and amino-acid sequence
homologies largely confined to conserved regions of gag-pol.
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in the cell**** which serves as a template for the synthesis of

thousands of copies of genomic and messenger RNAs (Table
2a). The latter are translated into millions of copies of structural
virion proteins®® and infectious progeny (50-100 per cell) sub-
sequently assemble at the cell surface. The infected cells degener-
ate, either individually or after fusion”’, within 3 days.

By contrast, replication of virus in animals is highly focal and
unproductive, even in relatively homogeneous populations of
cells which serve as substrates for permissive growth in tissue
culture: the number of copies of viral RNA in choroid plexus
of infected animals is about two orders of magnitude less than
in infected choroid plexus cells in culture (Table 2). Synthesis
of viral RNA, antigens and virus is confined to one in a hundred
to thousands of cells (Table 2b)?. This focal and restricted
growth cycle has been revealed by methods for quantitative
analysis of virus replication at the single-cell level (in situ
hybridization)*® and, more recently, by methods that combine
macroscopic screening of tissue with single-cell resolution
(Fig. 2)*°. The fundamental question of why virus growth should
be so different in cells in culture from that in tissues is un-
answered, but viral RNA synthesis has been defined as the major
point in the virus growth cycle at which virus gene expression
is blocked®.

Visna thus has two kinds of life cycle, somewhat analogous
to bacteriophage A in Escherichia coli: a productive and lytic
life cycle in vitro and a latent life cycle in sheep, figuratively
referred to as lysogeny on a grand scale’. This is probably
overstated, as visna virus is not integrated into the host cell
genome, 4t least in tissue culture®’, but it does epitomize the
notion of the clandestine state of the virus as the mechanism
by which it eludes the host’s defences.

Trojan horse mechanism

A similar mechanism can be invoked to explain the continued
spread of virus in the bloodstream, cerebrospinal fluid and other
fluids that contain immune cells and neutralizing antibody. In
this mechanism, a mobile cell, predominantly if not exclusively
a monocyte*>* in the case of visna virus, conceals the virus
genome and conveys it without detection to other sites. Evidence
for this Trojan horse mechanism again comes from in situ
hybridization analyses of CSF, where infected cells are concen-
trated®®. (The frequency of leukocytes carrying visna virus in
the bloodsteam—about 1 in 10° cells—is too low to be detected
directly.) The CSF data®® provide evidence of (1) restricted
levels of viral RNA accumulation in monocytes; (2) circulation
of the latently infected monocytes in tissue fluids containing
neutralizing antibody; and (3) transfer of infectious virus
between monocytes and choroid plexus cells under conditions
of close contact between the cells. These data satisfy the major
predictions of the Trojan horse hypothesis.

Inapparent infections and latency

The theme of restricted virus gene expression is the dominant
motif of lentivirus infections. In animals, infections are
frequently not apparent, with no obvious pathological sequelae
for periods that approximate the normal lifespan of the host.
In the United States, for example, lentivirus infection of sheep
is widespread and probably largely asymptomatic®®. There are
flocks of sheep in Germany in which antibodies to virus are
present in 50 per cent of the serum samples*® and in which
clinical symptoms of maedi have never been observed. Importa-
tion of silently infected sheep like these from Germany was
presumably responsible for the outbreaks of maedi and visna
in Iceland®.

The AIDS virus also establishes persistent and non-cytopathic
infections in normal human lymphocytes®. In the persistently
infected cultures, virus production may be absent or limited
(but can be induced), in keeping with the definition of latency®’.
By extrapolation, similar virus-host cell interactions provide a
mechanism for the AIDS virus to escape neutralization and
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Fig. 1 Time course of animal lentivirus infection. The major
events and strikingly different timescale of infection in animals (a)
and tissue culture (b) can be seen.

other defences, but also a basis for the comforting observation
that inapparent infection and a carrier state are common in
infected patients®®.

