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approaches to define and quantify HIV and SIV 
reservoirs in tissue microenvironments
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Abstract 

The development of increasingly safe and effective antiretroviral treatments for human immunodeficiency virus (HIV) 
over the past several decades has led to vastly improved patient survival when treatment is available and affordable, 
an outcome that relies on uninterrupted adherence to combination antiretroviral therapy for life. Looking to the 
future, the discovery of an elusive ‘cure’ for HIV will necessitate highly sensitive methods for detecting, understand‑
ing, and eliminating viral reservoirs. Next‑generation, in situ hybridization (ISH) approaches offer unique and com‑
plementary insights into viral reservoirs within their native tissue environments with a high degree of specificity and 
sensitivity. In this review, we will discuss how modern ISH techniques can be used, either alone or in conjunction with 
phenotypic characterization, to probe viral reservoir establishment and maintenance. In addition to focusing on how 
these techniques have already furthered our understanding of HIV reservoirs, we discuss potential avenues for how 
high‑throughput, next‑generation ISH may be applied. Finally, we will review how ISH could allow deeper phenotypic 
and contextual insights into HIV reservoir biology that should prove instrumental in moving the field closer to viral 
reservoir elimination needed for an ‘HIV cure’ to be realized.
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and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Despite the robust efficacy of combination antiretrovi-
ral therapy (cART), current treatments do not provide a 
cure for infection with HIV, or the closely related sim-
ian immunodeficiency virus (SIV), as treatment inter-
ruption inevitably leads to uncontrolled rapid viral 
rebound in the vast majority of individuals and animals 
[1]. This predictable recrudescence occurs due to the 
presence of viral reservoirs, cellular or anatomical sites 
within the host in which infectious virus can persist in 
the face of antiviral immune responses and highly effec-
tive antiretroviral (ARV) treatment. Identifying and, 
ultimately, understanding mechanisms and principal tis-
sue compartments for viral reservoir persistence within 
an infected host will be essential for the development of 
effective cure strategies for HIV.

A variety of quantitative approaches have been used 
historically to increase our understanding of viral reser-
voirs, each providing unique insights, but, unsurprisingly, 
constrained by both technical limitations and acces-
sibility of relevant samples. For instance, much of what 
we know about the latent  CD4+ T cell reservoir (i.e. fre-
quency, slow decay rates, viral integration sites, mecha-
nisms of persistence, etc.) has come, in large part, from 
analyzing peripheral blood mononuclear cells (PBMCs) 
isolated from HIV-infected patients on cART [2–6]. 
Given the ease of accessing peripheral blood, quantifica-
tion of the latently infected resting  CD4+ T cell reservoir 
within the PBMC compartment is often used to deter-
mine the effectiveness of various cure strategies, pro-
viding a cost-effective and minimally invasive means for 
monitoring viral persistence in these treatment settings. 
However, our increased understanding of the important 
role that lymphoid and select non-lymphoid tissues play 
in HIV infection and persistence, and the limited cellu-
lar populations that circulate through peripheral blood, 
necessitate more detailed and comprehensive analyses of 
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viral reservoirs in tissue compartments and how inter-
vention cure strategies impact these tissue reservoir 
populations.

While the quantification and phenotypic charac-
terization of HIV reservoirs during the course of viral 
reduction strategies continues to be performed on cell 
suspensions or purified cellular populations using a vari-
ety of sensitive methods [7–10], these approaches lose 
important spatial and contextual information about viral 
reservoirs within their native tissue microenvironments. 
Since the predominant cell types infected by HIV/SIV are 
key components of the immune system (i.e.  CD4+ T cells 
and macrophages), reservoir establishment, viral persis-
tence, host immune responses to infection, and disease 
pathology all take place within tissues, which have a dis-
tinct cellular composition and function from the periph-
eral blood. In addition, some resident tissue cells (i.e. 
follicular dendritic cells and certain macrophage popu-
lations) are notoriously challenging to isolate and study 
ex vivo and do not circulate through the peripheral blood 
[11, 12]. Thus, in  situ-based approaches provide impor-
tant and novel insights regarding the localization and 
phenotypic features of reservoir cells within their resi-
dent native tissue microenvironments, which is simply 
not feasible by other approaches.

Traditionally, the study of HIV/SIV infection and per-
sistence by ISH approaches was limited to only a hand-
ful of expert groups due, in part, to technical challenges 
with performing these kinds of studies. Visualization of 
viral RNA (vRNA) in formalin-fixed, paraffin embedded 
(FFPE) tissues was originally performed by radiolabeled 
ISH (R-ISH) [13, 14]. This technique is sensitive, and able 
to detect individual productively-infected cells as well as 
the abundant virions trapped on the follicular dendritic 
cell (FDC) network in B cell follicles (BCFs) within lym-
phoid tissues [15, 16]; however, R-ISH is a highly labor 
intensive and low-throughput technique. This approach 
requires the use of radioactive material and variable, 
but long, incubation times (typically 1–4  weeks) before 
generating autoradiographs with developed silver grains 
localized over the cells containing vRNA on the tissue 
sections [13, 14]. Due to these issues, coupled with a rela-
tively low signal-to-noise ratio the longer the samples 
are exposed (high background due to off-target binding), 
subsequent ISH approaches have sought to overcome 
these limitations inherent with R-ISH. While chromog-
enic ISH (C-ISH) and fluorescent ISH (F-ISH) have elimi-
nated the use of radioactive material and can typically be 
performed in around 3–4  days, these approaches have 
much less sensitivity than R-ISH [17, 18].

