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Abstract

Identifying distinctions between pathogenic HIV and simian immunodeficiency virus (SIV)
infections and nonprogressive SIV in natural African primate hosts might provide key insights into
HIV pathogenesis. Similar to pathogenic HIV infection in humans, natural SIV infections result in
high viral replication and massive acute depletion of mucosal CD4* T-cells. A key distinction of
natural SIV infections is a rapidly-developing anti-inflammatory milieu that prevents chronic
activation, apoptosis and proliferation of T-cells and preserves the function of other immune cell
subsets, thus contributing to the integrity of the mucosal barrier and the lack of microbial translocation
from the gut to the peritoneum. Immunologic features observed during natural SIV infections suggest
approaches for designing new strategies for producing novel second generation vaccines and
therapeutic approaches to inhibit disease progression in HIV-infected humans.

Introduction

Twenty-five years after its discovery, the correlates of immune protection against human
immunodeficiency virus (HIV) are still not known and an effective vaccine is not yet available.
Moreover, recent results from clinical vaccine trials are disappointing [1] and it is clear that a
better understanding of pathogenesis is necessary to devise new strategies for HIV infection
control [1]. One area of investigation that offers promise for uncovering new insights to contain
HIV-induced immunopathogenesis is the assessment of natural SIV infections of African
nonhuman primates (NHPs). Once considered exotic models of infection of distant monkey
species with divergent virus strains, recent developments now indicate that these same animal
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models might hold essential clues for reconsidering and expanding the current paradigms of
HIV pathogenesis.

To date, more than 40 primate lentiviruses have been found to naturally infect African NHP
hosts at high prevalence levels [2]. In general, SIVs infecting African species evolved through
host-dependent evolution, meaning that they have infected different NHP species for
thousands, or hundreds of thousands of years, possibly since primate speciation [2]. During
this long history, SIVs and their natural hosts evolved to coexistence, with the African NHPs
infected with their species-specific viruses generally not showing signs of SIV-induced disease
or simian AIDS [2,3]. However, a handful of AIDS cases described recently in African NHPs
indicate that the lack of disease progression in natural hosts is not due to infection with
unharmful viruses, but to an effective control of disease progression [4-6]. This control of
disease progression is not necessarily due to a robust and effective immune response but rather
to a better management of the deleterious consequences of lentiviral infection, such as an
effective control of the aberrant immune activation (see below). Furthermore, upon cross-
species transmission, SIVs that naturally infect African NHPs show a spectacular increase in
pathogenicity: HIV-1 and HIV-2 have been shown to have a simian origin [2,7,8], resulting
from independent cross-species transmissions of SIVs. Thus, HIV-1 originated from cross-
species transmission of two distinct viruses; SIVcpz (the virus naturally infecting
chimpanzees), which is at the origin of HIV-1 groups M and N [7], and SIVgor (the virus
naturally infecting gorillas), which is at the origin of HIV-1 group O [8]. Similarly, HIV-2
resulted from multiple cross-species transmissions of SIVsmm, the virus that naturally infects
sooty mangabeys (SMs) [2]. Although both HIV-1 and HIV-2 are pathogenic in humans, their
simian ancestors infect their natural hosts (chimpanzees, gorillas and SMs) without major
clinical consequences [2,9,10]. Similarly, experimental or accidental cross-species
transmission of several SIVs from different African NHP species to Asian macaques resulted
in disease progression [11-14]. Unraveling the mechanism of the control of disease progression
in natural hosts of SIV is essential to discern why there is an increase in pathogenicity upon
cross-species transmission of the SIVs to humans or macaques.