Population spread

Animal lentivirus infections are transmitted between animals,
probably by virus inside monocytes and macrophages in
secretions (little if any cell-free virus is detectable). The aetio-
logical agents of visna and maedi enter adult sheep by the
respiratory route and lambs by a gastrointestinal route in colos-
trum™*, The appearance of disease in epidemical form requires
special conditions such as those in Iceland, where sheep from
many parts of the island are housed together for several days
each year’. This practice may have been as important in the
rapid spread of the disease as the greater susceptibility of the
Icelandic than German sheep to lentivirus infection.

AIDS is transmitted similarly. Virus is introduced into the
bloodstream through sexual contact, intravenous drug
administration with contaminated needles or administration of
blood and blood products®. It is not known whether the virus
is transferred inside cells, but this is obviously of great import-
ance in predicting the efficacy of conventional vaccine strategies
to interdict further spread of AIDS. As in visna, perinatal
transmission is also important, although it is not known whether
this occurs in utero or postnatally.

There is no evidence of germline transmission of animal
lentiviruses from mother to offspring, and endogenous len-
tiviruses are exceptional®®, in contrast to the situation with

Table 2 Comparison of the growth of visna virus in animals and in
tissue culture

Average no.
of copies
Cells positive of viral Cells with
for viral RNA  RNA per  viral antigen
Type of infection (%) infected cell (%)
a, Tissue culture 90 5,000 90
(choroid plexus cells
3 days after infection)
b, Sheep 0.1-2 50-150 0.001

(choroid plexus,

alveolar macrophages
monocytes, glial cells; 3 days
to 3 weeks after infection)

Data from refs 26, 28, 32, 56.
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oncogenic retroviruses. The exogenous nature of lentiviruses
may reflect their infrequent opportunities to interact with the
host genome. Onlsy a few cells are infected in the animal, replica-
tion is restricted®® and integration may be rare®'. The failure of
the viral genome to form covalent linkages with the host chromo-
some probably has a structural basis, as the topological precursor
for retrovirus integration is likely to be circular DNA*, and in
cells infected with visna virus circular molecules are rare (the
predominant structure is a nicked or gapped linear duplex)*'.
That is not to say that integration of lentivirus genomes cannot
occur—integrated as well as unintegrated forms of AIDS virus*,
equine infectious anaemia virus (EIAV)* and caprine arthritis
and encephalitis virus (CAEV)* have been described.

Variant and common determinants

Antigenic variation is an additional or alternative mechanism
for the persistence and spread of the lentiviruses. In this instance,
the emergence of mutant viruses with an altered envelope gly-
coprotein, the antigen to which neutralizing antibody is direc-
ted*, is the postulated mechanism by which virus temporarily
escapes immunological inactivation. Gudnadottir’s proposal
that “antigenic drift” might account for the survival of visna virus
for such a long time in infected animals® was subsequently
supported and fully developed by Narayan and his col-
laborators. They showed that antigenically distinct viruses could
be isolated from sheep persistently infected with visna virus*®,
and that these variants arise by point mutations in the env gene,
which encodes the virion envelope glycoprotein®®*’. In visna,
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Fig. 2 Life cycles of an animal lentivirus in tissue culture
and sheep. @, b, Autoradiographs of visna virus RNA
detected by in situ hybridization. The number of copies
of viral RNA in individual cells is proportional to the
number of grains over the cell and the length of exposure®.
At 0.5 h after infection (at a multiplicity of infection of 3
plaque-forming units per cell) about 30 copies of viral
RNA enter the cell, often apparently inside a vacuole
(arrows, a). By 72 h the cells contain about 5,000 copies
5 of viral RNA?, often in giant cells. Visna virus RNA can
be localized anatomically in infected animals to regions
surrounding the ventricles (arrows, e) using combined
macroscopic-microscopic screening®. In this method
whole brain sections are hybridized to a virus-specific
probe labelled with '2°L. The y emission of **I produces
a latent image of viral RNA on X-ray film placed against
the tissue section after hybridization. The single-cell loca-
tion of viral genes is determined from a microscopic
autoradiograph produced by coating the section with
nuclear track emulsion. The Auger electrons emitted by
1251 produce latent images with good resolution at the
cellular level. The average copy number in the cells in the
brain is about two orders of magnitude less than that in
infected tissue culture (for example, number of grains
over the cell in tissue culture 72 h after infection requires
an exposure of a few hours; for a probe of the same
specific activity, about 3 weeks would be needed to pro-
duce the number of grains in the cells in brain)*°. In tissue
culture there are ~10° copies of major viral protein (gag)
easily detected in most cells by immunofluorescence with
monospecific antibodies (c¢; the arrow indicates a giant
cell with the visna gag polypeptide in the cytoplasm)*'?’.
Only rare cells with viral antigens can be detected in the
infected animal (g). The infection in tissue cuiture leads
directly to cell death with lysis of the culture in 72-96 h
(d). Arrows indicate giant cells in various states of
degeneration; individual dying cells are circled. In
animals, tissue damage accumulates over months to years
(h) and is indirectly caused by inflammatory cells (the
dark-staining lymphocytes, plasma cells, monocytes,
macrophages that surround the blood vessles (bv) and
collect in foci in the tissue of this section of brain from
a paralysed sheep'”".