The specific and sensitive detection of low copies of 
vRNA, and viral DNA (vDNA), in tissue sections neces-
sitates the generation of a reliable ISH approach for the 

study of HIV/SIV reservoirs and viral persistence in vivo. 
While additional ISH approaches have been developed 
in an attempt to detect low abundance vRNA and vDNA 
targets (i.e. in  situ PCR [19, 20], tyramide amplification 
[21], and rolling circle amplification [22]), the usefulness 
of these approaches in reservoir studies has been hin-
dered, in part, by assay complexity, low reproducibility, 
insufficiently high false detection rate, and/or unsuitably 
high background due to off-target probe binding. The 
recent development of a novel, highly specific, sensitive, 
rapid, and facile next-generation ISH approach (termed 
RNAscope), with sensitivity approaching single-RNA 
molecule visualization in individual cells [23], has pro-
vided significantly improved capabilities for imaging, 
phenotyping, and quantifying HIV/SIV reservoirs (and 
individual virus particles) in  situ, leading to new and 
important insights into reservoir biology and viral persis-
tence [16].

In this review, we will discuss how these next-genera-
tion, high-throughput in  situ hybridization approaches 
can be used to provide a more comprehensive view of 
viral reservoirs moving forward. We will describe how 
these assays allow for the detection of low copy vRNA 
and vDNA signals in  situ, enabling the visualization of 
rare viral reservoirs in their native tissue microenviron-
ments. These approaches, while still new and evolving, 
have provided important insights in understanding reser-
voir establishment, persistence during cART, and should 
provide powerful tools needed for the assessment of the 
full impact of potential ‘cure’ strategies moving forward.

In situ hybridization to detect HIV/SIV vRNA 
and vDNA
RNAscope and DNAscope ISH
A new next-generation, in  situ hybridization approach 
(RNAscope) was described in 2012 for the detection of 
host messenger RNA (mRNA) in FFPE cells and tissues, 
with a sensitivity approaching single-RNA molecule visu-
alization in individual cells [23]. The remarkable speci-
ficity of this approach is achieved through the unique 
requirement for two ‘double-Z’ target probes to bind 
contiguously to their respective complementary RNA 
sequences in order for a signal preamplifier to subse-
quently bind, initiating a signal amplification cascade via 
sequential hybridization steps similar to branched-chain 
DNA (bDNA) [16, 23]. This ‘double-Z’ probe binding pre-
requisite ensures extremely low-to-no visible background 
due to the exceedingly low probability of two probe pairs 
each nonspecifically hybridizing next to each other, an 
essential requirement for all successive hybridization 
steps [16, 23]. The exquisite sensitivity of the RNAscope 
platform, with the ability to visually resolve single RNA 
molecules in tissue sections, comes from the combined 
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hybridization of  ≥  20 ‘double-Z’ target probe pairs. In 
addition to the exceptional specificity and sensitivity the 
RNAscope platform offers, this approach is remarkably 
rapid and facile, with results obtained in just 1 day (< 8 h) 
compared to up to 4 weeks with R-ISH [16, 23].

Due to its promise for detecting low abundant host 
RNA transcripts, we developed and optimized an 
RNAscope platform for the detection of HIV and SIV 
RNA in tissue sections [16]. We have designed RNAscope 
probes for HIV clades A, CRF_AE, B, C, and D, as well as 
probes for SIVmac239, SIVagm and SHIV-C1157; each 
contains  ~  80 ‘double-Z’ target probe pairs represent-
ing up to ~ 4.3 kb coverage of the HIV/SIV genome and 
targeting both 5’ and 3’ gene regions that bind to spliced 
and unspliced RNA transcripts [16]. Using this next-gen-
eration RNAscope platform, we demonstrated the spe-
cific detection of HIV and SIV  vRNA+ cells and virions 
in tissue sections, with the visual resolution necessary to 
identify individual viral particles bound to the FDC net-
work before and during cART, although the latter was 
present at greatly reduced levels (Fig. 1). The RNAscope 
approach had a trend towards greater sensitivity in 
detecting productively infected  vRNA+ cells compared 
to both R-ISH and C-ISH but with remarkably lower 

background than the conventional ISH approaches [16]. 
Furthermore, RNAscope was similar to the gold stand-
ard R-ISH in detecting viral particles bound to cells, with 
both RNAscope and R-ISH being about 3 orders of mag-
nitude more sensitive at detecting viral particles bound to 
cells than the C-ISH method; however, RNAscope dem-
onstrated clearly superior visual discrimination of viral 
particles bound to cells, observed as discrete punctate 
signals compared to the diffuse silver grains surround-
ing cells using the R-ISH method [16]. Importantly, the 
RNAscope platform for the detection of HIV and SIV 
RNA can be fully automated using the BOND-RX (Leica 
Biosystem) or the Ventana Discovery Ultra/XT (Roche) 
autostainer systems. These two flexible and sophisticated 
automated platforms bring the benefits of increased 
consistency, reduced labor costs, and increased high-
throughput capability.

