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Abstract

Human immunodeficiency virus (HIV), the main contributor of the ongoing AIDS epidemic,
remains one of the most challenging and complex viruses to target and eradicate due to frequent
genome mutation and immune evasion. Despite the development of potent antiretroviral therapies,
HIV remains an incurable infection as the virus persists in latent reservoirs throughout the body.
To innovate a safe and effective cure strategy for HIV in humans, animal models are needed to
better understand viral proliferation, disease progression, and therapeutic response. Nonhuman
primates infected with simian immunodeficiency virus (SIV) provide an ideal model to study
HIV infection and pathogenesis as they are closely related to humans genetically and express
phenotypically similar immune systems. Examining the clinical outcomes of novel treatment
strategies within nonhuman primates facilitates our understanding of HIV latency and advances
the development of a true cure to HIV.

Keywords
HIV; Viral reservoir; Nonhuman primate; HAND; ART

Introduction

HIV-1 is a contagious and pathogenic virus that affects more than 38 million people
worldwide (Global HIV & AIDS statistics—Fact sheet 2023). Although there have been
significant advances in the treatment of HIV, there is still no “traditional” cure resulting in
total viral genome deletion from all reservoir sites in an infected individual (Kwan et al.
2022). As a result, HIV research continues to be an area of active investigation. The use

“Andrew G. MacLean, amaclean@tulane.edu.
Conflict of interest The authors declare no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Zandt and MacLean Page 2

of nonhuman primates (NHPs) in HIV research has been critical in the study of the virus
and has led to numerous discoveries and advances in the development of new treatments

and “functional” cures, defined by sustained virus control to low or undetectable levels in
the absence of antiretroviral treatment (Bailon et al. 2020). In this review paper, the use of
NHPs in HIV research will be outlined, including the benefits, and investigative importance
of utilizing the rhesus macaque animal model and the resulting impact in the development of
new medicaments for HIV treatment and genome eradication.

NHPs in HIV Research

Animal models, such as the NHP, are essential in biological research as they enable
scientists to control variables and obtain samples that would not be practical to realize

in humans. Offering the ability to collect longitudinal specimen throughout a course of
study, be it blood, urine, cerebrospinal fluid (CSF), bronchioalveolar lavage (BAL), tissue
sections, mucosal swabs, etc., NHP models provide invaluable information as a treatment
or cure tactic progresses. Yielding sizeable tissue volumes during necropsy, NHPs allow
scientists to perform far more biological assays compared to smaller animal models. Due
to their strong similarities to humans genetically and immunologically, studies with NHPs
have provided valuable insights into the nuances of many viral infections (Stone et al. 1987).
Eliciting very similar innate and adaptive immune responses to humans with paralleled
susceptibility to most viruses, these animals oftentimes serve as the most appropriate
models of viral infections (Estes et al. 2018). Unlike inbred animal models, NHPs display
significant outbred genetic variation (Vallender and Miller 2013). While this characteristic
closely resembles that of human genomic variance, small cohort sizes in many NHP studies
combined with highly controlled environmental conditions reduce statistical power and
potentially confound the interpretation of obtained data. Conversely, a more genetically
diverse NHP population offers researchers the unique opportunity to investigate the effects
of naturally occurring genetic variation on phenotypic presentation not possible in inbred
animal models or humans.

Discussed in detail by Estes et al. (2018), Old World monkey species including Macaca
nemestrina (pigatail macaque), Macaca fascicularis (cynomolgus macaque), and Macaca
mulatta (rhesus macaque) are the most frequently utilized NHPs in viral and immunological
studies. While vastly similar genetically, subtle differences in gene expression as it relates

to antiviral response confers varied antiviral activity in each NHP species (Wu et al. 2015;
Bimber et al. 2017). For example, rhesus macaques express heterogeneous type | interferon-
induced, antiviral protein tripartite motif-containing protein 5 (TRIM5), which leads to
differential restriction of simian immunodeficiency virus (SIV) (Wu et al. 2015). Pigtail
macaques, on the other hand, express only one TRIM5 genotype which does not lead to

SIV replication restriction, being more suited for studies investigating HIV progression in
principle. In practice, however, the greater availability of the rhesus macaque has bolstered
its continued use in research. Macaque models were first utilized in 1984 to demonstrate that
acquired immune deficiency syndrome (AIDS) was the result of a type D retroviral infection
(Daniel et al. 1984) and are now the most used NHP model for HIV research (Veazey

and Lackner 2017). As a physiologically relevant model, the use of NHPs, especially the
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rhesus macaque, in HIV research has led to numerous advances in the development of new
treatments and cure strategies.

