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Despite achieving human immunodeficiency virus type 1 (HIV-1) RNA suppression below levels of detection and, for most, improved 
CD4+ T-cell counts, those aging with HIV experience excess low-level inflammation, hypercoagulability, and immune dysfunction 
(chronic inflammation), compared with demographically and behaviorally similar uninfected individuals. A host of biomarkers that 
are linked to chronic inflammation are also associated with HIV-associated non–AIDS-defining events, including cardiovascular 
disease, many forms of cancer, liver disease, renal disease, neurocognitive decline, and osteoporosis. Furthermore, chronic HIV 
infection may interact with long-term treatment toxicity and weight gain after ART initiation. These observations suggest that fu-
ture biomarker-guided discovery and treatment may require attention to multiple biomarkers and, possibly, weighted indices. We 
are clinical trialists, epidemiologists, pragmatic trialists, and translational scientists. Together, we offer an operational definition of 
a biomarker and consider how biomarkers might facilitate progress along the translational pathway from therapeutic discovery to 
intervention trials and clinical management among people aging with or without HIV infection.
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The accelerated drug development that transformed human 
immunodeficiency virus (HIV) infection from a fatal condition 
to a manageable disease was enabled by a single biomarker of 
HIV infection, HIV-1 RNA. HIV-1 RNA allowed pharmaceu-
tical companies to screen millions of compounds for activity 
in preclinical studies, provided a surrogate outcome for trials, 
and yielded a clear pathway to drug approval. HIV-1 RNA levels 
now guide antiretroviral therapy (ART). However, while many 
individuals infected with HIV achieve viral suppression, ART 
does not cure or completely reverse HIV-associated injury; 
rather, it has converted HIV infection from an acutely fatal dis-
ease to a chronic illness.

Despite viral suppression and, in most cases, a strong CD4+ 
T-cell count response, people aging with HIV infection experi-
ence chronic inflammation (ie, ongoing low-level inflammation, 
hypercoagulability, and immune dysfunction). After adjustment 
for established risk factors and as compared to uninfected indi-
viduals, they experience excess risk for some non–AIDS-defining 
cancers and liver, neurocognitive, cardiovascular, renal and bone 

diseases. Many biomarkers of chronic inflammation predictive of 
morbidity and mortality after ART initiation remain significantly 
higher than levels before HIV infection [1]. These observations 
suggest new questions: why are well-controlled HIV-infected 
individuals more susceptible to these diseases as compared to 
uninfected individuals, and how should their risk be managed? 
These questions likely require new biomarkers or indices.

In this viewpoint, we offer special considerations in the use 
and interpretation of biomarkers among HIV-infected indi-
viduals experiencing heightened risk of noncommunicable, 
aging-associated, diseases in the ART era. We also consider how 
biomarkers and indices might further facilitate progress along 
the pathway from therapeutic discovery bench to bedside for 
people aging with HIV infection.

BIOMARKERS AND INDICES: DEFINITION AND 
EVALUATION

Strimbu and Tavel [2] defined biomarkers as “objective indi-
cations of a medical state observed from outside the patient—
which can be measured accurately and reproducibly” (p. 1). 
Biomarkers may be unique to a particular condition (eg, HIV 
RNA), reflect distinct physiologic systems (eg, lymphocyte 
subsets), or reflect generalized health status (eg, weight loss). 
Biomarkers may be considered individually or grouped into 
indices, and associations of interest may be concurrent or pre-
dictive. The key questions when evaluating their utility address 
the state or pathway of interest and how clearly the biomarker 
or index signifies the state or pathway.
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A detailed description of the evaluation of biomarkers and 
indices is offered elsewhere [3, 4]. In brief, once the state or 
pathway is measured, one can evaluate correspondence between 
the biomarker and the intended state or pathway by calculating 
the sensitivity, specificity, and positive and negative predictive 
values. If the biomarker is continuous, cut points can be selected 
using receiver operating characteristic curves [5]. Accuracy is 
often summarized using the C statistic [6]. Risk reclassification 
metrics can help determine the value of adding an additional 
biomarkers to an established index [7]. Generalizability is the 
ability to accurately use a biomarker for the outcome of interest 
across settings [3]. Many factors can alter the accuracy and gen-
eralizability of a biomarker (see below). Practical concerns in the 
use of biomarkers include cost, availability, and performance.

