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Abstract
Purpose of review—The persistence of HIV within infected CD4+ T cells is a major obstacle to
eradication, and assessment of the strategies to reduce HIV reservoirs is one of the major
challenges. Measuring HIV reservoirs accurately will be necessary to assess those strategies. The
objective of this review is to present the most recent studies that may help to define the best
markers to measure HIV reservoirs.

Recent findings—Recent findings have shown that multiple assays can be used to quantify the
different analytes that reflect the HIV reservoirs. They have provided new insights, but lack of
standardization has made cross-comparisons of data difficult. No single best assay for measuring
HIV reservoirs has been identified and these assays often address different questions, such as the
size of the reservoirs, the composition of the reservoirs, or the capacity of latent reservoirs to
produce virus. A consensus on what values reflect robust conclusions will have to wait for the
generation of additional results.

Summary—In conclusion, there is a compelling need for investigators to optimize assays and
share protocol reagents and specimens to permit the validation, comparison, and standardization of
techniques. There is an important need for validated, high-throughput, sensitive, and accurate
assays that can detect changes in HIV reservoir size in order to assess the impact of candidate
therapies.
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INTRODUCTION
The accurate and precise measurement of HIV-1 reservoirs is critical for the process to
reliably assess the efficacy of candidate treatments that are aimed at reducing these
reservoirs, and for either demonstrating a ‘functional’ cure or a sterilizing cure (i.e.
elimination of all infected cells) [1]. The standard virus marker in clinical practice has been
the measurement of plasma HIV-RNA, with the objective of antiretroviral therapy (ART) to
reduce viral load as much as possible. With effective ART, the latent reservoir resembles an
‘iceberg’ with a difficult to discern mass of latently infected cells that persists during ART
and that can reignite high levels of ongoing replication following ART withdrawal.
Characteristics of HIV reservoirs differ between patients, disease stages, and the interval
between date of infection and initiation of ART; nevertheless, the size of the reservoir in
each patient does not appreciably change during effective ART. Optimizing assays to
measure latent reservoirs will be necessary to assess strategies for cure, as well as in studies
of treatment intensification [2], simplification, interruption, or switch of ART [3, 4]. The
current effort to develop drugs aimed at eradicating or reducing HIV reservoirs is one of the
challenges for the next decade [5, 6]; however, there is no consensus on the assays that can
best measure these reservoirs. There are several questions to address and several ways to
explore reservoirs. No single best marker of HIV reservoirs has been identified, and markers
often address different questions such as the size of the reservoirs, the composition of the
reservoirs, or the capacity of latent reservoirs to produce virus.

The objective of this review is to describe the different markers that have been proposed and
used by different groups, and then to consider the merits of these various approaches.

The HIV reservoir is widely dispersed
One of the difficulties in defining and measuring the HIV reservoir is that latently infected
cells are disseminated throughout the body and are concentrated differentially in different
lymphoid organs and in other tissues [7, 8]. Blood is the most accessible organ, but not a
truly representative medium for measuring the latent reservoir in the whole body. For
example, the concentration of latently infected CD4+ lymphocytes and their activation status
is higher in the gut than the blood [7]. In untreated patients, this high level of virus
replication and lymphocyte activation results in a disproportionately high level of
lymphocyte death and epithelial damage in the gastrointestinal tract, facilitating bacterial
translocation and systemic immune activation [9]. In animal models, the levels of total
simian immunodeficiency virus (SIV)-DNA measured in blood and tissues showed that the
gut is the most infected tissue [10]. In ART-treated macaques, the highest levels of SIV-
DNA and SIV-RNA in comparison with blood were in lymphoid tissues, particularly the
spleen, lymph nodes, and gastrointestinal tract [11■].

The reservoir is complex
Most infected cells are memory CD4+ T cells; however, different T-cell subsets have
varying levels of latent infection in different patients according to the stage of the disease
and the timing of initiation of ART. HIV-DNA can be detected in all CD4+ T-cell subsets,
including naive, central memory, transitional memory, and effector memory cells [12, 13,
14■■]. Each of those T-cell subsets contains replication-competent HIV that can be induced
ex vivo to produce virus [15, 16]. Residual virus has also been detected in tissue
macrophages and microglial cells during ART [17]; however, the durability of this reservoir
has not been well characterized.

Various species of HIV-DNA have been found in these cell types at frequencies that exceed
cells with replication-competent virus that can be readily induced. One recent study
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suggested that the number of resting CD4+ T cells with defective (or non-induced)
proviruses may be, on average, 300-fold higher than the number that can produce
replication-competent virus following cellular activation [18]. The different species of HIV-
DNA include integrated HIV-DNA (provirus) and unintegrated forms such as the linear
preintegration complex, and 1-long terminal repeat (LTR) and 2-LTR circles. The provirus
is integrated at various sites and most infected CD4+ cells contain one HIV-DNA molecule
[19■]. How the location of the integration site and the state of the chromatin near the
provirus modulate inducibility are not well understood. Similarly, the detection of residual
HIV transcription during effective ART could reflect either true latent status or a sub-
optimal antiviral suppression [20].