In order for in  situ based approaches to meaningfully 
augment our understanding of HIV/SIV reservoirs and 
viral persistence in  vivo, like with vRNA detection, we 
must have an extremely specific and sensitive approach 
to detect vDNA in tissues. Previous in  situ approaches 
aimed at vDNA detection have been hampered by 
numerous challenges that have limited their usefulness 
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Fig. 1 RNAscope and DNAscope ISH in tissue sections. Representative images of SIV RNAscope and DNAscope in lymph nodes from rhesus 
macaques during acute infection with a high viral load (VL) and robust levels of infected cells (left), chronic infection with low levels of infected cells 
(middle), and chronic infection under suppressive cART (right). Scale bars 200 μm
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in reservoir studies (i.e. assay complexity, need for long 
exposure times, and challenges with reproducibility and 
background). Given our success in detecting particularly 
low abundant HIV/SIV vRNA in tissues, including viral 
particles that only contain two vRNA copies, we modified 
and optimized the RNAscope approach for the detec-
tion of HIV/SIV DNA by designing target probes spe-
cific for the sense/coding strand, an approach we now 
term ‘DNAscope’ (Fig.  1). We have demonstrated that 
DNAscope ISH can rapidly (in 2 days) and reproducibly 
resolve a single vDNA copy in the nucleus of infected 
cells in tissues [16]. Importantly, DNAscope ISH was 
consistently able to detect  vDNA+ cells to nearly the 
level of sensitivity seen with quantitative PCR methods 
before and during cART [16], with the added advantage 
of retaining the contextual information of the infected 
cells in their native tissue microenvironment at the time 
of specimen collection.

While  CD4+ T cells are the primary target cell for HIV 
and SIV, with the vast majority of these cells residing 
within lymphoid tissue (i.e. lymph nodes, spleen, gut, 
lung, etc.), HIV and SIV can target several different cell 
types (i.e. macrophages, microglia, etc.) in numerous 
diverse tissue microenvironments [24–32]. In addition, 
infectious HIV can be trapped and retained as immune 
complexes for long periods of time on FDCs, which 
only reside within BCFs of lymphoid tissues [33–36]. 

The persistence of infected cells in a wide variety of tis-
sues, as well as the large repository of HIV/SIV trapped 
on FDCs, emphasizes the importance of studying tissue 
reservoirs in the development and assessment of ‘cure’ 
strategies. Thus, the next-generation RNAscope and 
DNAscope ISH approaches must be capable of repro-
ducibly detecting rare productively infected  vRNA+ 
cells and  vDNA+ reservoirs, and virions trapped on 
FDCs, in lymphoid and non-lymphoid tissues like the 
CNS, male and female genital tract, liver, and kidney 
(Fig.  2). The strength of the RNAscope and DNAscope 
platforms is the flexibility to use these approaches on 
all types of fixed (FFPE) or frozen (OCT) tissues with 
similarly high sensitivity and specificity, and low back-
ground. In contemplating in  situ-based approaches for 
reservoir studies, careful consideration should be given 
to the experimental design; in particular, the amount of 
tissue needed to accurately quantify the reservoir must 
be critically evaluated. As the frequency of infected cells 
becomes rarer, the need to sample larger tissue areas 
correspondingly increases. As with many techniques 
(i.e. other methods or procedures requiring only a small 
sample volume such as ELISA, PCR, etc.), sampling mul-
tiple organs, as well as an increased number of tissue 
sections throughout each organ, decreases the likelihood 
of false negatives when using RNAscope and DNAscope 
approaches.

Ileum Brain Spleen 

Lung Tes�s Vagina 

Kidney 

Liver 

Fig. 2 Flexibility and reproducibility of the RNAscope approach in different tissue types. Representative images of SIV RNAscope performed on 
chronically infected rhesus macaques in ileum, brain, spleen, kidney, lung, testis, vagina, and liver showing productively infected  vRNA+ cells and 
viral particles on FDCs within the BCFs. Scale bars 200 μm
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Recent work has illustrated the unique capabilities that 
modern ISH approaches provide in guiding research 
into HIV/SIV tissue reservoirs and strategies for eradi-
cation. The combination of visualizing vRNA in  situ, 
coupled with the low limit of detection achievable with 
these next-generation ISH methods, has been crucial in 
demonstrating that BCFs serve as important ‘sanctuary 
sites’ for HIV/SIV, even in the absence of detectable virus 
in the blood [16, 37]. Elite controllers are individuals 
that naturally limit HIV/SIV infection; however, despite 
the robust systemic  CD8+ T cell-mediated cytotoxic 
responses in elite controllers, vRNA can still be found 
in infected T follicular helper cells  (TFH) and trapped 
on FDCs inside BCFs in lymphoid tissues, in contrast 
to the mixture of both paracortical T cell zone and BCF 
localization concomitantly observed in typical HIV/SIV 
progressors [37]. Since BCFs are not easily accessible to 
SIV-specific follicular cytotoxic  CD8+ T cells  (TFC) [38], 
this represents an opportunity for vRNA-producing  TFH 
cells to escape immune clearance.

