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Abstract

Human immunodeficiency virus (HIV)-1 infection causes progressive impairment of the immune
system in humans, characterized by depletion of CD4 T cells and loss of T cell function. Increased
markers of T cell activation and lymphoid hyperplasia suggest that chronic T cell activation persists
in immunocompromised hosts, and contributes to the exhaustion of immune functions. Here we
propose a revision of this hypothesis, in which we suggest that chronic activation of innate immunity
may negatively affect adaptive T cell-mediated responses. We hypothesize that constant exposure
of the effector cells of innate immunity to HIV results in their chronic hyperactivation, with
deleterious effects on T cells. In particular, plasmacytoid dendritic cells (pDC) may be highly
susceptible to HIV-induced activation due to its interaction with the cellular receptor CD4, expressed
by pDC. Subsequent production of type | interferon and indoleamine 2,3-dioxygenase may exert
suppressive and cytotoxic effects on T cells.

Introduction

The advances made during the last 25 years toward understanding the biology of the human
immunodeficiency virus (HIV) have not yet clarified the causes of the immunopathogenesis
associated with this infection. Several dysfunctions of the immune system have been reported
to be associated with HIV infection, and multiple pathogenic mechanisms are considered to
contribute to the immunodeficiency syndrome [1;2;3;4]. A frequently-cited hypothesis that
summarizes these dysfunctions as a causative mechanism is that a state of chronic immune
activation contributes to the loss of CD4 T cells and to the alterations of immune responses,
ultimately leading to disease progression [5;6]. In particular, the increased expression of
different activation markers, such as HLA-DR and CD38, on CD4 and CD8 T cell of HIV-
infected patients, suggests that these lymphocyte subsets may be chronically stimulated by the
lymphotropic HIV virus [6;7;8]. Despite a general consensus on the association between T cell
activation and HIV disease progression, the understanding of the mechanisms by which chronic
immune activation results in the apparently paradoxical effect of chronic immune suppression
is still limited.

A number of reports have recently suggested that HIV may trigger immune mechanisms that
are normally associated with innate immune responses, not only during early phases of
infection but also through the course of the chronic phase [9]. Innate immune responses fulfill
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the double function of limiting viral replication in the initial stages of infection and enhancing
the generation of efficient adaptive immune responses [10]. In particular, production of
interferon (IFN)-a and IFN-p by plasmacytoid dendritic cells (pDC) may be triggered through
Toll-like receptor (TLR) engagement, and have both immune-stimulating and anti-viral
activity, including against HIV [11]. Recent evidence demonstrates that some of these
mechanisms may have negative regulatory effects on T cell function [12;13;14]. Thus, it is
possible that during the early stages of HIV infection, stimulation of innate immunity associated
with pDC activation leads to the enhancement of adaptive immune responses. Conversely,
continuous pDC activation for a prolonged period of time may result in long-term suppression
of T cell responses, causing a state of immune deficiency, similar to that observed during
chronic HIV-disease.

We propose a revised version of the chronic immune activation hypothesis, in which HIV
infection primarily induces chronic activation of innate immune responses, which subsequently
results in the functional impairment of T cells, despite the persistence of an activated T cell
phenotype. This imbalanced response has two major consequences: 1) progressive depletion
of T cell subsets due to dysregulated production of pro-apoptotic cytokines; and 2) progressive
loss of T cell function due to immune suppressive mechanisms associated with innate
immunity. Thus, we view chronic innate immune activation to be mainly responsible for the
dysregulation of adaptive immunity and immune deficiency.

Chronic immune activation in immunocompromised hosts: an HIV paradox

HIV infection in humans is, by definition, associated with the development of progressive
immune deficiency, characterized by impaired adaptive responses in vitro and in vivo, and by
increased susceptibility to opportunistic infections [15;16;17;18]. This inability of the immune
system to respond to different stimuli is, however, associated with an apparent state of basal
immune hyperactivation in the infected host [5;6]. In particular, signs of chronic T cell
activation, such as increased expression of activation markers (for example CD38, HLA-DR
and Ki67) are detected in HIV-infected patients and simian immunodeficiency virus (SIV)-
infected macaques [5;6;7]. This immunological profile contrasts with that observed in natural
hosts of HIV/SIV (chimpanzees for HIV and sooty mangabeys for SIV, for example), in which
the infection does not cause pathogenesis, despite elevated virus replication [5;6;19;20]. It is
noteworthy that the activated state of T cells from HIV/SIV-infected susceptible hosts is
“incomplete”, in the sense that these cells show impaired ability to progress through the cell
cycle, which can be corrected by administration of exogenous IL-2 [2;21;22].

