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Abstract
HIV infection is associated with continued activation of immune system and this is known to be the driving
force behind CD4+ T cell depletion and progression to AIDS. Nonpathogenic Simian Immunodeficiency Virus (SIV)
infections of natural hosts are characterized by low levels of immune activation even in the chronic phase of infection.
Effective Antiretroviral Therapy (ART) does not fully resolve immune activation and HIV infected patients continue
to experience non-AIDS related events leading to premature immune senescence. In this review, we summarize
the possible mechanisms driving HIV associated immune activation, and novel therapeutic interventions that show
promise in treating the disease.
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Introduction
Nearly 35 million people all over the world are infected with Human
Immunodeficiency Virus (HIV), the causative agent of Acquired
Immunodeficiency Syndrome (AIDS). Around 2 million people get
infected with the virus each year and the pandemic continues to devastate
despite three decades of our understanding of the pathogenesis [1].
The mechanisms by which HIV causes AIDS are multifaceted and still
not completely understood and this is the main reason why HIV has
not been eradicated from the world. While therapeutic interventions
are ongoing, there is a pressing need for in-depth understanding of
correlates of protection and the development of an effective HIV
vaccine. The early hypothesis that AIDS is a result of uncontrolled
replication and that with the administration of Antiretroviral Therapy
(ART), the diseases is ‘latent’; is no longer supported by the available
scientific evidence. The observation that Simian Immunodeficiency
Virus (SIV) infection of natural hosts is nonpathogenic despite high
viremia and short life span of infected cells demonstrates that AIDS is
not the necessary consequence of any primate lentiviral infection [2,3].
Multiple studies have shown that several immunological features play a
crucial role in causing progression to AIDS. The most prominent reason
is the establishment of chronic state leading to generalized immune
activation strikingly absent in nonpathogenic model of SIV infection
[4,5]. Chronic HIV infection is mainly characterized by increased
expression of pro-inflammatory cytokines and increased expression
of T cell activation or exhaustion markers. Among pro-inflammatory
cytokines, interferons, IL-6, IL-8, IL-1β and certain serum markers of
inflammation including soluble CD14 (sCD14), C-Reactive Protein
(CRP), D dimers have been implicated in HIV associated immune
activation [6-9]. T cell activation markers like CD38 and HLA-DR,
Programmed Death-1 (PD-1), Tim-3, CTLA-4 and PD-1 Homologue
(PD-1H) may also interfere with ongoing HIV specific cell responses
[6-9]. It is now believed that levels of chronic immune activation predict
the progression to AIDS independently from viral loads or CD4+ T
lymphocyte counts. Both HIV and SIV infections of natural hosts are
associated with loss of integrity of the mucosal barrier in the intestine
leading to translocation of microbial products like Lipopolysaccharide
(LPS) and flagellins into the circulation [10]. Serum levels of LPS,
flagellin, peptidoglycan and CpG rich DNA correlated strongly with T
cell activation levels leading to conclusion that translocation of immune
stimulatory products contribute to systemic immune activation [11].
Pathogenic HIV and SIV infections lead to irreversible loss of memory
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CD4+ T cells leading to decline in CD4+ T cell pool and establishing a
“latent pool” of HIV infected cells. In recent years, multiple studies have
shown that HIV infected individuals have elevated levels of immune
activation markers and these do not normalize with long term ART
[12-14]. In addition, immune activation is most likely to be a significant
contributor in initial establishment and maintenance of viral reservoir,
which is the key obstacle to any HIV eradication strategy [15,16]. In
this review, we discuss our understanding of HIV associated immune
activation and several therapeutic approaches with the goal to decrease
persistent immune activation.

Why is understanding immune activation important?
Immune activation, a natural host response during an infection is
tightly regulated by a complex cascade of biochemical signals directed
at clearing the pathogen. Immune activation clears in majority of
the infections and eventually gets resolved itself to prevent immunemediated pathology and exhaustion. However, in case of HIV or
Hepatitis C infection, the virus persists indefinitely and in response the
body maintains its state of immune activation [17]. Once the viral loads
are brought under control, immune activation decreases dramatically
but residual virus provides a constant trigger to the immune system and
low-level activation persists [18].
Highly active ART was assumed to have an asymptomatic phase of
infection with undetectable viral loads and improved lifestyle. It came
as a surprise when in patients with undetectable viral load; continual
CD4+ T cell depletion was observed and could not be linked to actively
replicating virions. Preliminary hypothesis included direct toxicity
of antiretroviral drugs, [19,20], metabolic changes, and additional
risk factors such as smoking, alcohol and other substance abuse [21].
However, none of these factors fully explained all the risk of non-AIDS
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related mortality. The concept of chronic immune activation was first
proposed by Ascher and Sheppard [22] and further recognized by other
groups. Dr. Giorgi pioneered in advocating her theory of immune
activation in by suggesting that although it starts out as a protective
mechanism towards enhancing survival, immune activation ultimately
proves to be more pathogenic than being protective [23]. Thus while
HIV infection leads to AIDS, the hallmark of which is immune
deficiency, the larger part of the chronic pathology of HIV infection is
founded on persistent immune activation [24].

