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Abstract

CDA4+ T cells are the primary HIV-1 target cell, with the vast majority of these cells residing
within lymphoid tissue compartments throughout the body. Predictably, HIV-1 infection,
replication, localization, reservoir establishment and persistence, as well as associated host
immune and inflammatory responses and disease pathology principally take place within the
tissues of the immune system. By virture of the fact that the virus-host struggle is played out
within lymphoid and additional tissues compartments in HIV-1 infected individuals it is critical to
understand HIV-1 infection and disease within these relevant tissue sites; however, there are
obvious limitations to studying these dynamic processes in humans. Nonhuman primate (NHP)
research has provided a vital bridge between basic and preclinical research and clinical studies,
with experimental SIV infection of NHP models offering unique opportunities to understand key
processes of HIV-1 infection and disease that are either not practically feasible or ethical in HIV-1
infected humans. In this review we will discuss current approaches to studying the tissue based
immunopathogenesis of AIDS virus infection in NHPs, including both analyses of tissues obtained
at biopsy or necropsy and complementary non-invasive imaging approaches that may have
practical utility in monitoring HIV-1 disease in the clinical setting.

Introduction

HIV-1 pathogenesis and disease progression result from the cumulative effects of complex
and dynamic host-viral interactions that begin during the early acute stage of infection and
in the absence of therapeutic intervention continue through end-stage disease. Upon viral
transmission to a susceptible host, host innate and adaptive immune responses are induced
and amplified within infected tissues. However, some of these responses, intended to limit or
clear the infection, can also have deleterious effects, potentially enhancing viral replication
and inducing inflammation that can lead to tissue damage and immunopathology. This host-
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viral interplay is exemplified in the gastrointestinal (Gl) tract, where extensive early viral
replication results in massive depletion of lamina propria CD4+ T cells, loss of important
mucosal immune cell subsets (i.e. CD103+ DCs, TH17 cells, and IL-22+ lymphocytes) [1]
and Gl tract mucosal damage leading to microbial translocation and resultant systemic
inflammation and pathological immune activation [2,3]. Because HIV-1 replication, host
responses and resultant disease pathology occurs within tissues (i.e. lymphoid tissues, Gl
tract, CNS, etc.) of infected humans it is critical to understand the disease process within
these tissues where the host and virus interact. Nonhuman primate (NHP) research provides
a vital bridge between basic and preclinical research and clinical studies. Experimental SIV
infection of NHP models offer unique opportunities that are either not practically feasible or
ethical in HIV infected humans, such as: i) examining the critical early stages of infection
following a known time of viral transmission, with a defined virus, particularly for mucosal
transmission; ii) pathogenesis studies with longitudinal tissue sampling; and iii) testing
novel preventative, intervention and “cure” strategies that are conceptually unproven and/or
potentially harmful. NHPs provide the most physiologically relevant HIV-1 models,
compared to alternative small animal models such as humanized mice, with the additional
advantage of longitudinal tissue sampling, up to and including tissues obtained at scheduled
necropsy, allowing a level of extensive immunopathologic tissue based analysis that is not
possible studying HIV-infected humans [4-7]. In this review we will cover current
approaches to studying the tissue based immunopathogenesis of HIV//SIV virus infection in
NHPs, including both analyses of tissues obtained at biopsy or necropsy and complementary
non-invasive imaging approaches.

