1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Opin HIV AIDS. Author manuscript; available in PMC 2022 July 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin HIV AIDS. 2021 July 01; 16(4): 232-239. doi:10.1097/COH.0000000000000691.

Visualization of HIV-1 reservoir: an imaging perspective

Catherine Chapon?, Eirini Moysi2, Thibaut Naninckl, Celine Mayet!, Constantinos
Petrovas3

1Center for Immunology of Viral, Auto-immune, Hematological and Bacterial Diseases (IMVA-HB/
IDMIT), Université Paris-Saclay, INSERM, CEA, Fontenay-aux-Roses, France 2Tissue Analysis
Core, Immunology Laboratory, Vaccine Research Center, NIAID, NIH, Bethesda, MD, USA
SDepartment of Laboratory Medicine and Pathology, Institute of Pathology, Lausanne University
Hospital and Lausanne University, Lausanne, Switzerland.

Abstract

Purpose: The persistence of HIV-1-infected cells, despite the introduction of the combinatorial
antiretroviral therapy (CART), is a major obstacle to HIV-1 eradication. Understanding the nature
of HIV reservoir will lead to novel therapeutic approaches for the functional cure or eradication of
the virus. In this review, we will update the recent development in imaging applications towards
HIV-1/SIV viral reservoirs research and highlight some of their limitations.

Recent Findings: CD4 T cells are the primary target of HIV-1/S1V and the predominant site for
productive and latent reservoirs. This viral reservoir preferentially resides in lymphoid
compartments that are difficult to access, which renders sampling and measurements
problematical and a hurdle for understanding HIV-1 pathogenicity. Novel non-invasive
technologies are needed to circumvent this and urgently help to find a cure for HIV-1. Recent
technological advancements have had a significant impact on the development of imaging
methodologies allowing the visualization of relevant biomarkers with high resolution and
analytical capacity. Such methodologies have provided insights into our understanding of cellular
and molecular interactions in health and disease.

Summary:

Imaging of the HIV-1 reservoir can provide significant insights for the nature (cell types), spatial
distribution and the role of the tissue microenvironment for its /n vivo dynamics and potentially
lead to novel targets for the virus elimination.

Keywords
HIV-1; reservoir; lymphoid organs; TFH; tissue; imaging

Correspondence should be sent to: Dr Constantinos Petrovas, PhD, Institute of Pathology, Department of Laboratory Medicine and
Pathology, Lausanne University Hospital and Lausanne University, Lausanne, Switzerland., Tel : 0213 147 179,
Konstantinos.Petrovas@chuv.ch.

Conflict of interest:
The authors declare no competing financial interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chapon et al. Page 2

Introduction

Although the introduction of cART has significantly improved the life expectancy and the
quality of life of HIV-infected subjects, there is still need for novel strategies aiming at
elimination of HIV. The existence of a pool of infected cells (viral reservoir) allowing the
long-lasting preservation of replication-competent HIV-1 in cART donors poses a major
obstacle for viral eradication. Understanding the nature of HIV-1 reservoir, where only a
minority of the infected cells harbor replication-competent provirus (1), as well as the
dynamic interplay between HIV-1 and host cells in the reservoir microenvironment is a
prerequisite for the designing of novel strategies to eliminate the virus. Upon transmission,
HIV-1 persists in the mucosal tissues, within days spreads to the lymphoid organs and to the
whole body through circulation after 1-2 weeks (2). Lymphoid tissues (e.g., spleen, thymus,
lymph nodes (LN), gut-associated lymphoid tissue (GALT)) represent the main anatomical
sites of HIV-1 reservoir (2). LNs and gut mucosa contain the highest frequencies of infected
cells and level of viral replication (3). HIV-infected cells have also been detected in the
brain, bone marrow, lungs, kidney, liver, adipose tissue and genitourinary tract (4). Besides
harboring HIV-1 reservoir, however, LNs and other secondary lymphoid organs represent the
major sites for the development of the systemic adaptive immune response to the virus.
Therefore, investigation of lymphoid organ microenvironment (tissue architecture,
cellularity, cytokine/chemokine milieu and soluble mediators of cell-cell communication)
will improve significantly our understanding of HIV-1 reservoir persistence and inform the
development of novel strategies for the attack and elimination of infected cells.