Causes of persistent immune activation
Breach of gastro-intestinal mucosa and microbial translocation:
A potential mechanism contributing to chronic immune activation is
the mucosal immune dysfunction demonstrated by severe and rapid
depletion of CD4+ T cells from the gut [25]. This is associated with
loss of intestinal epithelial cells, disruption of tight junctions, and
compromised integrity of the mucosal intestinal barrier that results
in a significant increase in bacterial components, including LPS and
16s DNA in the blood [10,26-28]. Gut associated lymphoid tissue
constitutes nearly 95% of the body’s CD4+ T cells and this compartment
is essentially lost and never restored even with rigorous ART [29].
LPS concentrations in the circulation of HIV-infected individuals
correlate strongly with T-cell activation levels [26,30]. Other bacterial
products, such as flagellin, peptidoglycan, and bacterial CpG-rich DNA
domains that are recognized by Toll Like Receptor (TLR) 2, 5, and 9
respectively, may also contribute to immune activation [31]. Through
the stimulation of TLRs, these bacterial products may also induce
pro-inflammatory cytokine production such as TNF-α, IL-6, IL-8, IL1β and type I interferons [32,33]. Although it is widely accepted that
insults to mucosa result in immune activation, the relative contribution
of this phenomenon is incompletely understood. Follow up studies in
macaques have shown that in spite of survival of mucosal CD4+ T cells,
activation was observed suggesting that immune activation due to gut
damage may not be required to develop AIDS [34-36].
To maintain the balance of immune system there is a sync between
the numbers of a specialized T cell category called the regulatory T cells
(Tregs) and Th17 cells that produce IL-17, IL-21 and IL-22 [37,38].
Disruption of gut integrity in pathogenic SIV and HIV infection is
associated with depletion of Th17 cells that has been held responsible
for chronic immune activation in pathogenic HIV infection [39,40]. In
SIV infected Rhesus Macaques (RM), treatment with IL-21 resulted in
the maintenance of intestinal Th17 cells, and a reduction of microbial
translocation and systemic inflammation [41]. Currently, the Th17/
Treg balance and the role of Th17 cells and Th17-derived cytokines in
HIV infection is a subject of intensive study.
HIV replication and immune response to the virus: HIV
infection itself is the prime cause of immune activation. HIV RNA
directly activates TLR7 and 8 further inducing the release of type I
interferons [42,43]. Both HIV antigens and its components can activate
T, B and NK cells and lead to release of pro-inflammatory cytokines
like IFN-α, IL-6, IL-8, Macrophage Inflammatory Protein (MIP)-1a,
adhesion molecules like ICAM and VCAM [44-47]. In spite of the
proven contribution of HIV replication to immune activation and
inflammation, several hitches exist. Firstly, the frequency of activated
T cells exceed the number of cells infected that does not include other
cells types that get activated like B, NK cells and monocytes [26,28,48].
Secondly, immune activation is a better predictor of declining CD4+ T
cells counts as compared to viral loads [23,49]. Thirdly, despite successful
ART administration and viral replication control to undetectable levels,
the main markers of immune activation remain high [12,50]. Fourthly,
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in natural hosts of SIV infection, high viral loads fail to induce sufficient
T cell proliferation or activation and progression to AIDS [51,52].
Lastly, in a rare subset of HIV infected population called Virologic Non
Progressors (VNPs), CD4+ T cell counts are maintained remarkably
well and despite high viral loads, immune activation markers are
comparable to uninfected individuals [53]. Together, these studies have
shown that HIV viral loads play a critical role in immune activation but
are neither exclusively responsible nor necessary to induce pathological
levels of immune activation. Thus, in the last couple of years, attention
has been focused on the causes of immune activation and modulation
strategies that help regulate immune activation.
Loss of specific CD4+ T-cell subsets: CD4+ T cells can be classified
based on phenotype, function, and anatomic distribution in broad
subsets of naïve, central memory, and transitional memory and effector
memory cells. Based on their function, cytokine, and transcriptional
profile, they are classified as Th1, Th2, Th17, Tfh, and regulatory
T-cells. Being the prime targets for HIV/SIV infection, restoring
CDt+ T cell counts is an attractive strategy to combat infection related
abnormalities. Moreover, some subsets were affected differently in HIV
and SIV infection suggesting their variable roles in the course of disease
progression. Thus, characterization of these different subsets in cases
of HIV/SIV infection may lead to determining the role of these cells in
establishing immune activation.
Th17 cells: Th17 cells are recognized by their ability to produce IL17 and IFN-γ. The levels of these cytokines in HIV infected patients are
increased and have been shown to directly contribute to maintenance
of gut surface integrity [54,55]. Th17 cell numbers are relatively
well preserved in SIV infected macaques that show no microbial
translocation and lack chronic immune activation [37,39]. In HIV
infected individuals classified as long term non progressors, there is a
preferential preservation of intestinal Th17 cells [56,57]. The severity
of Th17 cell depletion correlates with microbial translocation, chronic
immune activation, and disease progression in HIV/SIV-infected
subjects [56,58].
Central memory CD4+ T cells: CD4+ T Central Memory (TCM)
cells are long lived self-renewing cells that reside in the lymphoid
tissues and represent the largest reservoir of infected CD4+ T cells
in HIV-1 infection [15,59]. In SIV-infected primates, progressive
depletion of CD4+ TCM defines progression to AIDS, [60,61]. It has
been hypothesized that memory CD4+ T cells are the reservoir that
carry HIV-1 provirus. The process includes infection of a CD4+ T cell
being infected in an activated state and surviving long enough to move
to resting state [62]. However, some evidence indicates that a CD4+ T
cell may be permissive to HIV-1 infection without being activated [63].
It has been proposed that naïve CCR5-CD4+ T cells may in fact have
a very low level expression of CCR5 that may be sufficient to support
infection by HIV-1 [64].
Infection and depletion of CD4+ TCM cells is hypothesized to
contribute to the establishment of chronic immune activation by
either affecting T cell proliferation or activation concentrated in local
anatomic sites [52]. Low levels of TCM infection have been described
in (i) long-term non-progressors, (ii) early treated patients that show
a prolonged control of viremia and preserve CD4+ T cells after ART
interruption, and (iii) VNPs that preserve CD4+ T-cell counts despite
high levels of viral load [65].
Regulatory T cells: Tregs are identified by the expression of
CD25 and FOXP3. These cells are important for maintaining immune
system homeostasis by preventing autoimmunity and by suppressing
activation and effector functions mainly through expression of IL-10
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and TGF-β [66,67]. The role of Tregs in HIV infection and associated
chronic immune activation is still intensively debated. On one end Tregs
suppress general immune activation that may be beneficial to host by
delaying progression to AIDS [68,69]. On the other hand, Tregs may
suppress HIV related effector T cell immune responses contributing to
HIV pathogenesis [70,71].
T-follicular (Tfh) helper cells: Tfh are found in the lymphoid
germinal centers expressing high levels of ICOS, CD40 ligand, PD1, BTLA, as well as high levels of the cytokine IL-21. These cells play a
critical role in the activation, differentiation, and survival of B cells. The
role of Tfh cells in HIV immune activation is unclear. In SIV infection,
TfH cells have been shown to suffer decreased survival, cycling, and
trafficking suggesting a loss of function, while another study showed that
Tfh cells remain capable of stimulating B cells’ Ig production [72,73].
CD8+ T cells and HIV infection; Control of plasma viral loads in
acute infection of HIV directly coincides with CD8+ T cell functions
[74]. In both acute and chronic models of primates with SIV infection,
CD8+ T cell numbers tightly regulate viral replication. The primary
function of CD8+ T cells is to recognize and kill infected cells via
perforin/granzymes or via Fas ligand [75]; they are quite competent
in producing a broad array of cytokines like IL-2, IFN-γ, TGF-β and
TNF-α, RANTES, MIP-1α, MIP-1β [76]. T-bet, a transcription factor
and regulator of cytolytic effector cells has been shown to play a pivotal
role as a determinant of Th1 lineage commitment and is essential for
the development of autoimmune diseases in transgenic mice [77-79].
During HIV infection, CD8+ T cells lose the ability to express T-bet and
this correlates to cytolytic dysfunction [77]. In elite controllers, T-bet
expression levels are maintained as compared to chronic progressors
[80]. Of note, the number of CD8+ T cells secreting cytokines did
not differ between chronic progressors and elite controllers but
they were able to produce more cytokines especially IL-2 per cell
suggesting that the quality of CD8+ T cells responses is directly related
to immune protection [81-84]. It is becoming increasingly clear that
polyfunctionality of these cells and transcription factors like T-bet

