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Abstract
Infection of humans by the human immunodeficiency virus (HIV) causes a progressive, multifactorial
impairment of the immune system eventually leading to the acquired immunodeficiency syndrome
(AIDS). No cure or vaccine exists yet against HIV infection. More worrisome is the fact that despite
having identified HIV as the cause of the AIDS, we still do not understand what pathogenic
mechanisms lead to the debacle of the immune system. In this review we consider the extent and the
limits of our knowledge of HIV pathogenesis, and how this knowledge may be used to design
preventive and therapeutic approaches.
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Introduction
For approximately 25 years, the human immunodeficiency virus (HIV)/acquired
immunodeficiency syndrome (AIDS) problem has played a dominant role in biomedical
science. Due to the worldwide urgency of this problem, pressure has mounted to promise cures
and efficacious vaccines without adequate understanding of the complex orchestration of
multiple, time-sensitive interactions between virus and host. The early optimistic predictions
of how the ‘AIDS problem’ could have been solved have consistently fallen short of their
objectives, resulting in discouragement within the research community. Although AIDS is the
obvious consequence of HIV-1 infection, our understanding of the mode by which the virus
interacts with the immune system and the consequences of their relation are still limited. This
review presents the aspects of the HIV-1-associated immune dysregulation that we consider
critical for pathogenesis. We also discuss our opinion on how some of these discoveries may
suggest new directions for immune-based therapy and vaccines. This review is by no means
complete and reflects the acknowledged biases of the authors. A better understanding of the
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immunopathogenic mechanisms of HIV-1 infection (‘know it’) must be achieved before
successful therapeutic (‘fix it’) and prophylactic (‘prevent it’) approaches are found.

Immune dysregulation during HIV-1 infection
The defining features of the acquired immunodeficiency are the ‘persistent and profound
selective decrease in the function as well as number of T lymphocytes of the helper/inducer
subset and a possible activation of the suppressor/cytotoxic subset’, as described in 1982 [1].
At present, pathogenesis of the disease is considered multifactorial, in that no unique immune
alteration has been identified that can fully explain the plethora of dysregulations described so
far. We first review some historical and recent findings on innate and adaptive immune
mechanisms that are dysfunctional during HIV-1 infection.

Dysregulation of innate immunity
Activation of natural killer (NK) cells and production of type I interferon (IFN-α/β) by
plasmacytoid dendritic cells (pDC) are the main effector arms of innate antiviral responses
[2]. Both mechanisms are severely affected during HIV-1 infection, with potential
consequences for pathogenesis and generation of an efficient vaccine-induced response.

Dysregulation of NK cells—Natural killer cells contribute to eliminating infected cells and
produce immunostimulatory factors which support the generation of antigen-specific adaptive
responses [3]. Activation of NK cells is regulated by a balance between positive and negative
signals delivered through ligand receptor systems. Inhibitory NK cell receptors (iNKR)
recognize major histocompatibility complex (MHC) class I molecules expressed on target cells,
preventing NK cell-mediated cytolysis [3]. Most viruses, including HIV, escape CD8+ T-cell
recognition by downregulating MHC class I on the infected cells, which favour NK cell
activation [4]. Surprisingly, HIV-infected cells appear to be resistant to NK cell-mediated
killing despite markedly reduced expression of MHC class I [5–7]. The reasons for this
dysfunction are not fully understood, but probably depend on a combination of increased
expression of iNKR and concomitant low expression of receptors with activating function
(reviewed in [8]). Both cytolytic activity and cytokine production of NK cells are affected
possibly as a consequence of HIV-mediated signalling through CCR5 and CXCR4 and of
general immune activation of the host, rather than infection of a small subset of CD4-expressing
NK cells [8–11].

Dysregulation of pDC—The second major component of innate immune responses
triggered by viral infections is the production of type I IFN by pDC [12,13]. pDC are activated
upon recognition of common structural patterns of viruses, particularly single-stranded viral
RNA and unmethylated CpG-rich DNA which trigger Toll-like receptors (TLR) 7 and 9,
respectively [14,15]. Type I IFN create a cellular environment that is hostile to the virus by
limiting the uptake of nutrients from the extracellular environment, increasing the degradation
of RNA, arresting progression through the cell cycle and eventually favouring the apoptotic
death of the target cell [12,16]. Furthermore, type I IFN directly induces the expression of
MHC and co-stimulatory molecules on antigen-presenting cells, thus promoting efficient
antigen presentation and the priming of adaptive immune responses [15].

Although early studies showed reduced in vitro type I IFN production by peripheral leucocytes
from HIV-infected patients [17–22], recent evidence suggest otherwise. HIV-1 efficiently
activates pDC in vitro, inducing both type I IFN production and expression of CCR7, which
is associated with migration to lymph nodes [23,24]. Increased pDC frequency was observed
in lymph nodes of asymptomatic HIV-infected patients [25]. Furthermore, increased levels of
type I IFN are detected in both plasma and tonsils of HIV-infected patients with progressive
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disease, in association with increased expression of IFN-inducible genes [26–29]. These
findings suggest that the decrease in circulating pDC in HIV-infected patients may reflect their
relocation to lymphoid tissues, rather than numerical depletion [20]. A recent study provides
evidence supporting the hypothesis that pDC are chronically stimulated by replicating HIV-1
and that the continuous production of type I IFN renders pDC refractory to in vitro stimulation
[30].

