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The uneven anatomic distribution of cell subsets that harbor human immunodeficiency virus (HIV) during antiretroviral therapy 
(ART) complicates investigation of the barriers to HIV cure. Here we propose that while previous studies done largely in blood cells 
have led to important investigations into HIV latency, other important mechanisms of HIV persistence during ART may not be 
readily apparent in the bloodstream. We specifically consider as an example the question of ongoing HIV replication during ART. 
We discuss how growing understanding of key anatomic sanctuaries for the virus can inform future experiments aimed at further 
clarifying this issue.
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Defining the mechanisms by which human immunodeficiency 
virus (HIV) persists in vivo despite effective antiretroviral 
therapy (ART) has been a key focus of HIV cure research for 
nearly 2 decades. Within this field, the investigation of HIV 
latency in CD4 T cells has been central. Inferred initially 
from the detection of HIV proviruses in phenotypically rest-
ing blood cells [1] and subsequently from the stability of the 
circulating, latently infected CD4 T-cell pool defined by virus 
outgrowth assays (VOAs) [2–6], the prolonged quiescence of 
replication-competent proviruses within some resting mem-
ory CD4 T cells would be expected to prevent HIV eradication 
even without any cell-to-cell virus transmission under ART. 
This insight has prompted the development of “shock and kill” 
strategies [7, 8] that pair HIV latency reversal in vivo [9–14] 
with one or more means of augmenting infected cell clearance. 
At the same time, however, interest in alternative or comple-
mentary approaches to HIV cure persists. Although this inter-
est is partly due to the difficulty of achieving effective and safe 
HIV latency reversal in vivo, it also remains possible that HIV 
persists during ART by multiple mechanisms. In particular, 
the infection of non-CD4 T-cell types [15–25], the prolonged 
persistence of infectious virions outside cells [26, 27], and 
ongoing cellular infections occurring after ART initiation 
[28] have all been proposed as potential barriers to cure. The 
incorporation of novel strategies that target such additional 
mechanisms could increase the chances of clinically meaning-
ful results in future cure trials.

Results from the analysis of HIV infection in tissues further 
emphasize that the barrier to HIV cure may involve multiple 
mechanisms. As recently reviewed by Yukl and Wong [29], HIV 
is detectable in multiple extravascular sites during effective 
ART, including lymphoid and some nonlymphoid tissues. In 
certain cases, HIV nucleic acid or in vitro HIV replication has 
been demonstrated inside terminally differentiated myeloid or 
parenchymal cell types [15–25]. Such potential reservoirs might 
not be addressed adequately using latency reversing agents 
(LRAs) originally targeted to CD4 T cells. Moreover, even if the 
proviruses that rekindle high-level HIV replication upon ART 
interruption ultimately prove to be restricted to CD4 T cells, the 
heterogeneity among these functionally diverse, widely distrib-
uted cells still creates major challenges in HIV cure research. 
These challenges are in part pharmacokinetic, as putative cure 
agents could fail to reach therapeutic levels in some compart-
ments that contain infected cells. More fundamentally, however, 
the diversity of CD4 T-cell subsets with distinct genetic pro-
grams and anatomic localizations complicates interpretation 
of basic investigations into how HIV persists in vivo. Although 
studies in circulating cells led to the identification of the HIV 
latent reservoir and have since allowed LRAs to be evaluated, 
circulating cells represent only a tiny fraction of all CD4 T cells 
in the body at any point in time [30, 31]. Studies performed 
using these cells may not adequately reflect critical events 
occurring outside the bloodstream.