Thus, during pathogenic HIV/SIV infection, the emergence of phenotypic signs of T cell
activation appears to be detached from the development of functional T cell responses. Such
dichotomy is likely the consequence of aberrant immune response to HIV/SIV, rather than a
direct effect of infection, as the same infectious agent replicates at high levels in its natural
hosts that show moderate T cell responses, despite ineffective clearance of the virus [19;20;
23].

Plasmacytoid dendritic cells during HIV infection

IFN-a-producing pDC represent the first line of immune defenses against viral infections
[24]. The effect of HIV infection on the function and dynamics of pDC is still debated. Upon
in vitro stimulation with TLR agonists, IFN-a production is diminished in blood leukocytes
from HIV-infected patients [25;26;27;28]. However, this apparent defect is probably an artifact
due to the reduced frequency of pDC in the peripheral blood of HIV-infected patients [25;
26]. Recent evidence suggests that pDC from HIV-infected patients are normally activated by
TLR agonists, despite their reduction in number [26].Two different hypothesis have been
proposed to account for the diminished proportion of blood pDC in HIV-infected patients: 1)
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depletion of pDC, due to apoptosis or cytopatic effect of HIV; and 2) activation and migration
of pDC from peripheral blood into lymphoid tissues. Two recent studies failed to detect the
classical markers of pDC in lymphoid tissues of HIV-infected patients or SIV-infected
macaques [29;30], and concluded that pDC are depleted, rather than redistributed in different
tissues during HIV infection. However, type | IFN production, the hallmark of pDC activity,
was not analyzed in these two reports [29;30]. In contrast, other studies have shown high levels
of IFN-a in the serum of chronically HIV-infected patients, as well as in tonsils during both
chronic and acute HIV infection [31;32;33]. Similar, increased levels of the tryptophan-
catabolizing enzyme indoleamine 2,3-dyoxigenase (IDO), expressed at high levels by activated
pDC, are found in lymphoid tissues during HIV/SIV infection [34;35;36;37]. Furthermore,
HIV-mediated activation of pDC in vitro has been demonstrated, which results in IFN-a
production, IDO activity and expression of the chemokine receptor CCR7, normally associated
with migration to lymphoid tissues [33;36;37;38;39;40]. Thus, although phenotypic markers
of pDC are not detectable in lymphoid tissues, high levels of their functional markers, type I
IFN and IDO, are detected at both peripheral and tissue level in HIV-infected patients,
suggesting that the activity of these cells may influence the immunologic environment during
HIV infection.

Immune down-regulatory function of plasmacytoid dendritic cells

Studies performed in both murine and human systems have revealed new functions of pDC,
in addition to that of anti-viral type | IFN production [12;14;40]. In particular, TLR agonists
that upregulate IFN-a production also induce the expression of IDO by pDC [41;42]. IDO
catalyzes the degradation of the essential amino acid tryptophan (Trp) into the kynurenine
(Kyn) pathway, exerting a powerful suppressive effect on T cell proliferation and activity
[14]. IDO-expressing pDC have a tolerizing function under physiologic conditions such as
prevention of autoimmune reactions and of maternal-fetal recognition during pregnancy [12;
14]. During chronic pathologic disorders, such as persistent infections and cancer, IDO has
been suggested to play a role in preventing efficient immune responses, favoring the
maintenance of the chronic condition [13;14;36].

An increased rate of Trp degradation, detected as augmented plasma Kyn-to-Trp concentration
ratio (Kyn/Trp), has been widely reported in HIV-infected patients (reviewed in [36;43]). More
recently IDO expression has been directly analyzed in both blood cells and lymphoid tissues
and found to be increased during HIV-infection [34;35;40;44]. TLR- and HIV-activated pDC
express high levels of IDO [40;41;42], and inhibition of HIV-induced IDO improved CD4 T
cell proliferative responses in vitro [40] and enhanced the clearance of HIV-infected
macrophages in a mouse model of HIV-related encephalitis [45]. In addition, IDO activity is
strictly associated with the function of regulatory T cells (Treg), in that Treg induce IDO
expression in APC, and IDO-expressing APC induce a Treg phenotype in naive T cells [46;
47;48;49]. Treg accumulate in lymphoid tissues where IDO is overexpressed during HIV
infection [34,35;37;44], suggesting a tight functional link between these two mechanisms in
HIV infection.