Considerations in Using Biomarkers in the Context of Clinical Trials

Because clinical outcomes typically require large sample sizes 
and extended periods of follow-up, the use of rapidly respon-
sive, quantifiable biomarkers as surrogate outcomes has been 
advocated. For a biomarker or an index to qualify as a surrogate 
outcome it must predict, with accuracy and generalizability, the 
outcome of interest [3] and must completely respond to the in-
tervention under study intervention: mediated changes in the 
biomarker must translate into changes in the actual risk of the 
outcome of interest [8, 9]. Even though CD4+ T-cell count and 
HIV-1 RNA load were imperfect surrogates, they were used 
successfully in the development of ART. Some biomarkers are 
clearly not reliable surrogate biomarkers: CD4+ T-cell count 
and levels of T-cell–activation biomarkers improved with inter-
ventions such as interleukin 2 without meaningful reduction 
in morbidity or mortality [10]. Other biomarkers may be too 
slowly responsive: carotid intima-media thickness may take 
years to respond to therapeutic intervention [11]. In contrast, 
biomarkers of endothelial dysfunction or vascular inflamma-
tion, such as FDG/PET-CT or flow-mediated dilatation, may 
respond within weeks to months. Biomarker outcomes in small 
pilot clinical trials need to be stable and reproducible within 
individuals. Variability in levels of biomarkers such as inter-
leukin 6 (IL-6) and D-dimer mandates larger sample size to 
detect response [12–15], whereas biomarkers of immune activa-
tion with less intra-individual variability in level (eg, T-cell ac-
tivation) require fewer subjects to detect important differences.

SPECIAL CONSIDERATIONS IN THE STUDY OF HIV

As we explore non–HIV-specific biomarkers in HIV-infected 
individuals, it is important to consider how HIV may alter their 
interpretation. We address (1) the return to health after ART 
initiation, (2) HIV-associated comorbid behaviors and condi-
tions, and (3) progressive frailty.

Return to Health

ART that successfully suppresses HIV-1 RNA is associated with 
a return-to-health phenomenon that may confound biomarker 

interpretation. Driven in part by decreased metabolic require-
ments, most individuals gain weight with ART [16]. As among 
those without HIV infection, gains in visceral adiposity, in par-
ticular, are associated with elevations in cholesterol, insulin, and 
glucose levels. However, obesity following ART initiation may 
also have different health implications than among individu-
als aging without HIV infection [17]. Synthetic liver function 
improves with ART, manifesting as an increase in levels of cho-
lesterol and other liver synthetic biomarkers, including some 
related to inflammation and coagulation. Other biomarker 
changes suggest widespread improvements in organ systems, 
including bone marrow and kidneys [18].

Comorbid Behaviors and Conditions

The greater prevalence of smoking, harmful alcohol use, coin-
fections, and comorbidities often seen in HIV-infected individ-
uals as compared to healthy uninfected individuals [19] is likely 
associated with greater inflammatory burden. Furthermore, 
underlying liver disease, renal impairment, stress, coinfections 
[20], and specific antiretroviral regimens [21] may alter the 
production, metabolism, and clearance of biomarkers. In this 
regard, cohorts comparing HIV-infected and uninfected indi-
viduals with similar demographic characteristics and health 
behaviors have provided important insight: differences in in-
flammatory biomarkers by HIV serostatus became more appar-
ent after adjustment for important comorbidities [22].

Inconsistent chronic inflammatory responses of the biomark-
ers C-reactive protein (CRP) and D-dimer may be attributable 
to chronic liver disease, common among HIV-infected individ-
uals. The level of CRP, produced in the liver, was lower than 
expected, given the degree of associated inflammation among 
individuals in the FRAM study who were coinfected with 
HIV and hepatitis C virus [23]. Expected declines in IL-6 and 
D-dimer levels with ART initiation were paralleled by increased 
CRP levels in 2 cohorts [24]. Several liver-produced coagulation 
factor levels (including anticoagulants) were lower in untreated 
participants in initial studies of the SMART trial, resulting in 
greater thrombin production and higher D-dimer levels; this 
reversed with treatment [25].

