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1. ABSTRACT

Various neurological manifestations of retroviral
infections have been reported, including peripheral
neuropathy, encephalopathy and neuronal degeneration.
After penetration into the central nervous system (CNS) the
invading retroviruses meet a unique immunological
situation that differs significantly from that in the
periphery. Due to the blood-brain barrier with its general
access restrictions peripheral T-cells, monocytes and B-
cells are only “guests” in the brain; instead the immune
balance is shifted in favour of the local innate immunity
with microglia, astrocytes, cytokines/chemokines and
complement forming the dominating defence network. The
present article focuses on the most important retroviral
infections and highlights the immunological aspects of the
neuropathogenesis induced by selected retroviruses. These
aspects include: (i) local and infiltrated immune cells as
targets of retroviral infection; (ii) stimulation of the
cerebral immunity network by retroviruses and subsequent
steps of antiviral defence; and (iii) immune activation
products as potential contributors to neural damage in the
sensitive brain tissue.
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2. INTRODUCTION

2.1. Cerebral infection by members of the Retroviridae

family
Retroviral infection can cause several types of
neuropathological processes, such as intracerebral

hemorrhage, spongiform encephalopathy, demyelination,
neuronal degeneration and inflammation. Representatives
from all three retrovirus subfamilies are known to penetrate
into the CNS with varying consequences. Spumaviruses
have been detected in the brain but not been associated with
any neurological dysfunction, although they induce foamy
changes in cells in vitro. Therefore they will not be
discussed here further. Within the Oncornavirinae
subfamily murine leukaemia viruses (MuLV) and human
T-cell leukaemia virus 1 (HTLV-I) induce neuronal
damage. The Lentivirinae subfamily harbors the greatest
number of neurotropic viruses with Visna virus, human
immunodeficiency virus (HIV) and its relatives simian
immunodeficiency virus (S1V) and feline
immunodeficiency virus (FIV). The precise pathogenic
mechanism remains elusive for all retroviruses and is object
of extensive studies. In most cases, infection of neurons is
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Table 1. Interaction of Oncornavirinae and Lentivirinae with cerebral immune response

Infected immune cells in CNS

Mechanisms for neural degeneration

Altered cytokine pattern associated
with neurodegeneration

Murine leukaemia virus

Moloney | Microglia Microglial activation/dysfunction TNF-a
MuLV Aberrant cytokine production 1L-6
Friend Microglia Microglial activation/dysfunction
MuLV Aberrant cytokine production
Human T-cell leukaemia virus
HTLV-1 Infiltrating CD4" and CDS" cells Direct attack of hyperactive CTL IFN-y
Astrocytes Tax-induced perturbation of cellular protein synthesis | TNF-q
Microglia pattern 1L-6
Aberrant cytokine production IL-1B
IL-2
Immunodeficiency viruses
FIV Infiltrating macrophages Microglial activation/dysfunction TNF-a
Microglia Aberrant cytokine production IL-1B
Astrocytes
HIV, Infiltrating macrophages and CD4" cells Microglial activation/dysfunction IFN-y
SIV Microglia Aberrant cytokine production TNF-a.
Astrocytes Secretion of Nef, gpl20 by infected astrocytes and | 1L-4
microglia IL-10
Increased complement synthesis and chronic activation TGF-B
IL-1B
IL-6

not or only marginally observed, suggesting an indirect
mechanism of neuronal dysfunction.

2.2. The immune network within the CNS

Invading retroviruses are confronted with a
unique immunological landscape in the brain to which they
are not adapted by their former residence in the periphery
of the host. However, the brain is an immunopriviledged
site with an extremely low spontaneous immune activity
and potent immunosuppressive effectors, thus facilitating
microbial survival in this environment.
Key players that belong to the defence arsenal of the brain
against invading microbes are resident immune -cells
(microglia, astrocytes) and soluble factors (complement,
cytokines/chemokines). These components carry the main
burden of antiviral defence, particularly in early stages of
cerebral infection, since the blood-brain barrier restricts the
access of the peripheral immunity. In the later course of
infection, the local CNS immunity is supported by
infiltrating immune cells from the periphery like CD4" and
CD8" T-cells and monocytes/macrophages; in addition
leakage of the blood-brain barrier might allow diffusion of
peripheral cytokines/chemokines and complement into the
brain.