Despite the large number of lentiviruses that infect African NHPs, knowledge of the
pathogenesis of natural SIV infections, as well as after cross-species transmission, is derived
from only three animal models: African green monkeys (AGMs), SMs and mandrills. There
are several reasons for this: (i) most lentiviruses infecting natural hosts are only known from
sequences and have never been isolated, fully characterized and inoculated into natural or
heterologous hosts [2]; (ii) numerous African NHPs are not available in research facilities or
accessible through importation; (iii) the majority of African NHPs are highly endangered,
therefore SIV pathogenesis studies are not possible in these species. An animal model of non-
progressive infection circumventing both difficulties of importation from Africa and problems
related to the endangered nature of most African species have been recently developed by
infecting Caribbean AGMs with SIVagm.sab, the virus naturally infecting sabaeus AGMs in
West Africa [15]. Using the available models, common features (Box 1) as well as significant
differences (Box 2) have been identified between pathogenic and non-progressive SIV
infections.

Box 1

Similarities between nonprogressive SIV infections in natural hosts and
pathogenic HIV and SIV infections

e Similar high levels of viral replication during the primary infection
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»  Similar degree of CD4" T-cell depletion in blood and intestine during the acute
infection indicative that acute loss of CD4" T-cells is not the main
immunopathogenic factor driving progression to AIDS

» Identical target cells for SIVagm and SIVmac during primary and chronic
infection, resulting in similar dynamics of effector memory CD4* T-cells

» Similar in vivo biology of the viruses infecting progressive and nonprogressive
hosts. Similar half-life duration for the viruses and infected cells in progressive
versus nonprogressive models

»  Similar rates of mutation of the SIVs during progressive and non-progressive
infections, most likely resulting as a consequence of similar host selective
pressures and same high levels of viral replication

»  Similar limited role of humoral immune responses in controlling chronic viral
replication

*  Cellular immune responses of the same magnitude between non-progressive and
progressive hosts

»  Similar levels of virus in the central spinal fluid (CSF)

Box 2

Differences between nonprogressive SIV infections in natural hosts and
pathogenic HIV and SIV infections

» Lack of disease progression in the vast majority of cases of natural SIV infections.
Progression to AIDS in the vast majority of pathogenic infections

»  Lower levels of CD4* T-cells and CCR5* CD4* T-cells in natural hosts of SIVs.
High levels of CD4" T-cells and CCR5-expressing CD4* T-cells in hosts that
progress to AIDS

» Remarkably stable viral replication (for decades) during chronic infection is in
natural SIV infections; significant increases with disease progression in pathogenic
HIV and SIV infections

»  Restoration or stabilization of CD4* T-cells in periphery and intestine during the
chronic phase in nonprogressive infections; transient partial restoration of mucosal
CD4* T-cells in HIV-1 infection; no significant restoration in highly pathogenic
SIVmac infection of macaques

»  Massive chronic CD4* T-cell depletion in subsets of SIV-infected non-progressive
hosts does not necessarily result in disease progression

»  Preservation of functionality of various immune cell subsets (including; CD4*,
CD8™, y8 T-cells) in natural SIV hosts

»  Coreceptor expansion may occur in natural infections, but it is not associated with
changes in the rates of disease progression. Some S1Vs naturally infecting African
nonhuman primate hosts are dual CCR5 and CXCR4-tropic without evidence of
onset of clinical signs of AIDS

* Normal levels of immune activation, apoptosis and cell proliferation during
chronic infection of natural hosts. These factors may be the reason for CD4
restoration in the context of high viral replication
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e Lack of SIV enteropathy and maintenance of function and numbers of other
immune cell subsets in natural infections. Major potential consequence being the
lack of microbial translocation (pre-infection levels of LPS), which might explain
the lack of aberrant immune activation during chronic SIV infection in natural
hosts

e Establishment of a rapid anti-inflammatory milieu in natural hosts that prevents
chronic aberrant immune activation

« Differences in the baseline levels and in the dynamics of Tregs

e Lower levels of antibodies both quantitatively and qualitatively (i.e., absence of
anti-Gag antibodies) in natural infections

e Lack of vertical transmission in natural SIV hosts

¢ No sign of neurological disease in non-progressive infections of natural hosts

General characteristics of natural SIV infections

The paradox of natural SIV infections: high viral replication but preservation of peripheral