The reasons for the simultaneous production of anti-viral type | IFN and T cell-suppressive
IDO in the economy of innate anti-viral immune responses are unknown. One possibility is
that T cells are protected from the pro-apoptotic effect of type I IFN when their proliferation
is prevented by IDO. In fact, IFN-a induces expression of the nuclear protein p53, which
regulates apoptotic pathways in cycling cells [50;51]. Thus, arresting the T cell cycle by Trp
catabolism may freeze T cells in a stage in which IFN-a-induced p53 is not detrimental.
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Is chronic innate immune activation harmful during HIV infection?

Innate immune responses to viral infections are usually initiated within hours of the first
encounter with the virus [52]. This non-antigen-specific response limits viral replication for a
short period of time, and is normally replaced by an adaptive, antigen-specific response within
days after infection [52;53], ultimately resulting in the efficient clearance or control of the
infectious agent (Fig. 1A). HIV/SIV does not activate pDC of natural resistant hosts in vitro
(reported in [54]), and neither signs of T cell activation nor T cell functional impairment are
observed in HIV/SIV-infected natural hosts, despite chronically high levels of viral replication
[6;19;20], suggesting that the profile of innate/adaptive immune response is similar to that
observed during viral infections other than HIV/SIV (Fig. 1B). However, in the case of HIV/
SIV infection of susceptible hosts, elevated expression of markers associated with pDC
activation, such as type | IFN and IDO, are detected during acute infection and are maintained
during the chronic phase, concomitant with the lack of an efficient adaptive anti-HIV response
[31;32;33;34;35;36;40;43;44]. Thus, because of its chronic nature, HIV infection results in
prolonged continuous stimulation of pDC, which is maintained beyond the acute-early phase
and throughout the entire course of infection. This uncontrolled chronic innate immune
activation may lead to a dysregulated adaptive immune response, characterized by functionally
impaired T cells and increased levels of phenotypic markers of activation (Fig. 1C).

Therefore, the dysregulation of innate immune mechanisms could contribute in different ways
to both the numerical depletion of CD4 T cells and to the progressive loss of functional
responsiveness of T lymphocytes. Activation of IFN-a-induced apoptotic pathways has been
reported to contribute to CD4 T cell depletion in HIV-infected humans and SIV-infected
macaques, but not in non-human primates in which infection is not pathogenic [9;33;55;56].
Similarly, work by Mark Fienberg’s laboratory demonstrated that the ability of pDC to produce
type I IFN in response to SIV is lower in sooty mangabeys, in which SIV infection is not
pathogenic, compared to rhesus macaques (reported in [54]).

IDO-expressing pDC inhibit both CD4 and CD8 T cell responses and, in the setting of HIV
infection, T cell responses and antiviral activity were improved by competitive inhibition of
IDO activity [40;45] or interference with other IDO-inducing mechanisms such as CTLA-4
[57]. It should be noted that HIV-induced IDO may also contribute to the accumulation of Treg
into lymphoid tissues and/or increase Treg activity, as suggested in mouse models and in the
case of leukemia [47;49]. Thus, Fallarino and colleagues reported that, after prolonged
exposure to an environment enriched of Kyn and depleted of Trp, naive CD4 T cells assumed
Treg phenotype and function upon T cell receptor engagement [47]. We recently proposed that
such cascade of events may also occur during HIV infection [36], leading to the sequential loss
of T cell responses to recall antigens, allo-antigens and mitogens [16;17]. Furthermore, the
downregulatory T cell coreceptor CTLA-4, which is constitutively expressed by Treg, is
permanently expressed in HIV-infected patients, in contrast to its transient expression
characteristic of normal T cell responses [34;35;58].

The programmed death (PD)-1 receptor and its ligand (PDL-1) represent another immune
regulatory mechanism that dampens anti-viral reponses in HIV-infected individuals [59;60;
61;62;63]. Upregulation of PDL-1 has been reported in pDC and mDC upon stimulation with
TLR agonists and type | IFN, respectively [64;65]. Interestingly, increased PDL-1 also
correlated with impaired T cell function in patients with chronic hepatitis B [65].