In this perspective, we argue that fully understanding the 
barrier to HIV cure requires detailed consideration of such 
events and elucidation of the mechanisms that underlie them. 
To illustrate this, we will specifically examine whether HIV 
continues replicating during “fully suppressive” ART. This 
long-debated issue remains controversial in large part because 
new cellular infections cannot be visualized directly, either 
in HIV-infected people or in nonhuman primate models. At 
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the same time, indirect experimental approaches to resolving 
the issue have produced variable results. The analysis of HIV 
sequence evolution has been especially controversial, with sev-
eral publications reporting ongoing evolution during ART [28, 
32] and others reaching the opposite conclusion [33–38]. Here 
we propose modifications to the hypothesis underlying this 
work that we believe can help guide future investigations. We 
specifically consider mounting evidence on the contributions 
of lymph node T follicular helper (TFH) cells to HIV replication 
and persistence in vivo, and on the relationship of HIV within 
TFH cells to viruses in the bloodstream. We highlight the diffi-
culty of revealing these relationships without a detailed analysis 
that distinguishes among functional and anatomic subsets of 
CD4 T cells. We use our own recent findings in individuals with 
natural control of HIV to help make this point, and conclude by 
proposing additional experiments that may clarify the role of 
ongoing HIV replication in lymphoid tissues during ART.

That HIV continually replicates in the secondary lym-
phoid tissue during untreated, progressive infection is broadly 
accepted. Supporting evidence includes early studies that 
showed a higher HIV burden in lymph node biopsy samples 
than in blood. The quantification of HIV DNA demonstrated 
higher proportions of infected cells in lymphoid tissue than in 
blood [39], and the detection of cells containing HIV transcripts 
suggested virus expression by infected cells in lymphoid tissue 
[40]. At the same time, abundant extracellular virion RNA has 
been detected in lymph node during high-level viremia, par-
ticularly in association with the follicular dendritic cell (FDC) 
network [40, 41]; virus proteins and virions are also detectable 
[41, 42]. More than simply reflecting active virus production 
by infected cells, these findings have been interpreted to reflect 
ongoing cycles of virus replication. Although proving ongoing 
cycles of replication can be difficult, the conditions in lymph 
nodes, and particularly within B-cell follicles, appear highly 
favorable for cell-to-cell transmission of the virus. Infectious 
HIV virions appear to be retained within immune complexes 
on the surface of FDCs [41, 43]. In close contact with this 
source of infectious virus are abundant activated CD4 T cells. 
Furthermore, in vitro studies indicate that FDCs may release 
soluble factors that promote infection in CD4 T cells [44]. For 
these and other reasons, lymph nodes appear to be a key site for 
the high-level ongoing replication that characterizes even the 
early asymptomatic phase of untreated HIV infection.

In contrast to the findings made during untreated infec-
tion, those made under effective ART have led to conflicting 
conclusions about ongoing virus replication. Multiple direct 
measures of virus burden in lymphoid tissue decline sharply 
during the initial months of ART [45–47]. In particular, lev-
els of virion RNA on the FDC network were found to decline 
>1000-fold over the initial 24 weeks of ART in early studies 
[45]. Numbers of mononuclear cells containing intracellu-
lar virion RNA also decline quickly over this same interval, 

suggesting a marked reduction in cells actively expressing the 
virus [45]. Nevertheless, ART does not completely eliminate 
HIV nucleic acids from lymph nodes. This is true of virion 
RNA on the FDC network, which remains detectable at very 
low levels by in situ hybridization even after an initial sharp 
decline [45]. This is also true of infected cells, as measured by 
cell-associated HIV DNA [47], and in particular of infected 
cells expressing the virus genes, as measured by intracellular 
HIV RNA [45, 48]. Although the persistence of cells express-
ing HIV genes is consistent with intermittent reactivation of 
latent cellular infections established before ART initiation, 
pharmacokinetic analysis has also revealed that lymph node 
levels of some commonly used antiretrovirals are surprisingly 
low [49]. In combination with the transient increases in certain 
nonintegrated forms of cell-associated HIV DNA that have 
been demonstrated in some ART intensification studies [50, 
51], these findings leave open the possibility that new cellular 
infections occur in lymphoid tissue even when viremia is fully 
suppressed by ART.