Working together as a network, local and
infiltrating immune components, either cellular or soluble,
mean well to fight against microbial invaders, aiming to
reconstitute the homeostasis in the infected brain. However,
despite this good intention, the brain as an extremely
sensitive organ may be damaged by the subsequent immune
reaction and inflammation. This sensitivity creates the
necessity to include both inflammatory and anti-
inflammatory mediators in the antiviral defence. Our
review aims to highlight the complex interactions between
retroviral agents and cerebral immunity, including (i)
immune cells as target for retroviral infection with
subsequent loss of their functionality and capacity to
maintain brain homeostasis and the establishment of a
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persistent retroviral reservoir; this has been demonstrated
both for infiltrating monocytes and T-lymphocytes as well
as for resident microglia and astrocytes; (ii) stimulation of
an antiviral immune concert, made up by the network of
local and infiltrating participants; and (iii) the potentially
detrimental effect of excessive immune activation, exerting
a direct harmful or even toxic effect on neurons, or
profoundly disturbing the brain homeostasis with an
indirect effect on sensitive neurons. These aspects of
retroviral infection of the CNS are also shortly summarized
in Table 1.

2.2.1. Microglia

Parenchymal microglia represent the most
important resident immune cell type within the CNS and
fulfil a wvariety of immunological functions like
phagocytosis, antigen presentation, cytokine production
and complement synthesis. Furthermore they act as central
regulators of inflammation, cellular activation and adaptive
immune response (1,2). They represent the main local
target cell for retroviral infection of the CNS.

Under physiological conditions, parenchymal
microglia present themselves in a ramified quiescent state
and lack significant immunological activity. However,
upon infection or brain insult they change to a more
rounded phenotype and rapidly undergo a complex
activation cascade (2). This process follows a stereotypic
pattern (3): (i) stage of alert with increased expression of
immune molecules; (ii) homing stage with adhesion to
damaged structures, intense cell proliferation, high
expression of inflammatory mediators (cytokines, oxygen
intermediates), and molecules of the antigen presentation;
(iii) transformation into phagocytes with phagocytic
activity towards invading pathogens and the ability of
potent antigen presentation to activate infiltrating T-cells
(4). Microglial activation contributes to limit microbial
spreading or even clear the cerebral infection. Furthermore,
the activation strengthens the neuroprotective capacity of
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microglia by upregulation of scavenger molecules,
glutamate transporters to remove excessive
neurotransmitter, and neurotrophins for regeneration of
damaged neurons. However, activated microglia secrete
effector molecules (proteases, oxide radicals, cytokines), which
are potentially harmful for the vulnerable neurons (2).

A variety of cell-cell interactions and soluble
molecules regulate the activation status of microglia with
stimulatory or inhibitory signals. Neurons as well as
astrocytes are able to suppress the activation of microglia
(5,6). In contrast interaction between microglia and
activated T-cells triggers bidirectional stimulation as it
promotes microglial inflammatory responses and provides a
strong costimulatory signal to the lymphocytes (7).
Similarly, the complement activation products C3a and C5a
induce microglial activation via binding to their
corresponding receptors (8). A network of pro- and anti-
inflammatory cytokines and chemokines also modulates the
microglial functionality, with regulation of antigen-
presentation, migration, proliferation and synthesis of other
cytokines/chemokines (9). Microglia are even able to sense
peripheral inflammation and to adopt a preactivated state
that enables rapid reaction after microbial penetration into
the CNS (2,9).

2.2.2. Astrocytes

Astrocytes are the most numerous cell type in the
brain and exert a broad functional spectrum. Being an
integral part of the blood-brain barrier they inhibit the
penetration of most pathogens into the brain. Their
activities to maintain brain homeostasis are absolutely
necessary for neuronal survival (10). Astrocytes are a
general target for retroviral infection, although to a lesser
extent than microglia.

Astrocytes also fulfil a number of immunological
functions (2). They are able to produce most components of
the complement system (11); expression of complement
receptors renders astrocytes sensitive for the numerous
biological effects of complement fragments. Astrocytes are
also a main producer of both inflammatory and anti-
inflammatory cytokines and chemokines in the brain (12).
In addition, astrocytes keep the brain an immunoprivileged
site by suppression of inflammatory activation of other
immune cells. The contact with astrocytes maintains
microglia in a dormant state, inhibits phagocytosis and
downmodulates their expression of MHC molecules and
proinflammatory cytokines (2). Similarly, astrocyte-derived
soluble factors deactivate infiltrating monocytes and reduce
the synthesis of adhesion and antigen presenting molecules
(13). Astrocytes are considered to be semi-professional
antigen-presenting cells; their activation upregulates the
production of MHC and costimulatory molecules and thus
allows antigen presentation to lymphocytes (14,15).
Activated astrocytes can even achieve the capacity of
phagocytosis, although they are less potent than microglia

(16).