should also be used to define correlates of immune activation. In
conclusion, the mechanism of HIV pathogenesis and its contribution
to immune activation significantly relies on the balance of the different
CD4+ T-cell subsets.
Immune exhaustion: In addition to immune activation, another
feature of chronic HIV-1 infection is ‘immune exhaustion’. Immune
exhaustion is characterized by the loss of T cell effector functions [85],
upregulation of negative regulatory markers on both CD4 and CD8+ T
cells [6,7,8,86] and deficiency of positive costimulatory molecules such
as CD28 and BB-1 [87,88]. Blocking of negative regulatory molecules
like PD-1 has received considerable attention due to partial restoration
of immune functions upon modulation of these receptors [6,7,89,90].
Recently a new member of the same family, PD-1H was implicated
to play an important role in pro inflammatory cytokine secretion
and enhancing immune responses to HIV antigens [9]. The authors
demonstrated that PD-1H in primary human monocytes led to secretion
of pro-inflammatory cytokines like IL-6, TNF-α and IL-1β. In patients
with chronic HIV infection on ART, PD-1H levels on monocytes were
significantly higher as compared to elite controllers and uninfected
donors. Surprisingly, in patients with acute HIV infection, PD-1H levels
were lower than those in chronic phase, emphasizing that PD-1H maybe
the molecule or a part of the mechanism responsible in triggering immune
activation especially in the chronic stage of the disease. In addition, PD1H expression on monocytes in chronic HIV patients correlated with
T cell immune activation (CD38 and HLA-DR) and exhaustion (PD1) markers suggesting that this molecule should be pursued to target
immune activation and exhaustion both in HIV infected patients.
Pathogenic effects of immune activation and inflammation: The
role of chronic immune activation is well established in the setting of
HIV infection even though it is still not fully comprehended how it
makes host immune system dwindle under its pressure. One of the
proposed mechanisms is the preferential depletion of CD4+ T helper
cells that are the key components to host immune response [85].
Reduction in numbers of these cells may eventually lead to inability

Figure 1: Factors involved in HIV associated immune activation. Various factors are associated with HIV associated immune activation. Acute/chronic immune
activation maybe a result of activation induced by binding of viral proteins to TLRs, altered CD4+ T cell subsets, CD4+ T cell proliferation and apoptosis, pro-inflammatory
milieu generated by infected antigen presenting cells or activation of cytolytic T cells and leaky gut allowing microbial translocation. In addition, each mechanism may
inadvertently synergize with other mechanisms and alter the relative contribution of each factor [10,25,31,32,37,43,57,61,69,71,73,77].
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of the body to deal with range of potential pathogens. The other
mechanism is by providing targets for HIV replication (Figure 1).
Depletion of CD4+ T cells may trigger activation, proliferation and
differentiation of naïve and memory T cells to maintain homeostasis.
However, they may also get infected by HIV and sustain a vicious cycle
in which infection leads to cell death and further proliferation [86].
An additional key mechanism may be inhibition of normal functions
by B, NK and other antigen presenting cells leading to less efficient
viral control, increased virus replication and thus immune activation
[87,88]. Further immune activation of these cells may lead to secretion
of pro-inflammatory cytokines that can induce cardiovascular damage
and cancer [89]. Immune activation studies in HIV/SIV infection have
shown structural damage to lymphoid tissues that are crucial for T cell
regeneration and function [90,91]. Loss of lymphoid network may lead
to loss of cytokines that maybe essential to the survival and decreased
availability of T cells [90]. In a nutshell, chronic immune activation
wreaks havoc in the setting of an established pathogenic HIV/SIV
infection in humans and macaques via multiple ways. The best way
to determine interventions would be blocking them and optimizing
treatment in humans.