The reservoir is highly dynamic
The establishment of the HIV reservoir starts very early at the time of primary infection,
when there is cell death and high turnover associated with rounds of new cellular infections
[14■■, 21, 22]. During the chronic phase of HIV infection, the dynamics of the latent
reservoir is complex and evolving. Just as CD4+ T cells are being renewed from the thymus
and bone marrow, being activated and maturing, and dying as a result of antigen exposure
and virus replication, latently infected CD4+ lymphocytes are in a similar flux. The long life
and homeostatic proliferative capacity of memory cells almost certainly accounts for the
stability of the latent reservoir in patients, even after long-term ART.

THE IMPORTANCE OF SENSITIVE, SPECIFIC, REPRODUCIBLE, AND
PRECISE ASSAYS TO QUANTIFY HIV RESERVOIRS

Because most latent reservoirs are widely, but not homogeneously, distributed in the body,
measurement of the reservoir must take into account the specimens, the analytes, and the
assays.

The specimen
Blood cells may or may not reflect other bodily tissues; however, blood HIV-RNA is
universally accepted as a good reflection of virus replication in the body. Other tissues are
not as easily sampled. Leukapheresis can generate large numbers of cells to increase the
measurable reservoir and permit the more extensive examination of T-cell subsets, but this
procedure is not as readily performed as simple phlebotomy.

The analytes and assays
Multiple markers of HIV reservoirs have been proposed. In a recent review [23], advantages
and drawbacks were presented and discussed, showing that each marker has a different
purpose and provides different information to answer different questions.

The limiting dilution co-culture assay that approximates the number of infected resting
CD4+ T cells in patients has been considered to represent the ‘gold-standard’ for measuring
latently infected cells, because it detects a true threat for recrudescence of replication after
withdrawal of ART. Unfortunately, this technique is labor intensive, expensive, slow, and
imprecise [24, 25]. Moreover, it measures only the tip of the ‘iceberg’, as most latently
infected cells will not be available in any collected specimen and its sensitivity may not
detect all replication-competent latently infected cells in a specimen.

Total cell-associated HIV-DNA is a marker to estimate the frequency of infected cells per
million in peripheral blood mononuclear cells (PBMC) or CD4+ T cells [26]. It includes
measurement by realtime PCR of both integrated and unintegrated HIV-DNA forms in
latently and productively infected cells [27, 28]. This marker could be applied in whole
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blood, resting or purified CD4+ T cells, lymphocyte subsets, a cell pellet, and in tissue
biopsies as demonstrated in human and primate studies. Moreover, a new technology has
been recently applied to the quantification of total HIV-DNA and 2-LTR circles [29].
Droplet digital PCR brings the advantage of quantification in absolute values. Validation of
this assay compared with a real-time pol PCR shows it to be more sensitive and substantially
more precise [Strain et al. (in press)]. Moreover, in comparison with an Alu–gag PCR assay
for integrated HIV-DNA, droplet digital PCR was highly correlated in patients who had
been effectively treated with ART, as linear, unintegrated HIV-DNA forms have a short
half-life and unintegrated LTR circle forms represent less than 10% of total HIV-DNA
[Ericksson et al. (in press)].

All infectious latent viruses must result from integrated HIV-DNA, although not all
integrated HIV-DNA represents inducible replication-competent provirus. The best
described and characterized assay for integrated HIV-DNA utilizes Alu–gag PCR [30–32].
This technique is very cumbersome as the assay requires, 42 PCR reactions per sample,
because the nonspecificity of the gag primer requires endpoint dilution of the assay to confer
specificity.

The quantification of 2-LTR circles has been proposed to be a surrogate marker of ongoing
viral replication and recent cycles of replication, although it is highly controversial whether
2-LTR circular forms do in fact have a short half-life [33]. The sensitivity of these in-house
techniques is different between studies, making comparisons difficult [34]. Interestingly, in
the case of raltegravir treatment, a spike in 2-LTR circle numbers was reported, a result that
is expected from this class of drug [2, 35]. The application of droplet digital PCR to the
measurement of 2-LTR circles provides a more precise and sensitive assay for this analyte
[Strain et al. (in press)].

Expression of intracellular HIV-RNA is a marker that has been used to demonstrate that
drugs, such as histone deacetylase inhibitors, can induce latently infected cells from patients
who are suppressed on ART to make HIV transcripts [36]. The quantification of multiple
spliced, singly spliced and unspliced HIV-RNA has been also proposed as a marker of
productive cells [20, 34]; however, whether some transcription is consistent with the latent
status or represents ongoing low-level replication remains to be determined.

Residual low-level viremia in patients receiving efficient ART is a marker of reservoirs that
contain HIV proviruses, mainly CD4+ memory long-lived cells [35]. There is a correlation
between the level of residual plasma viremia and the HIV-DNA blood level [27]. The HIV-
RNA single copy assay (SCA) is an ultrasensitive method to quantify HIV-RNA in plasma,
under the limit of conventional assays [37–40].