Months

however, variants do not replace the infecting serotype by anti-
body selection and, in most long-term infections, the inoculum
virus strain persists and spreads without the emergence of anti-
genic variants*®*®, For these reasons it seems unlikely that
antigenic variation is a necessary or important means of dissemi-
nation of visna virus.

For EIAYV, the case for antigenic variation as an important
mechanism of virus dissemination is more persuasive. There are
cycles of virus replication in which cell-free virus is isolated
from serum or plasma, and each new isolate from a cycle is
refractory to neutralization by antibody that neutralized previous
isolates*™*!. This immunologically dictated succession fulfils the
expectations of the antigenic variation model for persistence
and spread of viruses, and, as in visna virus infections, occurs
primarily through point mutations in the env gene®. But this is
not the sole basis for persistence and spread. By the end of the
first year, cyclic replication of EIAV is superseded by an inap-
parent carrier state in which continued dissemination of virus
within the host, or to new hosts, is again accomplished by latently
infected macrophages®. Because this conversion to a Trojan
horse mechanism of spread may be a consequence of production
of antibody to all strains of EIAV, identification of these com-
mon antigenic determinants for neutralization would clearly be
important in designing broadly effective vaccines.

It would be premature to predict the role of antigenic variation
in AIDS infections, but isolates of the AIDS virus from different
individuals differ genotypically**, and this genomic diversity is
greatest in the region of the env gene®. If these genetic changes
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are mirrored phenotypically, it will pose serious problems for
vaccine development and provide an additional mechanism for
the AIDS virus to persist and spread in individuals and popula-
tions.

Immunopathogenesis

Pathological changes in lentivirus infections are for the most
part indirectly mediated by the immune and inflammatory
response of the host. In visna, the coordinate reduction of
inflammation and tissue lesions®® with immunosuppression sug-
gests that it is the inflammatory cell response (Fig. 2) that causes
tissue damage. In the brain, this process is demyelinating''-"*
because at least one of the infected cell targets is the oligoden-
drocyte®, the cell in the nervous system which provides the
myelin sheath (identified unambiguously by a new method that
combines immunocytochemistry, cell-specific antibodies and in
situ hybridization®’; Fig. 3). The rare infected cell containing
viral antigen probably provokes and sustains this inflammatory
response’®, which then causes tissue damage by mechanisms
that are not understood in any detail but could involve inter-
leukin-mediated amplification of the response with indiscrimi-
nate damage to uninfected cells (‘innocent bystanders’) in the
area. Lesions in the lungs and joints of infected animals in maedi
virus and CAEYV infections are also the result of the exuberant
inflammatory response. In the lung, infiltration of lymphocytes
and monocytes into the alveolar wall interferes with gas
exchange; in the joints***°, the inflammatory cell infiltrate leads
to the destruction of the cartilage perhaps by activating chon-
drocytes to elaborate matrix degrading factors®®, much as in
rheumatoid arthritis.