The “chronic T cell activation” hypothesis is supported by a series of observations which
collectively suggest that increased expression of T cell activation markers, such as CD38 and
HLA-DR, correlates with disease progression and CD4 T cell depletion better than plasma
virus levels [6;7;8]. CD38 expression by CD8 T cells is considered the most reliable surrogate
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marker for immune activation and HIV-disease progression [8]. Notably, in vitro treatment
with IFN-a has been shown to induce CD38 upregulation in CD8 T cells, particularly in cells
from HIV-infected patients [66]. In the same report, in vitro incubation with blocking
antibodies against the cellular receptor for IFN-a diminished CD38 expression on CD8 T cells
from HIV-infected patients [66]. These data provide an important link between mediators of
innate immunity and expression of the T cell activation marker CD38 on CD8 T cells.

Brenchley and colleagues recently proposed that the mobilization of microbial products from
the gut mucosa, due to traumatic virologic and immunologic events that occur in the gut during
HIV infection, may be a cause of chronic, systemic immune activation [67]. They found that
plasma levels of lipopolisaccaride (LPS), a common structural component of bacteria and
strong activator of innate immune responses, were increased in chronically HIV-infected
patients and SIV-infected macaques and correlated with markers of immune activation [67].
Although LPS may not directly stimulate pDC, they found that LPS levels correlated with
plasma IFN-o and suggested that other factors, originating in the intestinal flora could induce
IFN-a production. The mechanisms proposed by Brenchely and colleagues [67] may therefore
contribute directly to hyperactivation of innate immunity and the consequent impairment of T
cell responses.

The strongest support of our hypothesis comes however from a non-HIV-related study
conducted in mice, that investigated the effects of repeated CpG oligodeoxynucleotides (ODN)
administration, which activate pDC through TLR9 [68]. Thus, mice that received daily
injection of CpG ODN displayed dramatic alterations in the morphology and function of
lymphoid organs [68], which resembled those that are seen during HIV infection in humans.
For example, lymph node hyperplasia, splenomegaly and disruption of follicle
microarchitecture in spleen and lymph nodes were observed within 7 days of initiating CpG
ODN-treatment [68]. These changes were accompanied by a temporary increase in the total
cellularity in spleen and lymph node, followed, after 20 days of CpG ODN administration, by
decreases in the number of CD4 and CD8 T cells, which displayed markers typically associated
with an activated phenotype [68]. These alterations were dependent on type | IFN signaling,
because CpG ODN treatment showed significantly milder effects in animals lacking the
receptor for IFN-o. or for both IFN-a and IFN-y [68]. Considering the Kinetic differences in the
occurrence of these events in different species, the alterations of lymphoid tissue architecture
and cellular dynamics observed in CpG ODN-treated mice appear remarkably similar to those
described for HIV infection [6;32;69]. This interesting study may represent an in vivo model
of acquired immunodeficiency syndrome that does not involve viral infection but approximates
the alterations observed in pathogenic HIV/SIV infection.

What makes the HIV-pDC interaction unique?

Activation of pDC occurs as part of the normal innate response to different viral insults [52;
53]. Most viral infections are limited by innate immunity and are eventually cleared by efficient
adaptive responses [52;53]. In some cases, including HIV infection, the combination of innate
and adaptive immunity fails to eliminate the infectious agent, which persists in the system as
a chronic infection [70]. In the case of HIV, the persistence of the infection is likely a result
of both intrinsic characteristics of the virus and ineffective immune response [70;71],
including: 1) ability of the virus to integrate into the host’s cellular genome; 2) hypervariability
of HIV which escapes immune recognition; and 3) impairment of cell-mediated responses
intrinsic to the disease itself.

Once HIV has established a chronic infection, newly produced virions interact preferentially
with cells expressing CD4, including pDC [72]. HIV can directly activate pDC, similar to other
viruses, when viral RNA is recognized by intravescicular TLR, most likely TLR7, which
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recognizes single stranded RNA [73]. CD4 molecules expressed on the cell surface are
susceptible to endocytosys, particularly on DC, that do not express the p56Ick protein which
modulates clathrin-dependent internalization of CD4 in T cells [74;75]. Thus, the
internalization of HIV by pDC may be particularly rapid and efficient due to the peculiar
interaction of the virus with a cellular receptor (CD4) that is directly associated with the
endocytotic machinery. Alternatively, the endocytotic process might not be as efficient for
other viruses, which do not interact directly with endocytosis-competent receptors. Consistent
with this hypothesis are the findings that either antibodies against CD4 or soluble CD4
molecules are efficient in inhibiting both HIV-induced IFN-a production and IDO expression
by pDC [40;55].