All these assays have provided new insights, but lack of standardization has made cross-
comparisons of the data difficult. No commercial development is currently in progress, so
assays are not well standardized. None has been commercialized with United States Food
and Drug Administration or European Economic Community approval. Moreover, different
standards are used to calibrate measurements. An initial effort to exchange both specimens
among laboratories and assays to provide some basis for comparisons was recently made
[Ericksson et al. (in press)]. Efforts to share protocols and reagents and efforts to compare
assays would clearly benefit the field.

WHAT DO WE KNOW IN DIFFERENT CLINICAL SITUATIONS?
The literature on HIV reservoirs most frequently uses total cell-associated HIV-DNA. There
is more HIV-DNA available for measurement than for the other analytes. In addition,
quantitative PCR assays are easier to perform than SCA assays for plasma viremia or
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infectivity assays. This technique is well standardized because it is routinely used in the
context of HIV diagnosis in babies, for whom good sensitivity, specificity, and
reproducibility are particularly important [41]. The Agence Nationale de Recherches sur le
Sida et les Hépatites virales (ANRS) technique has been largely used for the cohorts of naive
patients in the acute or chronic phases of infection [21, 23, 42–44], showing the strong
predictive value of this marker for progression to AIDS and death, independent of HIV-
RNA and CD4+ count. A meta-analysis of seven cohorts confirmed that there is some
evidence that HIV-DNA might have a better predictive value than plasma HIV-RNA [45■].
These results also suggest that total HIV-DNA in blood could reflect the whole level of HIV
reservoirs in each patient.

Studies on HIV reservoirs have been particularly informative in elite controllers, those
patients who spontaneously control HIV viremia and represent a model for functional cure.
The study of these individuals provides direct evidence that they harbor low levels of total
HIV-DNA (lower than 2 log10 copies/million PBMC) [46–48, 49].

Among treated patients, there are now consistent results showing that early treatment
initiation is a key point to reduce HIV reservoirs while protecting the immune system [40],
[Le et al. (in press), Hocqueloux et al. (in press)], and that the impact of treatment during
primary infection facilitates long-term control of HIV reservoirs [22]. A high level of total
HIV-DNA predicts a shorter time to rebound after treatment interruption, and is associated
with a higher risk of viral rebound during ART [3].

One of the current alternative approaches would be to aim for remission or functional cure,
as recently demonstrated in rare patients who have been treated early at the time of primary
infection and have long-term virologic control after treatment interruption [50■■]. Such
posttreatment controllers represent a model of functional cure as they have a very small HIV
reservoir (total HIV-DNA less than 2 log10 copies/million PBMC), although they do not
have the protective human leukocyte antigen (HLA) alleles such as HLA-B57 and -B27
[50■■, 51–53]. At present, there are very few studies showing the impact of various ART
regimens on HIV reservoirs. Is there any difference between the five and three drug
regimens? Could the level of HIV-DNA blood level provide a marker in clinical practice for
different therapeutic strategies? Do we need to systematically measure all analytes, or just
total HIV-DNA, integrated and unintegrated forms [54–56]?

Lastly, within protocols aiming at a total eradication, no assay will have the sensitivity of
one infectious unit in the body. Thus, the ultimate test of eradication will be interruption of
ART without recrudescent infection, as has been demonstrated in the ‘Berlin patient’ after
bone marrow transplantation [57].

CONCLUSION
In order to assess the true impact of a candidate regimen to reduce the HIV reservoir, assays
are required that are sufficiently sensitive, specific, and precise so that a reduction in the
reservoir is statistically robust enough to be believed. One challenge is biological. The
measurable reservoir in a clinical specimen is near the level of detection and does not reflect
the ‘iceberg’ effect or the heterogeneity of the reservoir in the whole body. The other
challenge is technical. Assays need to be validated for sensitivity, specificity,
reproducibility, precision, and accuracy to be able to depend on their results to predict a
change with an intervention with confidence. Few described assays have been able to do this
[30] [Strain et al. (in press)]. A consensus on what endpoints reflect robust conclusions will
have to wait for the generation of additional data. It will be also important to select the
patients, based on size of the HIV reservoir, who are most appropriate for candidate
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interventions to reduce HIV reservoirs. Patients with larger reservoirs provide an easier
substrate for measuring an effect. It will be harder to measure the reservoirs in patients
treated shortly after infection; however, these patients will be more amenable to cure
because of their smaller reservoir and better immune status. There is a compelling need for
investigators to share protocols, reagents and specimens to permit the validation,
comparison, and standardization of techniques. There is an important need for validated,
high-throughput, sensitive, and accurate assays that can detect changes in HIV reservoir size
to assess the impact of candidate therapies. Ultimately, however, the proof of a cure will
require a properly designed study that withdraws ART.
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KEY POINTS

• Total cell-associated HIV-DNA is the easiest and most studied marker of HIV
reservoirs in large cohorts; it is the only marker that demonstrates the predictive
value of blood reservoir level.

• The measurement of low-level viremia in controlled patients is representative of
residual replication in the whole body.

• The post-treatment controllers, representing the first cases of ‘functional’ cure,
have a very low level of total HIV-DNA.
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