2.2.3. Complement
Complement is a universal defence system which
fights against a large diversity of pathogens and guarantees
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an immediate and potent limitation of infection (17).
Complement comprises a set of soluble proteins arranged
as an activation cascade of interacting components which
finally results in the generation of a lytic pore in the
membrane of the pathogen or the infected cell. Most brain
cells also express complement receptors thus being
responsive towards the broad biological activity of
complement products, including chemotaxis, cytokine
induction and cell activation (11). However, chronic
complement activation and enhanced synthesis is
associated with neural damage, as shown for various
neurodegenerative diseases like Alzheimer’s disease and
Multiple Sclerosis (11). This damage might be mediated by
complement-dependent bystander lysis since neurons
which express only limited amounts of the membrane-
bound negative regulators of complement activation are
extremely sensitive against complement attack (18).
Furthermore, complement activation might result in
oxidative stress through stimulation of respiratory burst
activity by complement-derived fragments.

Although the cerebral expression of complement
is low under physiological conditions the synthesis is
upregulated either directly by pathogen contact or
indirectly by inflammatory cytokines (11). IFN-y is the
most effective cytokine to enhance complement synthesis
by astrocytes, microglia and neurons (19), but also other
cytokines like TNF-a, IL-1f3 and IL-8 are potent inducers
(20).

2.2.4. Cytokines and chemokines

Cytokines and  chemokines are  small
polypeptides with pleiotropic activity, partly overlapping,
partly synergistic or antagonistic. They represent a central
mean of crosstalk between resident but also infiltrated
immune cells in the brain. Neurons, astrocytes, microglia
and oligodendrocytes as well as infiltrated monocytes and
lymphocytes are important producers of these molecules in
the brain. Cytokines/chemokines mutually regulate their
synthesis which is also modulated by additional factors like
brain lesions or presence of invading pathogens (3). All
types of brain cells possess receptors which provide
responsiveness for a large variety of different
cytokines/chemokines (21). The various functions of
cytokines and chemokines include induction or suppression
of inflammation, chemoattraction of peripheral cells or
resident immune cells to the site of lesion or infection,
activation or deactivation of cells, induction of apoptosis
and modulation of the cellular expression pattern. Some of
the proinflammatory cytokines are also discussed to be
neurotoxic like tumor necrosis factor-a (TNF-o) and
interferon-gamma (IFN-y).

3. IMMUNOLOGICAL ASPECTS OF RETROVIRAL
INFECTION OF THE CNS

3.1. Oncornavirinae
3.1.1. Murine leukaemia viruses (MuLV)

Infections with murine leukaemia viruses result
in peripheral immunological abnormalities such as T-cell
and B-cell dysfunctions, hypergammaglobulinemia and
splenomegaly. When the CNS is affected ecotropic
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oncornavirinae induce a spongiform encephalomyelopathy
primarily affecting motor nuclei and motor cortex of the
brain and the spinal cord; corresponding neurological
symptoms are tremor, ataxia, hind limb paralysis, impaired
spatial learning and hyperexcitability (22). Members of this
neurotropic MuLV group are wild-type CasBrE, several
variants of Friend MuLV, and mutants of Moloney MuLV
(MoMuLV) (23,24).

Microglial infection and activation as well as
alteration of cytokine levels imply a fundamental role of
immune reactions in the neuropathogenesis of murine
leukaemia viruses. Cerebral infection of mice with tsl, a
mutant of MoMuLV which has acquired the ability to cause
neuronal cell death through mutations in its env gene,
results in a neuroimmunodegenerative syndrome (25) that
resembles AIDS in some aspects (26,27). Microglia are the
primary cellular target for ts1; the neuronal degeneration
caused by tsl is likely linked to microglial activation and
subsequent release of cytokines and cytotoxins which affect
neighbouring motor neurons (27). This fits together with
former results showing that the neurovirulence of tsl-
infected mice correlates with the ability of the virus to
infect, replicate in, and activate resident microglia (28).
Putative microglia-derived factors are the cytokines TNF-a
and interleukin-6 (IL-6) which were shown to be present in
higher tissue concentrations in the CNS of ts-1 infected
than in noninfected mice (29). TNF-o is a pro-
inflammatory cytokine, the receptors for which are
expressed on neurons and glial cells throughout the CNS
(30). The immunomodulatory as well as the neurotoxic and
neuroprotective effects of TNF-o depend on the
pathophysiological context, the presence of receptors on
target cells, co-expressed factors and the compartment of
its release. Cerebral TNF-a expression is associated with
the severity of the tsl-induced neuropathology, and the
levels of TNF-a are elevated within the spongiform lesions
of the tsl-infected CNS (25). A possible mechanism of
TNF-o-induced neurotoxicity and degeneration may be
direct killing of neurons by binding to the receptors and
subsequent activation of apoptotic caspases. Indirect
mechanisms may be the up-regulation of neurotoxic
proteins (other cytokines or chemokines) or the induction
of excitotoxins (glutamate, L-cysteine) in glial cells, thus
offering a lethal excitotoxic environment to neurons (31).