SIV Pathogenesis: Imaging Gl tract damage and LT Fibrosis

Tissue based analyses in SIV infected NHPs focusing on tissue compartments relevant to
immunopathogenesis have been essential in understanding key aspects and processes that
drive lentiviral disease progression. Given that the intestinal immune system is considered
the largest single immunologic organ in the body, containing upwards of 40% of all CD4+ T
lymphocytes [8,9], the preferred cellular target for the virus [10], it is not surprising that this
organ system is impacted early and severely by HIV/SIV infections and plays a key role in
disease progression. Tissue based histological imaging studies have demonstrated that
damage to the Gl tract epithelial barrier shortly after SIV infection leads to local
translocation of microbial constituents from the lumen of the intestine into the lamina
propria and distal dissemination into systemic tissue compartments [3]. Deep sequencing
analysis of bacterial DNA isolated from tissues of infected animals revealed a preference for
bacterial translocation of the phylum Proteobacteria, suggesting that these bacteria
preferentially translocate into the host [11]. These observations provided compelling direct
evidence for Gl tact pathology, in particular, alterations in intestinal structural integrity and
function leading to translocation of bacteria with putative pathogenic bacterial species that
may represent an even greater potential for immune activation [11]. Collectively, these data
strongly suggest that Gl tract damage plays a key role in contributing to the heightened state
of chronic inflammation and pathological immune activation, as well as progressive immune
deficiency and immune deregulation during SIV infection.
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However, direct evidence that Gl tract damage leading to microbial translocation
independently causes systemic inflammation and immune activation was still lacking. To
this end, we developed a NHP model of Gl tract damage /n the absence of SIV infection to
directly determine the connection between Gl tract damage, microbial translocation and
systemic inflammation and immune activation as an important independent driver of
characteristic pathologic features observed in HIV/SIV infections [12]. We developed a NHP
model of chemically induced colitis, utilizing dextran sulfate sodium (DSS), in SIV
uninfected rhesus macaques (RMs) and demonstrated that damage to the integrity of the Gl
tract mucosal barrier, in the absence of SIV infection, caused local and systemic microbial
translocation, with corresponding inflammation and immune activation similar in scope and
character to that seen in chronically SIV-infected animals [12]. Importantly, sustained Gl
tract damage recapitulated hallmark pathological features of the SIV disease, including
fibrosis of secondary lymphoid tissues [12]. This study directly demonstrated that Gl tract
damage leading to microbial translocation is independently sufficient to drive local and
systemic inflammation and immune activation in the absence of SIV infection, and
highlights GI tract damage as a key pathological feature of HIV/SIV disease where
adjunctive therapy to modulate these processes could provide clinical benefit, independent of
any direct impact on viral replication.

While histological imaging was necessary to demonstrate that Gl tract damage leading to
microbial translocation drives local and systemic inflammation and immune activation and
associated tissue pathology; given the limited accessibility of tissue samples in patients,
developing novel non-invasive clinically relevant techniques to monitor and image these
pathogenic processes in HIV infected individuals is essential. Thus, we explored the utility
of using an FDA approved gadolinium-based magnetic resonance imaging (MRI) contrast
agent (gadofosveset trisodium; Ablavar®) that reversibly binds to serum albumin and has
been used clinically for magnetic resonance angiography to diagnose vascular disease [13]
to monitor and quantify Gl tract inflammation in our SIV-negative NHP colitis model [12].
We longitudinally imaged RMs, acquiring fat saturated T1-weighted MRIs following
sequential DSS treatment cycles (which induced histologically documented sustained
chronic colitis, inflammation, immune activation, and microbial translocation) and
performed quantitative MRI scoring, assessing the severity of colitis using clinically relevant
MRI criteria for bowel inflammation [14]. In this NHP model of chemically induced colitis
we demonstrated the utility of utilizing a novel non-invasive MRI approach for evaluating
the severity of colitis longitudinally, with findings corroborated by parallel histopathological
analyses, suggesting its potential usefulness in the clinical setting (Figure 1). While these
studies have obvious translatability to HIV-1 disease, these results may also have broad
applicability in noninvasive monitoring of other diseases like IBD and colon cancer in
human patients.

The central feature of HIV-1 disease is the progressive loss of CD4* T cells. While
monitoring CD4+ T cell numbers in the peripheral blood has provided key insights into
HIV-1 disease and is a clinically validated surrogate marker for staging HIV-1 infection that
allows convenient monitoring of patients, it is clear that the peripheral blood compartment
represents only a small fraction of the body’s total CD4+ T cell population [15]. Secondary
lymphoid tissues (i.e. lymph nodes, spleen, gut associated lymphoid tissue (GALT), etc.)
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harbor most of the body’s CD4+ T cells and play an essential role in their survival and
maintenance. CD4+ T cell loss in HIV-1 infection is a dynamic and progressive process of
cell death due to infection, activation, and loss of needed survival signals that is played out
within lymphoid tissues (LTs) [12,16-19]. A variety of different mechanisms have been
invoked to account for the progressive loss of CD4+ T cells, but progressive inflammation
related structural damage to secondary LTs has been demonstrated to play a significant role
in this process [2,3,12,20-23].