To help resolve the uncertainty surrounding this issue, 
multiple groups have sought sequence evidence of ongoing 
virus evolution during effective ART. Either the emergence of 
drug-resistant virus variants or the progressive divergence of 
virus sequences from ancestral sequences during ART would 
represent strong indirect evidence of ongoing replication. 
Because obtaining sequential lymph node biopsies from a sin-
gle individual is challenging, however, these studies have typ-
ically been done in blood. Using single-genome amplification 
and sequencing (SGS) protocols to obtain panels of single-copy 
sequences, virus populations in blood cell–associated DNA or 
plasma virions have been examined for either the emergence of 
drug resistance or progressive divergence over time from ances-
tral sequences. With notable exceptions [28, 32], most such 
studies performed in blood have found no evidence of HIV evo-
lution during ART [33–38]. An important part of the interpre-
tation of these studies is the premise that new virus sequences 
created through ongoing replication in lymphoid tissue should 
eventually disseminate systemically. In support of this, Kearney 
and colleagues performed a thorough comparison of panels of 
single-copy virus sequences from blood and multiple tissues in 
macaques receiving suppressive ART regimens in the setting of 
infection with an SIV containing an HIV-derived reverse-tran-
scriptase gene (RT-SHIV) [52]. Analyzing between 3 and 42 
single-copy virus DNA sequences per tissue, the investigators 
found that sequences were well mixed both among tissues and 
between tissues and the bloodstream in each animal. These 
findings suggest that sequences of the predominant pool of cir-
culating, cell-associated viruses may be an accurate surrogate 
for sequences inside lymphoid tissue cells. This would in turn 
suggest that the lack of virus evolution in blood during ART 
may indicate a similar lack of evolution—and thus of ongoing 
replication—in lymphoid tissue.
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Nevertheless, consideration of the emerging body of work 
on TFH cells in HIV infection raises questions about this con-
clusion. Cells of the TFH subset home to lymphoid follicles via 
the chemokine receptor CXCR5, where they provide help for 
germinal center B cells to facilitate immunoglobulin affinity 
maturation [53]. Due perhaps in part to a relative exclusion 
of virus-specific CD8 T cells from lymphoid follicles [54], the 
retention of infectious virus on FDCs [27], and the activated 
state of cells inside follicles, TFH cells carry a particularly high 
burden of HIV in the absence of ART [55]. Interestingly, they 
also appear to harbor replication-competent HIV more fre-
quently than do non-TFH cells in the setting of effective ART, 
with levels that decline over time during virus suppression [56]. 
Several interpretations of this finding remain possible, includ-
ing either an accumulation of latent HIV proviruses in TFH cells 
during ART or intersubset differences in the response to stimu-
lation during VOAs that lead to more reliable recovery of repli-
cating HIV from TFH cells than from other cell subsets in vitro. 
However, an additional potential interpretation of the relative 
abundance of replication-competent proviruses within the TFH 
subset during ART is that they reflect low levels of ongoing rep-
lication that is restricted to follicles.

If true, how would the latter interpretation be reconciled with 
the limited evidence for ongoing HIV replication during ART, 
as measured by tests for sequence evolution in blood cells and 
virions? One key consideration is the issue of sampling depth. 
The TFH subset represents a small proportion of all CD4 T cells 
in lymph node during ART—generally <10% of all memory 
cells, which make up a fraction of the total CD4 T-cell pool [56]. 
Because of this, any viruses in cell-associated DNA that were 
recently acquired within follicles would be expected to be inter-
mingled with large numbers of the archival and defective pro-
viruses that accumulate in ART-treated individuals (see model 
in Figure 1). This may be particularly true in the bloodstream: 
Although the precise surface phenotype of “memory TFH” cells 
remains unknown, it appears likely that CD4 T cells migrating 
from lymph node follicles to the systemic circulation are rela-
tively rare [57]. Therefore, without sequencing either very large 
numbers of blood cell–associated viruses or viruses in narrowly 
defined subsets enriched for recent follicular emigrants, the 
virus genetic signatures of recently infected cells that would 
provide evidence of ongoing replication during ART might eas-
ily be missed.