Our hypothesis predicts that in naturally-resistant HIV/SIV hosts, part of the machinery for
HIV/SIV-mediated activation of pDC differs from species in which the infection is pathogenic.
These differences may involve different stages of HIV/SIV-mediated pDC activation; 1) CD4-
gp120 interaction; 2) CD4-mediated endocytosis; 3) TLR expression or sensitivity to HIV/SIV
nucleic acids; or 4) signal transduction and gene expression pattern following TLR-
engagement. As a consequence, the strength of the innate immune response to HIV/SIV during
both acute and chronic infection could be different between susceptible and resistant species.
Unfortunately, no information is available comparing IFN-o and IDO during acute infection
in resistant versus susceptible primates. However, sooty mangabeys were reported to develop
an adaptive cell-mediated response to SIV which is of lower magnitude than that observed in
rhesus macaques or HIV-infected humans [76]. Because innate responses are pivotal in
sustaining and enhancing the generation of T cell responses [10], it is possible that stronger
activation of innate immunity occurs in the acute phase of SIV infection in rhesus macaques
compared to sooty mangabeys (and HIV in humans compared to chimpanzees), thus leading
to an apparently stronger adaptive T cell response. This hypothesis is consistent with the
kinetics of plasma IFN-o and Kyn levels matching those of plasma viral load during acute
infection in SIV-infected cynomologous macaques (Mallaret B. et al, Keystone symposia —
HIV pathogenesis 2007 — Abstract 444). Interestingly, an immunologic profile that resembles
the model we propose for HIV/SIV infection, was described for classical swine fever infection
in pigs, in which high levels of IFN-a production correlated with depletion of blood
lymphocytes, beginning in the early stages of acute infection [77].

Conclusions

Advances have been made in the recent years acquiring knowledge about the pathogenic
mechanisms that result in the progressive immune deficiency characteristic of HIV infection.
The long list of functional alterations of the immune system collected during 25 years of
research has given rise to different hypotheses to account for these pathogenic changes. The
paradoxical appearance of signs of increasing immune activation in patients who progressively
become more functionally immune-compromised has generated the hypothesis that chronic
stimulation of T cells may ultimately lead to their malfunction, exhaustion and death. Here we
suggest an alternative hypothesis of chronic immune activation. Therefore, we propose that
the persistence of HIV particles provides a chronic stimulus for mechanisms normally
associated with innate immune responses, such as those mediated by pDC, and that chronic
innate immune activation suppresses functional T cell-mediated adaptive immune responses
while sustaining the activated phenotype of T cells. In accordance with our hypothesis, repeated
administration of CpG ODN in mice, which activate pDC through TLR9, resulted in lymph
node hyperplasia, with disruption of lymphoid architecture and multifactorial immune
suppression, including decreased CD4 and CD8 T cells [68], which resembles many of the
alterations observed during HIV infection.
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In addition, we propose that the key molecular events required for the chronic innate immune
activation result from the binding of HIV to its cellular receptor CD4. The inhibition of this
gp-120-CD4 interaction may provide a therapeutic approach aimed not only at limiting the
virus-cell interactions resulting in new infections, but importantly at preventing the interaction
of the virus with key components of the innate immune system which leads to qualitative and
quantitative aberrations of T cell-mediated responses. Such a strategy might prevent the
appearance of the dichotomy between persistent expression of T cell activation markers and T
cell functional deficiency characteristic of AIDS.
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Figure 1. Chronic innate immune activation as a cause of chronic T cell activation and functional

impairment
(A) During most viral infections, early innate immune responses promote and are replaced by
efficient adaptive T cell responses, ultimately resulting in the clearance or control of the

infectious agent. (B) HIV/SIV infection of natural resistant hosts is not efficiently cleared by

immune responses, but the immune system appears to respond normally to the infection, and
no signs of chronic immune activation or immune deficiency are observed. (C) We hypothesize

that HIV/SIV infection of susceptible hosts results in abnormal and prolonged activation of
innate immune responses, resulting in: 1) induction of phenotypic markers of T cell activation,

such as CD38 and the lymphoadenopathy syndrome (LAS); 2) progressive T cell depletion
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through apoptotic mechanisms; and 3) suppression of functional T cell responses by
mechanisms such as IDO/Treg or PDL-1.
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