Frailty

Frailty is a geriatric syndrome of vulnerability to adverse health 
outcomes, characterized by impairment in mobility, balance, 
strength, cognition, nutrition, endurance, and physical activity 
[26]. Frailty contributes to and is exacerbated by other geriatric 
syndromes [27]. Many studies suggest that frailty occurs earlier 
and more often among HIV-infected individuals [28]. Frailty is 
both driven by and exacerbates chronic inflammation [26, 29], 
and the presence of frailty should be considered when interpret-
ing inflammatory biomarker levels [30]. Furthermore, frailty is 
strongly associated with increasing age, immunodeficiency, and 
immune dysfunction [26, 28–30]; thus, frailty may modify the 
interpretation of biomarkers. For example, a strongly positive 
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correlation between activated T cells and T-regulatory cells 
among frail, HIV-infected men but an inverse correlation among 
nonfrail and uninfected men likely reflects altered immune reg-
ulation and, subsequently, may impact biomarker levels [31].

INDICES IN TRANSLATIONAL RESEARCH

Combining multiple biomarkers, each imperfectly reflective of 
related mechanisms of injury, may decrease noise in measure-
ment and improve our ability to study chronic inflammation. 
This approach has been used to develop genetic and inflamma-
tory risk indices [32]. Indeed, the central role of inflammation 
highlights the potential relevance of an inflammatory index 
(incorporating IL-6 and soluble tumor necrosis factor (TNF) re-
ceptor 1) during HIV infection, where a study among injection 
drug users found a strong association with frailty and mortality 
[33]. However, a biomarker may demonstrate stronger asso-
ciations simply because it is part of a final common pathway 
rather than directly reflective of the targeted mechanisms of in-
jury. For example, elevated levels of transaminases, indicative of 
liver damage, may be more strongly predictive of fibrosis than 
biomarkers of visceral fat or microbial translocation, even if vis-
ceral adiposity is triggering microbial translocation, increased 
transaminases, and liver fibrosis.

While other prognostic indices have been developed among 
HIV-infected individuals, the Veterans Aging Cohort Study 
(VACS) index has been the most widely validated [34–36]. A 
weighted combination of routine clinical biomarkers (eg, CD4+ 
T-cell count, HIV RNA load, hemoglobin level, platelet count, 
aspartate and alanine transaminase levels, creatinine level, and 
hepatitis C virus serologic findings), the index is strongly cor-
related with biomarkers of chronic inflammation and predictive 
of all-cause mortality, cardiovascular events, fragility fractures, 
medically significant falls, cognitive dysfunction, sarcopenia, 
and physical performance. Of note, HIV-infected individuals 
have higher scores than uninfected comparators, suggesting ex-
cess physiologic frailty.

BIOMARKERS AND THERAPEUTIC DISCOVERY

General Considerations

Biomarkers help identify targets for intervention and facilitate 
screening of compounds for activity against these targets. The 
more targeted a biomarker is for the mechanism of injury, the 
more rapidly this process can occur. Because current mecha-
nisms of end-organ injury among HIV-infected individuals re-
ceiving ART are multifaceted and not unique to HIV infection, 
it has been challenging to identify a single biomarker or inter-
ventional target.

Biomarkers are being used to identify interventional targets 
of chronic inflammation. Several of these biomarkers predict 
comorbid diseases with stronger associations than in uninfected 
populations [37, 38], suggesting that immune activation and 

inflammation play a more important role among HIV-infected 
individuals than in the general population. A greater understand-
ing of the interrelationships between these mechanisms, feedback 
loops, and common pathways would help prioritize interven-
tional targets. Biomarkers may demonstrate different relationships 
among men and women [39], and pathways of injury among those 
aging with HIV infection may differ in resource-limited settings, 
where infectious complications remain a common cause of death. 
Development and validation of biomarkers that are feasible and 
specific for these settings are imperative [40].

One might liken the optimal process for identifying ther-
apeutic targets to cutting down a tree (Figure  1). One could 
attempt to identify targets in a piecemeal fashion by cutting off 
each individual “root” driving the inflammatory state (eg, HIV-
associated microbial translocation) or cutting off each “branch” 
(eg, hypercoagulability). However, piecemeal approaches may 
fail to reverse pathology if all important “root” causes are not 
blunted and/or downstream pathways reversed. Identifying the 
“trunk”—a central pathway activated by all major drivers and 
giving rise to all parallel pathways—would be optimal. Applying 
systems biology and assessing multiple parallel inflammatory 
pathways in the context of trials of immune-based interven-
tions may help identify promising central pathways. Similarly, 
this approach may identify unintended negative consequences 
on parallel pathways when targeting individual “roots” or 
“branches,” informing the next generation of pilot trials.