CD4* T-cells

All studies carried out thus far reported high levels of SIV replication in natural African primate
hosts during both acute and chronic infection [14,16-29] (Figure 1a). During primary infection,
these levels of viral replication are similar to those observed in pathogenic HIV-1 and SIVmac
infections of humans and macaques [14,18,19,21-23,25-28,30,31] (Figure 1a). During chronic
infection, the levels of SIV replication in natural hosts are slightly higher than those observed
in HIV-1-infected individuals or SIV-infected macaques with normal progression to AIDS
(Figure 1a) [26]. Over the chronic infection, viral replication is remarkably steady in natural
hosts [16,24,25] while, in contrast, it shows significant variation and increases with disease
progression in pathogenic infections (Figure 1a) [2]. In conclusion, the ability of natural hosts
to resist disease progression does not reside in low levels of SIV replication.

Interestingly, in the context of these high levels of viral replication peripheral CD4* T-cells
are generally well preserved during chronic SIV infection in natural hosts [16-19,21-24,30,
32,33]. While CD4* T-cell preservation occurs in the majority of natural hosts, analysis of the
SIV-infected sooty mangabeys has determined that CD4* T-cell depletion can occur sometimes
to AIDS defining levels with no apparent clinical consequences [16,34,35]. Therefore, although
some exceptions do exist, the general preservation of CD4" T-cells in naturally-infected
African hosts is one of the major differences with pathogenic HIV-1 and SIVmac infections,
in which the level of peripheral CD4* T-cells is one of the parameters defining disease
progression [36] (Figure 1b).

In addition, African species that are natural hosts of SIVs have very low expression of the viral
entry receptor CCR5 on CD4* T-cells, especially in the intestine [37], which is the main site
of viral replication and CD4* T-cell depletion in pathogenic SIVmac or HIV-1 infection [38-
42]. This low expression of CCR5 is specific for the CD4" T-cell subset, as CCR5 expression
of CD8™ T-cells is in the same range as for progressive hosts (humans or macaques) [37]. In
stark contrast, progressive hosts show high percentages of CD4* T-cells expressing CCR5 at
the mucosal sites [37]. CCRS5 being the main co-receptor of HIV and SIV, its reduced
expression on CD4* T-cells suggested a low availability of target cells, initially offering an
explanation for the preservation of the CD4* T-cells in SIV-infected natural hosts, as a
consequence of reduced CD4* T-cell susceptibility.
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In addition to low CCRS5 expression on CD4* T-cells, some African NHP species that are
natural hosts of SIVs, such as the AGMs, also harbor low levels of CD4* T-cells, especially
in the intestine, even in the absence of SIV infection [15]. Both lower levels of CD4* and
CD4*CCR5* T-cells may be the result of co-evolution of African NHPs with their species-
specific SIVs [37]. Thus, the low levels of CCR5" CD4™ target cells in natural infections, may
be involved in preventing virus transmission, as recently reported in mandrills, where low
levels of CCR5* CD4* T-cells in offspring were associated with lack of breast-feeding
transmission [43].

The paradox of paucity of CD4*CCR5* target cells, good preservation of peripheral CD4* T-
cells (Figure 1b) and high levels of viral replication raises several important questions regarding
the pathogenesis of SIV infection in natural hosts: (i) Are immune responses involved in the
control of viral replication and infection outcome? (ii) Will the low CCR5 expression make
the mucosal CD4* T-cells less affected by SIV infection? (iii) Is there a preservation of CD4
+ T-cells in the intestine of natural hosts? (iv) Would this preservation of mucosal CD4* T-
cells be responsible for lack of disease progression in natural hosts? (v) If CD4* T lymphocytes
are not responsible for the high levels of SIV infection, what cellular subset is accountable for
the high viral replication in the natural host?