Activation of pDC by HIV-1 requires endocytosis of the virion in order to expose the viral
RNA to the endosomes that contain TLR7 [23]. Although the numerous molecular interaction
that stabilize the virus cell synapse may facilitate engulfment of HIV-1, the binding of gp120
to CD4 on the surface of pDC appears to be required for initiating the endocytotic process, as
soluble CD4 molecules or anti-CD4 antibodies inhibit HIV-mediated pDC activation in vitro
[23,24,31].

Production of type I IFN is not the only consequence of pDC activation. pDC are one of the
main sources of the enzyme indoleamine (2,3)-dioxygenase (IDO), which initiates catabolism
of the essential amino acid tryptophan into the kynurenine pathway [32]. The rate of tryptophan
catabolism is increased in HIV-infected patients (reviewed in [33]), and increased IDO
expression was observed in both peripheral blood and lymphoid tissues of HIV-infected
humans and simian immunodeficiency virus (SIV)-infected macaques at different stages of the
infection [34–39]. Direct HIV-mediated activation of pDC could be the primary cause of
increased IDO and tryptophan catabolism during HIV-1 infection [35]. The depletion of
tryptophan from the extracellular environment and the simultaneous accumulation of
potentially cytotoxic bioproducts was suggested to contribute to the control of different
microbes whose life cycle depends on this essential amino acid (reviewed in [40]). However,
more recently, IDO has been described as a central player in the downregulation of T-cell
responses, by the same mechanisms of tryptophan depletion and production of biologically
active catabolites (reviewed in [41]).

Dysregulation of adaptive immunity
Defective CD4 T-cell function—CD4+ T-cell responses, in particular anti-HIV-1 CD4+ T-
cell responses are profoundly altered in HIV-infected patients. Underlying mechanisms include
both cellular depletion and functional abnormalities. HIV-1 is cytopathic to CD4+ T cells
infected in vitro. Intestinal CD45RO+CCR5+CD4+ T cells are rapidly depleted in the intestines
of HIV-infected patients, similar to that reported in the SIV/macaque model [42]. Impaired
production of new cells may also be implicated, as evidenced by defective thymocyte
proliferation [43].

Functional CD4+ T-cells abnormalities are also well described in HIV-infected individuals.
These defects occur early in the course of HIV-1 infection, prior to the decline of circulating
CD4+ T-cell numbers [44–46]. Moreover, loss of in vitro CD4+ T-cell responses and of in
vivo delayed-type hypersensitivity is predictive of disease progression and time to death in
untreated HIV-1 infection [47,48]. Several abnormalities have been defined ex vivo and can
be summarized as follows: (i) decreased polyfunctionality, particularly of HIV-specific T cells,
in that activated CD4+ T cells exhibit decreased proliferation and production of interleukin
(IL)-2, but not IFN-γ and tumour necrosis factor (TNF)-α [49,50], and defective upregulation
of the activation marker CD40 ligand, but not CD69 or OX40 [51]; (ii) upregulation of the
inhibitory molecules cytotoxic T lymphocyte antigen (CTLA-4) [52] and programmed death-1
(PD-1) [53,54]; (iii) increased expression of apoptosis markers and increased percentage of
CD4+ T cells entering apoptosis [55]; (iv) blunted T-cell signalling induced by T-cell receptor
(TCR) cross-linking, IL-2 or phorbol esters/ionomycin [56–58]. Interestingly, there is a
discrepancy between the ex vivo picture, in which CD4+ T cells from HIV-infected patients
exhibit increased expression of many activation markers, including increased basal level of
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kinase phosphorylation and CD40L, and the in vitro picture, in which CD4+ T cells from
patients respond poorly to stimulation [51,58]. These findings suggest a model of chronic
‘tickling’ of the adaptive immune system, which precludes its full response to pathogens.

Compared with ‘conventional’ CD4+ T-helper (Th) cells, it is less established how HIV-1
infection affects the newly described CD4+ T-cell subsets, Th17 and regulatory T cells (Treg).
However, some notable findings have already emerged. IL-17 production induced by
Salmonella typhimurium infection in the ileum was inhibited in SIV-infected macaques [59].
HIV-infected children with detectable viral load exhibited decreased IL-17 production [60].
Early depletion of Th17 cells is observed in the gut mucosa of HIV-infected patients and SIV-
infected macaques, but not in non-pathogenic SIV-infection of sooty mangabeys [61,62], and
may contribute to the disruption of the mucosal barrier during pathogenic SIV/HIV-1 infection.
These results imply viral-mediated destruction or impairment of Th17 cells.

More is known about HIV/Treg interactions. Studies of HIV-infected patient and SIV-infected
rhesus macaque, particularly the comparison between progressive and nonprogressive
infection, showed an association between Treg accumulation in lymphoid tissues and high viral
loads and reduced cytotoxic T-cell activity [34,36–39]. Furthermore, suppressive antiretroviral
therapy (ART) was associated with low Treg levels in lymphoid tissues [34]. However,
decreased Treg number was found in tissues, particularly in the gut, during the highly
pathogenic SIV infection of nemestrina and fascicularis macaques [63,64], suggesting either
interspecies variations, or different Treg-virus interactions in the case of fast progression.
Treg inhibitory function appears to be preserved in HIV-infected patients and SIV-infected
macaques [65,66]. Thus, Tregs probably play a complex balancing role during HIV-1 infection.
They probably limit the nonspecific immune activation [63,67,68], but at the price of dampened
antiviral immune responses, particularly in the lymphoid tissues [65,66]. Moreover, Tregs are
a major source of tissue transforming growth factor (TGF)-β, which promotes tissue fibrosis
and limits immune reconstitution [69].