Interventions to control chronic immune activation
Targeting chronic immune activation is of prime importance in
optimizing HIV infection in humans. Over the last couple of years it
has become clear that non-AIDS related events such as increased aging,
cardiovascular disorders, neurodegenerative disorders and cancers
correlate with increased mortality in HIV patients. Vaccine based
approaches are not eliciting the required response to prevent or cure
HIV infection; thus new strategies need to be explored to improve
overall immune function.

Antiretroviral therapy
Introduction of potent ART has made it possible to achieve control
of viral replication and improved immune function in majority of the
treated patients [92,93]. As ART significantly reduces morbidity and
mortality associated with HIV replication, interruption in the regimen
fails to achieve functional eradication of the infection [94,95]. Although
ART has achieved reduction in immune activation to significantly lower
levels with successful control of viremia, the immune activation never
returns to the baseline like uninfected controls [96]. The mechanisms
underlying immune activation are multifactorial and do not solely
depend on virus replication, hence ART can achieve only so much. The
size of stable reservoir compartments needs to be closely monitored as
it appears to be the determinant of the level of residual virus replication
[15].

Alternative drug therapies
Cyclosporine A is a cyclic peptide commonly used as an immune
suppressive agent, inhibits T cell activation, proliferation and
effector functions [97]. Studies conducted in HIV patients show that
administration of cyclosporine A as supplemental therapy may help
stabilize mean CD4+ T cell counts and even lower the risk of progression
to AIDS [98,99]. However, there have been contradictory studies stating
no beneficial effects in terms of viral replication or any immunologic
benefits [100,101]. Thus, cyclosporine A has been concluded to not have
any advantage during ART treatment. Among other classes of tested
agents include chloroquine that showed significant promise in reducing
HIV viral loads in ART naïve patients without the patients developing
drug resistance [102,103]. HIV infection is associated with excessive
production of TNF-α, thus blocking TNF-α secretion appears to be an
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appropriate choice to reduce HIV related immune activation. Etanercept
protein binds to TNF receptor acting as a competitive inhibitor for
TNF-α and encouragingly appears to improve HIV related symptoms
[104,105]. Certain cytokines when administered exogenously may
help regulate the proliferation and survival of CD4+ T cells. Naïve and
memory CD4+ T cells progressively deplete during HIV infection and
IL-7 administration has been shown to be important in restoring their
function [106]. IL-7 treatment may also activate latent virus replication
thereby helping in targeting viral reservoirs [15]. Another cytokine
IL-21 has been shown to prevent Th17 cell loss during SIV infection
[58]. Certain other compounds like rapamycin and mycophenolic acid
may help as additive therapy in conjunction with ART in HIV infected
patients by reducing T cell proliferation and activation, thus reducing
available targets for HIV replication and viral loads as well [107,108].

Conclusions
Immune activation associated with HIV infection in recent years
has been given undivided attention. The factors responsible and the
mechanisms behind immune activation are being aggressively pursued.
As recent studies have shown immune activation is linked to the
perturbations in the human body and predictor of progression to AIDS
in case of HIV infection, active research on both viral and host factors
contributing to this phenomenon are underway. This review highlights
the benefits associated with targeting immune activation to reduce
disease progression and non-AIDS related pathological side effects on
HIV induced chronic immune activation.
References
1. Ebrary Inc (2009). AIDS epidemic update December 2009. UNAIDS, Geneva,
Switzerland.
2. Brenchley JM, Silvestri G, Douek DC (2010) Nonprogressive and progressive
primate immunodeficiency lentivirus infections. Immunity 32: 737-742.
3. Paiardini M, Pandrea I, Apetrei C, Silvestri G (2009) Lessons learned from the
natural hosts of HIV-related viruses. Annu Rev Med 60: 485-495.
4. Chakrabarti LA, Lewin SR, Zhang L, Gettie A, Luckay A, et al. (2000) Normal
T-cell turnover in sooty mangabeys harboring active simian immunodeficiency
virus infection. J Virol 74: 1209-1223.
5. Silvestri G, Sodora DL, Koup RA, Paiardini M, O’Neil SP, et al. (2003)
Nonpathogenic SIV infection of sooty mangabeys is characterized by limited
bystander immunopathology despite chronic high-level viremia. Immunity 18:
441-452.
6. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, et al. (2006) PD-1
expression on HIV-specific T cells is associated with T-cell exhaustion and
disease progression. Nature 443: 350-354.
7. Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, et al. (2006)
Upregulation of PD-1 expression on HIV-specific CD8+ T cells leads to
reversible immune dysfunction. Nat Med 12: 1198-1202.
8. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders JJ, Mackey EW, et al.
(2007) Upregulation of CTLA-4 by HIV-specific CD4+ T cells correlates
with disease progression and defines a reversible immune dysfunction. Nat
Immunol 8: 1246-1254.
9. Bharaj P, Chahar HS, Alozie OK, Rodarte L, Bansal A, et al. (2014)
Characterization of programmed death-1 homologue-1 (PD-1H) expression
and function in normal and HIV infected individuals. PLoS One 9: e109103.
10. Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, et al. (2006)
Microbial translocation is a cause of systemic immune activation in chronic HIV
infection. Nat Med 12: 1365-1371.
11. Gordon SN, Cervasi B, Odorizzi P, Silverman R, Aberra F, et al. (2010)
Disruption of intestinal CD4+ T cell homeostasis is a key marker of systemic
CD4+ T cell activation in HIV-infected individuals. J Immunol 185:5169-5179.
12. Hunt PW, Martin JN, Sinclair E, Bredt B, et al. (2003) T cell activation is
associated with lower CD4+ T cell gains in human immunodeficiency virus-

Volume 7(1): 015-021 (2015) - 18

Citation: Bharaj P, Chahar HS (2015) Immune Activation and HIV Pathogenesis: Implications for Therapy. J Antivir Antiretrovir 7: 015-021. doi:10.4172/
jaa.1000115

infected patients with sustained viral suppression during antiretroviral therapy.
J Infect Dis 187: 1534-1543.