Immune responses in natural SIV infections are not enhanced compared to those observed
in pathogenic infections

As expected from the high levels of viral replication, robust immune control is not the cause
of the lack of pathogenicity of natural SIV infections. The level of SIV-specific T-cell responses
in SMs and AGM s is not stronger or broader than those observed in pathogenic SIV or HIV
infections of macaques or humans (Figure 1c) [44,45]. Note, that one cannot discount a role
for SIV specific cytotoxic T lymphocytes (CTL) in controlling post-acute phase viral
replication from increasing still further than is observed. However, the impact of cellular
immune responses on virus control is not significantly different from that observed in
pathogenic infections.

Studies regarding humoral immune responses indicate that anti-SIV specific antibodies are
indeed present following the post-acute phase of the infection [21-23,34] and humoral immune
responses are similar or lower in natural hosts compared to pathogenic infection (Figure 1c)
[2,14,46]. It is thus likely that B cells do not play a significant role in controlling SIV’

Therefore, the lack of disease progression in natural SIV hosts appears to not rely on robust
immune responses, an observation that has tremendous implications for HIV and SIV vaccines
designed to suppress virus replication levels as an endpoint goal [3].

SIVinfects the same target cells and induces similar massive mucosal CD4* T-cell depletion
in natural nonprogressive and in pathogenic infections

Studies in pathogenic HIV-1 and SIVVmac infections concluded that disease progression is
predicted by a massive loss of CD4* T-cells at mucosal sites during the primary infection
[38-41,47]. This conclusion has sobering implications for HIVV-infected patients, as it implies
that a lack of intervention during the very early phase of lentivirus infection (a task virtually
impossible to accomplish due to the delay in HIV diagnosis) reduces the chances of a successful
therapeutic intervention at later stages of the infection.

However, our studies in natural hosts reported a massive mucosal CD4* T-cell depletion during
the acute SIV infection, of the same magnitude as that reported in pathogenic infections (Figure
1b) [19,27]. The finding that an acute CD4* T-cell depletion in the intestine is a common
feature for all types of SIV infection: progressive (in both rapid progressors and normal

Trends Immunol. Author manuscript; available in PMC 2010 March 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pandrea et al.

Page 6

progressors), persistent nonprogressive and completely controlled [19,27] suggests that acute
mucosal CD4* T-cell depletion is not predictive for disease progression in NHPs.

During acute infection of natural hosts, SIVs replicate predominantly in lymphocytes, as
demonstrated by the massive depletion of CD4* T-cells in the gut and by SIV colocalization
with CD3* T-cells, but only infrequently in macrophages [25,27,34,48]. Similar to pathogenic
infections, effector memory CD4* T-cells are preferentially depleted in the intestine during
acute natural SIV infections, with central memory and naive CD4* T-cells being affected as
well [19,27]. Furthermore, again similar to pathogenic infections, effector memory CD4* T
cells remain depleted during chronic SIV infection of the natural host, the recovery being
sustained mainly on the central memory and naive cells [27]. SIVagm-infected cells are
negative for the proliferation marker Ki-67 [27], as also reported for pathogenic SIVmac
[38]. Therefore, these recent findings demonstrate that the lack of AIDS progression in natural
SIV hosts is not due to preservation of key mucosal CD4* T-cell subpopulations and show that
it is possible to survive SIV infection with a highly replicative virus that can kill the majority
of the CD4* T-cells in the intestine during acute infection. Nonprogression in the natural host
models therefore appears to be due to host mechanisms that control the deleterious
consequences of SIV infection during the chronic phase of the SIV infection.

Thus, investigations in natural hosts have challenged one of the core paradigms in HIV
pathogenesis by demonstrating that: (i) Intestinal CD4* T-cells are depleted in natural hosts
despite their low level of CCRS; (ii) The lack of disease progression in African species is not
due to maintenance of CD4" T-cells in the intestine during the primary infection; (iii) There
is no threshold of mucosal CD4* T-cell depletion predicting progression to AIDS and that
intestinal CD4* T cell depletion is unlikely to be useful as a prognostic for disease progression
in pathogenic infections.

