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Abstract

After the introduction of highly active antiretroviral therapy (HAART) in the middle 1990, the mortality and
morbidity of HIV has decreased dramatically. However, even well controlled patients on HAART are now suffering
from “accelerated aging” with increased incidence of cardiovascular, respiratory, neurologic, metabolic, renal, and
liver disease. Persistent low-level replication, coinfections, deposition of collagen in lymphoid tissue, microbial
translocation in the GI and respiratory mucosa, overproduction of cellular debris, and immune-senescence may all
contribute to its pathogenicity. Further exploration of these possible mechanisms will help us to define optimal trials
to decrease the accelerated aging in HIV patients.
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Introduction

The concept of “accelerated aging”
The HIV pandemic is quite different from the original described in

the 80’s with a cluster of cases of PJP. It has reached every country
around the planet but has hit particularly hard in undeveloped
countries such as sub-Saharan Africa and Southeast Asia. New data has
shown a total of 36.9 million persons living with HIV worldwide at the
end of 2014 (adults 34.3, women 17.4, children<15 years 220.000) with
a total of 2 million recently infected and 1.2 million deaths due to
AIDS during the same period. Nearly three quarters of the global
burden of disease exists in sub-Saharan Africa (25.8 million) with an
alarming prevalence exceeding 20 percent in some countries such as
Botswana, Swaziland, and Lesotho. After sub-Saharan Africa, Asia and
the Pacific have the second highest number of cases (5.0 million)
[http://www.unaids.org]. At the end of 2013, 1.2 million people in the
United States were living with HIV infection [http://www.cdc.gov].

The access to therapy is also asymmetric with a significant decrease
in mortality after the introduction of Highly Active Antiretroviral
Therapy [HAART] in the middle 1990’s in developed areas such as US,
Canada, European countries, and Australia. However, most of the
countries with a higher prevalence still have very limited access to
therapy and therefore a high incidence of AIDS-defining illness as a
cause of death.

Antiretroviral therapy [ART] has changed the natural history of the
disease and most HIV patients with access to therapy reach lifelong
viral suppression with almost no incidence of opportunistic infections.
Despite the control of HIV replication in plasma and the decrease in
overall mortality, there is evidence that even treated HIV infected
patients have a high prevalence of non-AIDS defining illnesses,

including cardiovascular, respiratory, neurologic, metabolic, renal, and
liver disease. Different types of solid and hematologic malignancies
can be seen as well [1-5]. As a result, even well controlled HIV-infected
patients have a shorter lifespan than matched HIV uninfected
individuals.

The genesis of these chronic diseases appears to be related to a
generalized state of chronic inflammation and immune activation.
Theoretically, chronic systemic inflammation and immune activation
(a “catabolic” state) could cause damage to multiple organ systems,
which is reflected in an increase in mortality and morbidity seen in this
population. These observations have lead to the concept of “HIV and
aging” defined by accelerated aging of multiple organs [2,4,5]. This is
not a new concept in the physiology of aging since “Inflammaging”
describes how chronic inflammation contributes to progressive and
disseminated organ damage and aging [6]. The nature of the
biochemical and cellular insults that give rise to the process of
inflammaging in non-HIV infected individuals remains largely
unknown, but the understanding of the accelerated aging process seen
on well controlled HIV patients on ART might contribute to its
clarification.

Chronic inflammation is not only linked to the aging in this
population but to the concept of progressive immune dysfunction as
well. Interestingly, natural hosts of the simian immunodeficiency virus
[SIV], which fail to develop immunodeficiency and AIDS-defining
conditions, have low levels of immune activation and chronic
inflammation [7]. This is important since SIV and HIV cause
progressive immune dysfunction and chronic inflammation in non-
natural hosts. Of note, ART in HIV patients improves the level of the
biomarkers of chronic inflammation and immune dysfunction but
never brings them back to their baseline levels, reflecting the expected
response in non-natural hosts [8].

Supporting this theory, it has been seen that immune cells in well-
controlled HIV patients show characteristic phenotypic changes
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compatible with “immune-senescence” or “immune exhaustion” which
causes them to be ineffective [2,4,5]. This is also extremely important
since “cellular senescence” is a hallmark of the aging process. Examples
of this phenomenon are the decrease proliferative capacity and IL2
production, altered receptor signaling, and altered cell surface markers
including the loss of CD28+ expression seen in this population [9]. The
rate of elimination of “senescent cells” can be diminished in the
context of immune depression as well, which makes chronic HIV
infection the perfect candidate to promote an accelerated aging of
organs [10]. Making this scenario even more complex, it has been
recently seen that senescent cells suffer profound alterations of their
“secretome” if they are included in a rich pro-inflammatory
environment (with a high content of cytokines and matrix
metalloproteinases) referred as “senescence-associated secretory
phenotype”. Of note, this change towards a pro-inflammatory
secretome will contribute to the aging process as well [11].