Production of interleukins in human immunodeficiency virus-1-replicating
lymph nodes. J Clin Invest 86: 148-159.

13. French MA, King MS, Tschampa JM, da Silva BA, Landay AL (2009) Serum
immune activation markers are persistently increased in patients with HIV
infection after 6 years of antiretroviral therapy despite suppression of viral
replication and reconstitution of CD4+ T cells. J Infect Dis 200: 1212-1215.

34. Gordon SN, Klatt NR, Bosinger SE, Brenchley JM, Milush JM, et al. (2007)
Severe depletion of mucosal CD4+ T cells in AIDS-free simian immunodeficiency
virus-infected sooty mangabeys. J Immunol 179: 3026-3234.

14. Lederman MM, Calabrese L, Funderburg NT, Clagett B, Medvik K, et al. (2011)
Immunologic failure despite suppressive antiretroviral therapy is related to
activation and turnover of memory CD4 cells. J Infect Dis 204: 1217-1226.
15. Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, et al. (2009) HIV
reservoir size and persistence are driven by T cell survival and homeostatic
proliferation. Nat Med 15: 893-900.
16. Hatano H, Jain V, Hunt PW, Lee TH, Sinclair E, et al. (2013) Cell-based
measures of viral persistence are associated with immune activation and
programmed cell death protein 1 (PD-1)-expressing CD4+ T cells. J Infect Dis
208: 50-56.
17. Chang KM (2003) Immunopathogenesis of hepatitis C virus infection. Clin Liver
Dis 7: 89-105.
18. Soudeyns H, Pantaleo G (1999) The moving target: mechanisms of HIV
persistence during primary infection. Immunol Today 20: 446-450.
19. Ryom L, Mocroft A, Kirk O, Worm SW, Kamara DA, et al. (2013) Association
between antiretroviral exposure and renal impairment among HIV-positive
persons with normal baseline renal function: the D:A:D study. J Infect Dis 207:
1359-1369.

35. Pandrea IV, Gautam R, Ribeiro RM, Brenchley JM, Butler IF, et al. (2007) Acute
loss of intestinal CD4+ T cells is not predictive of simian immunodeficiency virus
virulence. J Immunol 179: 3035-3046.
36. Breed MW, Jordan AP, Aye PP, Lichtveld CF, Midkiff CC, et al. (2013) Loss
of a tyrosine-dependent trafficking motif in the simian immunodeficiency virus
envelope cytoplasmic tail spares mucosal CD4 cells but does not prevent
disease progression. J Virol 87: 13048-13052.
37. Brenchley JM, Paiardini M, Knox KS, Asher AI, Cervasi B, et al. (2008)
Differential Th17 CD4 T-cell depletion in pathogenic and nonpathogenic
lentiviral infections. Blood 112: 2826-2835.
38. Littman DR, Rudensky AY (2010) Th17 and regulatory T cells in mediating and
restraining inflammation. Cell 140: 845-858.
39. Favre D, Lederer S, Kanwar B, Ma ZM, Proll S, et al. (2009) Critical loss of
the balance between Th17 and T regulatory cell populations in pathogenic SIV
infection. PLoS Pathog 5: e1000295.
40. Raffatellu M, Santos RL, Verhoeven DE, George MD, Wilson RP, et al. (2008)
Simian immunodeficiency virus-induced mucosal interleukin-17 deficiency
promotes Salmonella dissemination from the gut. Nat Med 14: 421-428.

20. Scherzer R, Estrella M, Li Y, Choi AI, Deeks SG, et al. (2012) Association of
tenofovir exposure with kidney disease risk in HIV infection. AIDS 26: 867-875.

41. Pallikkuth S, Micci L, Ende ZS, Iriele RI, Cervasi B, et al. (2013) Maintenance of
intestinal Th17 cells and reduced microbial translocation in SIV-infected rhesus
macaques treated with interleukin (IL)-21. PLoS Pathog 9: e1003471.

21. Armah KA, McGinnis K, Baker J, Gibert C, Butt AA, et al. (2012) HIV status,
burden of comorbid disease, and biomarkers of inflammation, altered
coagulation, and monocyte activation. Clin Infect Dis 55: 126-136.

42. Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva I, et al. (2005)
Endocytosis of HIV-1 activates plasmacytoid dendritic cells via Toll-like
receptor-viral RNA interactions. J Clin Invest 115: 3265-3275.

22. Ascher MS, Sheppard HW (1988) AIDS as immune system activation: a model
for pathogenesis. Clin Exp Immunol 73: 165-167.

43. Hyrcza MD, Kovacs C, Loutfy M, Halpenny R, Heisler L, et al. (2007) Distinct
transcriptional profiles in ex vivo CD4+ and CD8+ T cells are established early
in human immunodeficiency virus type 1 infection and are characterized by
a chronic interferon response as well as extensive transcriptional changes in
CD8+ T cells. J Virol 81: 3477-3486.

23. Giorgi JV, Hultin LE, McKeating JA, Johnson TD, Owens B, et al. (1999) Shorter
survival in advanced human immunodeficiency virus type 1 infection is more
closely associated with T lymphocyte activation than with plasma virus burden
or virus chemokine coreceptor usage. J Infect Dis 179: 859-870.
24. Lori F (2008) Treating HIV/AIDS by reducing immune system activation: the
paradox of immune deficiency and immune hyperactivation. Curr Opin HIV
AIDS 3: 99-103.
25. Meier A, Alter G, Frahm N, Sidhu H, Li B, et al. (2007) MyD88-dependent
immune activation mediated by human immunodeficiency virus type 1-encoded
Toll-like receptor ligands. J Virol 81: 8180-8191.
26. Hellerstein MK, Hoh RA, Hanley MB, Cesar D, Lee D, et al. (2003)
Subpopulations of long-lived and short-lived T cells in advanced HIV-1 infection.
J Clin Invest 112: 956-966.