An example of how biomarkers used in pilot interventional 
trials of immune-based interventions can improve our un-
derstanding of the system affected by the intervention comes 
from a recent trial of intensification with the CCR5 inhibitor 
maraviroc in individuals with ART-suppressed HIV infection 
[41]. As CCR5 signaling was thought to contribute to immune 
activation, the a priori hypothesis of the investigators was that 
immune activation would decline during maraviroc intensifi-
cation, but the trial actually demonstrated increased immune 
activation during maraviroc intensification. By measuring sec-
ondary effects of CCR5 inhibition (ie, an increase in circulating 
CCR5 ligands as a consequence of blocking ligand-receptor 
binding and cellular internalization), the investigators identified 
a plausible unintended consequence of CCR5 blockade: CCR5 
ligands might increase and bind to alternative coreceptors on 
myeloid cells and T cells, driving immune activation. Thus, the 
next generation of studies designed to reduce immune activa-
tion by blocking chemokine receptors is using agents that block 
>1 chemokine receptor (ie, the CCR5/CCR2 inhibitor cenicrivi-
roc) to mitigate some of the unintended negative consequences 
of isolated CCR5 blockade [42].

Concomitant Viral Infections

Immune-based interventions can also have secondary 
effects on viral coinfections that themselves can contrib-
ute to the inflammatory state. For example, because treating 
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asymptomatic cytomegalovirus (CMV) replication reduces 
persistent immune activation in treated HIV infection [43], any 
antiinflammatory intervention that decreased CMV-specific 
immune responses (and thereby increased CMV replication) 
might actually increase immune activation (or at least atten-
uate the primary antiinflammatory effect). Conversely, reduc-
ing chronic immune activation may decrease viral shedding, 
resulting in favorable secondary and, perhaps, more-durable 
effects of immune-based interventions. Consequently, several 
trials of potent immune-based interventions (eg, sirolimus and 
ruxolitinib) in the AIDS Clinical Trials Group are now mea-
suring shedding of chronically coinfecting viruses to capture 
these effects. Such studies will help us understand how best to 
intervene on the “tree” without making the “roots” stronger.

Microbial Translocation

Biomarkers of microbial translocation, including lipopoly-
saccharide and soluble CD14, are associated with poor out-
comes and have uncovered mechanisms of gut mucosal 
involvement in HIV infection. Despite modest success in 
nonhuman primates [44], attempts to attenuate microbial 

translocation in HIV-infected individuals have been unsuccess-
ful [45]. Interventional studies targeting the gut through probi-
otics are underway. Indoleamine 2,3-dioxygenase-1 activity and 
gut epithelial barrier dysfunction (for which zonulin and intes-
tinal fatty acid–binding protein levels are surrogate biomarkers) 
also predict increased mortality during treated HIV infection, 
even among those with high CD4+ T-cell counts [46], and rep-
resent additional interventional targets.

Immune Dysfunction and Systemic Inflammation

Biomarkers of immune dysfunction have long been a priority in 
HIV research. Beyond CD4+ T-cell counts, these include skew-
ing of monocyte subpopulations, functional T-cell subsets (eg, 
T-helper type 1 [Th1], Th2, Th17, and T-regulatory cells), and 
both activated and dysfunctional CD8+ T cells. Biomarkers of 
systemic inflammation, including IL-6, CRP, TNF-α, and sol-
uble TNF-α receptors, have been used to identify individuals 
at higher risk for poor outcomes with ART, including mortality 
[47]. Clinical trials targeting inflammation are underway with 
interventions such as statins, metformin, angiotensin-convert-
ing enzyme inhibitors, angiotensin-receptor blockers, direct 

Branches

Trunk

Roots

Coagulation (D-dimer)
Adaptive immune defects (T‐cell and
B‐cell activation/maturation defects)

Inflammation (IL-6)

Inflammasome activation (IL-1b)?

Leaves

End-organ disease
Frailty

HIV reservoirs
CMV
Microbial translocation

Monocyte/macrophage activation (sCD14, sCD163)?