Chronic immune dysfunction, immune activation, immune-
senescence, and systemic inflammation likely predict and contributes
to the increased morbidity and mortality associated with non-AIDS
defining illnesses (“Aging”) in the context of well-controlled HIV
[1,2,12-22] but the intrinsic mechanisms of its production remains to
be clarified.

The objective of this review is to explore the possible sources of
chronic inflammation and immune activation in well-controlled HIV
patients on ART, with the goal of defining new and novel targets for
therapy in addition to antiretrovirals. An extensive literature review
was done using PubMed, Ovid, and Clinical Key.

Biomarkers of chronic inflammation
Until recently the mechanisms involved in the pathogenesis of

chronic inflammation and immune dysfunction in the virologically
suppressed HIV patients were not very well understood. Currently it is
well known that the treatment-mediated immune reconstitution is
often incomplete and the levels of inflammatory markers persist to be
elevated [7].

Interestingly, some of the biomarkers of chronic inflammation and
immune dysfunction have been linked specifically to an increase in the
cardiovascular risk and overall mortality in HIV patients. Elevated
CRP, for example has been associated with an increase risk of acute
myocardial infarction [22]. Similarly, IL-6 and D-dimer were strongly
related to all-cause mortality in this population [21]. Supporting the
observations that the coagulation cascade could be an important
contributor to the increased cardiovascular risk in this population, it
was recently shown that CRP and fibrinogen are strong and
independent risk factors of mortality in HIV patients [23]. Since most
of these observations were seen after adjusting for viral load and CD4-
T cells, these events most likely were independently driven by the state
of chronic inflammation and immune activation regardless of the
degree of immunosuppression. Of note, chronic inflammation and the
coagulation cascade system have common biochemical paths and both
might contribute to the disease process. Some of these biomarkers of
inflammation have emerged recently as possible strong predictors of
morbidity and mortality in the setting of treated HIV infection [24].

These are times when the medical community has to address the
two main issues that are pending in order to reach a possible
functional cure and decrease the mortality and morbidity of our
suppressed HIV patients: to decrease not only the state of chronic

inflammation-immune activation-dysfunction but the reservoir size as
well.

Factors that might contribute to the state of chronic
inflammation and immune activation-dysfunction in well-
controlled HIV patients on ART

Persistent ongoing low level HIV replication (persistence): Even
when HIV replication in plasma has been diminished to undetectable
levels, there is still active low-level replication on difficult-to-reach
areas (microglia, lymph nodes, gut mucosa, respiratory mucosa, etc.)
or regions with a persistent local pro-inflammatory environment (gut
mucosa and respiratory mucosa). Antiretroviral therapy is ineffective
in reaching the integrated pro-viral DNA established in the reservoirs
since it represents a target not reachable for the current FDA approved
drugs (Figure 1).

Figure 1: Model of Accelerated Aging on well-controlled HIV
patients on HAART. 1) local pro-inflammatory environments; 2)
Systemic compartment.

It is clear that local pro-inflammatory environments promote HIV
persistence through at least two main mechanisms: a) Local immune-
activation and immune-senescence that promote an ineffective
immune-clearance of the HIV itself; and b) repetitive rounds of “de
novo” infections since there is a high number of activated T-cells
trafficking to areas of inflammation (preferred “targets” for newly
released virions).

It is believed that ART has a minimal (if any) activity on those
environments. In fact, it is possible to detect HIV RNA in rectal tissue
of virologically-supressed HIV patients on ART [7,8]. Even though
some of the intensification trials (mainly with Raltegravir) have shown
some promising results in decreasing the reservoir size, it appears that
persistent low level HIV replication alone is not enough to explain the
degree of high persistent systemic inflammation [25-27]. It is also not
known whether the relationship between residual viral replication and
persistent immune activation is casual or other mechanisms are
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involved [8] which would suggest a multifactorial and complex
process.

Deposition of collagen in lymphoid tissue leading to fibrosis
with partial-suboptimal immune recovery
The alteration of the architecture of the lymphoid tissue is driven by

persistent inflammation which leads to collagen deposition [8]. This
would lead to incomplete T-cell homeostasis and persistent
immunodeficiency with lack of effective control not only of the
residual low-level HIV replication but viral co-infections (CMV) as
well. This structurally abnormal tissue would favor a close contact
between the dysfunctional and activated immune cells, promoting cell-
to-cell HIV transmission as a mechanism of local persistence [24]. The
local pro-inflammatory environment and the high number of activated
(although dysfunctional) CD4+T cells help to promote this vicious
cycle of pro-inflammation, lack of immune clearance, and repetitive
rounds of local “de novo” infections. Lymph node fibrosis persists
despite effective plasma viral suppression and is mainly produced by
the anti-inflammatory pathway, mainly the secretion of transforming
growth factor beta-1 [TGF-B1] [28]. It is probable that different
compartments have different balances between inflammatory/anti-
inflammatory pathways in this complex infection.