There is, however, a major difference between pathogenic infections of humans and macaques
and nonprogressive infections of natural hosts: during the chronic infection of AGMs, there is
a significant, albeit partial, restoration of mucosal CD4* T-cells in the natural hosts (Figure
1b) [27]. In chronically infected SMs, this restoration is evident in some individuals, but
generally the mucosal CD4* T-cell levels remain stable during chronic infection [19]. Mucosal
CD4* T-cell restoration is somewhat surprising, as it occurs in the context of the high levels
of viral replication. In so-called elite controlled infections of humans and macaques, this
restoration is also observed, but occurs in the context of control of viral replication [27,49].
This observation raises additional questions on the pathogenic mechanisms leading to
nonprogression: (i) Is the high plasma viremia in the natural host a true reflection of a high
level of an infective virus? and (ii) Are other cellular subsets (such as the macrophages)
responsible for the high viral replication in the natural host, at least during the chronic infection?

The answer to the first question is relatively simple, as the rates of non-synonymous mutations
of the SIV infecting natural hosts are similar to those reported for pathogenic HIV-1 and
SIVmac infections indicating high levels of selective pressures [50-52]. High rates of non-
synonymous mutations also provide evidence that the high levels of viral particles identified
in the plasma are derived from productively infected cells and constantly mutating to avoid the
host immune response. The second question has received a lot of attention recently, especially
in the context of the observation of the paucity of CCR5 target cells discussed above. There
are multiple lines of evidence against a substantial role for macrophages as a major source of
virus replication in natural infections: (i) The dynamics of virus replication during acute
infection is strikingly similar between progressive and nonprogressive SIV infections [26],
which likely would not be the case if SIV replication in natural hosts is supported by long-
lived infected cells that produce virus slowly; (ii) The massive acute depletion of mucosal
CD4* T-cells suggests that these cells are the SIV targets [19,27]. In addition, experimental
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depletion with a specific antibody that targets CD4* T-cells and not macrophages results in a
significant decrease in plasma viral loads in SMs [53]. In contrast, depletion of macrophages
in SIVsmm-infected SMs did not reduce viral loads [53]. Furthermore, in a subset of SMs
showing significant CD4* T-cell depletion during the course of chronic infection, the levels
of plasma viral loads were also dramatically reduced [16,34]. (iii) Direct evidence by in situ
hybridization that during acute infection of AGMs, SIVVagm replicates in lymphocytes and not
in macrophages [25,27]; (iv) Finally, experimental administration of antiretroviral treatments
to AGMs and SMs chronically infected with SIV clearly showed that the bulk of SIV replication
occurs in short-lived cells [25,48] (with average an in vivo lifespan shorter than that estimated
in HIV-1-infected humans and SIVmac-infected macaques) [54]. Collectively these data show
that, in natural hosts, SIVs preferentially infect short-lived cells (such as lymphocytes) during
both acute and chronic infection.

What makes the natural hosts of SIVs resistant to disease progression?

Lack of aberrant levels of immune activation, cell proliferation and apoptosis protect natural
hosts from the deleterious consequences of SIV infection