Microglia were also identified by double
immunostaining to be the predominant viral target for
Friend MuLV (32,33), thus implying that microglia
dysregulation and subsequent aberrant cytokine production
after infection might be a general mechanism for retroviral
neuropathogenesis.

3.1.2. Human T-cell leukaemia virus

HTLV-I is endemic in southern Japan, the
Caribbean, Africa and some parts of the United States. It is
estimated that 10-20 million people worldwide are infected
with HTLV-1. Whereas the majority of infected individuals
are asymptomatic carriers, 5-10% develop a disease, either
adult T-cell leukaemia or chronic HTLV-associated
myelopathy (HAM), also known as tropical spastic
paraparesis (TSP) (34). The close relative HTLV-2 has not
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been definitely linked to any neurological disease and will
not be dealt here further.

Clinically, HAM/TSP is a slowly progressive
neurological condition, characterized by chronic spastic
paraparesis with weakness and spasticity of the extremities,
mild peripheral sensory impairment, hyperreflexia and
sphincter symptoms. Neuropathological findings are
demyelinated lesions in brain and spinal cord as well as
chronic inflammation with infiltration of lymphocytes and
macrophages into the CNS. Detailed electron microscopic
analysis of the lesions revealed disintegration of myelin
sheaths up to completely demyelinated axons, axonal
degeneration and glial scarring (35).

Convincing evidence suggests that immune activation and
immunologic dysregulation/abnormalities contributes to the
histopathological changes in TSP/HAM. The immune
response in HAM/TSP patients may be a typical example
for the transition from a beneficial response aimed at
controlling viral replication, to a detrimental reaction that
contributes to the neuropathology of this viral infection.
Potentially useful and at the same time harmful immune
elements and parameters include CD4" cells, CDS" cells,
astrocytes, high antibody titers and a variety of
inflammatory cytokines/chemokines, which together form
an interactive network.

During the peripheral infection CD4' T-
lymphocytes, the conductors of the peripheral immune
network, are the primary cellular target for HTLV-I in the
blood (36). After infection these cells spontaneously
proliferate and express pro-inflammatory cytokines and
adhesion molecules that allow the CD4" lymphocytes to
infiltrate the CNS (37). CD8" lymphocytes, the functionally
cytotoxic T-lymphocytes (CTL) which recognize viral
antigens in the context of HLA class I, represent a further
viral reservoir. Thus both cell types might transport the
virus into the brain and trigger neurological dysfunctions.

Furthermore, both infiltrated CD4" and CD8" T-
cells are hypothesized to contribute directly to
neuroinflammation  and  neuronal  damage.  The
inflammatory lesions in the infected CNS of HAM/TSP
patients present with significant lymphocytic perivascular
cuffing comprising numerous CD4" and CDS8" cells
(38,39). Similarly, a highly increased number of CDS8
HTLV-I-specific CTL can also be measured in the
cerebrospinal fluid (CSF) of persons with HAM/TSP,
compared to asymptomatic carriers or to persons with other
HTLV-I-associated diseases (40,41,42). Three putative
pathways of T-cell contribution to neuropathogenesis can
be hypothesized, which might overlap, complement and
interact mutually. The first one is a direct toxic effect of
CD8" cells with a hyperactive and deregulated CTL
response in the brain that primarily attacks HTLV-I-
infected cells but also induces bystander damage of the
surrounding CNS tissue (43,44,45). The second mechanism
is the synthesis of viral Tax protein, a potent viral
transcriptional activator, by infected T lymphocytes and/or
astrocytes. Tax is capable of inducing an array of host
cellular genes as potential mediators of neuronal damage.
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Thus Tax-induced perturbation of the astrocytic protein
pattern might affect neuronal survival as astrocytes have a
crucial role in CNS homeostasis. The third mechanism is an
alteration of the cytokine spectrum in the CNS of patients
with HAM/TSP either as a result of direct viral infection of
T-lymphocytes or as an indirect consequence of secreted
viral Tax protein produced by infected cells.

Resident CNS cells such as microglia and
astroglia are additional, and on some occasions major,
cellular sources of T-cell cytokines in CNS diseases.
Altered cytokine production has been described in the CNS
and in the periphery of HAM/TSP patients. Increased levels
of IFN-y, TNF-a and IL-6 are measured in the serum and in
the CSF (46); furthermore the mRNA for IL-18, IL-2, TNF-
o and IFN-y is upregulated in peripheral blood lymphocytes
of HAM/TSP patients compared with asymptomatic carriers
or seronegative donors (42). A high frequency of HTLV-I-
specific CD4+ T cells expressing IFN-[J, TNF-TJ, and IL-2 are
present in HAM/TSP patients compared to asymptomatic
carriers with similarly high proviral loads (47).