Lymphoid fibrosis can be considered as both cause and consequence
of this process which, in turn, leads not only to the lack of control of
the HIV replication itself, but other viral infections (CMV, EBV, HCV,
HBV, etc.) and the microbial translocation in mucosal surfaces as well.

HIV-associated gut mucosal immune dysfunction
Regardless of the mode of transmission, HIV replicates, especially in

the gut-associated lymphoid tissue (GALT) where it causes profound
functional and anatomical changes. Recent evidence has shown that
immune activation and chronic inflammation is due, at least in part, to
the translocation of microbial products from the lumen of the intestine
to the systemic circulation (“microbial translocation”)
[7,8,19,20,29-32] driving a local and systemic pro-inflammatory state.
It has been extensively shown that SIV (in non-natural hosts) and HIV
infection leads to breaches in the tight junctions between epithelial
cells in the gut mucosa allowing microbial products, and chemokines
to travel through it [20,29,32,33]. Not only the anatomy but also the
functionality of the mucosa is affected.

The GALT represents an area of persistent, dynamic, and
inexhaustible antigenic stimulation of the local innate immune system.
Bacterial products from the “gut-microbiome” such as
lipopolysaccharides (LPS) can stimulate the innate immune system
through the pattern recognition receptors such as toll-like receptors
(TLRs) generating local and systemic inflammation [20,33].

The fact that the innate immune system is not as effective as it
should be (“immune-senescence”) along with the breaches in the
epithelial tight unions and decreased numbers of important regulatory
cells (Th-17, CD103+ dendritic cells) makes this constant immune
stimulation a vicious cycle that is difficult to interrupt.

…” The inflamed and highly permeable gut mucosa is the perfect
generator of pro-inflammatory cytokines, chemokines, and activated
immune cells that promotes not only local persistence but systemic
inflammation as well…”

It has been proven that an increase in the sCD4 (a soluble marker of
monocyte activation after binding to LPS) predicts early mortality in

HIV patients [24]. This finding is the first link between microbial
translocation and mortality on HIV individuals.

Considering the above, the gut mucosa could represent a
“generator” (“hot-spot #1”) of pro-inflammatory cytokines and
microbial products (LPS) that would cause distal tissue damage. This
hot-spot might feed with inflammatory signals other distant reservoirs
with subsequent pro-viral DNA activation. Of note, simian
immunodeficiency virus in natural hosts does not produce immune
activation, chronic inflammation and distal tissue damage due to the
fact that there is not microbial translocation in the gut mucosa [20]
(Figure 2).

Figure 2: Compartmental model of HIV infection . Mechanisms of
accelerated “aging”.1) Local pro-inflammatory environments (“hot-
spots”); 2) Systemic compartment with organ damage.

….” May be the way that HIV and SIV found in order to “cope with
non-natural hosts” is to create these “gaps” (“hot spots”) in areas of
continuous antigenic stimulation (GI and respiratory tract) in order to
persist….”

A study showed not only direct evidence of microbial translocation
with local damage in areas of mucosal breakdown in the gut but also
within areas of distal lymph nodes and the liver, showing that hot spots
(e.g. the GI mucosa) can also affect distal tissues [33]. There are
multiple reports in the literature showing that there is an association
between activated monocytes trough LPS exposure and atheromatous
plaque progression on HIV patients, addressing the importance of
microbial translocation not only in the genesis of chronic
inflammation but for the increase in the overall cardiovascular risk and
mortality as well. Importantly, the functionality of the gut mucosa is
not fully restored despite suppressive ART.

HIV-associated respiratory mucosal immune dysfunction
Probably some of the concepts described above for the gut mucosa

also apply to the respiratory mucosa. Even though there has been a
significant decrease over the years of the cases of PJP and Kaposi
sarcoma of the lung after the introduction of HAART in the 90’s, well-
controlled HIV patients are moving toward the acquisition of chronic
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pulmonary diseases (COPD, pulmonary hypertension, interstitial lung
diseases, etc.) [34-61].

As we described in our recent review, [62] there might be a micro -
inflammatory environment in the respiratory mucosa as well (“hot-
spot#2”) where a dysfunctional and dynamic respiratory flora
(respiratory microbiome) interacts with activated and dysfunctional
immune-cells (from the innate and adaptive system) in order to create
and promote local inflammation. This local pro-inflammatory
environment could promote not only local (COPD, pulmonary
hypertension) and distal tissue damage (aging) but to be a local
reservoir for the HIV itself as well. This dynamic process is called “lung
remodeling” and agents such as Tetracyclines are part of an ongoing
NIH funded study in order to decerase the progression to COPD on
well-controlled HIV patients [https://clinicaltrials.gov]. The role of
immune dysfunction in the local lung environment and its
contribution to the local and systemic chronic inflammatory state and
local HIV persistence remains to be better defined.