Both lymphoproliferative changes (enlargement, necrosis)
and immune complexes participate in the immunopathology of
equine infectious anaemia®®'. The characteristic anaemia is the
result of phagocytosis and haemolysis of erythrocytes that first
become coated with a viral haemagglutinin and then with anti-
virus antibody and complement. Circulating immune complexes
of EIAV and antibody also elicit fever and cause glomerulone-
phritis when they are deposited in the kidney. The, as yet
unexplained, glomulerosclerosis and thrombocytopenic purpura
of AIDS may similarly be immune complex diseases®>%*.

Immunopathology, however, cannot account for all the
manifestations of lentivirus infections. There is an inflammatory
component in the progressive encephalopathy that occurs
frequently in children and adults with AIDS%%¢ but in AIDS
encephalopathy and myelopathy®’, inflammation is over-
shadowed by vacuolation and degenerative changes that are
more like those in a paralytic disease of mice caused by some
types of murine leukaemia viruses®.

Immunodeficiency and cachexia

The agent of AIDS differs most profoundly from the lentiviruses
of animals in its effects on the immune system. Immuno-
deficiency is the hallmark of AIDS'®®, whereas in animat len-
tivirus infections the immune response is relatively normal or
selectively impaired. (In natural US infections, particularly with
CAEV, animals ordinarily produce little if any neutralizing
antibody™.) Until recently, the reasons for this distinction
seemed relatively straightforward: the AIDS virus homes to a
receptor on the surface of helper T cells’~"* and was thought
to cause AIDS by destruction and depletion, or dysfunction, of
this central element of the immune system. The animal len-
tiviruses infect monocytes in such small numbers that the impact
on immune function is minor’2.

It is becoming increasingly evident that this view is oversim-
plistic, inasmuch as infection of T4 lymphocytes {(about 1 posi-
tive cell in 20,000-100,000 by in situ hybridization’) is as
infrequent in AIDS as it is in visna. To account for the large
effects on the absolute number of T4 cells and immune function
in AIDS, more complex mechanisms need to be invoked, includ-
ing some that recall the theme of immunopathology in lentivirus
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Fig. 3 Determination of virus host cell tropism by the simul-
taneous detection assay’’. Brain sections from a paralysed sheep
infected with visna virus were reacted with anti-oligodendrocyte
antibody, and the reaction was visualized by immunocytochemical
methods. After in siru hybridization with a visna virus-specific
probe, the developed autoradiograph was examined to locate cells
(oligodendrocytes) which stained with the antibody and also had
an increased number of silver grains such as that shown in the
figure. This method identifies the oligodendrocyte unambiguously
as one of the types of cells infected by visna virus®®,

infections. For example, viral envelope glycoprotein shed from
productive cells could make large numbers of uninfected cells
targets for an autoimmune response directed to viral antigen
bound to the T4 receptor. Alternatively, the network of interac-
tions in the immune system should in time lead to an anti-
idiotypic response to antibody to the viral glycoprotein. This
anti-idiotypic antibody might also be directed against the T4
antigen and viral receptor. This hypothetical reconstruction of
the immune response provides a rationale for understanding the
production of anti-lymphocyte antibodies in AIDS™, and a basis
for a paradoxical and potentially hazardous approach to treat-
ment by immunosuppression’". The latter could also theoreti-
cally relieve a block in the expansion, differentiation or function
of T4 cells mediated by another subset of lymphocytes infected
with the AIDS virus. Just as plausible, however, are direct
mechanisms leading to immunodeficiency, for example, con-
tinued recruitment of uninfected T4 lymphocytes into the infec-
tious process, destruction of precursors or the release of
immunosuppressive virion comyonents analogous to the p15E
protein of feline sarcoma virus'®’”.