Cellular Tropism of HIV

As viral entry of HIV begins with interactions between viral glycoprotein gp120 and

the cellular receptor CD4, CD4 + T lymphocytes are susceptible to entry by all strains
and phenotypes of HIV (Naif 2013). These cells are the main target of infection and

are understood to be the predominant peripheral cell type concealing latent virus (Kim

et al. 2018). Divided into groups based on coreceptor usage, HIV utilizes G-protein
coupled chemokine receptors CCR5 and/or CXCR4 in addition to CD4 to mediate cellular
entry. CCR5, expressed mainly on macrophages, is utilized by R5 strains of HIV and

is responsible for primary cell infection and central nervous system (CNS) involvement
(Alkhatib et al. 1996; Deng et al. 1996; Dragic et al. 1996). Conversely, X4 strains that
preferentially interact with coreceptor CXCR4 mainly expressed on T-lymphocytes are
attributed to the viral replication capacity of HIVV and commonly emerge in later stages of
infection (Scarlatti et al. 1997).

While HIV replication is inefficient in macaques and does not lead to the development

of AIDS (Thippeshappa et al. 2020), NHPs closely mimic disease pathogenesis and
progression when infected with SIV (Estes et al. 2018). The most common strains of SIV
used for immunological challenge, SIVmac251 and SIVmac239, were originally isolated
from rhesus macaques of Indian decent and were molecularly cloned to generate viral

stocks (Hatziioannou and Evans 2012). Consequently, these strains are well adapted to these
animals and result in infections yielding high viral loads with minimal animal-to-animal
variation and reproduce the turnover and progressive loss of CD4 + T-cells seen in HIV
replication (Veazey et al. 1998). These are undeniably three distinct infectious agents, and
the major concerns of using SIV clones to model HIV pathogenesis involve the genetic
dissimilarity and unique proteomes making viral genome excision or protein-targeted
neutralization strategies difficult to validate in humans. To combat this, a recombinant

form of SIVmac239, termed simian-human immunodeficiency virus (SHIV), was engineered
to contain env, tat, rev, and vpu genes of HIV-1 (Joag et al. 1996). This chimeric virus
includes these genes to imitate envelope protein expression (env), gene upregulation at the
5’ region (taf), gene upregulation at the envelope region (rev), and viral protein U expression
(vpu) which aids in CD4 T-cell degradation and virion release (Seitz 2016). Improving the
chimera of SHIV to best recapitulate clinical outcomes of HIV by replacing SIV reverse
transcriptase with that of HIV-1 to increase infectivity rates, modifying £nvamino acid
residues to promote CD4 T-cell entry, and performing serial in vivo-passaging results in
similar sensitivity to HIV therapeutics (Jiang et al. 2009; Humes et al. 2012; Bar et al.

2019; Ziani et al. 2021). Expressing a clinically relevant antigenic profile and demonstrating
comparable neutralization sensitivities are critical for this model to be effective for vaccine
studies or research toward a “traditional” cure (Li et al. 2021). These NHP models have been
fundamental in studying the impact of HIV on the immune system, the development of drug
resistance, and the effects of HIV on the nervous system because of these evolving genetic
manipulations.
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Latent HIV Reservoirs