Our recent study in individuals with natural control of HIV 
infection illustrates this argument [58]. These individuals, 
termed HIV controllers, represent a rare group whose antivi-
ral immune responses likely limit HIV replication in vivo in 
the absence of ART. In previous sequencing studies in these 
individuals, it was noted that HIV DNA sequences inside 
blood cells were distinct from plasma virion RNA sequences 
[59]. Longitudinal sampling further showed evidence of ongo-
ing evolution in plasma virus sequences [60, 61], but not in 

cell-associated HIV DNA sequences [60, 61]. Our study, which 
was performed in 14 individuals with plasma viral loads <1000 
copies/mL in the absence of ART, made similar findings. By 
sequencing relatively large total numbers of viruses and by per-
forming this analysis within sorted CD4 T-cell subsets rather 
than unfractionated cells, we also found that HIV sequences 
in circulating central, transitional, and effector memory CD4 
T cells were ancestral to plasma viruses. Furthermore, HIV 
DNA sequences in blood cells from HIV controllers frequently 
included groups of matching single-copy sequences. We found 
that these groups of matching sequences were enriched in the 
most differentiated cell subset—the effector memory subset—
and using integration site sequencing showed that they origi-
nated from expanded cellular clones. Some of these clones had 
expanded massively, accounting for hundreds of HIV DNA 
copies/mL of peripheral blood, and many showed lethal genetic 
defects. In all 3 memory CD4 T-cell subsets in blood from these 
individuals, cell-associated levels of HIV transcripts were low or 
undetectable. Overall, these findings suggested a predominance 
of nonreplicating proviruses in blood cells in HIV controllers, 
consistent with strong restrictions on ongoing virus replication 
in vivo.

By contrast, when we examined the lymphoid tissue in these 
individuals, we found a markedly distinct population of infected 
cells (see Figure  1). As was demonstrated in SIV-infected 
macaques with natural virologic control, infected cells in lymph 
node from HIV controllers harbored viruses that appeared to 
be actively replicating. We inferred this based on their closer 
genetic similarity to plasma HIV sequences than to most blood 
cell–associated HIV DNA sequences, and because they were 
associated with high levels of spliced and unspliced virus tran-
scripts. As in the macaque studies, infected cells harboring 
these viruses were enriched in the TFH subset. Interestingly, 
by stimulating large numbers of circulating cells in vitro and 
then sequencing genomic RNA from virions released in culture, 
we found rare inducible viruses that were genetically similar 
both to viruses in lymph node cells and to plasma viruses and 
were also highly divergent from ancestral sequences. Thus, by 
excluding the noninducible proviruses in cell-associated DNA 
from blood cells, we uncovered the small minority of cells that 
appeared to have been recently infected. It is critical to empha-
size that these cells, which we propose had recently trafficked 
from lymphoid tissue, represented on the order of 1% of all cir-
culating cells containing HIV DNA. For this reason, standard 
SGS approaches in which tens of single-copy virus sequences 
are obtained would not be expected to detect these cells reliably.

Thus, one can propose the hypothesis that evidence of low-
level, ongoing HIV replication may be more readily detected by 
either (1) very deep sampling of the total infected circulating 
cell pool, as has been reported [62], or (2) targeted analysis of 
small cell populations that are closely related to the extravascu-
lar foci where replication could occur. Such an approach could 
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prove useful in the setting of ART. As in HIV controllers, blood 
cell–associated HIV DNA sequences from ART-treated individ-
uals are likely enriched for nonreplicating proviruses [63, 64] 
that could obscure important, genetically distinct virus subpop-
ulations. The task of uncovering these subpopulations may be 
quantitatively more difficult during ART, as cycles of ongoing 
replication may be fewer and infected cells harboring archival 
proviruses more abundant in ART-treated individuals than in 
HIV controllers. Furthermore, new cellular infections could 
replenish the infected CD4 T-cell pool intermittently rather 
than in sustained fashion, and could in some cases be initiated 
by reactivation of latently infected cells, thus failing to produce 