Studies in SIV infected NHPs have been essential in understanding this process and
demonstrated that multiple pathological changes in the morphology, structure and cellular
composition of LTs begin shortly after SIV acquisition and are progressive throughout the
infection [24-28], confirming and extending findings from HIV-infected humans [29-35]
(Figure 2). Histological imaging studies in SIV infected NHPs have been important to
understanding not only the timing and progressive nature of LT pathological damage and its
causal relationship to CD4+ T cell loss, but also potential mechanisms and underlying
pathways leading to these pathological outcomes [23,36,37]. Collectively, these studies have
demonstrated that LT fibrosis, characterized by extensive deposition of collagen and other
extracellular matrix proteins, is a hallmark pathological feature of HIV-1 and pathogenic
SIV infections that disrupts trophic microenviroments in secondary LTs required for
maintenance of CD4+ T cells, contributing to loss of these cells and ultimately to disease
progression [23,35,36,38,39]. Because LT fibrosis persists and CD4+ T cells in LTs of HIV-
infected individuals remain depleted during cART, using an SIV NHP model we sought to
determine if antifibrotic therapy would decrease LT fibrosis resulting in improved
reconstitution of peripheral and LT CD4+ T cells [40]. We demonstated that combining the
antifrotic drug pirfenidone with an ART regimen was associated with greater preservation/
restoration of CD4+ T cells in peripheral blood and LTs than ART alone, suggesting a
potential role for antifibrotic drug treatment as adjunctive therapy with ART to improve
immune reconstitution [40]. While these NHP studies have been informative, given the
challenges of collecting longitudinal LT samples from HIV-infected patients, development of
new non-invasive clinically relevant techniques to monitor and image LT pathological
damage and the impact of therapeutic interventions on these processes in HIV-infected
individuals will represent a useful advance.

Reservoirs

With the advent of potent and safe combination antiretroviral drugs, the landscape of HIV-1
disease has changed in the developed world, with HIV-1 infected patients having a near
normal life expectancy. While in most cases combination antiretroviral therapy (CART) leads
to reductions in viral replication to undetectable levels in the blood by current methods, it is
quite clear that cART does not eradicate the virus from the infected host. Replication
competent HIV-1 (and SIV) persists in reservoirs throughout the body, despite seemingly
effective suppressive CART, with viral recrudescence inevitably occurring when cART is
halted [41-43]. Thus, in order to realize a sterilizing HIV-1 cure, as was achieved in the
Berlin patient, ultimately eliminating all viral reservoirs harboring replication competent
virus appears necessary. Prior to developing practical strategies for reservoir eradication for
clinical use it will be important to identify all relevant cellular and anatomic tissue reservoirs
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and sources of replication competent virus in the infected host on suppressive cCART. While
latently infected resting CD4+ T cells have been shown to be a major HIV-1 reservoir [44—
46], recent work has shed additional insight into how and where the virus persists under
“effective” CART with one controversial recent study suggesting that virus may also persist
by actively replicating in LTs during cART [47]. In addition, extracellularly trapped HIV-1
on follicular dendritic cells (FDCs) within B cell follicles has been demonstrated to harbor
replication competent virus [48,49]. Recent work in both humans and NHPs highlight B cell
follicles as an important sanctuary site for viral persistence during cART and host immune
viral control [50,51]. Collectively, these findings point to the importance of tissue
compartments, particularly secondary LTs, in viral persistence and reservoir maintenance.

Imaging approaches for understanding reservoirs

Understanding the tissue compartments and cellular populations that comprise viral
reservoirs will likely be important to design specific strategies to eliminate these potential
sources of infectious virus. In this regard, the development of novel and sensitive approaches
for the imaging of reservoirs and virus /7 situ has provided new important insight into
reservoir biology and viral persistence. In 2012, Wang F. et al. [52] reported a new approach
of /n situ RNA hybridization (termed RNAscope) for host mRNAs with the sensitivity
approaching single-RNA molecule visualization in individual cells, which was possible
because of the assays exceptional specificity resulting in extremely low-to-no visible
background. Because of its promise for detecting low abundant host RNA transcripts, we
developed and optimized an RNAscope platform for the detection of HIV-1 and SIV RNA in
tissue sections [53]. Utilizing this highly sensitive and specific approach, we documented the
ability to sensitively detect VRNA in tissue sections, including individual virions bound on
the follicular dendritic cell network (FDCn) both before (Figure 3) and even during, at
greatly reduced levels, cCART [53].