HIV and SIV target macrophages and T cells for infection. By binding to surface protein
CD4 and engaging chemokine receptors CXCR4 and/or CCR5 as coreceptors, HIV enters
the cell (Bleul et al. 1997). Viral reservoirs are formed within the earliest stages of HIV
infection within these target cells (Valcour et al. 2012) and persist in long-lived cells
commonly found within lymphoid tissues such as peripheral lymph nodes and spleen, the
Gl tract, and the central nervous system (CNS) (Veazey et al. 1998; Busman-Sahay et al.
2021). Early ART administration relative to infection reduces viral tissue reservoir size

and leads to a diminution of unfavorable clinical outcomes for both human patients and
simian models (Dragic et al. 1996; Okoye et al. 2018). However, as ART only limits the
active replication of virus, latently infected cells are unaffected by therapy, allowing the
burden of the viral reservoir to persist. Nonhuman primate models infected with SIV closely
recapitulate the development and persistence of these viral reservoirs. While exhibiting

the highest densities of viral RNA (VRNA) within lymphoid tissues (especially spleen, Gl
tract, and lymph nodes), VRNA + cells are detected in every organ of macaques following
inoculation with an infectious strain (Estes et al. 2017). In a latent state, characterized by the
presence of integrated HIVV DNA that is replication competent but transcriptionally silent,
these cellular reservoirs evade immune recognition due to absent or limited viral protein
expression (Siliciano and Greene 2011).

Treatment of Chronic HIV

Combination antiretroviral therapy (CART) is the current standard of care for HIV infection
and currently involves the use of multiple antiretroviral therapy (ART) drugs to suppress

the virus via distinctive mechanisms (HIV Clinical Guidelines: Adult and Adolescent ARV
—What’s New in the Guidelines | Clinicalinfo.HIV.gov 2023). The five main classes of HIV
ARTs include nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs), non-nucleoside
reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PI), integrase inhibitors (INIs/
INSTISs), and entry inhibitors (Blassel et al. 2021). The inception of the first approved ART,
an NRTI monotherapy by the name of zidovudine (AZT), exhibited decreased mortality

and opportunistic infection frequency in people living with HIV (PLWH) (Fischl et al.
1987). Despite initial success, these monotherapies proved to be ineffective in slowing the
progression to AIDS due to rapid viral mutability leading to drug resistance (Kirschner

and Webb 1997). The advent of the first CART regimen, a combination of AZT and

another NRTI drug called dideoxycytidine (ddC), came with emerging evidence from a
NIAID-funded study demonstrating that this two-drug therapy was more effective than AZT
alone in controlling viral load (Meng et al. 1992). Challenges in this first-generation therapy
including high pill burden, drug-related toxicity, drug-drug and drug-food interactions,

and incomplete viral suppression resulted in poor patient compliance and low therapeutic
efficacy (Tseng et al. 2015). Durable and lasting HIV suppression was first achieved through
triple-drug therapy consisting of saquinavir, ddC, and AZT (Collier et al. 1996). The success
of this three-drug regimen was partially attributed to the addition of a new antiretroviral
drug class, the protease inhibitor (Antiretroviral Drug Discovery and Development | NIH:
National Institute of Allergy and Infectious Diseases, 2023). By administering drugs from at
least two different classes, many patients displayed nearly undetectable viral loads for up to
1 year, hugely outperforming results seen in single-drug therapy. However, prolonged ART
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of any type can lead to treatment pressure on the virus, causing drug resistant mutations
(DRMs) within the genome (Lepri et al. 2000). These DRMS are associated with all of
the currently available ART drugs and can lead to treatment failure and viral rebound if
alternative therapy is not promptly administered (Blassel et al. 2021).

NHPs have been used to study physiological outcomes of emerging ARTs and combination
therapies (Tsai et al. 1988), which has allowed for the further development of targeted

and practical treatment plans. Attributed to the minimization of adverse events, advances
in CART have led to increased compliance as well as a decrease in therapy switching or
drug discontinuation in PLWH (Cicconi et al. 2010). Continuous administration of ART, as
opposed to episodic use, has been shown to significantly reduce the risk of opportunistic
disease or death from any cause in PLWH (EI-Sadr et al. 2006). Prolonged elevation of
CD4 + T-cell counts and plasma viral load suppression by cART administration highlights
the importance of uninterrupted drug compliance in infected individuals. As antiretroviral
drugs have limited penetration into the CSF and viral reservoir sites, discontinuation or
interruption of ART inevitably leads to viral rebound by reactivation of latent cells within
these tissues and can contribute to the progression of AIDS (Holkmann Olsen et al.

2007). Conversely, long-term cART is associated with an increased occurrence of serious
non-AlIDS events including osteoporaosis, renal and metabolic disorders, cardiovascular
disease, liver disease, as well as central nervous system (CNS) complications, necessitating
continued research for alternative treatment strategies (Chawla et al. 2018).