One of the unexplained symptoms of infection, the cachexia
or wasting (‘slim disease’ is the name given to one form of AIDS
in Uganda’®), might be partly attributable to interactions of
lentiviruses with macrophages. In addition to inanition from
concurrent enteropathic infections (possibly including AIDS
virus) and diarrhoea which contribute to these manifestations
of the infection, lentiviruses might, as the result of infection of
monocytes, cause release of cachexin, a factor that inhibits
adipocyte gene expression and the production of lipogenic
enzymes”’.

Form and tempo of pathology

Visna virus gene expression is markedly curtailed in most in-
fected cells in tissues®®, but there are a few cells in which levels
of viral RNA approach those in productively infected tissue
culture®®. These gradations in gene expression (Fig. 4) are tightly
correlated with detection of viral antigens, the intensity of the
inflammatory response, and tissue damage, as would be expected
if gene expression determines the form and tempo of pathology.
At one end of a spectrum of virus gene expression are a silent
majority of infected cells with minimal levels of viral RNA and
antigens, enabling the virus to persist and spread. Towards the
other end of the spectrum is the occasional cell with higher
levels of viral RNA and the antigens responsible for the continu-
ing inflammatory cell response and inadvertent destruction of
tissue at a rate commensurate with the scanty production of the
inciting antigens. At the extreme end of the spectrum is the lytic
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Fig. 4 Quantitative in situ hybridization used to demonstrate
correspondence between virus gene expression and inflammatory
response. Brain sections from a paralysed sheep infected with visna
virus were hybridized with a virus-specific probe. In the developed
and stained microautoradiographs there is a gradient in gene
expression that correlates with the intensity of inflammation. a, A
region with no inflammation and background levels of hybridiza-
tion; b, as the number of copies of viral RNA increases, larger
numbers of grains appear over cells (arrows) adjacent to small
collections of dark-staining mononuclear cells; ¢, the largest num-
bers of inflammatory cells around blood vessels (bv)} and tissue
are adjacent to infected cells (arrow) with grain counts equivalent
to hundreds to thousands of copies of viral RNA typical of produc-
tive infections in tissue culture. Viral antigens are occasionally
demonstrable in cells with the highest concentrations of viral
RNA.

infection in tissue culture, where destruction of cells is a rapid
and direct result of virus growth under permissive conditions
of replication. These cytopathic effects are more likely to be due
to the abundance of virion components (probably the envelope
glycoprotein) capable of fusing and killing the cell from within
and outside®’ than to the high concentrations of extrachromo-
somal DNA which have been advanced as one explanation for
these cytotoxic effects of retroviruses®”; experimental conditions
can be contrived in visna-infected tissue culture (blocking super-
infection with antibody)® where fusion and cell death occur at
DNA concentrations equivalent to those in tissues®® at which
cytopathic effects are never observed.

Regulatory mechanisms and control

The major thrust of this review on lentivirus pathogenesis is
that the major issues of persistence, spread and the rate and
mechanisms of cell death translate into more objective questions
about the factors that control lentivirus replication. Indeed, the
central fact and unresolved mystery in visna is why the replica-
tion of virus is restricted in the same relatively homogeneous
and non-dividing population of cells that supports abundant
replication after explantation®' or in non-dividing cells in cul-
tures derived from the same tissues®'. Many factors have been
investigated that might potentially account for restriction; they
fall into two general categories (extracellular and intracellular),
and pertain to tissue culture systems or living hosts. The latter
is an important distinction, because there are many examples
of regulatory mechanisms that operate in tissue culture but bear
little relationship to reality. For instance, one can establish
persistent infections in tissue culture with visna virus in which
the cells contain high concentrations of viral antigens, whereas
the concentrations are low in infected sheep (A.T.H., unpub-
lished). Moreover, antigenic variants of visna virus appear in a
logical succession based on antibody selection in vitro®*, but
not in infected animals*®*’; and gene dosage effects in tissue
culture®’ apparently do not operate in vivo™. The discussion
below therefore concentrates on regulatory mechanisms which
meet the test of relevance at the organismal level and which
might be exploited in the control of lentivirus infections.