Figure 1. Can we find the tree trunk? One might liken the optimal process for identifying therapeutic targets to cutting down a tree. One could attempt to identify targets 
in a piecemeal fashion by cutting off each individual “root” driver of the inflammatory state (eg, human immunodeficiency virus [HIV]–associated microbial translocation) 
or by cutting off each “branch” (eg, hypercoagulability). However, piecemeal approaches may fail to reverse pathology if all important “root” causes are not blunted and/
or downstream pathways reversed. Identifying the “trunk”—a central pathway activated by all major drivers and giving rise to all parallel pathways—would be optimal. 
Applying systems biology and assessing multiple parallel inflammatory pathways in the context of trials of immune-based interventions may help identify promising central 
pathways. CMV, cytomegalovirus; IL-1β, interleukin 1β; IL-6, interleukin 6; sCD14, soluble CD14; sCD163, soluble CD163.
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inhibitors of inflammatory cytokines, and even anticoagulants 
[48]. Measuring parallel inflammatory pathways and “roots” 
driving the inflammatory state in the context of these trials will 
be important to determine whether the intervention is truly tar-
geting the “trunk” or only a single “branch” (Figure 1).

Hypercoagulability

HIV-infected individuals are at an increased risk of venous 
thrombosis [49, 50]. The level of D-dimer (a biomarker of 
ongoing thrombin generation) is also increased and is an 
exceptionally strong indicator of future risk for cardiovas-
cular disease and mortality, even in well-controlled HIV 
infection [25]. The D-dimer level is also elevated in simian 
immunodeficiency virus–infected pig-tailed macaques [51]. 
At autopsy, these monkeys show extensive in situ thrombosis 
in multiple organ systems. Trials of direct inhibitors of coag-
ulation, such as the ongoing TACTICAL trial [48], will be 
required to determine the degree to which hypercoagulabil-
ity is a cause or consequence of immune activation in treated 
HIV infection.

BIOMARKERS AND CLINICAL TRIALS

Usefulness of Biomarkers in Pilot Trials of Immune-Based Interventions

Several of the biomarkers highlighted above have been success-
fully used in early clinical trials of immune-based interventions. 
These pilots suggest that such interventions may mitigate path-
ways thought to be important in driving excess risk of disease in 
treated HIV infection. This strategy can help prioritize promis-
ing interventions that should advance to more-expensive trials 
focused on clinical outcomes and can screen out interventions 
that fail to improve even the more intermediate biomarkers. 
For example, recent pilot studies of statins demonstrated sig-
nificant reductions in monocyte/macrophage activation bio-
markers, inflammation, tissue factor expression, and surrogate 
biomarkers of cardiovascular disease. These positive impacts on 
biomarkers and surrogate biomarkers helped motivate funding 
for a large clinical trial of statins that investigated clinical end 
points [52]. On the other hand, a recent clinical trial of 2 doses 
of aspirin [53] revealed that, although the intervention clearly 
reduced thromboxane levels (a direct surrogate biomarker of 
cyclooxygenase inhibition), it failed to reduce levels of immune 
activation biomarkers that predict disease in treated HIV infec-
tion or a surrogate biomarker of cardiovascular disease. Thus, 
aspirin is not moving forward in clinical trials focusing on clin-
ical end points. A similar approach is being taken in the aging 
and frailty fields, where commonly used drugs with antiinflam-
matory properties are first being studied in pilot trials of elderly 
uninfected individuals to see whether the drugs influence 
inflammatory biomarkers. Interventions that reduce levels of 
inflammatory biomarkers in pilot trials would then move for-
ward in larger clinical trials investigating whether they reduce 
the risk of frailty [54].

Notably, the use of biomarkers in these earlier stage trials to 
pick promising interventions and to inform in an iterative way 
the most-sensible interventional targets (as discussed above) is 
an inexact science. None of the biomarkers of immune activa-
tion and inflammation currently in use have been validated as 
true surrogate biomarkers in the context of HIV infection. As 
discussed above, true surrogacy can only be established when 
a treatment that specifically improves the biomarker of interest 
translates into a measurable improvement in health in a clinical 
trial. The inflammation field is on the cusp of demonstrating 
this in uninfected populations in the CANTOS trial [55, 56], 
where the interleukin 1β–inhibitor canakinumab was shown to 
reduce the risk of cardiovascular events and mortality from lung 
cancer. Presumably, treatment-mediated reductions in levels of 
biomarkers of the interleukin 1β pathway in that study can now 
be linked to an improvement in health, validating novel surro-
gate biomarkers in that population. That said, there is no guar-
antee that the same surrogate biomarkers will predict disease 
in the HIV-infected population, where the “roots” driving the 
inflammatory state are distinct and the relative contributions 
of discrete inflammatory pathways to disease may be different. 
Thus, validating surrogate biomarkers of inflammatory drivers 
of end-organ disease will be needed in large clinical studies of 
HIV-infected individuals.