Due to its ability to detect individual viral particles /n situ, we reasoned that this approach
could be modified and optimized for the detection of viral DNA in infected cells (termed
DNAscope). Sensitive and specific detection of vDNA+ cells /n situin tissues would provide
important insight into the biology of HIV//SIV reservoirs, including latently infected cells
[54]. We demonstrated that DNAscope /7 situ hybridization is remarkably more rapid and
reproducible than previous reported approaches to detect vDNA+ cells in formalin-fixed
paraffin embedded (FFPE) tissues (i.e. /n situ PCR) and detected vDNA+ cells (Figure 3) to
nearly the level of sensitivity seen with quantitative PCR methods before and during CART
[53]. Combining DNAscope with immunofluorescent analysis allowed us to phenotypically
characterize cells harboring vDNA /n situ, and confirmed that CD4+ T cells are the cell type
that harbor the vast majority of vDNA in SIV+ RMs [53]. Collectively, using these new
next-generation /n situ hybridization approaches we determined that the B cell follicle was
an important anatomical compartment that harbored vDNA+ and VRNA+ cells, as well as
low levels of trapped virions on the FDCn during cART [53].

The ability to unambiguously identify and quantify latently HIV/SIV infected cells that are
transcriptionally silent in their native /n vivo environment could provide needed insight into
reservoir persistence and maintenance. To this end, we developed an approach that combined
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RNAscope with DNAscope in order to visualize VRNA expression and vDNA+ cells in the
same section of tissue (Figure 3). This approach may be valuable in understanding the
frequency and location of truly latently infected (vDNA+/VRNA-) cells in their native tissue
environments, and tissue responses to interventions intended to induce VRNA expression in
latently infected cells.

The capacity to perform detailed quantitative immunophenotypic analysis /n situ was
significantly enhanced with the advent of an approach, termed “histo-cytometry”, that
combines the quantitative expression analyses of multiple phenotypic markers typically
provided by flow cytometry of disassociated single cell suspensions, with the valuable
anatomical location information provided by confocal microscopy [55]. Due to the fact that
this new analytical approach achieves quantitatively similar results to flow cytometry, while
retaining detailed cellular positional information /n situ, merging the highly sensitive
RNAscope and DNAscope approaches with histo-cytometry holds great promise in
obtaining new detailed immunophenotypic information of viral reservoirs /n vivo. Like most
current approaches utilized to quantify the HIV/SIV reservoir, these /n-situ approaches can
not discriminate between replication competent genomes that are capable of leading to
infectious virions and de novo infections from defective genomes that result in non-
infectious virions. The inability to determine the capacity of an infected cell that is either
actively transcribing viral RNA (vVDNA+/VRNA+) or transcriptionally silent (VDNA+/VRNA
-) to produce de novo infectious virions /n situ remains a major limition in the
characterization and quantification of HIV/SIV reservoirs.