Sanctuaries and vaccines

In natural and experimental visna, dissemination of virus by
extracellular routes largely ceases with the appearance of
neutralizing antibody'®, acting perhaps in concert with viral
inhibitory factors in serum and CSF?*#5, Neither humoral nor
cellular immunity, however, plays a significant part in maintain-
ing latency, since immunosuppression does not relieve the
restriction in virus gene expression®>%,

The experience with animal lentivirus vaccines is unfortu-
nately too limited to give much direction to vaccine development.
Veterinary practices of identifying infected sheep by serological
testing and removing them from flocks have been successful in
controlling lentivirus infections of animals'”*’. No vaccine for
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visna or maedi is available because of intractable difficulties in
developing an inactivated virus or envelope component vaccine
that will induce neutralizing antibody. Vaccinated sheep do
produce complement-fixing antibody but are not protected.
Moreover, natural infections are transmitted to lambs by cells
in the colostrum of mothers carrying neutralizing antibody. This
mechanism of transmission and the possibility of cell-cell
spread®® would circumvent conventional strategies for disease
control. Lentiviruses also take refuge from immune defences in
the central nervous system. Thus, vaccines alone cannot be
expected to be wholly effective in preventing lentivirus infection,
but may favourably alter the outcome by reducing at the outset
of infection the number of cells with the potential to contribute
to pathological changes.

In AIDS, neutralizing antibody®*° titres are low®®, virus in
semen”’ and saliva® is partly cell-associated”, and the brain is
infected as a potential sanctuary for virus in a significant segment
of the infected population®**®°, These considerations, and
potential difficulties in vaccine development, underscore the
importance of the practical measures and behavioural advice
currently recommended to limit the spread of AIDS.

Intracellular mechanisms and antisense vaccine

Because viral gene expression directly or indirectly mediates
cell damage, measures that limit gene expression should moder-
ate or present the pathological consequences of infection. DNA
synthesis is a logical point in the virus life cycle at which to
intervene with drugs that inhibit reverse transcription or, like
interferon, act intracellularly. The experience with the effects of
inhibitors of viral DNA synthesis®”*® and interferons™'® is
limited to in vitro experiments which suggest that some benefit
might be achieved'®’. In AIDS, inhibitors of reverse transcrip-
tion have already undergone clinical trials, with demonstrable
but temporary inhibition of virus replication and little alteration
in clinical status'®’. Sustained treatment with newer and less
toxic drugs may induce long-term remissions'’>.

Transcription and translation of the lentivirus genome are
also potential targets for therapy. The major controlling elements
for lentivirus gene expression are located at the 5 end (long
terminal repeat, LTR) and centre of the genome (Fig. 5q, b).
The lentiviral LTR, in common with other retroviruses, has
promoter and enhancer domains and two additional domains,
designated NRE and TAR in Fig. 5, which have negative or
positive effects respectively on gene expression'”'°*, The trans-
activating region (TAR) is responsive to a gene product encoded
in a short open reading frame S (Fig. 5b)'%. The trans-activating
gene product (TAT) of this open reading frame acts post-
transcriptionally'® to stimulate gene expression by 500-1,000-
fold and is required for replication’®”'*®. Modest stimulation
by trans-activation has also been described recently for visna
virus'®®, which is comparable to that of the AIDS virus when
the entire LTR of visna virus is used in the assay (K. Staskus,
C. Rosen, W. Haseltine and A.T.H., unpublished). If trans-
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a