Determining the precise location of vRNA-producing 
or vDNA-harboring cells, as well as the quantitative and 
proportional viral burden within key organ systems and 
tissue compartments in  situ, via ISH, may help guide 
novel approaches for viral eradication. For instance, in 
a NHP model we recently demonstrated that the vast 
majority (> 98%) of  vRNA+ and  vDNA+ cells present in 
SIV-infected rhesus macaques (RMs) before and during 
cART-mediated viral suppression were primarily found 
within lymphoid tissues (i.e. lymph nodes, gut, lungs, 
and spleen) [24].  vRNA+ cells, while typically lower than 
in viremic animals, were identified in every major organ 
system in SIV-infected RMs during suppressive cART, 

with some tissues, like the CNS, not seeing measurable 
declines [24]. The estimated total number of  vRNA+ cells 
within SIV-infected RMs during suppressive cART was 
on the order of  108 cells in the body, suggesting a remark-
ably large pool of infected cells actively transcribing viral 
RNA during cART [24]. Moreover, an analysis of the 
ARV drug levels in mononuclear cells from lymphoid 
tissues harboring ISH-detectable  vRNA+  cells, com-
pared to PBMCs, suggests that ARV penetration within 
some tissues may be more challenging and less complete 
than previously thought [24]. Thus, the latent  CD4+ T 
cell pool, in addition to large numbers of  vRNA+ cells 
within select tissues during cART, perhaps in part due 
to lower ARV drug levels in combination with poor anti-
viral control, indicate two important potential sources of 
virus that may rapidly reignite infection after treatment 
interruption. The large size and distribution of these viral 
reservoirs within an array of tissue compartments (albeit 
at variable sizes) underscores the challenges that will be 
faced in developing effective ‘HIV cure’ strategies that 
must penetrate and target multiple sources of infected 
cells that harbor replication competent virus.

Multiplexing RNAscope and DNAscope
The study of viral reservoirs, including latently infected 
resting  CD4+ T cells, in their native tissue microenvi-
ronments requires the need to discriminate infected 
 vDNA+ cells that are transcriptionally silent  (vRNA−) 
from those infected cells that are actively transcribing 
viral RNA  (vRNA+). Thus, we developed an approach 
that combines RNAscope and DNAscope to identify 
and localize  vDNA+ cells expressing, or not express-
ing, vRNA in the same section of tissue [16] (Fig. 3). The 

RNAscope + DNAscope

Fig. 3 Multiplexing RNAscope and DNAscope on the same tissue section. Representative images with progressive magnification of multiplexed 
RNAscope and DNAscope on the same lymph node section from an SIV acutely infected rhesus macaque. In the final pane, the red arrow highlights 
a  vRNA+/vDNA+ productively infected cell, the brown arrows highlight  vRNA−/vDNA+ infected cells, and the black arrows highlight examples of 
the numerous SIV viral particles trapped on the FDC network. Scale bars 200 μm
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multiplexing of RNA with DNA is not limited to only 
viral targets, as these approaches can be coupled with 
RNAscope-mediated detection of any cellular RNA for 
which target probes are available and have been vali-
dated. This approach would provide a sensitive approach 
for the detection of potentially important host genes 
expressed in target cells, like host anti-viral factors (i.e. 
APOBEC3G, Mx2, Trim5α, etc.) that have been dem-
onstrated to play a role in attenuating HIV/SIV infec-
tion [39–41]. These combined approaches could provide 
important insights in understanding the mechanisms 
involved in viral reservoir establishment, maintenance, 
and reactivation in both NHP models and HIV-infected 
patient samples.

Phenotyping infected cells in situ
While multi-color flow cytometric analysis of cells from 
peripheral blood and tissue homogenates has provided 
important phenotypic characterization of several HIV/
SIV  CD4+ T cell reservoir populations [9, 10], these 
approaches lose important contextual information of the 
infected cells in their native tissue microenvironments, 
including an understanding of the surrounding cell popu-
lations and immunological milieu within the tissue sites 
wherein the infected cells resided at the time of collec-
tion. In addition, RNA and protein expression levels may 
be altered or lost during the cell isolation procedure. 
Alternatively, in  situ phenotypic studies of productively 
infected  vRNA+ cells by RNAscope and  vDNA+ cells by 
DNAscope can provide powerful additional insights into 
reservoir biology and mechanisms of viral persistence.

We have therefore developed additional approaches 
to combine RNAscope and/or DNAscope with 

immunofluorescent confocal analysis of specific cell 
protein markers to characterize productively infected 
 vRNA+ and  vDNA+ cells in  situ within tissues (Fig.  4). 
This combination of precise localization of virus within 
tissues, coupled with the ability to discriminate cell pop-
ulations based on protein expression, recently led to the 
identification of a hitherto unrecognized HIV/SIV reser-
voir population,  CTLA4+PD-1− memory  CD4+ T cells 
[42]. In addition to the sensitivity that DNAscope pro-
vided that enabled detection of rare  vDNA+ cells, stain-
ing for phenotypic markers in  situ highlighted location 
differences between the previously-described PD-1+  TFH 
population (B cell follicles), as compared to the newly-
described  CTLA4+PD-1− memory  CD4+ T cells (non-B 
cell follicle), which had a regulatory T cell-like pheno-
type. Since tissue penetration of ARV and/or ‘HIV cure’ 
therapies may occur in a highly site-specific manner [24], 
as previously mentioned, a better understanding of the 
predominate location and phenotype of viral reservoirs 
within tissue microenvironments may help guide the 
development of successful ‘HIV cure’ strategies.