sequence evolution over time. Nevertheless, direct sampling of 
TFH cells from lymph node or closely related subsets in blood 
could yet reveal groups of temporally clustered virus sequences 
that would indicate recent infection. Pairing this approach with 
in vitro stimulation and virion RNA recovery to filter out large 
numbers of archival, defective proviruses may lead to increased 
sensitivity. Thus, the extent to which low levels of ongoing repli-
cation in lymph node contribute to the persistence of inducible 
viruses in the circulation during ART may be quantified. Such 
experiments could help understand the extent to which new 
antiretrovirals with better tissue penetration might advance 
emerging cure strategies.

Figure 1.  Proposed model of anatomic and virus genetic relationships among distinct subsets of human immunodeficiency virus (HIV)–infected CD4 T cells during antiretro-
viral therapy (ART) that could account for the lack of observed evolution of HIV sequences over time in ART-treated individuals despite ongoing replenishment of the infected 
cell pool by new infections. For comparison, a similar model is proposed for HIV controllers based on our previous findings [58]. In HIV controllers (left), CD4 T cells harboring 
transcriptionally active viruses are enriched within the T-follicular helper (TFH) subset (illustrated here as within a follicle). Sequences of these viruses are divergent from 
ancestral sequences and closely related to plasma virion RNA sequences, which were previously shown to evolve over time in HIV controllers [60, 61] and thus likely reflect 
an actively replicating virus pool. We propose that ongoing cell-to-cell HIV transmissions among TFH cells in HIV controllers are associated with dissemination of related 
viruses to extrafollicular lymph node (LN) sites, which contain most of the CD4 T cells in lymphoid tissue, and also with hematogenous dissemination of some cells containing 
closely related viruses. Single-copy sequencing of LN CD4 T cell-associated viruses in HIV controllers reveals genetic markers consistent with recent infection, including high 
divergence from ancestral and a strong temporal structure (as described in [65]). In the bloodstream in HIV controllers, where cell-to-cell HIV transmissions are likely to be 
uncommon or absent, most CD4 T-cell–associated HIV DNA sequences are archival. Such sequences are often associated with expanded cellular clones whose proliferation 
further dilutes the phylogenetic signal from rare, recently infected cells. In ART-treated individuals (right), antiretroviral drugs limit any cell-to-cell HIV transmission that 
might occur within follicles. At the same time, the numbers of cells harboring archival HIV DNA sequences in LN and blood are likely to be higher in ART-treated individuals 
than in HIV controllers. As a result, sequencing limited numbers of cell-associated HIV DNA sequences in total LN or blood cells almost exclusively reflects long-lived cells 
harboring archival viruses. These sequences would not be expected to evolve over time. In addition, new cellular infections within LN in ART-treated individuals may in part 
result from intermittent reactivations of archival viruses. As a result, HIV DNA sequences from recently infected cells might show neither a temporal structure nor evolution 
in serial samples.
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Overall, these arguments illustrate the need to investigate 
the mechanisms of HIV persistence during ART with refer-
ence to mounting knowledge of the cellular and anatomic 
organization of the immune system. Due to the very large 
number of replicative cycles that occur in the course of HIV 
infection in any individual, even the infrequent occurrence 
of nonproductive cellular infections can lead to considerable 
accumulated evidence of replication-incompetent viruses. 
The challenge for cure approaches is to determine the ratios 
of defective—and thus likely harmless—proviruses to intact 
proviruses within different tissues. Layered upon this are 
the probability that distinct gene expression patterns among 
infected cells in these tissues confer different degrees of 
latency to intact cell-associated proviruses, and the apparent 
ability of some infected cells to change their phenotypes and 
genetic programs without expressing the viruses they harbor. 
Thus, the total body CD4 T-cell reservoir for HIV likely con-
sists of multiple distinct reservoirs that may have different 
requirements for purging.
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