It is hypothesized for TNF-a, IFN-y, IL-2 and IL-
6 that these cytokines contribute to the pathogenesis of
inflammatory HTLV-associated CNS disease. In astrocytes
the production of TNF-a. is stimulated by secreted viral Tax
protein, but also by direct contact with infiltrating T-cells.
The discovery of numerous TNF-o© CD4" T-cells in
patients with inflammatory HTLV-induced lesions, but not
in asymptomatic carriers supports the hypothesis that
bystander damage by TNF-o producing CD4" T cells is
involved in the active lesions of HAM/TSP (47). Similarly,
TNF-o is expressed by perivascular infiltrating
macrophages, astrocytes and microglia in patients with
active-chronic inflammatory HAM/TSP lesions (48). The
role of TNF-o. might include stimulation of a chronic
inflammatory reaction as it induces overexpression of
MHC class 1 and synthesis of other proinflammatory
cytokines. In addition, it reduces the microglial glutamate
uptake with subsequent oligodendrocyte damage and
neurotoxicity by enhanced glutamate concentrations (49).

The cytokine TNF-o but also IL-18 and
neurotransmitters are the most important stimulators of IL-
6 production by astrocytes and microglia within the CNS
(50). In HAM/TSP patients increased levels of IL-6 may
also be due to secretion by microglia that upregulate its
production after infection with HTLV-I or incubation with
Tax protein (51,52,53). Other sources of IL-6 in the brain
of HAM/TSP patients are astrocytes which are stimulated
by contact with infected T-cells, and brain-specific
endothelial cells exposed to Tax protein (49,54). Besides
controlling growth and differentiation of immune cells IL-6
is a trophic factor that can support neuronal and glial
differentiation and survival (55,56). In addition to these
potentially beneficial effects, there is growing awareness of
the destructive potential of IL-6 in the brain (57). Indirect
evidence suggests that elevated IL-6 potentiates neural
injury in neurodegenerative diseases, possibly by
stimulation of nitric oxide production and consequently
induction of free radical-induced tissue damage (58).
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Similar mechanisms might also play a role in the HTLV-
infected brain.

According to the bystander damage hypothesis,
IFN-y may also participate in the induction of nonspecific
cell death and inflammation in HAM/TSP patients (59,60).
CD8" cells in HAM/TSP patients produce IFN-y in
recognition of HTLV-I antigens bound to HLAs on the
infected CD4" T-cells (47), and also activated HTLV-
specific T-helper cells can produce IFN-y which then
augments CTL effector functions (47). The IFN-y
concentrations in CSF and serum were significantly
elevated in patients with HAM/TSP compared to the
patients with other neurological diseases and to HTLV-I-
seropositive carriers. (61). IFN-y was also detected in
perivascular macrophages, astrocytes and microglia in
active-chronic inflammatory lesions of HAM/TSP patients
(48). Similar to TNF-a, IFN-y plays an important role in
many inflammatory processes and harbors both
neuroprotective and neurotoxic properties (62). For
Multiple Sclerosis IFN-y has been accused to contribute to
or even accelerate demyelination as well as to delay the
remyelination process by a toxic effect on oligodendrocytes
(63). The participation in the pathogenesis of HAM/TSP
might involve a similar mechanism. A third cytokine that
may contribute to the ongoing state of CNS and PNS
inflammation in the HAM/TSP patients is IL-2 which is
upregulated in HAM/TSP patients by viral Tax (64,65). IL-
2 has an important role in lymphocyte proliferation and in
arming effector T-cells, including both T-helper cells and
CTLs. IL-2 has also recently been shown to rescue
secondary expansion and function in CTLs depleted of
CD4" T-cell help. Increased levels of IL-2 and IL-2R leads
to enhanced polyclonal T-cell proliferation in HAM/TSP
patients (42) and thus might start a process of T-cell-
induced inflammatory CNS damage in these patients (66).

3.2. Lentivirinae

Infections of man and various animals by
lentiviruses do not only result in peripheral symptoms but
may also induce neurological lesions and severe symptoms.
This is well established for infections with Visna virus
(VV) which infects sheep, caprine arthritis/encephalitis
virus (CAEV) in goats, SIV in monkeys, FIV in cats and
HIV in humans. Although VV and CAEV do not cause
immunodeficiency, they share several features pertinent to
the establishment of neuropathologic lesions with those that
induce immunodeficiency (67). All lentiviruses infect the
CNS hematogenously via infected monocytes and/or
lymphocytes which transport their infectious burden as
“Trojan horses” into the brain. Free virus may also enter
the CNS, either directly or through infection of endothelial
cells. The main target for all lentiviruses in the CNS are
cells of the monocyte/macrophage/microglial lineage. The
discrepancy between the frequency of productively infected
cells and the extent and character of pathological lesions
indicates that a mechanism other than the direct effect of
the virus contributes to the evolution of CNS lesions (68).