Future in situ tools
Combining RNAscope/DNAscope with histo‑cytometry
Flow cytometry provides a powerful tool for the quan-
titative phenotypic (and potential effector functional) 
analysis at the single cell level at very high throughput, 
allowing for the detailed interrogation of multiple com-
plex cellular populations. However, as mentioned above, 
this comes at the cost of losing important contextual 
information about the cells in their native tissue micro-
environments. On the other hand, while immunofluores-
cent in situ imaging for the phenotypic characterization 

Lymph Node Spleen GUT

vRNA CD4 CD163/CD68

Fig. 4 Combining RNAscope with immunofluorescent confocal analysis of specific cell protein markers. Representative images of lymph node, 
spleen, and gut combining RNAscope (red) with staining for CD4 (green) to identify T cells and a combination of CD163 and CD68 (blue) to identify 
myeloid/macrophage cells. Scale bars 200 μm
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of cells in tissue sections retains cellular contextual infor-
mation, this approach has historically been limited by 
the number of markers that could be discriminated by 
confocal microscopes. The capacity to perform detailed 
quantitative immunophenotypic analysis in  situ was 
significantly enhanced with the advent of an approach, 
termed ‘histo-cytometry’, that combines the quantitative 
expression analyses of multiple phenotypic markers typi-
cally restricted to flow cytometric analysis of disassoci-
ated single cell suspensions, with the valuable anatomical 
location information provided by confocal microscopy 
[43–45]. Since this new analytical approach achieves 

quantitatively similar results to flow cytometry, while 
retaining detailed cellular positional information in situ, 
merging the highly sensitive RNAscope and DNAscope 
approaches with histo-cytometry holds great promise in 
obtaining new detailed immunophenotypic information 
of viral reservoirs in vivo.

Detection of spliced RNA using BaseScope ISH
Like most current approaches utilized to quantify HIV/
SIV reservoirs, these next-generation ISH approaches do 
not discriminate between replication competent genomes 
capable of producing infectious virus leading to de novo 

Fig. 5 Cartoon schematic summarizing the importance of lymphoid tissues in harboring the vast majority of the infected cellular reservoir before 
and during effective cART treatment. A very small fraction of potential target cells is found in the peripheral blood compared to lymphoid tissues 
(i.e. lymph nodes, spleen, gut). Both before and during cART, the localization of infected cells (and/or trapped virions on the FDC network) within 
lymphoid tissues account for a disproportionately vast majority of infected cells in the body. Modern ISH approaches have been important in 
understanding unique tissue compartments where infected cells reside and persist during cART, like BCFs of lymph nodes, gut, reproductive organs 
(like testis), and CNS. Mechanisms contributing to viral persistence within tissue compartments are likely multifactorial, and may include: variable 
tissue ARV drug penetration, continued virus production by infected cells, and/or homeostatic and/or antigenic clonal expansion of infected cells. 
Collectively, ISH approaches have made important contributions to our understanding of viral persistence in tissue compartments and to reservoir 
biology, and illustrate the relevant need to focus efforts on developing novel methods to explore tissue reservoirs for the assessment of ‘HIV cure’ 
strategies
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infections and defective genomes that result in the pro-
duction of non-infectious virions. The inability to deter-
mine the capacity of an infected cell that is either actively 
transcribing viral RNA  (vDNA+/vRNA+) or transcrip-
tionally silent  (vDNA+/vRNA−) to produce infectious 
virus in  situ remains a major limitation in the charac-
terization and quantification of HIV/SIV reservoirs in 
tissues. A new approach developed by Advanced Cell 
Diagnostics (ACD), termed BaseScope™ [46], extends the 
established RNAscope technology and may hold some 
promise in getting closer to the goal of detecting infected 
cells capable of producing replication competent virus. 
The BaseScope™ approach enables applications such 
as the detection of exon splice junctions in FFPE tissue 
with morphological context and the ability to visualize 
gene expression of short RNA target sequences (as short 
as 50 bp) with as few as one ‘double-Z’ target probe pair. 
This new, more sensitive approach could be used to tar-
get regions in the 3′ HIV/SIV genome that have been 
demonstrated to be deleted or hypermutated in > 70% of 
full-genome sequences analyzed in HIV-infected individ-
uals on cART (i.e. the 3′ tat-rev splice junction) [47–49], 
identifying with greater confidence vRNA from infected 
cells that may have the ability to produce infectious virus.

This additional next-generation approach could be used 
to better understand and dissect the HIV/SIV life cycle, 
including temporal regulation and balance between the 
at least 20 different splicing events necessary to gener-
ate mRNAs encoding accessory proteins, viral polypro-
teins, and genomic vRNA in situ. In addition, because of 
the variability in the HIV/SIV consensus splice acceptor 
sequence, this new approach could allow for an increased 
understanding of alternative splicing events within 
infected cells in tissues in vivo for the first time.

Summary
The mechanisms responsible for HIV/SIV persistence in 
T cells are thought to be multifactorial, and include: (1) 
HIV transcriptionally quiescent (latent) resting memory 
 CD4+ T cells receiving survival signals as they circulate 
through the periphery and immune organs, (2) homeo-
static and/or antigenic proliferation of latent or active 
memory  CD4+ T cell reservoirs, and (3) HIV integration 
site-driven cellular proliferation and expansion [50]. By 
virtue of their function, and containing the vast major-
ity of the  CD4+ T cells in the body, lymphoid tissues 
play a central role in the establishment and maintenance 
of the HIV/SIV reservoir pool (Fig.  5). A more detailed 
and comprehensive understanding of the anatomic and 
cellular reservoirs within tissue microenvironments will 
likely be needed to realize the full effectiveness of ‘HIV 
cure’ strategies. To date, the use of high-throughput, 
next-generation ISH has produced exciting contextual 

information about the location and cellular compo-
nents of the HIV/SIV reservoirs. However, we are only 
just beginning to explore the full potential this cur-
rent ISH technology offers. The strength of modern ISH 
approaches (i.e. a high degree of sensitivity and speci-
ficity) combined with in  situ phenotyping will allow for 
a deeper understanding of rare viral reservoirs that may 
open the door to potential novel therapeutic paths.