Fig. 5 Speculations on control of lentivirus gene
expression. a, Schematic illustration of a pro-
totypic lentivirus genome and a speculative rep-
resentation of control of gene expression. Tran-
scription of the major genes of the virus is control-
led by promoter (P) and enhancer (E) regions in
the LTR. A trans-activating protein (O) encoded
by the short open reading frame S binds to a
region (TAR) to stimulate gene expression. The
gene product of open reading frame Q also binds b
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activation in visna is also effected post-transcriptionally, it could
not account for the restricted gene expression in infected sheep
which is primarily a result of diminished accumulation of viral
RNA?, but it could account for the discrepancy between the
relatively high concentration of virus RNA in some cells and
the lack of infectivity™.

The reduction in transcription in infected animals was most
recently speculated to be due to repressor activity of a putative
DNA-binding protein, the basic and hydrophilic gene product
of conserved open reading frames (Q) in visna''® and the ATDS
virus!''-''4, But there is now evidence that the Q gene product
is a second positive regulatory factor, because deletion of Q
slows the growth of the AIDS virus and delays the development
of cytopathic effects'!®. Highly productive and rapidly progress-
ive lytic infections may require co-expression of both factors,
as might occur, for example, during activation of macrophages
(CAEV) or lymphocytes''%'"7.

One possible approach to the control of lentiviruses that
anticipates the importance of the regulatory proteins encoded
by the Q and S genes, and exploits antisense in mRNA!8-120
is the development of defective virus vectors which would stabll-
ize the dormant state of infection. In one such project in progress
in the visna model (K. Staskus, E. Retzel and A.T.H., unpub-
lished), the trans-activating gene in infectious viral DNA is
replaced by its antisense counterpart. Defective virus, produced
by co-transfecting cells with the viral antisense DNA and with
S gene DNA in an inducible expression vector, will have an
identical host range to wild-type virus. It will therefore serve as
a vector to introduce the antisense gene into cells already har-
bouring standard virus. In the co-infected cells, trans-activation
should at first drive production of additional defective virus to

2 3 'y s 6 ? 8 9 92

disseminate the antisense vector. Thereafter, the antisense vector
should halt trans-activation and return the infected cells to a
latent state. Of course, before there could be any assurance that
the pathological consequences of infection may be prevented,
this approach must overcome some theoretical and practical
difficulties—particularly superinfection barriers in cells produc-
ing AIDS virus and the need to establish co-infection in a large
pool of cells with a non-replicating virus.

Conclusions

The lentiviruses are responsible for slow infections of animals
and man. Investigations of animal lentivirus infections have
previously been directed to the inherently interesting issues of
pathogenesis raised by this novel class of infections, parallels
to such chronic diseases of man as multiple sclerosis and
rheumatoid arthritis, and, to a much lesser extent, practical
means of diagnosing, treating and preventing disease. With the
knowledge that the causative agent of AIDS is a distant relative
of the animal lentiviruses, these objectives have assumed a new
and compelling urgency. Restricted gene expression is the gen-
eral underlying mechanism in the persistence and spread of
lentiviruses and the slow evolution of the diseases they produce
This restriction maintains the lentivirus genome in the cell in a
covert state, and justifies the optimistic prediction that the com-
monest form of infection in AIDS, inapparent infection, will
prevail for much, if not all, of the natural lifespan of the host.
On a more pessimistic note, there is no guarantee that chronic
infections will not ultimately progress to some form of illness;
or that conventional approaches to prevention and treatment
will be successful. These approaches may be frustrated by the
ability of all lentiviruses to survive in intracellular and organ
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(brain) sanctuaries or to elude host defences through antigenic
variation. The prospects of developing vaccines to neutralizing
determinants common to all strains of virus, designing vectors
to maintain silent infections, and the general progress in len-
tivirus and AIDS research, are grounds for the hope that these
problems will be resolved.
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