Defective CD8 T-cell function—Effector CD8+ T cells are essential for the control of
HIV-1 infection, something revealed by in vitro studies as well as through experimental
deletion of such cells in the SIV/macaque model (reviewed in [70,71]). Studies of long-term
nonprogressors (LTNP) support this hypothesis. Viral loads in LTNP are orders of magnitude
lower than those typically found in progressors [72–74]. Many LTNP maintain vigorous HIV-
specific CTL activity and have greater CD8+ T-cell-mediated HIV-1 suppressive activity
compared with that seen in progressors [72–74]. CTL in LTNP also exhibit broad specificity
and polyfunctionality, whereas narrowly directed and monofunctional CTL responses are
found in progressors [75–78]. Low perforin levels have also been detected in situ in lymph
nodes of infected individuals [79]. Recent studies conducted in HIV-infected adults
demonstrated that the increased expression of PD-1 molecule on HIV-specific CD8+ T cells
associates with exhaustion of these cells and disease progression [53,54,80,81]. In vitro
treatment with anti-PD-1 or PD-1 ligand 1 (PD-L1) blocking antibodies enhances HIV-specific
CD4+ and CD8+ T-cell responses [53,54,80].

Importantly, a suboptimal CD8 response could facilitate selection of virus escape mutants that
are no longer recognized by effector CD8+ T cells. Such mutants have been identified in
HIV+ patients and in SIV+ macaques (reviewed in [71]). Of note, studies in several
experimental systems have shown a link between weak CD4+ T cell and suboptimal CD8+ T
cell responses (reviewed in [82,83]).
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Nature/causes of immune dysregulation
The key events leading to the immune dysregulation observed during HIV-1 infection are still
unknown. Although several hypotheses have been formulated through the years, the main
challenge in identifying pivotal alterations in the pathogenesis of HIV-1 infection is our
inability to distinguish them from ‘normal’ immune response to a chronic viral infection. What
are the relevant pathogenic alterations that are directly caused by HIV-1 infection or exposure?
Are these events specifically triggered by HIV-1 or are they also observed in other chronic
infections? What cellular and molecular features of HIV-1 infection drive these alterations?
These and other questions are considered in the next section of this review.

Direct effects of HIV/SIV infection and exposure: what have in vivo and in vitro experiments
using HIV/SIV taught us?

We summarize below experimental approaches that investigate the effects of in vivo infection
of macaques with SIV and in vitro exposure of human leucocytes to replication-competent or
-incompetent HIV-1, as well as to HIV-1 proteins, which have helped to identify events that
are directly caused by the virus.

Gut-associated lymphoid tissue immunopathogenesis—Studies performed on both
HIV-infected humans and SIV-infected macaques revealed that rapid kinetics of CD4+ T-cell
depletion is observed at the gut mucosal level, where the vast majority of CD4+ T lymphocytes
express CCR5 [84]. The fact that transmission of both SIV and HIV-1 is primarily driven by
CCR5-tropic strains has led to the hypothesis that the depletion of these cells is a direct
consequence of the cytopathic infection of the target cells [84]. The mechanisms underlying
this cytopathic effect are still to be clarified, but the interaction of envelope proteins with CD4
(reviewed in [85]) and the production of cytopathic viral proteins such as Vpr [86] may
independently contribute to the depletion of gut CD4+ T cells. Depletion of uninfected
‘bystander’ CD4+ T cells most probably also contributes to the extensive depletion occurring
in the gut. The large amount of virus present during acute infection may result in increased
apoptotic death of CD4+ T cells by cross-linking of CD4 on the cell membrane [87].
Furthermore, we recently observed that CCR5+ CD4+ T cells preferentially expressed the
receptor for IFN-α/β, and may therefore be particularly susceptible to the pro-apoptotic effect
of type I IFN [88]. ART efficiently inhibits HIV-1 replication, potentially preventing both the
direct and indirect mechanisms of CD4+ T-cell depletion, allowing for partial reconstitution
of CD4+ T cells (reviewed in [89]). However, in primary SIV infection of rhesus macaques,
early ART treatment did not prevent the rapid loss of gut CD4+ T cells from the gut mucosa
[90]. Instead, early inhibition of viral replication positively affected the repopulation of the
mucosal T-cell pool by the central memory CD4+ T-cell subset. Thus, the initial burst of viral
replication may not only cause the unavoidable depletion of mucosal CD4+ T cells, but also
alter the general dynamics of different T-cell subsets migrating to and from the gut.

However, severe and acute gut-associated lymphoid tissue (GALT) depletion is a feature
shared by pathogenic and nonpathogenic infections, as shown in SIV-infected African green
monkeys and sooty mangabeys [91,92]. Furthermore, in a few chronically infected sooty
mangabeys, persistent and generalized loss of CD4+ T cells did not lead to AIDS and increased
immune activation [93]. The compromised function of the gastrointestinal mucosa due to the
infection and depletion of CCR5+ CD4+ T cells may result in leakage of microbial bioproducts
from the gut to the circulation, thereby contributing to chronic activation and exhaustion of the
immune system [94]. Of interest, despite suffering a similar pattern of mucosal CD4 T-cell
depletion, SIV-infected African green monkeys and sooty mangabeys do not show signs of
microbial translocation [94]. Taken together, these findings suggest that CD4 depletion in the
GALT is not intrinsically sufficient for the development of pathogenic HIV/SIV infection.
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Direct effects of HIV-cell interactions: gp120-CD4—The peculiar lymphotropic nature
of HIV-1 not only accounts for its ability to infect immune cells, but also favours its interaction
with surface molecules that subsequently signal through their normal transduction pathway,
exerting a direct effect on leucocytes without productively infecting them.