Whether biomarkers of chronic inflammation will prove suc-
cessful as surrogates in the complex milieu of aging and HIV 
infection remains to be seen. An early opportunity to identify 
surrogate biomarkers will come from the REPRIEVE trial. If 
statins reduce the risk not just of cardiovascular events, but also 
of events less likely to be mediated by hyperlipidemia (eg, infec-
tions), biomarkers of statin-mediated antiinflammatory effects 
may emerge as surrogates in future studies.

Indices as Surrogates

Given the multifaceted, complex, recursive, and overlapping 
mechanisms of immune dysfunction, viral coinfection, chronic 
inflammation, hypercoagulability, and microbial translocation, 
an index of biomarkers validated for all-cause mortality and 
shown to be responsive to candidate interventions could be a 
useful surrogate. Indices, such as the VACS and the inflamma-
tory index, potentially have the benefit of weighting included 
biomarkers in light of their independent association with all-
cause mortality and can include biomarkers reflective of both 
benefits and harms of treatment. It remains to be seen whether 
either index is responsive to interventions targeting chronic 
inflammation.

BIOMARKERS AND CLINICAL MANAGEMENT

Clinical applications of biomarkers or indices include risk 
assessment, treatment guidance (choice of treatment and meas-
uring response), and prognosis. Some biomarkers may be used 
for several purposes, and others may be useful for only one. For 
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example, CD4+ T-cell count is not currently considered a useful 
criterion for switching ART among those with suppressed HIV 
RNA, but it does have an independent impact on prognosis. 
Many biomarkers are being considered in large epidemiolog-
ical studies and clinical trials as candidates for use in clinical 
management. To date, no clear winners have emerged, in part 
because biomarkers are, in general, difficult to implement clin-
ically [57]. The VACS index is calculated based on Clinical 
Laboratory Improvement Amendments–certified biomarkers 
and is being used in some clinical settings in the United States. 
Nevertheless, the biomarkers that most strongly predict mor-
tality in resource-limited settings may be different than those 
that are most prognostic in resource-rich settings. It is impor-
tant to validate clinical biomarkers and indices in both settings.

EMERGING AREAS OF STUDY

It is reasonable to assume that important and informative bio-
markers will emerge from new large-scale -omic approaches in 
studies of HIV infection and aging, as they have outside this 
field. Genomic, transcriptomic, and proteomic approaches are 
in progress, and metabolomics studies are certain to follow. 
Work is also underway to further improve the responsiveness 
of the VACS index by converting it to a continuous measure 
and adding additional routine clinical biomarkers (eg, albumin 
level and body mass index). Progress will require innovative 
approaches to the complex mix of contributing factors, in-
cluding the impact of HIV infection on the immune system, 
lifestyle and behavioral traits, varied underlying pathology, and 
powerful and variable drug treatments present in HIV-infected 
populations.

LIMITATIONS OF CANDIDATE BIOMARKERS, 
INDICES, AND SURROGATE BIOMARKERS

The mechanisms of adverse effects from treatment are often 
different from those of beneficial effects. In the case of statins, 
improved values of biomarkers or surrogate biomarkers would 
need to be separately weighed against known adverse effects of 
statins, including muscle and liver injury. Also, interventions 
may interact with multiple mechanisms of disease (pleiotropy), 
not all of which are captured by a single biomarker. Finally, even 
well accepted surrogates may not completely reflect the disease 
or primary mechanism in question. Nevertheless, drug compa-
nies require reliable surrogate biomarkers to rapidly screen large 
numbers of compounds for activity that may reasonably warrant 
their investigation in pilot studies and, eventually, randomized 
controlled trials. Identification of novel surrogate biomarkers 
is a critical step in developing the next generation of effective 
interventions.

CONCLUSION

No single mechanism of injury explains the residual excess risk 
among HIV-infected individuals, compared with uninfected 

persons. Rather, the excess risk appears to reflect multiple, over-
lapping, and reinforcing mechanisms. The next wave of clinical 
discovery will likely require multiple biomarkers and/or an index 
to help reduce measurement noise, appropriately weight compo-
nents, improve responsiveness, and account for beneficial and 
harmful effects of therapeutic interventions. Criteria for select-
ing biomarkers for HIV research depend upon the questions, 
mechanisms, and outcomes being investigated. Developing sur-
rogates is an especially important area of research that should 
explore both individual biomarkers and indices. While biomark-
ers for the inflammatory state have proven crucial in our un-
derstanding of the pathology of chronic HIV infection, none of 
these are yet ready for clinical application.
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