LNs as a model for HIV-1 reservoir investigation

LNs are “ecosystems” characterized by a unique architecture, high cellular diversity and
compartmentalization of cell types and soluble mediators ensuring the orchestrated function
of specific cell types and signals ultimately leading to the optimal cellular and humoral
responses to pathogens. Regarding the maintenance of the viral reservoir, follicles and
germinal centers (GC) are considered to be immunologically privileged areas meaning they
are protected from damage caused by local inflammation and recruitment of effector
immune cells (5). The presence of NK (6) and CD8 T (7) cells within follicles, particularly
germinal centers, and the expression of cytolytic proteins are limited during homeostasis. It
is well established that CD8 T cells play a significant role in controlling viral replication
within lymphoid tissues (8). Significant infiltration of activated, effector (GrzB positive)
CDS8™* T cells into the LN and follicles/GCs associated with FDC network disruption occurs
in chronic infection (7, 9{Petrovas, 2017 #22). Increased numbers of follicular CD8 T cells
were found even in ‘intact’ mature follicles in chronic SI1V infection suggesting that this is
not a passive phenomenon facilitated by the destruction of the T/B cell borders (10). The
different expression profiles of perforin and granzyme B in circulating compared to LN HIV-
specific CD8 T cells suggest that lymphoid tissue CD8+ T cells may employ alternative
mechanisms to attach infected cells in LNs. Administration of engineered antibodies (e.g.
bispecific antibodies recognizing TCR and broad neutralizing antibody) (11) could,
however, take advantage of this extensive prevalence of follicular CD8 T cells and be used as
alternative intervention for killing infected cells (7, 10). Therefore, the follicular/GC areas
are not representing immunologically privileged areas anymore in chronic HIV infection, a
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process with direct consequences for the maintenance of the viral reservoir and possible
immune interventions for its elimination. To this end, the understanding of the molecular
mechanisms driving the aforementioned dynamics of effector CD8 T cells is of special
interest.

TFH cells represent an important cellular reservoir.

It is know well established that TFH cells represent a potential sanctuary for HIV-1/SIV
replication and viral persistence (12-17), making them an important target for interventions
aiming to eliminate the virus. TFH cells are characterized by a unique biology, manifested
by their distinct phenotype, transcriptome and molecular pathway signature (18-20) as well
as their location in an area with limited access of effector antiviral mechanisms (e.g. HIV-
specific CD8 T cells) (8, 21). The detection of HIV-1 mRNA as well as HIV-1 DNA positive
TFH cells suggests that they can harbor both actively productive and latent virus and at
frequencies higher to those found in non-TFH cells (17). Infection at a pre-TFH stage of
differentiation, before their migration to the germinal center (22, 23) as well as in situ
infection, facilitated by their continuous exposure to concentrated virus/virions trapped on
FDC and GC B cells (24), could contribute to their establishment as a major reservoir site.
Chronic HIV/SIV infection is associated with significant accumulation of TFH cells (17, 20)
further increasing their importance for the reservoir maintenance. Unfortunately, the fate
(distribution across the body) and phenotype of memory human TFH cells is not well
known, therefore their contribution to overall viral reservoir is difficult to be estimated.

The role of tissue microenvironment

HIV infection is associated with dramatic changes in tissue stromal cells/structure,
inflammation and innate immunity (25) and cytokine expression (26). Furthermore, TFH
cells are exposed to a milieu of combined immunosuppression and antigenic stimulation by
HIV-1. These are biological parameters with presumably significant impact in the TFH cell
dynamics (differentiation, trafficking, survival). Cytokines expressed in the extra-follicular
(IL10) and intrafollicular (1L10, IL4) areas can affect the survival of TFH cells (27), (28).
The glycolytic background of TFH cells (29), at least for some of their subsets, associated
with increased expression of Glut 1 (30) may facilitate their infection in a hypoxic
environment like the GC (31) where access of some antiretroviral drugs is limited (32). On
the other hand, the relatively low expression of CCR5, associated with high levels of
CXCR4 in TFH cells, in combination with the reduced production of CXCL12, could
contribute to the emergence of viruses using the CXCR4 receptor in chronic HIV disease
(33). Therefore, better understanding of the tissue microenvironment surrounding TFH cells
will reveal cellular and molecular biofactors with possible significant impact on the reservoir
maintenance.

How do we investigate the tissue microenvironment?