Recently, a new non-invasive technique was explored in an SIV infected NHP model to
visualize SIV-infected cells in the entire body using an immunoPET/CT approach (SIV Env
specific antibody-targeted positron emission tomography with computed tomography) [56].
Despite the disadvantage of using radioactive immune tracers, limited spatial resolution,
background associated with antibody based imaging methods and need for improved
dynamic range of specific immune contrast uptake over background, PET/CT potentially
provides a unique approach to visualize compartments throughout the entire body that
harbor virus and/or productively infected cells. This approach allowed localization of SIV
and/or productively infected cells that expressed SIV Env on their surface in multiple tissues
of chronically viremic, cART-treated and elite controller (EC) animals. In chronically
viremic animals, before initiation of cART, administration of 64Cu-labeled SIV Gp120-
specific antibody led to readily detectable signals in the gastrointestinal and respiratory tract,
secondary lymphoid tissues and reproductive organs, with signal being significantly reduced
after 34 weeks of cART, but still measurable above background, in the colon, spleen, male
genital tract, NALT and individual lymph nodes of some animals [56]. These results
demonstrate the potential ability of the immunoPET/CT approach to detect and localize
virus and/or cells that are actively replicating virus throughout the body. While the authors
suggest that this approach would be easily applicable to the clinic to monitor the effect of
cART and to localize the potential residual virus infection during treatment, further work
needs to be done to specifically compare this approach with other established quantitative
measures of viral persistence in tissue compartments and to ascertain its feasibility in the
clinic.
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While most studies that focus on understanding HIV/SIV infections and disease are
performed on conveniently obtained blood samples, it is important to remember that these
infections are primarily diseases of tissues, in particular LTs [e.g., lymph nodes, spleen,
mucosal associated lymphoid tissue (MALT), etc.], which are highly complex and
compartmentalized organ systems. Thus, the opportunities afforded for tissue analysis in
NHP S1V models offer unique opportunities to understand the processes that lead to disease
and viral persistence in an infected host in the very tissues where the infection is located.
Imaging techniques provide a powerful additional dimension to monitoring, quantifying and
understanding the processes of tissue pathology and disease progression leading to immune
breakdown and failure, as well as providing key insights into the location and phenotypes of
viral reservoirs within important anatomical tissue sites. Exploring viral reservoirs and
persistence in tissue compartments should be a priority in order to better define where
potential infectious virus is hiding and the types of cells harboring virus in the infected host,
which could provide important insight for the development of therapeutic “cure” strategies
to specifically target these potentially diverse reservoirs located throughout the body.
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. Nonhuman primate (NHP) research has provided a vital bridge between
basic and preclinical research and clinical studies.

. Histological and noninvasive imaging approaches of SIV NHP models
have afforded unique insights into key processes of HIV-1 infection and
disease that are either not practically feasible or ethical in HIV-1
infected humans, including demonstrating:

- direct and unequivocal evidence that Gl tract damage
leading to microbial translocation is an important and
independent driver of local and systemic inflammation
and immune activation in the absence of SIV infection;

- lymphoid tissue fibrosis is a hallmark pathological
feature of lentiviral infections that contribute to loss of
CD4+ T cells and ultimately to disease progression;

- the importance of secondary lymphoid tissue
compartments, in particular the B cell follicle, in viral
persistence during CART.
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Baseline DSS Tx 2

Figure 1. Imaging Gl tract inflammation by MRI
(A) Baseline axial Ablavar® enhanced MRI shows normal sigmoid colon segments (red

arrows). After 2 (B), 3 (C) and 4 (D) treatment cycles of DSS (10-14 days DSS followed by
14 days off DSS equals 1 cycle) MRI reveals progressively increased thickening of the
sigmoid segments with prominent inflammatory changes visualized as enhancement of the
bowel wall with Ablavar® secondary to induced bowel inflammation (red arrows) and
mesenteric adenopathy (blue arrow).
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Fibrosis (Collagen 1)

Figure 2. Imaging lymph node fibrotic damage during SIV-infection
Histological images of collagen 1 stained axillary lymph nodes showing the lack of fibrosis

and normal architecture at baseline before (left panel) and the significantly increased fibrotic
damage (right panel) following SIV infection (18 weeks post infection). Scale bar = 100 um.
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RNAscope DNAscope RNAscope + DNAscope
VRNA VDNA VRNA / vDNA

Figure 3. In situ detection of virus and infected cells in lymphoid tissue during SIV-infection
Lymph node sections showing the sensitive dection of vVRNA by RNAscope alone (left

panel), vDNA by DNAscope alone (middle panel) and duplex dection of both vVRNA and
VDNA in the same tissue section by a combination RNAscope/DNAscope approach (right
panel) in a chronically SIV infected rhesus macaque. Insets show a magnified region of the
lymph node indicated by the black square. Black arrows point to vDNA+ cells, and red
arrowheads point to productively infected VRNA+ cells. Individual viral particles bound to
the FDC network are also evident but only in the RNAscope images (not highlighted). Scale
bar = 50 pm.
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