3.2.1. Feline immunodeficiency virus
FIV-infected cats have become a non-rodent
model of AIDS because of the similarity of the virus with
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HIV. Neurological dysfunctions occur in 20-40% of
naturally infected cats and include hind limb paralysis,
delayed reflexes, irritability and disorientation (69). The
precise mechanism leading to neurological manifestations
is unknown. Since no infected neurons were found and
since there is no correlation between viral load and
progression of CNS alterations, it is hypothesized that
infection of microglia and infiltrating macrophages results
in an increased immune activation state and in the release
of potentially neurotoxic factors.

Microglia are infected by FIV very early after
peripheral entry of the virus, and represent a persistent
brain-resident viral reservoir (70). Astrocytes are a further
target for FIV-infection (71).

Microglia are supposed to be main players of
FIV-associated immunopathogenesis. Concomitant with the
onset of viral reproduction, infected microglia undergo an
activation process, characterized by the enhanced
expression of MHC molecules and neurotoxic factors (70).
Similar to the retroviruses described above those factors
might include dysregulated cytokine levels. TNF-a is
enhanced in the CNS of FIV-infected cats with microglia
and, to a lesser extent, astrocytes as the main producer (72);
the stimulation is at least partly a consequence of
intracellular envelope expression (73). This increase in
TNF-a expression is hypothesized to be involved in the
early stages of FIV-induced encephalitis in cats and to
contribute to neurotoxicity (68). The expression of other
cytokines such as IL-1B is also modulated and might
represent another pathogenetic factor (73).

3.2.2. Human and simian immunodeficiency virus

Striking similarities in the neuropathogenesis of
SIV and HIV are evident; therefore these two viruses are
discussed here together with emphasis on HIV.

Infection of the CNS is detected in virtually all

HIV-positive individuals (10); neurological symptoms
include meningitis, peripheral neuropathies and AIDS
dementia complex (ADC) with cognitive, motor and
behavioural dysfunctions (74) As neuropathological
correlates atrophy, multinucleated giant cells, reactive
astrogliosis, microgliosis, loss of neurons and inflammatory
infiltrates are found (75).
Both SIV and HIV mainly infect microglia and perivascular
macrophages; astrocytes are also viral targets, but to a
lesser extent (10). Since HIV and SIV do not infect neurons
indirect mechanisms of neurodegeneration have been
proposed. As in the case of other retroviruses, growing
evidence suggests a central role for immune elements in the
neuropathogenesis of SIV- and HIV-infection.

HIV-infected infiltrating macrophages and T-
cells can act as “Trojan horses” and transport the virus into
the brain, presumably already during primary viraemia
(76,77). Thus these immune cells prepare the basics for the
virus-induced neurological dysfunction of HIV-infected
patients. Furthermore parenchymal microglia, macrophages
and T-cells are productively infected by HIV-1, HIV-2 or
SIV and thus generate the viral burden in the brain and
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represent viral reservoirs (78,79,80). The infection of
astrocytes establishes another (lifelong) viral reservoir in
the CNS. Although the replication cycle in astrocytes does
not or only marginally end in the production of infectious
viral particles (10), infected astrocytes produce and secrete
high amounts of regulatory viral proteins like Tat and Nef.
Together with the viral envelope proteins gp120 and gp41
derived from infected microglia these proteins are
discussed to be neurotoxic, to contribute to the increased
oxidative stress and thus to mediate HIV-associated brain
damage (81).

Early after cerebral infection by HIV or SIV a
broad microglial activation can be detected that increases
with the course of the infection and runs parallel to viral
replication (83,83). This microglial activation initiates a
series of neuroprotective processes including upregulation
of glutamate transporters and scavenger molecules that
allow an efficient removal of harmful excitotoxins and dead
cells. Furthermore the production of nerve growth factor,
neurotrophins and cytokines is augmented upon activation
and supports the regeneration of damaged neurons or
prevents from inflammation-induced brain damage (84,2).
On the other hand activated microglia are hypothesized to
contribute to neurodegeneration and neurological
symptoms of HIV-dementia patients (85). In order to fulfil
their functions in the cerebral innate immune response
microglia produce a variety of effector molecules
(excitatory amino acids, proteases, end products of
oxidative stress, oxide radicals, cytokines) many of which
are potentially harmful for the exquisitely vulnerable
neurons (86,87). Increased levels of excitotoxins and end
products of oxidative stress were found in the CSF of
patients with AIDS dementia complex (88). Similarly,
microglia-derived cytokines and chemokines display both
neurotoxic effects as described further below (2).