The comprehensive analysis of any tissue microenvironment (cells, soluble factors, structure
elements, local operating signals/molecular pathways) requires the application of
complementary methodologies that can inform for the phenotype, molecular profile,
function and spatial positioning of relevant cells. To this end, imaging platforms are of great
importance. An imaging platform should facilitate the simultaneous detection of several
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biomarkers (multiplexing) with high resolution and volume. Furthermore, the imaging/
analysis of different types of molecules (MRNA, DNA, proteins, lipids, metabolites) should
be components of a comprehensive analysis of the viral reservoir microenvironment. By
allowing the simultaneous detection of biomarkers at a single focal plane, multiplexing
reduces the possibility for interpretive errors, particularly for the analysis of rare cell
populations like the HIV-1 infected cells, while preserves valuable tissue material for further
analysis. High resolution/volume allows for the detailed analysis of cell-cell interactions,
participating molecules, and intracellular events with respect to the expression of viral
proteins or viral mMRNA/DNA. The recent technological advancements provide opportunities
for imaging methodologies allowing the tracking of specific cell types and virus across the
body (e.g. PETscan based assays) combined with the /n vivo recording of cellular dynamics
(two-photon based assays) and their comprehensive illustration of their spatial topology
(tissue section imaging, e.g. by scanning confocal microscopy) (Figure 1).

Tissue Imaging Platforms

Major advancements have taken place in the field of imaging over the last decade. These
technological breakthroughs have occurred at multiple levels; i) development of new
hardware and software for image acquisition, processing and computational analysis, ii)
characterization of numerous antibodies appropriate for multiplex staining and iii) invention
of novel probes (e.g. fluorochrome- and metal ion-based probes). The existing imaging
platforms, however, differ significantly in their spatial resolution as well as their depth
penetration. The nature of the scientific question under investigation should set the criteria
for resolution, type of probe(s) and level of multiplexing needed and guide the choice of the
most relevant platform or combination of complementary technologies. Here, we discuss
imaging tools with application in the HIV/SIV field that could provide unprecedented
information for the characterization of viral reservoir.

Real time Imaging

Whole body level: Positron Emission Tomography (PET) often associated with Computed
Tomography (CT scan) or MRI is an imaging modality allowing whole-body exploration
using positron emitter probes injected intravenously. Gamma rays induced by the radiotracer
will be detected by PET detectors without major tissue attenuation and high sensitivity (34).
PET imaging has been broadly used in clinics notably for tumor diagnosis and following
diseases evolution over time. [18F]-FDG-PET (Fluorodesoxyglucose-PET) imaging brought
crucial insights regarding inflammation-related diseases — notably in HIV-infected patients
and preclinical SIV macaque models (35, 36). FDG-PET allowed the detection of the
hypermetabolism linked to inflammation in lymphoid organs (e.g. spleen, lymph nodes,
tonsils) but also in a broader panel of organs (brain, testicles, gut, glands, etc.) in HIV-
infected patients. Several studies indeed revealed strong correlations between HIV-related
(or SIV in macaques) organ hypermetabolism and disease or CART stage (37-39). However,
FDG-PET imaging lacks specificity and may be inefficient to track latent disease or viral
HIV-1/SIV reservoirs. Other PET probes —antibodies or associated fragments targeting
envelop viral proteins- were described in macaques in the past few years to target more
specifically virus particles (40). These anti-gp120 probes allowed the monitoring of whole-
body SIV dynamics over the course of the disease and ART treatment actually in Non-
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Human Primates. Some pilot studies using anti-gp120 mAb VRCO1 and other mAbs were
also reported in HIV-infected (viremic or under ART) patients (41). These immune-PET
tracers may then be crucial tools to study viral reservoirs in HI\-infected patients in the
future. Tracers targeting cellular populations of interest — like CD4 T cells- were also
reported to study longitudinally HIV-1/SIV related disease progression (42) and some radio-
labelled antiretroviral drugs were also reported to be promising tools to study correlations
between viral reservoirs and cART bio distribution (43).

In vivo tissue level.

The 2-photon microscopy is a non-linear optical imaging technique involving the
simultaneously absorption of two photons in the near infrared. Unlike conventional linear
microscopy, the excitation is strictly restricted to the focal plane of the objective, which
significantly reduces photo damage in out-of-focus regions and tissue is thus kept intact
allowing long-term imaging. Moreover, the use of longer excitation wavelengths strongly
reduces scattering and absorption by biological tissues, allowing imaging to be performed at
several hundred microns deep in various organs of living animals (44). The 2-photon
microscopy is therefore perfectly suited for the 3D, real time visualization of cell migration
and the dynamics cell interactions in a native environment at single-cell resolution (45). This
imaging modality was used to show the role of perivascular macrophages in neutrophil
recruitment during bacterial infection in mice skin (46). Moreover, it is possible to track in
real-time the physical interactions between cells such as fluorescent-labeled CD8 T cells and
dendritic cells (47). The dissemination of HIV virus expressing GFP and its impact on the
behavior of infected T cells in lymph nodes of humanized mice were studied by 2-photon
microscopy (48).