Co-pathogens
Co-infection with pathogens able to produce a chronic carrier state

such as hepatitis C virus, cytomegalovirus, herpes human virus, and
chronic endemic parasitic infections (Toxoplasmosis, Toxocariasis,
Chagas) are common among HIV infected patients. It has been
proposed that the chronic antigen exposure can activate immune cells
rendering targets for new rounds of “de novo” infections [24]. This
theory has driven some clinical trials targeting these chronic viral
infections as a way to decrease the chronic inflammation and immune
activation in HIV suppressed patients on ART [63] with heterogeneous
results between studies.

Other sources of inflammation
In well-controlled HIV patients on HAART the source for the

chronic “inflammation and aging” could be, at least in part, damaged
macromolecules and cells (self-debris).

The HIV itself, immune-activated cells, free radicals from oxidative
stress, chronic co-pathogens burden, gut/lung microbial translocation,
HAART toxicity (mitochondrial toxicity with NRTIs), illicit drug use,
alcohol abuse, malnutrition, and systemic inflammation all may
generate a continuous antigenic stimulation for a dysfunctional and
senescent immune system. These damaged molecules or debris could
be misrecognized as “damage”-associated molecular patterns (DAMPs)
by the innate immune system [6] starting the inflammatory process.
The Nlrp3 inflammasome is a well-known source of inflammation and
aging. It is a multiprotein complex that can activate pro-caspase-1 in
response to cellular danger, which final result is the secretion of pro-
inflammatory cytokines such as IL-1B and IL-18 [64]. Since the Nlrp3
inflammasome is particularly sensitive to reactive oxygen species
[ROS] derived from mitochondrial damage, the hypothesis that
HAART (especially NRTIs) is a possible contributor to inflammation
on this population is feasible.

Immune senescence
It is well known that chronic HIV infection promotes the “aging”

not only of different organs but of the immune system as well.
Continuous and persistent antigenic exposure (being “overwhelmed”)
cannot be handled effectively by our immune system being the final
outcome the “aging” of the immune system itself (Immune
senescence).

Early immune senescence may be seen as the genesis of aging as
well since senescent cells promote the secretion of pro-inflammatory
cytokines (termed “senescent-associated secretory phenotype or
SASP”). Of note, elimination of senescent cells from prematurely aged
mice prevents aging of some [65]. As long as people age the adaptive
immunity declines whereas the innate immunity predominates. It may
be possible that in well-controlled HIV patients these changes are even
more critical, with the changes in the innate immunity being driven by
the continuous and dynamic antigen exposure on the gut and
respiratory mucosa (“hot-spots”).

Conclusion
There is a debate in the literature regarding which of these seven

factors is the initial insult that drives the persistent state of immune-
activation and chronic inflammation that promotes the “accelerated
aging” in this population. An attractive hypothesis is one that
considers these local pro-inflammatory environments (gut and
respiratory mucosa) as the main generators favored by the fact that
they are on direct contact with a continuous, persistent, and dynamic
antigenic load (“lung and gut microbiome”). There is sufficient
evidence in the literature to confirm that the gut mucosa meets not
only the criteria to be one of the main generators of inflammation but
a defined reservoir as well. As we discussed in our recent review [66]
regarding the possibility of the respiratory mucosa being the second
most important generator of inflammation, a lot of questions remain
to be answered first in order to confirm that hypothesis. Even though
HIV is a very complex and multi-compartmental disease, these two
compartments may represent the main two generators of chemical
signals that promote distal organ damage and viral replication on distal
reservoirs such as the CNS.

The link between these two compartments and the accelerated aging
process may be microbial translocation on these two anatomical and
functionally defective mucosal surfaces. Following this hypothetical
model there might be then three main compartments: GI mucosa,
respiratory mucosa, and the systemic compartment (which includes
other well-known reservoirs such as peripheral monocytes and CNS).
New and novel targets needs to be defined in order to reach a
functional cure, decrease the aging process, and prolong survival.
Novel therapies (interleukins [66], biological agents, etc) combined
with well-known old drugs [67] need to be tested in well-designed
prospective randomized controlled trials along with antiretroviral
therapy with the ultimate goal of slowing down the ongoing
accelerated aging process.

Further exploration of pathogenicity models is needed not only with
serum markers of inflammation but with tissue samples (biopsies of
the GI mucosa, bronchoalveolar lavage) as well.
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