Astrocytes as an integral part of the blood-brain
barrier get early in direct touch with virus and/or with
infiltrating HIV-infected blood cells and thus are supposed
to be infected early in the course of cerebral infection. The
exposition of astrocytes to gpl20 or Tat stimulates the
synthesis of adhesion molecules and thus targets further
leukocytes to the CNS (89,90). Putative consequences are a
facilitated infiltration of HIV-infected cells but also a more
efficient antiviral immune response (89). HIV counteracts
this increased antiviral defence by inducing production and
secretion of the viral regulator protein Nef. Secreted Nef
protein affects the antigen presentation of infected and
neighbouring astrocytes by downmodulation of MHC 1
surface expression. This mechanism protects infected
cells from CTL killing and thus favours viral spreading
(91,92).

After cerebral infection by SIV or HIV astrocytes
react with a dramatic increase in complement synthesis,
mediated either directly by the virus or indirectly by
inflammatory cytokines (93,94,95). Via this complement
production astrocytes provide the first line of cerebral
immune defence with lysis of virions and infected cells,
cell activation and attraction of microglia, peripheral T-
cells and macrophages as main complement functions.
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The HIV virions can initiate the complement
activation cascade by all three pathways, either antibody-
dependently or, in the absence of antibodies, by direct
interaction of the viral envelope proteins gp41 and gp120
with the starter molecules of the complement cascade (96).
After cerebral infection HIV-induced increase in
complement synthesis and complement activation can
influence and interact with numerous immunological and
virological processes. Complement can participate in the
limitation of viral load by direct lysis of invading
pathogens or infected cells. Furthermore, opsonization of
HIV with complement fragments might support the
phagocytosis by microglia or astrocytes. However, virions
opsonized with complement fragment iC3b might, in
analogy to the situation in the periphery (97), interact with
complement receptor-positive cells like microglia or
astrocytes and consequently infect them with higher
efficacy.

The anaphylatoxins C3a and CS5a, cleavage
products of complement factors C3 and C5, exert various
biological functions in the brain (11). These include
attraction of peripheral immune cells, chemotactic activity
towards microglia and astrocytes, cell activation and
induction of signalling pathways, modulation of cytokine
expression and induction of apoptosis, and cell cycle
progression. The sensitivity of cells against C5a is increased
in the HIV-infected brain since the viral Nef proteins alters the
synthesis of CD88, the receptor for C5a (98).

Several hints argue for a potential role of
chronically activated complement as a detrimental mediator
of HIV-induced neuropathogenesis. As described in the
introduction complement has been associated to a variety of
neurodegenerative conditions like Alzheimer’s disease,
Huntington’s disease, multiple sclerosis and stroke (11).
The viral envelope protein gp4l down-modulates the
expression of the membrane-bound negative complement
regulator CD59 on neurons and thus further sensitizes them
against complement-dependent bystander lysis (99).
Furthermore HIV-induced complement activation results in
generation of C5a that was reported to induce apoptosis of
neuronal cells (100).

For all these functions sufficient levels of
complement within the brain are a prerequisite. Whereas
the spontaneous constitutive expression of complement is
low in the CNS, the synthesis can be markedly upregulated
by inflammatory cytokines (11). Furthermore, viral
infection by HIV directly upregulates the expression of
complement factors in astrocytes and neurons by
stimulation of the corresponding promoter (93,94,101).
These results fit well to the increased levels of C3 found in
the CSF of HIV-infected patients with neurological
symptoms in vivo compared to CSF from uninfected
individuals (102). Furthermore, recent own
immunohistochemical analyses revealed significant
complement production in the brain of HIV-infected
patients compared with uninfected control tissue (95).

Both pro-inflammatory and anti-inflammatory

cytokines and chemokines are modulated in their
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expression in the HIV-infected brain either by the
immunological interaction between virus and host or by the
release of viral proteins (2). The subsequent imbalance of
cytokine and chemokine levels contributes to
neuropathologic manifestations of the infection such as
microgliosis, astrocytosis and neuronal dysfunction or
death. Some cytokines show a strict correlation between
enhanced CSF concentrations and the symptoms of
dementia (2). On the other hand upregulation of some
cytokines might contribute to neuroprotection and limit
viral spreading and virus-induced damage. Putative
mechanisms for both aspects are discussed in the following.

Cytokines/chemokines are central regulators for
the infiltration of blood-derived immune cells through the
blood-brain barrier with improved antiviral defence and/or
enhanced cerebral infiltration of virus-producing cells as
putative consequences. Deficits in lymphocyte recruitment
and/or trafficking into the brain are discussed to be
associated with high viral load and onset of HIV-associated
dementia (103).