44. Hazenberg MD, Stuart JW, Otto SA, Borleffs JC, Boucher CA, et al. (2000) T
cell division in human immunodeficiency virus (HIV-1)-infection is mainly due to
immune activation: a longitudinal analysis in patients before and during highly
active anti-retroviral therapy. Blood 95: 249-255.
45. Cohen Stuart JW, Hazebergh MD, Hamann D, Otto SA, Borleffs JC, et al. (2000)
The dominant source of CD4+ and CD8+ T-cell activation in HIV infection is
antigenic stimulation. J Acquir Immune Defic Syndr 25: 203-211.
46. Bucy RP, Hockett RD, Derdeyn CA, Saag MS, Squires K, et al. (1999) Initial
increase in blood CD4(+) lymphocytes after HIV antiretroviral therapy reflects
redistribution from lymphoid tissues. J Clin Invest 103: 1391-1398.

27. Vabret N, Bailly-Bechet M, Najburg V, Müller-Trutwin M, Verrier B, et al. (2012)
The biased nucleotide composition of HIV-1 triggers type I interferon response
and correlates with subtype D increased pathogenicity. PLoS One 7: e33502.

47. Wolf K, Tsakiris DA, Weber R, Erb P, Battegay M; Swiss HIV Cohort Study
(2002) Antiretroviral therapy reduces markers of endothelial and coagulation
activation in patients infected with human immunodeficiency virus type 1. J
Infect Dis 185: 456-462.

28. Finkel TH, Tudor-Williams G, Banda NK, Cotton MF, Curiel T, et al. (1995)
Apoptosis occurs predominantly in bystander cells and not in productively
infected cells of HIV- and SIV-infected lymph nodes. Nat Med 1: 129-134.

48. Hasegawa A, Liu H, Ling B, Borda JT, Alvarez X, et al. (2009) The level of
monocyte turnover predicts disease progression in the macaque model of
AIDS. Blood 114: 2917-2925.

29. Taiwo B, Barcena L, Tressler R (2013) Understanding and controlling chronic
immune activation in the HIV-infected patients suppressed on combination
antiretroviral therapy. Curr HIV/AIDS Rep 10: 21-32.

49. Deeks SG, Kitchen CM, Liu L, Guo H, Gascon R, et al. (2004) Immune
activation set point during early HIV infection predicts subsequent CD4+ T-cell
changes independent of viral load. Blood 104: 942-947.

30. Burdo TH, Lentz MR, Autissier P, Krishnan A, Halpern E, et al. (2011) Soluble
CD163 made by monocyte/macrophages is a novel marker of HIV activity in
early and chronic infection prior to and after anti-retroviral therapy. J Infect Dis
204: 154-163.

50. Sauce D, Larsen M, Fastenackels S, Pauchard M, Ait-Mohand H, et al. (2011)
HIV disease progression despite suppression of viral replication is associated
with exhaustion of lymphopoiesis. Blood 117: 5142-5151.

31. Miedema F, Hazenberg MD, Tesselaar K, van Baarle D, de Boer RJ, et al.
(2013) Immune activation and collateral damage in AIDS pathogenesis. Front
Immunol 4: 298.

51. Liovat AS, Jacquelin B, Ploquin MJ, Barré-Sinoussi F, Müller-Trutwin MC
(2009) African nonhuman primates infected by SIV - why don’t they get sick?
Lessons from studies on the early phase of non-pathogenic SIV infection. Curr
HIV Res 7: 39-50.

32. Birx DL, Redfield RR, Tencer K, Fowler A, Burke DS, et al. (1990) Induction of
interleukin-6 during human immunodeficiency virus infection. Blood 76: 23032310.

52. Chahroudi A, Bosinger SE, Vanderford TH, Paiardini M, Silvestri G (2012)
Natural SIV hosts: showing AIDS the door. Science 335: 1188-1193.

33. Emilie D, Peuchmaur M, Maillot MC, Crevon MC, Brousse N, et al. (1990)

J Antivir Antiretrovir
ISSN: 1948-5964 JAA, an open access journal

53. Rotger M, Dalmau J, Rauch A, McLaren P, Bosinger SE, et al. (2011)
Comparative transcriptomics of extreme phenotypes of human HIV-1 infection

Volume 7(1): 015-021 (2015) - 19

Citation: Bharaj P, Chahar HS (2015) Immune Activation and HIV Pathogenesis: Implications for Therapy. J Antivir Antiretrovir 7: 015-021. doi:10.4172/
jaa.1000115

and SIV infection in sooty mangabey and rhesus macaque. J Clin Invest 121:
2391-2400.
54. Maek-A-Nantawat W, Buranapraditkun S, Klaewsongkram J, Ruxrungtham K
(2007) Increased interleukin-17 production both in helper T cell subset Th17
and CD4-negative T cells in human immunodeficiency virus infection. Viral
Immunol 20: 66-75.

74. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, et al. (1994) Temporal
association of cellular immune responses with the initial control of viremia in
primary human immunodeficiency virus type 1 syndrome. J Virol 68: 46504655.
75. Catalfamo M, Henkart PA (2003) Perforin and the granule exocytosis cytotoxicity
pathway. Curr Opin Immunol 15: 522-527.

55. Bettelli E, Oukka M, Kuchroo VK (2007) T(H)-17 cells in the circle of immunity
and autoimmunity. Nat Immunol 8: 345-350.

76. Makedonas G, Betts MR (2011) Living in a house of cards: re-evaluating CD8+
T-cell immune correlates against HIV. Immunol Rev 239: 109-124.

56. Cecchinato V, Trindade CJ, Laurence A, Heraud JM, Brenchley JM, et al. (2008)
Altered balance between Th17 and Th1 cells at mucosal sites predicts AIDS
progression in simian immunodeficiency virus-infected macaques. Mucosal
Immunol 1: 279-288.