Despite these advantages, this technique has however some limitations: the penetration depth
still remains insufficient in optically dense samples (such as skin, lymph nodes) and the
applications are limited to preclinical studies especially in small animal models like mice.
The 3D visualization of the interactions between the virus and fluorescent-labeled immune
effector cells would permit a better understanding of the structure of reservoirs and the
organization of the microenvironment.

Ex vivo tissue level spatial-omics: microscopy technologies

Laser scanning confocal microscopy (LSCM) is a versatile single-cell, 3D imaging platform
offering axial (X, Y) resolutions 180-250nm and an imaging depth up to 1000 um (49).
Tissue samples for confocal imaging are prepared with traditional fluorescent
immunocytochemistry (IHC) methods with antibodies conjugated to specific fluorochromes
or oligonucleotide probes depending on the target of interest. Compared to traditional
chromogenic IHC, LSCM modalities facilitate multiplexing allowing for >65 markers to be
visualized when cyclic staining protocols, such as IBEX are adopted (50). Immune cell
frequencies, cell-to-cell interactions and local protein expression patterns can be determined
using commercial software with pipelines such as HistoCytometry (51) and Chrysalis (52)
or open-source programs such as ImageJ (53). One disadvantage of LSCM pipelines
however is that they are more time-consuming compared with 2D methodologies due to their
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volumetric nature. As such they are better suited for research applications requiring fine
mechanistic spatial interpolations and less suited for batch analysis of clinical specimens.

Among the novel 2-dimension (2D) imaging techniques, which promise improved diagnostic
benefit, are based on cyclic immunofluorescence, tyramide-based mIHC/IF and epitope-
targeted mass spectrometry. CO-Detection by indexing (CODEX) is a multi-parametric
imaging modality using antibodies conjugated to barcodes comprised of unique
oligonucleotide sequences. The assay targets specific barcodes with dye-labelled reporters
through iterative cycles of imaging and removal. The analysis relies on a bundled software.
Concerning multiplexing, one can image 40+ markers, and at the resolution of 260 nm. One
of the main limitations is that the scanning capacity is for one slide and the whole slide
imaging is possible; however is very costly and time consuming (54, 55). Recently, the use
of high-dimensional time-of-flight mass cytometry (CyTOF) to identify 40+ parameters
simultaneously has emerged as a technique for broad-scale immune profiling and biomarker
discovery (56). The method combines high-resolution laser ablation with mass cytometry for
the simultaneous evaluation of theoretically 100 biomarkers, labelled with metal-tagged
antibodies, with single cell resolution of 0.5 um and spatial resolution. With regards to the
analysis, with the recommended software HistoCat, the cell segmentation remains the most
challenging process in multiplexed image analysis as the cell borders are not always clearly
defined and individual pixels may contain information from more than one cell. The number
of slides that can be imaged might also be limited (57, 58). Acquisition of imaging data from
sequential labeled tissue sections is a way to overcome the limitation of volumetric analysis
using a 2D platform. Although several programs facilitate the alignment and registration of
sequential sections one should keep in mind that this a challenging process, depending on
the required resolution (e.g. pixel-by-pixel alignment).

Volumetric detection of pathogen RNA/DNA or cell-specific transcripts is also possible
through fluorescent in-situ hybridization (FISH) (Figure 2). One such methodology,
RNAscope (59) pairs oligonucleotide probes with a custom hybridization-based signal
amplification system for iterative detection of MRNA transcripts. Multiplexing LSCM with
FISH can therefore increase significantly the dimensionality of parameters derived from a
single tissue section. The Nanostring GeoMx digital spatial profiling (DSP) combines spatial
and molecular profiling technologies, as it allows high-plex (30+) spatial detection of
proteins and RNA using oligonucleotides detection, through barcodes that are conjugated to
antibodies using a photocleavable UV light—sensitive linker. The oligo barcodes undergo
quantitative analysis and are mapped back to tissue to allow spatial profiling at the defined
regions of interest. There are limitations of the DSP platform, for instance, profiling every
cell at single —cell resolution of 10-20um, may be impractical, as there is not a whole image
reconstruction (60-62).