A murine model showed in 1990 that cross-linking of CD4 on the surface of CD4+ T
lymphocytes primes the target cells to activation-induced apoptosis [95]. Similar results were
observed for gp120-mediated cross-linking of CD4 in human T lymphocytes [87]. These
apoptotic events appear to be mediated by ligand receptor systems of the tumour necrosis factor
superfamily [87,95]. In addition, CD4 cross-linking induces FasL expression not only on T
cells but also on monocytes/macrophages, which could indirectly contribute to the apoptotic
death of uninfected CD4+ T cells [96].

Binding and cross-linking of CD4 may have different effect on different subsets of CD4+ T
cells. Thus, although CD4+ Th cells show increased susceptibility to apoptosis upon CD4 cross-
linking, the same molecular event promotes survival of the suppressive Treg subset, which
appear to increase or accumulate in lymphoid organs during HIV/SIV infection, particularly
in tissues exhibiting active viral replication [34,36–39]. Interestingly, an increase in Treg
frequency in the duodenum was observed in HIV-infected patients, but not in patients with
norovirus intestinal infection [37], suggesting that the accumulation of Treg at this site may be
characteristic of chronic HIV infection, not a common consequence of any viral intestinal
infection. However, as noted above, Tregs were depleted in mucosal areas in a highly pathogenic
model of SIV infection [63], which suggests that differences may be found depending on the
severity of the infection.

Binding and cross-linking of CD4 affects the function of conventional CD4+ Th cells in normal
uninfected individuals, inhibiting the upregulation of the activation marker, CD40L [51] and
the formation of the immunological synapse (A. Nyakeriga, C.J. Fichtenbaum, J. Goebel, S.
Nicolaou, L. Conforti and C. Chougnet, unpublished data). In contrast, Treg suppressive
function is not inhibited by in vitro exposure to HIV-1 [39]. These in vitro data suggest that
CD4 engagement by HIV-1 may have a synergistic suppressive effect, by inhibiting the effector
function of CD4+ Th cells whilst promoting the suppressor activity of Treg.

Human immunodeficiency virus-induced activation of pDC also requires the binding of HIV-1
to CD4 via gp120 [23,35]. The turnover of CD4 on the surface of pDC is more rapid than on
CD4 T lymphocytes due to the lack of the CD4-associated protein kinase p56lck in pDC, which
allows for efficient and rapid clathrin-dependent endocytosis of CD4 molecules [97,98]. Thus,
the peculiar ability of HIV-1 to bind CD4 may also promote the endocytotic process and
therefore the activation of pDC [99]. In vitro studies reported that type I IFN protect CD4+ T
cells and monocytes/macrophages against HIV-1 infection, and limit replication in chronically
infected cell lines [100]. IFNs block an early step in the HIV-1 replication cycle, and inhibit
viral assembly and release, depending on the target cell and the type of infection (reviewed in
[101]). To what extent the production of type I IFN is protective or pathogenic in vivo is
complex to understand, and needs to consider the fact that the antiproliferative and proapoptotic
effects of IFN-α/β are expected to affect uninfected cells, the number of which largely exceeds
that of infected cells (reviewed in [27]).

Direct effects of HIV-cell interactions: gp120-CCR5/CXCR4—The HIV-1 envelope
also triggers signal transduction through binding to chemokine receptors on the surface of the
target cell [102]. CCR5 or CXCR4 engagement by HIV envelope results in altered chemotaxis
and trafficking as well as alterations of cell cycle [103,104]. CCR5 cross-linking on monocytes
and macrophages triggers production of IL-1β, TNF-α and CCL2, and maturation into DC
[102,105–108]. Interestingly, CCR5-gp120 interactions activate nuclear factor kB via
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phosphatidylcholine-specific phospholipase C, whereas the interaction of CCR5 with its
natural ligand CCL4 (macrophage inflammatory protein-1β) does not induce such effect
[106]. This finding suggests that the signalling pathways activated by HIV-1 differ from those
physiologically associated with CCR5 function, rendering this potentially pathogenic
interaction unique to HIV-1 [106].

Direct effects of HIV-cell interactions: gp120-α4β7—Human immunodeficiency virus-
cell interaction also involves an activated form of the heterodimeric integrin, α4β7, normally
associated with mucosal localization of lymphocytes, inducing increased lymphocyte function-
associated antigen-1 (LFA-1) expression on CD4+ T cells, which favours the formation of the
virus-cell synapse [109]. However, whether the α4β7-gp120 interaction and subsequent
signalling play direct role in the dysfunction of CD4+ T cells or of other immune cells is still
unknown.

Direct effects of HIV-cell interactions: gp120-mannose C-type lectin receptor—
HIV-1 gp120s interact with lectin receptors on DCs. Depending on the gp120 mannose
moieties, such interactions will induce or not IL-10 production. In addition, gp120-treated DCs
respond poorly to maturation stimuli and these adverse reactions are mannose C-type lectin
receptor-dependent but independent of IL-10 production [110].