77. Sullivan BM, Juedes A, Szabo SJ, von Herrath M, Glimcher LH (2003) Antigendriven effector CD8 T cell function regulated by T-bet. Proc Natl Acad Sci 100:
15818-15823.

57. Salgado M, Rallón NI, Rodés B, López M, Soriano V, et al. (2011) Long-term
non-progressors display a greater number of Th17 cells than HIV-infected
typical progressors. Clin Immunol 139: 110-114.
58. Micci L, Cervasi B, Ende ZS, Iriele RI, Reyes-Aviles E, et al. (2012) Paucity of
IL-21-producing CD4(+) T cells is associated with Th17 cell depletion in SIV
infection of rhesus macaques. Blood 120: 3925-3935.
59. Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor JH, et al. (2004) CD4+
T cell depletion during all stages of HIV disease occurs predominantly in the
gastrointestinal tract. J Exp Med 200: 749-759.
60. Okoye A, Meier-Schellersheim M, Brenchley JM, Hagen SI, Walker JM, et
al. (2007) Progressive CD4+ central memory T cell decline results in CD4+
effector memory insufficiency and overt disease in chronic SIV infection. J Exp
Med 204: 2171-2185.
61. Letvin NL, Mascola JR, Sun Y, Gorgone DA, Buzby AP, et al. (2006) Preserved
CD4+ central memory T cells and survival in vaccinated SIV-challenged
monkeys. Science 312: 1530-1533.
62. Persaud D, Zhou Y, Siliciano JM, Siliciano RF (2003) Latency in human
immunodeficiency virus type 1 infection: no easy answers. J Virol 77: 16591665.
63. Swiggard WJ, Baytop C, Yu JJ, Dai J, Li C, et al. (2005) Human immunodeficiency
virus type 1 can establish latent infection in resting CD4+ T cells in the absence
of activating stimuli. J Virol 79: 14179-14188.
64. Eckstein DA, Penn ML, Korin YD, Scripture-Adams DD, Zack JA, et al. (2001)
HIV-1 actively replicates in naive CD4(+) T cells residing within human lymphoid
tissues. Immunity 15: 671-682.
65. Descours B, Avettand-Fenoel V, Blanc C, Samri A, Mélard A, et al. (2012)
Immune responses driven by protective human leukocyte antigen alleles from
long-term nonprogressors are associated with low HIV reservoir in central
memory CD4 T cells. Clin Infect Dis 54: 1495-1503.
66. Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nat Immunol 4: 330-336.
67. Belkaid Y, Rouse BT (2005) Natural regulatory T cells in infectious disease. Nat
Immunol 6: 353-360.
68. Chase AJ, Yang HC, Zhang H, Blankson JN, Siliciano RF (2008) Preservation
of FoxP3+ regulatory T cells in the peripheral blood of human immunodeficiency
virus type 1-infected elite suppressors correlates with low CD4+ T-cell
activation. J Virol 82: 8307-8315.
69. Jiao Y, Fu J, Xing S, Fu B, Zhang Z, et al. (2009) The decrease of regulatory
T cells correlates with excessive activation and apoptosis of CD8+ T cells in
HIV-1-infected typical progressors, but not in long-term non-progressors.
Immunology 128: e366-375.
70. Aandahl EM, Michaëlsson J, Moretto WJ, Hecht FM, Nixon DF (2004)
Human CD4+ CD25+ regulatory T cells control T-cell responses to human
immunodeficiency virus and cytomegalovirus antigens. J Virol 78: 2454-2459.
71. Kinter AL, Horak R, Sion M, Riggin L, McNally J, et al. (2007) CD25+ regulatory
T cells isolated from HIV-infected individuals suppress the cytolytic and
nonlytic antiviral activity of HIV-specific CD8+ T cells in vitro. AIDS Res Hum
Retroviruses 23: 438-450.
72. Petrovas C, Yamamoto T, Gerner MY, Boswell KL, Wloka K, et al. (2012) CD4
T follicular helper cell dynamics during SIV infection. J Clin Invest 122: 32813294.
73. Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, et al. (2013)
Follicular helper T cells serve as the major CD4 T cell compartment for HIV-1
infection, replication, and production. J Exp Med 210: 143-156.