Cytokines/chemokines orchestrate the immune
defence with either activation (IFN-y, IFN-a, TNF-a) or
inactivation (IL-4, IL-10) of astrocytes and microglia, T-
cells and monocytes. HIV-infection of the brain results in
upregulation of cytokines from both groups and thus shifts
the sensitive balance in the CNS (2). Cytokine-driven cell
activation and excessive inflammation might be a central
mechanism of brain damage in the HIV-infected brain; in
addition, cytokine-induced inhibition of normal cell
functions or induction of apoptosis might play a role in the
development of HIV neuropathogenesis (10,104).

Cytokines modulate HIV transcription and
replication in brain cells. IL-4 and IL-10 enhance the
replication of HIV in microglia, and tumor growth factor-
beta (TGF-P)-associated signalling proteins change the
activity of the viral long terminal repeats in astrocytes
(105,106). Other reports describe the induction of HIV
replication in CNS cell cultures by pro-inflammatory IFN-
v, IL-1p and TNF-a (107). Since the cerebral expression of
these cytokines is enhanced after HIV-infection, there
seems to be a vicious circle for the mutual stimulation of
viral replication and cytokine synthesis.

Cytokines/chemokines still have an additional
possibility to modulate viral spreading after cerebral
infection by SIV or HIV. Inflammatory cytokines regulate
the expression of the chemokine receptor CXCR4 in
astrocytes which represents an essential co-receptor for
HIV attachment to the host cell (108). Similarly the
synthesis of CCRS5, the other co-receptor for HIV infection,
was enhanced in microglia under the influence of cytokines
(105). Thus cytokines can directly determine the
susceptibility of different brain cells towards the infection
by HIV. Furthermore, since binding of HIV envelope
protein gpl120 to chemokine receptors elicits intracellular
signalling and thus acts as chemokine agonist in astrocytes,
the modulation of receptor expression also exerts an
influence on the activation state of the cells (19,110). The
susceptibility of brain cells towards infection can also be
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influenced directly by the levels of certain chemokines which
represent the natural ligands for the HIV co-receptors. The
direct competition between the viral envelope protein gp120
and chemokines for receptor binding underlines the
significance of chemokine levels in the brain (111). One
example is the chemokine stromal cell-derived factor-10]
(SDF-10J), the ligand of CXCR4. The upregulation of SDF-
10 as found in the brain of HIV-infected patients with
encephalitis might help to protect brain cells from infection by
shifting the competition between binding of chemokine and
gp120 in favour of SDF-1 alpha (112).

The cytokines TNF-a, IL-1f and IL-6, which are
upregulated in the CSF after HIV-infection, are potent
inducers of complement factor C3 expression in astrocytes
(2,113). Thus these inflammatory cytokines might
contribute to the complement effects in the CNS, either
beneficial or detrimental. TNF-o also enhances the
production of negative regulators of complement activation
like factor H and Cl-inhibitor (114) and thus provides an
effective counterbalance for the induction of complement
factors. Furthermore, anti-inflammatory cytokines such as
IL-10 that are increased in astrocytes by HIV or its
envelope proteins suppress an excessive immune reaction
and immune-mediated injury of the CNS (115). Besides,
IL-10 induces the secretion of nerve growth factor and can
thus provide a neurotrophic support to injured neurons in
the HIV-infected brain (116). However, the price for that
anti-inflammatory protection and counteraction of an
excessive inflammation is high and includes disturbance of
antiviral defence in the CNS and favouring of viral
spreading, since increased IL-10 levels suppress efficient
microglial proliferation and antigen presentation (117),
inhibit an effective T helper cell response to antigens (118)
and impair monocyte/macrophage functions (119).

4. PERSPECTIVES

The multifaceted interactions between the
cerebral innate immunity and invading retroviruses are
supposed  to  influence  the  retrovirus-induced
neuropathogenesis in a both protective and detrimental
manner. Since the different immune players in the CNS do
not act separately but form a complex functional immunity
network with each other and with infiltrating antiviral
weapons from the periphery it is difficult to weight the net
effect in an overall picture. Potent anti-retroviral defence
and immune cell activation has to be weighted against
harmful inflammation within the sensitive brain tissue;
anti-inflammatory protection should be regarded versus
favour of viral replication and spreading; attraction of
efficient peripheral immune cells has to be balanced against
infiltration of infected “Trojan horses”. Thus a global view
of the retrovirus-infected CNS can provide interesting
insights into a very particular immune constellation and
help to develop immune-based therapeutic approaches to
limit infectious neuropathogenesis.
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