Immunological effects of other HIV-1 proteins—Nef and Tat are viral proteins that
regulate HIV-1 replication. They are expressed by infected cells, and they can be released in
the extracellular environment and penetrate bystander cells [111,112]. Results from the Sydney
Cohort as well as data on infection of rhesus macaques with Nef-deleted SIV support an
immune-suppressive role for Nef [113,114]. Nef-induced downmodulation of MHC class I
expression by infected cells reduce their susceptibility to CTL-mediated killing [115]. Nef can
directly inhibit CD4+ T-cell function by disturbing tyrosine phosphorylation at the
immunological synapse [116] and by inducing CD4+ T-cell apoptosis through membrane
permeabilization [117]. Downregulation of DC antigen-capture function and suppression of
immunoglobulin class switch are other Nef-mediated immune-suppressive mechanisms
(reviewed in [112,118]). However, recent studies showed that in natural nonpathogenic SIV
infection, Nef contributes to protect against disease progression by reducing CTL-mediated
lysis of infected CD4+ T cells, preventing activation-induced cell death and suppressing PD-1
induction [119]. Similar to Nef, Tat was shown to repress MHC-I gene promoter activity. In
addition, Tat induces upregulation of several immune suppressive cytokines, such as TGF-β
and IL-10 in vitro, and impairs the production of IL-12 (reviewed in [111]).

HIV-induced dysregulation: what other chronic infections have taught us?
Many infections become chronic in human hosts. Studying how the immune system responds
to other chronic infections could help illuminate the respective contribution of chronicity versus
HIV-specific pathways during HIV-1 infection. However, it is difficult to draw strong
conclusions from the comparison of different infections because each microbe comes with its
specific arsenal of immune-modulatory molecules and its peculiar survival strategy.
Nevertheless, the following review highlights several characteristics of selected chronic human
infections that do not induce severe immune deficiency.

Persistent viral infections with low viral loads—Many human viruses persist for life,
but with low levels of viral replication that in normal circumstances remain below the detection
threshold. Those viruses do not cause immune suppression. Amongst them, cytomegalovirus
(CMV) and Epstein-Barr virus have been extensively studied. The most notable aspect of the
immune response to these viruses is the size of the T cell response, particularly the CD8+ T-
cell responses, which increase throughout life and can dominate the entire repertoire in the
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elderly (reviewed in [120]). Interestingly, specific antiviral T cells from CMV viraemic patients
exhibit defective function, notably PD-1 upregulation and low cytokine production, suggesting
that chronic exposure to high viral loads induce defective CD8 function, whatever virus is
involved [121]. Amongst the low viral load persistent viruses, human T-cell lymphotropic virus
(HTLV-1) is of particular interest for HIV-1 research because, despite its cell tropism (mainly
CD4+ T cells) and its integration into the DNA of host cells, the immense majority of HTLV-1-
infected persons remain lifelong asymptomatic carriers. One of the major differences with
HIV-1 is that heparan sulfate proteoglycans, not CD4 or chemokine receptors, mediate entry
of HTLV-1 in primary CD4+ T cells [122]. Another distinguishing feature of HTLV-1 infection
is that HTLV-1 exists in infected hosts predominantly as a provirus; most infected cells are
produced by division of cells harbouring proviruses rather than de novo infections. The current
model is that HTLV-1 Tax drives mitosis of infected CD4+ T cells but most HTLV-1-infected
CD4+ T cells are killed by specific CTL, thus establishing a dynamic equilibrium between
HTLV-1 and the immune system [123,124]. HTLV-1 regulation of Tregs is controversial. One
group reported that HTLV-1 associated myelopathy/tropical spastic parapesia (HAM/TSP) is
associated with a low percentage of circulating CD4+CD25+ that express FoxP3 [125].
Moreover, HTLV-1 Tax was shown to inhibit FoxP3 expression and Treg function [126],
suggesting that impaired FoxP3 expression contributes to the development of inflammatory
HTLV-1 associated disease. However, a recent study reported a high percentage of
FoxP3+CD4+ cells (independent of their CD25 expression) in HAM/TSP patients, and FoxP3
expression was negatively correlated with CTL-mediated lysis of HTLV-1-infected cells ex
vivo [127]. Some evidence also suggests high expression of IDO in HTLV-1-associated adult
T-cell leukaemia cells [128].

An interesting case of chronic infection with low viral load is that of HIV-2. HIV-2 has very
similar characteristics to HIV-1, in that it infects CD4+ cells, and can cause AIDS with
symptoms identical to the disease caused by HIV-1. However, HIV-2 infection rarely
progresses to AIDS and the viral load remains low for prolonged period of time. Progression
of HIV-2 infection to AIDS can occur many years after infection and is probably associated
with the weakening of the immune system during ageing. In patients who develop AIDS,
plasma HIV-2 levels are comparable to those observed in HIV-1-infected AIDS patients, and
the symptoms of the disease are undistinguishable [129–131]. The reasons for the difference
in disease progression between HIV-1 and HIV-2 reside clearly in the different level of viral
replication, but why HIV-2 does not replicate as efficiently as HIV-1 in humans is not clearly
established [130]. The finding that stronger T-cell responses are mounted against HIV-2
compared with those against HIV-1 suggest that similar to HIV-1-infected LTNP, HIV-2-
infected patients develop an efficient T-cell-mediated immune response [130,132]. However,
the current knowledge of HIV-2 infection, primarily based on comparisons between HIV-1-
and HIV-2-infected patients does not discriminate between whether the reduced viral
replication is due to the stronger immune response or this apparently efficient immune response
is a mere consequence of the low levels of virus, and therefore of the lack of virus-induced
pathogenesis.