Authors’ contributions
CD, CNC, KBS, and JDE wrote and edited the manuscript. CD and JDE gener‑
ated and prepared the figures and figure legends. All authors read and 
approved the final manuscript.

Author details
1 AIDS and Cancer Virus Program, Frederick National Laboratory for Cancer 
Research, Leidos Biomedical Research, Inc., Frederick, MD 21702, USA. 2 Pre‑
sent Address: Vaccine and Gene Therapy Institute, Oregon National Primate 
Research Center, Oregon Health & Science University, Beaverton, OR 97006, 
USA. 

Acknowledgements
The authors would like to thank Joseph Meyer, Senior Illustrator, Scientific 
Publications, Graphics and Media, Frederick National Laboratory for Cancer 
Research, Leidos Biomedical Research, Inc. for helpful assistance with generat‑
ing the cartoon.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated 
during the current study.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All data presented in this review were from rhesus macaques (Macaca 
mulatta) that were housed and cared for in accordance with the Association 
for the Assessment and Accreditation of Laboratory Animal Care (AAALAC) 
standards in AAALAC‑accredited facilities and in accordance with protocols 
approved by the IACUC of the National Cancer Institute.

Funding
This project has been funded with federal funds from the National 
Cancer Institute, National Institutes of Health, under Contract No. 
HHSN261200800001E. The content of this publication does not necessarily 
reflect the views or policies of the Department of Health and Human Services, 
nor does mention of trade names, commercial products, or organizations 
imply endorsement by the U.S. Government.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 25 October 2017   Accepted: 23 December 2017

References
 1. Davey RT Jr, Bhat N, Yoder C, Chun TW, Metcalf JA, Dewar R, Natarajan V, 

Lempicki RA, Adelsberger JW, Miller KD, et al. HIV‑1 and T cell dynam‑
ics after interruption of highly active antiretroviral therapy (HAART) in 
patients with a history of sustained viral suppression. Proc Natl Acad Sci 
USA. 1999;96:15109–14.



Page 9 of 10Deleage et al. Retrovirology  (2018) 15:4 

 2. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, Quinn 
TC, Chadwick K, Margolick J, Brookmeyer R, et al. Identification of a reser‑
voir for HIV‑1 in patients on highly active antiretroviral therapy. Science. 
1997;278:1295–300.

 3. Finzi D, Blankson J, Siliciano JD, Margolick JB, Chadwick K, Pierson T, Smith 
K, Lisziewicz J, Lori F, Flexner C, et al. Latent infection of CD4+ T cells 
provides a mechanism for lifelong persistence of HIV‑1, even in patients 
on effective combination therapy. Nat Med. 1999;5:512–7.

 4. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, Kovacs 
C, Gange SJ, Siliciano RF. Long‑term follow‑up studies confirm the 
stability of the latent reservoir for HIV‑1 in resting CD4+ T cells. Nat Med. 
2003;9:727–8.

 5. Maldarelli F, Wu X, Su L, Simonetti FR, Shao W, Hill S, Spindler J, Ferris AL, 
Mellors JW, Kearney MF, et al. HIV latency. Specific HIV integration sites 
are linked to clonal expansion and persistence of infected cells. Science. 
2014;345:179–83.

 6. Wagner TA, McLaughlin S, Garg K, Cheung CY, Larsen BB, Styrchak S, 
Huang HC, Edlefsen PT, Mullins JI, Frenkel LM. HIV latency. Proliferation 
of cells with HIV integrated into cancer genes contributes to persistent 
infection. Science. 2014;345:570–3.

 7. Spina CA, Anderson J, Archin NM, Bosque A, Chan J, Famiglietti M, Greene 
WC, Kashuba A, Lewin SR, Margolis DM, et al. An in‑depth comparison 
of latent HIV‑1 reactivation in multiple cell model systems and resting 
CD4+ T cells from aviremic patients. PLoS Pathog. 2013;9:e1003834.

 8. Mbonye U, Karn J. Transcriptional control of HIV latency: cellular signaling 
pathways, epigenetics, happenstance and the hope for a cure. Virology. 
2014;454–455:328–39.

 9. Chomont N, El‑Far M, Ancuta P, Trautmann L, Procopio FA, Yassine‑Diab B, 
Boucher G, Boulassel MR, Ghattas G, Brenchley JM, et al. HIV reservoir size 
and persistence are driven by T cell survival and homeostatic prolifera‑
tion. Nat Med. 2009;15:893–900.

 10. Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, Haddad 
EK, De Leval L, Graziosi C, Pantaleo G. Follicular helper T cells serve as 
the major CD4 T cell compartment for HIV‑1 infection, replication, and 
production. J Exp Med. 2013;210:143–56.

 11. Aguzzi A, Krautler NJ. Characterizing follicular dendritic cells: a progress 
report. Eur J Immunol. 2010;40:2134–8.

 12. Gordon S, Pluddemann A, Martinez Estrada F. Macrophage hetero‑
geneity in tissues: phenotypic diversity and functions. Immunol Rev. 
2014;262:36–55.