A large and growing body of evidence suggests that the establishment of a state of chronic,
generalized immune activation is a major determinant of disease progression in pathogenic
HIV-1and SIVmac infections [55-61]. Some of the best data supporting the immune activation
hypothesis is derived from studies of natural hosts of SIV infection, as these monkeys routinely
maintain low levels of immune activation that prevent chronic immune exhaustion and
progression to AIDS. Although the precise extent of immune activation in HIV infection is yet
to be fully defined, there are a number of ways to measure immune activation in infected
patients including: (i) The frequency of T-cells expressing markers of activation and
proliferation; (ii) The levels of activation-induced apoptosis of uninfected T-cells; (iii) The
levels of T-cell proliferation as measured by cellular labeling; and (iv) The levels of pro-
inflammatory cytokines in plasma [55]. These analyses performed in SIVV-infected natural hosts
during acute and chronic infection have confirmed consistent distinctions in the dynamics of
immune activation between SIV infection in natural hosts and pathogenic HIV-1 or SIVmac
infections [14,18,19,22-25 27 28 32-34,62]. Testing the dynamics of immune activation
markers (HLA-DR and CD69) demonstrated transient and low increases on T-cells (CD8* T-
cells predominantly) which only occurs during acute infection (Figure 2a) [14,18,19,22—2°,
21 28,32-34,62]. During chronic infection, immune activation markers are similar to, or
slightly elevated from, preinfection levels in SIV-infected African hosts, in contrast to
pathogenic HIV-1 and pathogenic SIVmac infections, in which immune activation levels
correlate with disease progression [55]. Low levels of immune activation were correlated with
low levels of apoptosis in SIV-infected natural hosts, which does not significantly increase
during either acute [27,63] or chronic [32,64] SIV infection in natural hosts (Figure 2a). This
result also contrasts HIV-1 and SIVmac infections, where apoptosis is one of the mechanisms
responsible for the massive loss of CD4* T-cells despite a relatively low number of virally-
infected cells [38,64]. Also in contrast to progressive SIVmac and HIV-1 infections, where an
excessive cell turnover was reported to be a result of the massive CD4* T-cell loss and the
consequent attempts by the host immune system to replace this cell loss [65,66], T-cell
proliferation was increased in the natural hosts only during primary infection (Figure 2) [19,
27,28,34,67]. During chronic SIV infection of natural hosts proliferation levels returned to
preinfection levels or remained slightly above background levels [67-69]. Finally, the levels
of pro-inflammatory cytokines such as IFN-y, TNF-a or IL-12 were normal during the infection
in the natural hosts compared to significantly elevated levels in SIVmac-infected macaques
(Figure 2b) [33,34,62]. This differences are significant, as it was recently shown that HIVV
proteins target TNF receptor signaling, leading both to apoptosis of uninfected bystander T-

Trends Immunol. Author manuscript; available in PMC 2010 March 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pandrea et al.

Page 8

cells and to sustained viral replication in infected T-cells and macrophages, that can explain
both immune suppression and the formation of viral reservoirs during HIV infection [70].

Normal levels of immune activation in the natural hosts are probably involved in the
maintenance of numbers and of the normal function of a variety of immune cell subsets [71-
73], in contrast to progressive infections in which disturbances of regulatory T cells (Tregs),
Th17, natural killer cells, monocytes, and y6 T-cells were described [65,74]. All these cells
ensure that the natural hosts maintain their defenses against microorganisms despite the T
helper loss in the intestine and protect them from developing the opportunistic infections and
cancers seen in progressive hosts in which a general loss of number and function of all these
immune cells occurs.

Together, these findings point to a major difference between pathogenic and nonpathogenic
SIV infections which may be responsible for both the lack of SIV enteropathy in the natural
hosts and also the recovery of the CD4* T-cells in the presence of high levels of viral replication
in nonprogressive infections. Both of these aspects are essential in preventing disease
progression in natural infections. Therefore, understanding the mechanisms contributing to the
lack of immune activation during natural SIV infections has become one of the highest
priorities in this field.

Mechanisms underlying the lack of immune activation during SIV infection in natural hosts

Recent studies in the macaque model showed that the major depletion of CD4* T-cells in the
gut is accompanied by increased levels of apoptosis of the intestinal epithelia and by heavy
inflammatory infiltrates in the lamina propria that together define SIV enteropathy [38,74].
The bacterial translocation hypothesis first proposed by Douek and Brenchley states that an
altered intestinal barrier results in release of commensal flora components into the circulation
of both SIVmac-infected macaques and HIV-1 infected humans [74,75]. It was proposed that
these microbial products released from a damaged mucosal barrier bind to toll-like receptors
(TLRs), thus driving the continuous and chronic stimulation of the immune system observed
during pathogenic SIVmac and HIV-1 infections [74,75]. The chronic aberrant immune
activation characteristic of these pathogenic infections finally results in a functional failure of
numerous immune cell subsets and exhaustion of the regenerative capacities of the host,
contributing to disease progression.