Persistent viral infections with high viral loads—Chronic hepatitis induced by
hepatitis B or C viruses are persistent viral infections with high viral loads. They are therefore
of great interest in comparison to HIV. One main distinguishing feature from HIV-1 is that
hepatitis C virus (HCV) and hepatitis B virus (HBV) preferentially infect hepatocytes.
Although there is evidence for infection of peripheral mono-nuclear cells, these extrahepatic
targets are thought to contribute little to the overall viral load (reviewed in [133]). Many T-
cell defects described in chronic HIV-1 infection also affect virus-specific T cells during
chronic hepatitis C (reviewed in [134,135]). Patients with chronic hepatitis C exhibit weak and
narrowly focused HCV-specific CD4+ T-cell responses. Specific CD8+ T cells, particularly
intrahepatic ones exhibit reduced cytotoxicity, low capacity to proliferate, low production of
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cytokines and profile of ‘exhausted’ cells (high CTLA-4, high PD-1, low CD27 and low CD28
expression), similar to HIV-specific CD8+ T cells. However, in contrast to chronic HIV-1
infection, only HCV-specific responses are affected, and responses against other antigens are
maintained [136–138]. Patients with chronic hepatitis B and C exhibit high frequencies of
suppressive Tregs in the circulating blood as well as in the liver. Expansion of other regulatory
subsets such as IL-10-producers or FoxP3+ CD8+ T cells was also described (reviewed in
[139]). These regulatory subsets were found in liver areas exhibiting low cellular apoptosis
and fibrosis, supporting a complex role for regulatory subsets. In chronic hepatitis C, IDO
expression was upregulated in the liver and was associated with increased serum kynurenine/
tryptophan ratio [140]. Of particular interest is the fact that increases in death molecules
(TRAIL, TNF-R2 and FasL) in the plasma were found only during acute HIV and not during
acute HBV/HCV [141].

Nonviral chronic infections with high antigenic loads: the example of chronic
helminth infections—Helminths are long-lived organisms that induce chronic infections in
humans. Although they vary greatly in their biology, helminths induce relatively similar
immune responses in their human hosts, which are characterized by a skewing towards a type-2
profile as well as switching towards IgE antibody production (reviewed in [142]). Chronic
helminth infections induce immune suppressive mechanisms, such as production of TGF-β and
IL-10 or suppression of T-cell activation by ‘nematode-induced macrophages’ (reviewed in
[143]). Although chronic helminth infections do not cause severe immune deficiency, in
vitro findings as well as in vivo experimental models suggest that the immune system
chronically exposed to high parasite burdens becomes progressively hyporesponsive, first to
parasite antigens, then to bystander antigens. However, the relevance of such experimental
models is not clear because epidemiological studies have not clearly documented an impact of
chronic helminth infections on the course of other diseases, such as malaria, tuberculosis or
HIV/AIDS (reviewed in [142,144]).

In conclusion, certain chronic infections persist at very low levels and do not induce significant
damage to the immune system, even if caused by microbes that target CD4+ T cells and can
integrate into the host’s DNA (the case of HTLV-1 or HIV-2). In contrast, chronic exposure
to high antigenic loads induces ‘exhaustion’ of CD4+ and CD8+ T cells, similar to the exhausted
anti-HIV-1 responses. However, in contrast to what occurs during chronic HIV-1 infection,
such defects affect almost exclusively, the responses specific to the persistent microbe and
rarely extend to bystander antigens (Fig. 1). Two main potentially synergistic reasons may
underlie such a major difference: (i) the main target cells of those persistent microbes are not
immune cells; and (ii) the infection is anatomically compartmentalized (HCV/HBV in the liver,
helminth infections in the liver, gut or urinary tract). Interestingly, defective bystander
responses have been described in the case of filariasis, which are not compartmentalized
(reviewed in [145]). Of note, most chronic infections induce local expansion of regulatory
subsets and production of immune-modulatory cytokines. These pathways play a complex role,
protecting the host against the effect of immune-mediated damage on one hand, but dampening
protective immune responses, and thus favouring microbe persistence on the other hand.

Potential clinical interventions
The realization that HIV-1 infection activates different immune regulatory mechanisms (see
above) presents HIV/AIDS immunologists with a spectrum of seemingly formidable
challenges that impact efforts to develop effective strategies for both immune-based therapy
and AIDS vaccines. At present, neither attempts at reversing HIV-induced immune dysfunction
nor vaccine-induced prevention of infection have been successful. Concerning the three
questions indicated in the title of this review, we are still at the stage of learning to know it,
despite more than two decades of ongoing attempts to fix it and prevent it. A critical issue is
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whether we yet know it well enough to begin considering logical approaches that might allow
us to effectively fix it and/or prevent it. This section will consider some such issues from a
clinical perspective.

Therapeutic approaches
Early assays at correcting the immunological ravages resulting from HIV-1 infection involved
attempting to restore CD4+ T-cell numbers and function without knowing the causes of their
depletion and loss. More recent studies of HIV-induced pathogenesis suggest that much of the
immune suppression associated with HIV-1 infection is due to HIV’s remarkable ability to
efficiently hijack pre-existing, physiological mechanisms that normally function to: (i) inhibit
infection by different viruses [146]; (ii) prevent autoimmune diseases or excessive
inflammatory responses [27,88,147]; and (iii) prevent rejection of allogeneic foetuses [148].
As discussed above, to activate some of these pathways, HIV-1 is required to only bind cellular
receptors, and not to reverse transcribe and productively infect CD4+ target cells.