 13. Gall JG, Pardue ML. Formation and detection of RNA–DNA hybrid mole‑
cules in cytological preparations. Proc Natl Acad Sci USA. 1969;63:378–83.

 14. John HA, Birnstiel ML, Jones KW. RNA–DNA hybrids at the cytological 
level. Nature. 1969;223:582–7.

 15. Biberfeld P, Chayt KJ, Marselle LM, Biberfeld G, Gallo RC, Harper ME. HTLV‑
III expression in infected lymph nodes and relevance to pathogenesis of 
lymphadenopathy. Am J Pathol. 1986;125:436–42.

 16. Deleage C, Wietgrefe SW, Del Prete G, Morcock DR, Hao XP, Piatak M Jr, 
Bess J, Anderson JL, Perkey KE, Reilly C, et al. Defining HIV and SIV reser‑
voirs in lymphoid tissues. Pathog Immun. 2016;1:68–106.

 17. Bauman JG, Wiegant J, Borst P, van Duijn P. A new method for fluo‑
rescence microscopical localization of specific DNA sequences by 
in situ hybridization of fluorochromelabelled RNA. Exp Cell Res. 
1980;128:485–90.

 18. Herrington CS, Burns J, Graham AK, Evans M, McGee JO. Interphase 
cytogenetics using biotin and digoxigenin labelled probes I: relative sen‑
sitivity of both reporter molecules for detection of HPV16 in CaSki cells. J 
Clin Pathol. 1989;42:592–600.

 19. Embretson J, Zupancic M, Beneke J, Till M, Wolinsky S, Ribas JL, Burke A, 
Haase AT. Analysis of human immunodeficiency virus‑infected tissues by 
amplification and in situ hybridization reveals latent and permissive infec‑
tions at single‑cell resolution. Proc Natl Acad Sci USA. 1993;90:357–61.

 20. Haase AT, Retzel EF, Staskus KA. Amplification and detection of lentiviral 
DNA inside cells. Proc Natl Acad Sci USA. 1990;87:4971–5.

 21. Yang H, Wanner IB, Roper SD, Chaudhari N. An optimized method for 
in situ hybridization with signal amplification that allows the detection of 
rare mRNAs. J Histochem Cytochem. 1999;47:431–46.

 22. Larsson C, Koch J, Nygren A, Janssen G, Raap AK, Landegren U, Nilsson M. 
In situ genotyping individual DNA molecules by target‑primed rolling‑
circle amplification of padlock probes. Nat Methods. 2004;1:227–32.

 23. Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, Wu X, Vo HT, Ma XJ, 
Luo Y. RNAscope: a novel in situ RNA analysis platform for formalin‑fixed, 
paraffin‑embedded tissues. J Mol Diagn. 2012;14:22–9.

 24. Estes JD, Kityo C, Ssali F, Swainson L, Makamdop KN, Del Prete GQ, 
Deeks SG, Luciw PA, Chipman JG, Beilman GJ, et al. Defining total‑body 
AIDS‑virus burden with implications for curative strategies. Nat Med. 
2017;23(11):1271–6.

 25. Gianella S, Kosakovsky Pond SL, Oliveira MF, Scheffler K, Strain MC, De la 
Torre A, Letendre S, Smith DM, Ellis RJ. Compartmentalized HIV rebound 
in the central nervous system after interruption of antiretroviral therapy. 
Virus Evol. 2016;2:vew020.

 26. Avalos CR, Abreu CM, Queen SE, Li M, Price S, Shirk EN, Engle EL, Forsyth 
E, Bullock BT, Mac Gabhann F, et al. Brain macrophages in simian 
immunodeficiency virus‑infected, antiretroviral‑suppressed macaques: a 
functional latent reservoir. MBio. 2017;8:e01186‑17.

 27. Gray LR, Brew BJ, Churchill MJ. Strategies to target HIV‑1 in the central 
nervous system. Curr Opin HIV AIDS. 2016;11:371–5.

 28. Glass JD, Johnson RT. Human immunodeficiency virus and the brain. 
Annu Rev Neurosci. 1996;19:1–26.

 29. Deleage C, Moreau M, Rioux‑Leclercq N, Ruffault A, Jegou B, Dejucq‑
Rainsford N. Human immunodeficiency virus infects human seminal 
vesicles in vitro and in vivo. Am J Pathol. 2011;179:2397–408.

 30. Le Tortorec A, Dejucq‑Rainsford N. The male genital tract: a host for HIV. 
Gynecol Obstet Fertil. 2007;35:1245–50.

 31. Clarke JR, Taylor IK, Fleming J, Nukuna A, Williamson JD, Mitchell DM. 
The epidemiology of HIV‑1 infection of the lung in AIDS patients. AIDS. 
1993;7:555–60.

 32. Landay AL, Schade SZ, Takefman DM, Kuhns MC, McNamara AL, Rosen 
RL, Kessler HA, Spear GT. Detection of HIV‑1 provirus in bronchoalveolar 
lavage cells by polymerase chain reaction. J Acquir Immune Defic Syndr. 
1993;6:171–5.

 33. Mandel TE, Phipps RP, Abbot A, Tew JG. The follicular dendritic cell: long 
term antigen retention during immunity. Immunol Rev. 1980;53:29–59.

 34. Racz P, Tenner‑Racz K, Schmidt H. Follicular dendritic cells in HIV‑induced 
lymphadenopathy and AIDS. APMIS Suppl. 1989;8:16–23.