Natural hosts avoid SIV enteropathy despite the massive CD4* T-cell loss and high viral
replication during primary infection. In SIV-infected AGMs, the mechanism of enteropathy
prevention relies in their ability to mount an early anti-inflammatory response that likely
involves Tregs [33]. A rapid increase in the anti-inflammatory cytokine TGF-f3 was reported
to be involved in early generation of Tregs, as shown by significant increases in Fox-P3
expression in SIVagm-infected AGM PBMCs which was described to occur as early as 24
hours post infection (Figure 2b), accompanied by increases in the levels of the anti-
inflammatory (IL-10) cytokines (Figure 2b) [33]. This Treg generation response is delayed in
SIVmac-infected macaques, and is therefore likely to be inefficient (Figure 2b) [33]. The anti-
inflammatory milieu engendered very early in SIV-infected natural hosts might explain the
lack of enteropathy and corroborate the normal levels of plasma lipopolysaccharide (LPS)
observed during both acute and chronic natural SIV infections (Figure 2c) and be indicative
of an intact intestinal barrier [19,27]. Maintenance of gut mucosal integrity precludes the
release of bacterial microfloral TLR ligands and thus the chronic immune stimulation and
progression to AIDS.

In pathogenic infections, other immune subsets become dysfunctional during HIV infection
including CD8" T-cells, B cells, macrophages, natural killer cells, or y8 T-cells [65,74]. v5 T-
cells are particularly interesting as they play an important role in the recognition of microbial
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pathogens in the gut and can influence adaptive immune responses [76]. HIV infection results
in the induction of yd T-cell anergy [77] and the inability of vy T-cells to migrate in response
to pro-inflammatory chemokines [78]. In contrast, yd T-cells from SIV-infected SMs maintain
function due to their ability to proliferate in response to the bacterial antigens [34], and express
Th1 cytokines in response to yd T-cell specific and non-specific stimuli [71]. It is likely that
the ability of SIV-infected natural hosts to maintain an intact mucosal integrity and remain free
of simian AIDS is also due to an intact functionality of these multiple immune cell subsets.

In addition, viral proteins of some SIV naturally-infecting African NHP hosts might contribute
to the low levels of immune activation. Indeed, nef alleles from primate lentiviruses, including
HIV-2, down-modulate TCR-CD3 from infected T-cells, therefore possibly blocking their
responsiveness to activation [79]. Thus, Nef-mediated suppression of T-cell activation might
be a fundamental property of primate lentiviruses that likely evolved to maintain viral
persistence in the context of an intact host immune system [79].

Concluding remarks: assembling a new paradigm of HIV pathogenesis

We have described here the key aspects of SIV infection in natural hosts that have implications
with regard to some core paradigms of HIV pathogenesis (Figure 3). For example, acute
mucosal CD4* T-cell depletion is a common feature of lentiviral infection (pathogenic,
persistent non-progressive, and controlled) and therefore is not predictive for disease
progression. However, important distinctions regarding the stabilization or restoration of the
intestinal mucosa have been observed during chronic lentiviral infection of the SIV infected
natural hosts. Stabilization or restoration occurs in the context of active viral replication, but
normal levels of immune activation, T-cell proliferation and apoptosis. Lack of aberrant
immune activation maintains functionality of other multiple immune cell subsets which, in
turn, may also contribute to the lack of disease progression. All these characteristics result in
an active persistent infection, but generally no disease progression in the natural hosts of SIV.
This observation has tremendous impact on clinical approaches aimed at controlling disease
progression in HIV-1-infected patients, identifying immune-based therapies as a viable
approach for controlling disease progression.