Because several regulatory pathways are functionally altered, it is hard to establish which of
them may be the most suitable target for immunotherapy. For example, interventions against
the PD-1/PDL-1 system may not correct the Treg-induced dysfunction, whilst inhibition of
CTLA-4-mediated negative signalling would not protect from HIV-induced apoptosis.
Antibodies against type I IFN would potentially block HIV-induced TRAIL and PDL-1 [31,
55,88], but would not be expected to control HIV-induced IDO expression or Treg function
[149]. 1-Methyl tryptophan (1MT) is effective in blocking IDO enzymatic activity in vitro,
even in the setting of HIV-1 infection [35,149] and has the potential for also influencing Treg
function, similar to that shown in other systems [150], but would not affect HIV-induced
apoptosis. An example of the failed attempts made to block one of the immune regulatory
mechanisms usurped by HIV-1 is the use of anti-CTLA-4 blocking antibodies in SIV-infected
macaques. Treatment of chronically SIV-infected, ART-treated macaques with a single dose
of anti-CTLA-4 appeared to have marginal beneficial effects on antiviral immune responses
[65]. However, administration of three doses of anti-CTLA-4 to SIV-infected macaques during
primary or chronic infection increased T-cell activation and viral replication, reduced
responsiveness to ART and prevented therapeutic vaccine reduction of the viral set-point
[151]. More critically, none of the above strategies would discriminate between HIV-induced
and physiologically controlled immune regulation. Therefore, the emergence of autoimmune
diseases is a great concern when these approaches are considered for the treatment of HIV-
infected patients. In this context, it should be noted that treatment of melanoma patients with
anti-CTLA-4 antibody resulted in the induction of autoimmune symptoms [152,153].

Therefore, alternative strategies that selectively target the HIV-induced components of these
immune-regulatory mechanisms need to be developed. Approaches aimed at inhibiting the
activity of viral protein involved in HIV-1 pathogenesis such as Nef and Tat represent
intriguing possibilities to correct some of the specific deleterious effects of the virus. Another
such selective approach, with a potentially broad ‘correcting’ ability, would be to block the
binding of HIV-1 gp120 to cellular CD4 with soluble CD4-IgG (sCD4-IgG). This molecule
blocks in vitro HIV-induced immune defects, such as pDC activation, CD4+ helper T-cell
dysfunction and increased Treg survival [35,39,51,87,154]. Furthermore, by interfering with
the attachment of HIV-1 to the target CD4+ T cells, sCD4-IgG should directly limit the infection
of new cells and indirectly inhibit the immunopathogenic mechanisms caused by de novo
synthesized Nef and Tat. Of interest is the fact that sCD4-IgG partly restored Th cell function
when administered to AIDS patients [155]. sCD4-IgG could constitute an effective
immunotherapy agent because it might not compromise mechanisms critical for the regulation
of self-reactive T cells, in contrast to 1-MT or blocking antibodies such as anti-CTLA-4 or
anti-PD1/PD-L1. However, the requirement for intravenous administration of sCD4-IgG
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renders it an inconvenient therapeutic agent, and nothing is known about how chronic
administration of sCD4-IgG might alter the physiological function of cellular CD4.

Reports indicating that HIV-induced immune activation and expression of immune-regulatory
molecules depend on viral endocytosis by pDC [23,24,88] suggest another strategy to reduce
HIV-induced immunopathogenesis. Endocytosis of HIV-1 by pDC can be blocked using
endosomal acidification inhibitors such as chloroquine [23,24,88]. This approach should
prevent HIV-1 from activating the immune downregulatory components that depend on pDC
activation (such as IFN-α/β-regulated genes and IDO). Chloroquine decreases
proinflammarory cytokines in mice treated with CpG oligodeoxynucleotides and
lipopolysaccharide (LPS) [156], and it has direct antiviral activity [157,158]. Chloroquine is
inexpensive and has been administrated to millions of people worldwide, and it will soon be
tested in a NIAID-sponsored phase II trial for inhibition of HIV-1 replication and immune
activation in HIV-infected patients. However, this approach is expected to be ineffective
against immune alterations that do not depend on pDC activation. Furthermore, no prediction
can be made on its potential effects on antigen presentation by other DCs.

In conclusion, the twin questions that we, as many HIV/AIDS immunologists, struggle to
resolve are: first, how much intervention is enough to transitorily or permanently turn
chronically infected individuals into LTNPs? The different approaches tried so far have failed
to achieve this goal. Extensive effort is currently directed in blocking the PD-1/PD-L1 pathway
and may prove successful, although this strategy affects only the effector arm and not the causes
of immune suppression. Second, how much damage might a broad approach inflict on
chronically infected patients? Several general immune-based approaches used in the past in
other fields had devastating consequences, which serve as a cautionary reminder that the
immune system is a very complex machine that cannot be easily altered to the overall advantage
of the patient. However, it is our belief that ‘knowing’ better how HIV-1 specifically interacts
with immune cells, and how the regulatory pathways are linked together, will make it possible
to find ways to stay on the narrow road of ‘fixing it’ (Fig. 2a,b).