 35. Fauci AS, Pantaleo G, Stanley S, Weissman D. Immunopathogenic mecha‑
nisms of HIV infection. Ann Intern Med. 1996;124:654–63.

 36. Burton GF, Keele BF, Estes JD, Thacker TC, Gartner S. Follicular dendritic 
cell contributions to HIV pathogenesis. Semin Immunol. 2002;14:275–84.

 37. Fukazawa Y, Lum R, Okoye AA, Park H, Matsuda K, Bae JY, Hagen SI, 
Shoemaker R, Deleage C, Lucero C, et al. B cell follicle sanctuary permits 
persistent productive simian immunodeficiency virus infection in elite 
controllers. Nat Med. 2015;21:132–9.

 38. Leong YA, Chen Y, Ong HS, Wu D, Man K, Deleage C, Minnich M, Meckiff 
BJ, Wei Y, Hou Z, et al. CXCR5(+) follicular cytotoxic T cells control viral 
infection in B cell follicles. Nat Immunol. 2016;17:1187–96.

 39. Sheehy AM, Gaddis NC, Choi JD, Malim MH. Isolation of a human gene 
that inhibits HIV‑1 infection and is suppressed by the viral Vif protein. 
Nature. 2002;418:646–50.

 40. Goujon C, Moncorge O, Bauby H, Doyle T, Ward CC, Schaller T, Hue S, 
Barclay WS, Schulz R, Malim MH. Human MX2 is an interferon‑induced 
post‑entry inhibitor of HIV‑1 infection. Nature. 2013;502:559–62.

 41. Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, Sodroski J. The 
cytoplasmic body component TRIM5alpha restricts HIV‑1 infection in Old 
World monkeys. Nature. 2004;427:848–53.

 42. McGary CS, Deleage C, Harper J, Micci L, Ribeiro SP, Paganini S, Kuri‑
Cervantes L, Benne C, Ryan ES, Balderas R, et al. CTLA‑4+PD‑1− memory 
 CD4+ T cells critically contribute to viral persistence in antiretrovi‑
ral therapy‑suppressed, siv‑infected rhesus macaques. Immunity. 
2017;47:776–788.e775.

 43. Gerner MY, Kastenmuller W, Ifrim I, Kabat J, Germain RN. Histo‑cytometry: 
a method for highly multiplex quantitative tissue imaging analysis 
applied to dendritic cell subset microanatomy in lymph nodes. Immunity. 
2012;37:364–76.

 44. Petrovas C, Ferrando‑Martinez S, Gerner MY, Casazza JP, Pegu A, Deleage 
C, Cooper A, Hataye J, Andrews S, Ambrozak D, et al. Follicular CD8 T cells 
accumulate in HIV infection and can kill infected cells in vitro via bispe‑
cific antibodies. Sci Transl Med. 2017;9:eaag2285.

 45. Gerner MY, Torabi‑Parizi P, Germain RN. Strategically localized dendritic 
cells promote rapid T cell responses to lymph‑borne particulate antigens. 
Immunity. 2015;42:172–85.



Page 10 of 10Deleage et al. Retrovirology  (2018) 15:4 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 46. Zhu Y, Sharp A, Anderson CM, Silberstein JL, Taylor M, Lu C, Zhao P, 
De Marzo AM, Antonarakis ES, Wang M, et al. Novel junction‑specific 
and quantifiable in situ detection of AR‑V7 and its clinical correlates in 
metastatic castration‑resistant prostate cancer. Eur Urol. 2017. https://doi.
org/10.1016/j.eururo.2017.08.009.

 47. Lewin SR, Vesanen M, Kostrikis L, Hurley A, Duran M, Zhang L, Ho DD, 
Markowitz M. Use of real‑time PCR and molecular beacons to detect virus 
replication in human immunodeficiency virus type 1‑infected individuals 
on prolonged effective antiretroviral therapy. J Virol. 1999;73:6099–103.

 48. Fischer M, Wong JK, Russenberger D, Joos B, Opravil M, Hirschel B, Trkola 
A, Kuster H, Weber R, Gunthard HF. Swiss HIVCS: residual cell‑associated 

unspliced HIV‑1 RNA in peripheral blood of patients on potent 
antiretroviral therapy represents intracellular transcripts. Antivir Ther. 
2002;7:91–103.

 49. Hermankova M, Siliciano JD, Zhou Y, Monie D, Chadwick K, Margolick JB, 
Quinn TC, Siliciano RF. Analysis of human immunodeficiency virus type 1 
gene expression in latently infected resting CD4+ T lymphocytes in vivo. 
J Virol. 2003;77:7383–92.

 50. Hughes SH, Coffin JM. What integration sites tell us about HIV persis‑
tence. Cell Host Microbe. 2016;19:588–98.

https://doi.org/10.1016/j.eururo.2017.08.009
https://doi.org/10.1016/j.eururo.2017.08.009

	Next-generation in situ hybridization approaches to define and quantify HIV and SIV reservoirs in tissue microenvironments
	Abstract 
	Background
	In situ hybridization to detect HIVSIV vRNA and vDNA
	RNAscope and DNAscope ISH
	Multiplexing RNAscope and DNAscope
	Phenotyping infected cells in situ

	Future in situ tools
	Combining RNAscopeDNAscope with histo-cytometry
	Detection of spliced RNA using BaseScope ISH

	Summary
	Authors’ contributions
	References