The aforementioned methodologies rely on the availability of relevant probes for the
molecules under investigation (either antibodies or mMRNA/DNA probes). For the
comprehensive analysis of the reservoir microenvironment, however, the investigation of
other type of molecules, in a ‘non-hypothesis driven” mode should be considered too.
Imaging Mass-Spectrometry (IMS) methodologies support higher levels of multiplexing
compared with microscopy-based methodologies as they are not limited by optics but have a
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lower overall sensitivity for proteins (63),(64). Preparation of tissues for IMS, such as
MALDI-TOF IMS requires the application of an organic chemical matrix that aids in analyte
desorption and ionization for visualization of a diverse range of biomarkers with broad mass
ranges most notably lipids, drugs and metabolites at resolutions of 5-20um (65). Following
acquisition detected mass signatures can be mapped to specific tissue pixels using
commercially available software such as SCILS Lab to create 2D maps rich in analyte
information that facilitate the discovery of novel tissue-specific spatial patterns.

Future directions

Ideally, the characterization of HIV-1 reservoir at tissue level should include information
related to cells harboring the virus (e.g. operation of particular intracellular signaling
pathways, expression of specific transcription factors) and their surrounding
microenvironment. This type of characterization sets the requirement for high resolution,
volume and ability for imaging of a wide spectrum of molecules. Imaging of latent vs
actively transcribed virus is a challenging process. The development/application of
sophisticated probes targeting spicing isoforms of viral protein mMRNAS can increase the
confidence for detection of actively transcribed virus. The combined detection of mMRNA,
DNA and viral proteins is an alternative way for more accurate characterization of infected
cells. In addition to acquisition of high dimensional data, there is need for the development
of computational tools allowing i) the detailed characterization of the reservoir topology
(frequencies, numbers and relative positioning/distances of particular cellular subsets) and
ii) the integration of data generated by different platforms (e.g. imaging and sequencing data
sets). This type of analysis will provide specific, personalized HIV-1 reservoir tissue
signatures. Given the limited access to relevant human tissues, the non-human primate SIV
model would be of special interest in this regard.
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Key Points:
- HIV-1 reservoir preferentially resides in lymphoid compartments.

- Understanding the nature and topology of HIV reservoir is critical for the
development of novel strategies to eliminate the virus.

- Comprehensive understanding of viral reservoir requires imaging methodologies
allowing the acquisition of data with high resolution, dimension and volume.

- Current imaging technologies allow the tracking of virus and relevant cells at
whole body, tissue and cellular level.

- Imaging technologies can inform for the nature of the reservoir as well as the
possible role of the tissue microenvironment.
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HIV-1 reservoir investigations
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Figure 1. Imaging approaches for HIV reservoir investigations
HIV/SIV virus tracking can be performed by either the administration of fluorescent or
radiolabeled probe (antibody or antibody fragment) for in vivo whole body PET imaging
(40, 66) or in vivo microscopic imaging; or by tracking the expression of an imaging
reporter gene within the viral construct (48). The distribution of ARV molecules is possible
directly in vivo with the constraint of the development needed in radiochemistry to obtain a
radiolabeled antiretroviral molecule (67). At the tissue scale, ex vivo quantitative imaging
modalities such as the MSI-MALDI have showed their utility for evaluating the distribution
of the ARV with the advantage of the possible combination with others imaging approaches
allowing the multiplexing characterization of the microenvironment, with ISH for viral RNA
or DNA detection, or IHF/IHC for the cell phenotyping (68) (69). At the whole-body scale,
the characterization of the microenvironment (cell trafficking, expression of immune
checkpoints) could also be performed by in vivo microscopic scale and also by PET imaging
after administration of appropriate labeled probes (42).

Cell trafficking and phenotyping
Immuno-PET/CT of CD4+ cells in macaques

7 Santangelo, Mucosal Immunol. 2018

I In vivo whole body imaging ] \» ~
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Figure 2. Detection of cell harboring actively transcribed virus using the RNAscope platform.
Representative example of VRNA+ staining in a viremic NHP LN tissue section following

RNAscope FISH and immunofluorescent histochemistry. T cells harboring actively
transcribed virus and B-cell follicles are detected and delineated by staining for the lineage
specific markers CD3 (red) and CD20 (cyan). The markers CD25 (green) and PD-1
(magenta) are also used to track activated T-cells and Tfh (CD3"PD-1M cells within
CD20N/dim areas) irrespective of potential CD4 downregulation. Examples of infected T-
cells in the T-cell area (CD3" PD-1!°) and an infected Tfh (CD3MPD-1M) in the CD20Ni/dim
area are given in the zoomed in panels. Images were acquired on a Leica TCS SP8 confocal
microscope using a 63x objective (NA 1.4). Scale bars are 100um (main merged figure),
10um and 5um.
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