Finally, the observation that a balanced response to the virus might prevent disease progression
in natural SIV infections while not suppressing viral replication, should impact vaccination
strategies currently aimed at stimulation of adaptive immune responses. As adaptive immunity
provides only partial control of virus replication in natural hosts, similar to pathogenic HIV or
SIV infections, it is unlikely that focusing only on approaches that stimulate HIV-specific
cellular immune responses or antibodies will result in a reduced pathogenic outcome in HIV-
infected patients. We conclude that stimulation of innate immune responses and suppression
of systemic immune activation will be key elements in preventing HIV disease progression,
similar to natural SIV hosts. Further studies in SIV infection in natural hosts could generate
new strategies that are required to develop the second generation vaccine and immune-based
therapies designed to inhibit immune activation that might be beneficial for preventing HIV-1-
infected patients from progressing to AIDS.
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Figure 1. Comparison of major parameters of SIV infections in natural hosts and HIV-1 infection
in humans
a. The levels of viral replication are similar between naturally-infected non-human primates

(NHP) and HIV-1-infected patients. The major difference occurs in the late stage of the chronic
infection, when the steady state is maintained in natural SIV infection but viral loads increase
in HIV-1-infected patients with consequent disease progression. b. The dynamics of peripheral
CD4™* T-cells, as well as mucosal (intestinal) CD4* T-cells is generally similar during acute
infection in both natural and pathogenic types of infection. During the chronic phase (right
hand panels in each group), there is a partial restoration in naturally infected group resulting
in the stabilization of the mucosal CD4* T-cell pool, while in pathogenic HIV infection, a
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partial restoration occurs only in the initial stages, and CD4* T-cell depletion continues to
exhaustion with disease progression. c. There are no significant differences in humoral immune
responses (illustrated here by total anti-HIV or SIV antibody and neutralizing antibody titers)
or cellular immune responses (measured by IFN-y ELISPOT). Both humoral and cellular
immune responses are slightly lower in natural infections compared to pathogenic HIV-1
infection. Plots are synthesized from papers published both by ourselves and others and indicate
average values.
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Figure 2. Major differences observed between non-pathogenic natural SIV infections and
pathogenic SIVmac infection of rhesus macaques, prevent disease progression in natural hosts and
result in disease progression in SIVmac-infected macaques

An anti-inflammatory milieu (illustrated here by the dynamics of IL-10 and Fox-P3,a T-
regulatory cell marker) is rapidly installed in natural hosts after SIV infection (starting from
day 1 post-infection). As a result, the levels of immune activation (illustrated here by the levels
of HLA-DR expression on both CD4* and CD8* T-cells), T-cell proliferation (illustrated by
the levels of Ki-67* CD8" T-cells) and apoptosis of CD4* T-cells in the intestine are relatively
well controlled in natural infections (a). Pro-inflammatory cytokines (illustrated by the
dynamics of IFN-y in plasma) are only transiently increased at low levels (b). As a consequence,
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the integrity of the mucosal immunological barrier is maintained (as illustrated by the dynamics
of plasma LPS levels) (c), which in turn prevents chronic immune activation and disease
progression. In pathogenic SIVmac infection of rhesus macaques, a pro-inflammatory milieu
results in excessive immune activation, apoptosis and T-cell proliferation, generating severe
damage of the mucosal barrier and microbial translocation which maintains the chronic
immune activation and results in disease progression. Cellular markers are presented as
percentages of the major T-cell population. Soluble read-outs such as cytokines (ng/ml) and
LPS (pg/ml) are presented as plasma concentrations. Fox-P3 gene expression is shown as the
fold increase within peripheral blood monocytes (PBMCs). Plots summarize data from
previously published papers from ourselves and others and represent average values.
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Figure 3. Comparison of events associated with natural SIV infection and pathogenic SIV and
HIV-1 infection

Differences in host response to infection are responsible for the outcome of the infection: a
balanced host response in natural infection (left hand side) shuts down most of the factors that
have deleterious consequences for the infected hosts (immune activation, apoptosis, excessive
inflammation, enteropathy). In pathogenic infections, excessive host responses result in
mucosal damage and consequent translocation of gut microbial products, immune system
exhaustion and progression to AIDS (right hand side). Red boxes indicate deleterious events
whereas green boxes beneficial ones.
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