J Antivir Antiretrovir
ISSN: 1948-5964 JAA, an open access journal

78. Intlekofer AM, Takemoto N, Kao C, Banerjee A, Schambach F, et al. (2007)
Requirement for T-bet in the aberrant differentiation of unhelped memory CD8+
T cells. J Exp Med 204: 2015-2021.
79. Juedes AE, Rodrigo E, Togher L, Glimcher LH, von Herrath MG (2004) T-bet
controls autoaggressive CD8 lymphocyte responses in type 1 diabetes. J Exp
Med 199: 1153-1162.
80. Hersperger AR, Martin JN, Shin LY, Sheth PM, Kovacs CM, et al. (2011)
Increased HIV-specific CD8+ T-cell cytotoxic potential in HIV elite controllers is
associated with T-bet expression. Blood 117: 3799-3808.
81. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, et al. (2006) HIV
nonprogressors preferentially maintains highly functional HIV-specific CD8+ T
cells. Blood 107: 4781-4789.
82. Akinsiku OT, Bansal A, Sabbaj S, Heath SL, Goepfert PA (2011) Interleukin-2
production by polyfunctional HIV-1-specific CD8 T cells is associated with
enhanced viral suppression. J Acquir Immune Defic Syndr. 58: 132-140.
83. Schellens IM, Borghans JA, Jansen CA, De Cuyper IM, Geskus RB, et al.
(2008) Abundance of early functional HIV-specific CD8+ T cells does not
predict AIDS-free survival time. PLoS One 3: e2745.
84. Betts MR, Casazza JP, Koup RA (2001) Monitoring HIV-specific CD8+ T cell
responses by intracellular cytokine production. Immunol Lett 79: 117-125.
85. Noraz N, Gozlan J, Corbeil J, Brunner T, Spector SA (1997) HIV-induced
apoptosis of activated primary CD4+ T lymphocytes is not mediated by FasFas ligand. AIDS 11: 1671-1680.
86. Douek DC, Brenchley JM, Betts MR, Ambrozak DR, Hill BJ, et al. (2002) HIV
preferentially infects HIV-specific CD4+ T cells. Nature 417: 95-98.
87. Moir S, Fauci AS (2009) B cells in HIV infection and disease. Nat Rev Immunol
9: 235-245.
88. Müller-Trutwin M, Hosmalin A (2005) Role for plasmacytoid dendritic cells in
anti-HIV innate immunity. Immunol Cell Biol 83: 578-583.
89. Kuller LH, Tracy R, Belloso W, De Wit S, Drummond F, et al. (2008) Inflammatory
and coagulation biomarkers and mortality in patients with HIV infection. PLoS
Med 5: e203.
90. Zeng M, Paiardini M, Engram JC, Beilman GJ, Chipman JG, et al. (2012)
Critical role of CD4 T cells in maintaining lymphoid tissue structure for immune
cell homeostasis and reconstitution. Blood 120: 1856-1867.
91. Dion ML, Bordi R, Zeidan J, Asaad R, Boulassel MR, et al. (2007) Slow disease
progression and robust therapy-mediated CD4+ T-cell recovery are associated
with efficient thymopoiesis during HIV-1 infection. Blood 109: 2912-2920.
92. Gulick RM, Mellors JW, Havlir D, Eron JJ, Gonzalez C, et al. (1998)
Simultaneous vs. sequential initiation of therapy with indinavir, zidovudine, and
lamivudine for HIV-1 infection: 100-week follow-up. JAMA 280: 35-41.
93. Gallant JE (2002) Initial therapy of HIV infection. J Clin Virol 25: 317-333.
94. Coiras M, Lopez-Huertas MR, Alcami J (2010) HIV-1 latency and eradication of
long-term viral reservoirs. Discov Med 9: 185-191.
95. Dahl V, Josefsson L, Palmer S (2010) HIV reservoirs, latency, and reactivation:
prospects for eradication. Antiviral Res 85: 286-294.
96. Deeks SG, Phillips AN (2009) HIV infection, antiretroviral treatment, ageing,
and non-AIDS related morbidity. BMJ 338: a3172.
97. Emmel EA, Verweij CL, Durand DB, Higgins KM, Lacy E, et al. (1989)
Cyclosporin A specifically inhibits function of nuclear proteins involved in T cell
activation. Science 246: 1617-1620.

Volume 7(1): 015-021 (2015) - 20

Citation: Bharaj P, Chahar HS (2015) Immune Activation and HIV Pathogenesis: Implications for Therapy. J Antivir Antiretrovir 7: 015-021. doi:10.4172/
jaa.1000115

98. Levy R, Jais JP, Tourani JM, Even P, Andrieu JM (1995) Long-term follow-up
of HIV positive asymptomatic patients having received cyclosporin A. Adv Exp
Med Biol 374: 229-234.

103. Sperber K, Chiang G, Chen H, Ross W, Chusid E, et al. (1997) Comparison
of hydroxychloroquine with zidovudine in asymptomatic patients infected with
human immunodeficiency virus type 1. Clin Ther 19: 913-923.

99. Lederman MM, Smeaton L, Smith KY, Rodriguez B, Pu M, et al. (2006)
Cyclosporin A provides no sustained immunologic benefit to persons with
chronic HIV-1 infection starting suppressive antiretroviral therapy: results of a
randomized, controlled trial of the AIDS Clinical Trials Group A5138. J Infect
Dis 194: 1677-1685.

104. Zalevsky J, Secher T, Ezhevsky SA, Janot L, Steed PM, et al. (2007)
Dominant-negative inhibitors of soluble TNF attenuate experimental arthritis
without suppressing innate immunity to infection. J Immunol 179: 1872-1883.

100. Rizzardi GP, Harari A, Capiluppi B, Tambussi G, Ellefsen K, et al. (2002)
Treatment of primary HIV-1 infection with cyclosporin A coupled with highly
active antiretroviral therapy. J Clin Invest 109: 681-688.
101. Markowitz M, Vaida F, Hare CB, Boden D, Mohri H, et al. (2010) The virologic
and immunologic effects of cyclosporine as an adjunct to antiretroviral therapy
in patients treated during acute and early HIV-1 infection. J Infect Dis 201:
1298-1302.
102. Sperber K, Louie M, Kraus T, Proner J, Sapira E, et al. (1995)
Hydroxychloroquine treatment of patients with human immunodeficiency virus
type 1. Clin Ther 17: 622-636.

J Antivir Antiretrovir
ISSN: 1948-5964 JAA, an open access journal

105. Ting PT, Koo JY (2006) Use of etanercept in human immunodeficiency
virus (HIV) and acquired immunodeficiency syndrome (AIDS) patients. Int J
Dermatol 45: 689-692.
106. Paiardini M (2011) Hijacking the IL-7/IL-7R system in HIV infection. J Leukoc
Biol 89: 491-493.
107. Chapuis AG, Paolo Rizzardi G, D’Agostino C, Attinger A, Knabenhans C, et
al. (2000) Effects of mycophenolic acid on human immunodeficiency virus
infection in vitro and in vivo. Nat Med 6: 762-768.
108. Di Benedetto F, Di Sandro S, De Ruvo N, Montalti R, Ballarin R, et al. (2010)
First report on a series of HIV patients undergoing rapamycin monotherapy
after liver transplantation. Transplantation 89: 733-738.

Volume 7(1): 015-021 (2015) - 21