Prophylactic approaches
The failure of AIDS vaccine trials was acknowledged at the recent NIAID-sponsored summit
on AIDS vaccines (Bethesda, MD, 25 March 2008). Why have none of these AIDS vaccine
trials been protective? Possible reasons include: (i) sterilizing immunity may be necessary but
not achievable, at least with our current knowledge; (ii) correlates of protective immunity have
not yet been identified or refined; (iii) integration of HIV-1 genome into host CD4+ cells may
result in the early creation of a ‘reservoir’ of virus, hidden from the immune system; and (iv)
the rapid rate of infection and activation of immune-suppressive mechanisms at the site of entry
may block even potentially efficacious vaccines. Because this review is focused on
mechanisms of HIV-induced immune suppression, we will limit this brief vaccine-related
discussion to the last above-mentioned reason for AIDS vaccine failure.

Human immunodeficiency virus-1 vaccination itself might result in suboptimal immunization
due to vaccine- and/or adjuvant-induced activation of the above-noted immune-regulatory
mechanisms. Treg induction/expansion as well as induction of PD-1 is a potential concern.
AIDS vaccine trials should include screening for activation of such mechanisms, including
changes in the number and activity of different regulatory subsets. Each antigen/vaccine
combination strategy needs to be individually tested. As an example, DNA/modified vaccinia
virus Ankara delivery of one Leishmania antigen drove an IL-10-secreting Treg response,
whereas the similar delivery of another Leishmania antigen induced protective IFN-γ responses
[159]. Due to the in vitro immune suppressive properties of HIV-1 gp120/gp160, its inclusion
in a vaccine may be detrimental, although it did not appear to be the case in an SIV vaccine/
chimeric simian-human immunodeficiency virus challenge setting [160]. If a vaccine activates
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these immune-suppressive mechanisms, it could be followed by a compound that prevents
activation of the immunesuppressive effects. However, strategies of regulation/counter-
regulation are fraught with difficulties due to the presence of interacting factors, such as age,
concurrent infections and genetic variability that render it arduous to establish the correct
timing and doses.

Human immunodeficiency virus-1 prophylactic vaccines that optimally reduce the viral set-
point could be envisioned, although the social and economic implications of such a strategy
are so complex that the discussion about this approach must go well beyond scientific
discussion. However, HIV-mediated activation of immune-suppressive mechanisms might
also be induced by HIV-1 exposure or infection at the time of challenge and ruin such a strategy
[161]. If the memory immune response is not activated with sufficient speed and strength to
prevent infection upon challenge, activated memory CD4+ T cells, including those specific for
HIV-1, will provide the virus with a pool of targets at the site of entry. Concurrently, HIV-1
will activate multiple mechanisms of immune suppression. The sum of these events will
probably compromise a primed immune system that might otherwise have been effective.
Consistent with this concern is a recent study of acutely infected patients, which concluded
that the speed with which HIV-1 could activate immune-suppressive mechanisms could place
critical time restraints on the window of opportunity that an AIDS vaccine has to block infection
[141]. In support of this critical time issue, a recent study by Estes and Haase (presented in this
symposium) indicates that SIV activates type I IFN expression in the endocervical epithelium,
within 3 h of intravaginal SIV inoculation. One potential intervention to counteract such
deleterious effect would be that vaccine participants could receive immune-based therapy
immediately after detection of infection, using a drug such as chloroquine that would
potentially block activation of HIV-induced immune-suppressive mechanisms. This additional
therapeutic step might ‘rescue’ the remaining primed immune system to continue the fight
against HIV-1 and convert infected vaccine participants into LTNPs (Fig. 2c,d).

We believe that the most difficult obstacle to overcome resides in our incomplete
comprehension of the complex virus-host interactions, which eventually lead to the disarray
of the immune function. This unawareness prevents us from identifying the ideal targets for
immune-based therapies, and decreases our chances of generating a protective vaccine-induced
immune response, which will survive the deleterious effect of being challenged by HIV.
Therefore, research efforts should now be primarily directed in supporting basic research in
HIV-1 pathogenesis in order to make significant progress in the future.
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Fig. 1.
Impairment of immune function by human immunodeficiency virus (HIV)-1. In contrast to
other chronic infections, HIV-1 attacks the immune system via multiple mechanisms, some of
which are specific (direct deleterious effect of HIV-1 proteins and destruction of immune cells),
and some of which are nonspecific (chronic exposure to high Ag load or cytopathic effect).
Limiting the specific deleterious effects of HIV-1 may represent a better approach for immune-
based therapies than trying to interfere with feedback mechanisms induced by chronic exposure
to high Ag load. These specific deleterious effects of HIV also constitute challenges for the
development of protective vaccines.
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Fig. 2.
Human immunodeficiency virus (HIV) immunopathogenesis, its influence on vaccine-induced
responses and possible interventions to limit it. a) HIV-induced immunopathogenesis cripples
immune responses thus resulting in chronic progressive infection. b) Immune-based therapy
aimed at limiting HIV-induced immunopathogenesis may allow a partial recovery of immune
responses which control viral replication and disease progression. These potential therapeutic
approaches include blockade of HIV interaction with the immune system and manipulation of
physiological inhibitory pathways, which carry the risk of inducing autoimmune reactions. c)
Vaccine-induced anti-HIV immune responses may also be suppressed by HIV-induced
immunopathogenesis since the early stages of infection. d) Rapid therapeutic interventions
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aimed at inhibiting the interaction of HIV with the immune system may allow the vaccine-
induced response to develop normally and to effectively control viral replication and disease
progression.
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