HIV and Healthy Aging

As it is estimated that nearly half of PLWH in the USA are now above the age

of 50 (Wing 2017) with this figure continuing to rise as longer life expectancies are

reached, studying the impact of HIV on normal aging is imperative. Increased risk of
noninfectious comorbidities classically appears 10 years earlier in PLWH as compared to
the general population, exhibiting evidence of chronic HIV contributing to accelerated aging
(Guaraldi et al. 2011). Earlier incidence of chronic diseases such as diabetes, dyslipidemia,
osteoporosis, cardiovascular disease, bone fractures, renal failure, and neurocognitive
impairment are associated with these patterns of accelerated aging seen in PLWH (Guaraldi
et al. 2011; Meir-Shafrir and Pollack 2012). Investigating the long-term effects of ART

and the contribution of the viral reservoir to morbidities seen in the older population of
PLWH requires longevity studies that closely approximate the human experience of aging.
Alongside their 92% genetic homology (Magness et al. 2005) and phenotypic similarity,
rhesus macaques have an average lifespan of 25 years with a maximum of 40 years in
captivity, resulting in age-related changes that better recapitulate that of humans compared
to shorter-lived animal models (Didier et al. 2016; Mattison and Vaughan 2017). Although
this extended lifespan equates to lengthy experimental timelines and prohibitive expenditure,
associations made from these comparative studies in aging are irreplaceable (Mattison and
Vaughan 2017).

Longevity studies within long-lived translational species are also essential in validating the
preclinical efficacy of a therapeutic and to ensure that a response is not transient. Studies
surveilling the immune landscape of aging models infected with SIVV demonstrate marked
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shifts in CD4 and CD8 T-cell ratios and increased VRNA density within both peripheral
blood and lymph nodes compared to young animals (Chang et al. 2017; Zheng et al.

2022). Lymphoid organ architecture is also significantly modified within older infected
animals, exhibiting deep CD8 T-cell infiltration of germinal centers not present in young
infected animals (Zheng et al. 2022). Consequently, this excessive proliferation of terminally
differentiated cytotoxic CD8 T-cells reduces the capacity of the lymphoid organ to generate
adaptive immune responses used in the clearance of viral particles and further aggravates
chronic inflammation (Dock and Effros 2011; Heigele et al. 2015). This evidence suggests
that aging and HIV infection may work cooperatively to induce excessive inflammation
within immune organs thereby accelerating age-related comorbidities.

Chronic inflammation, characterized by the prolonged upregulation of proinflammatory
cytokines, is exacerbated in HIV infection (Ferrucci and Fabbri 2018) and is referred to as
“inflammaging” when contributing to age-related disease pathogenesis. It has been shown
in NHP models of HIV that a decrease in CD161 + T-cells and Th17-type effector function
dysregulation is more commonly seen in older SIV + rhesus macaques and is accompanied
by elevated proinflammatory cytokine levels (Walker et al. 2019). This phenotype is
associated with loss of mucosal barrier function and increased gut permeability leading to a
pathology referred to as leaky gut, an age-related disease state frequent in PLWH (Alzahrani
et al. 2019). These fluctuations in immune landscape contribute directly to the progression
of HIV and could affect the interpretation of results when evaluating therapeutic approaches
for older populations of PLWH.

HIV within the CNS

Providing substantial insight into the early brain infection pathways, NHP models of HIV
enable researchers to examine the intricacies of neuroAIDS in studies that are impractical
or unethical with human subjects (Estes et al. 2018). Similarities in brain morphology,
cortical development pathways, and brain-to-body mass ratio substantiate the use of NHP
models in neuroscientific inquiries (Sun and Hevner 2014). HIV is thought to enter the
CNS through the transmigration of infected monocytes across the blood brain barrier (BBB)
(MacLean et al. 2004; Eugenin et al. 2006; Valcour et al. 2012; Williams et al. 2012),
making myeloid cells, particularly microglia, probable cellular reservoirs for latent virus
within the brain (Bell 1998; Perez et al. 2018). Microglial populations are dense within

the white matter of the human and primate brain (Mittelbronn et al. 2001; Dos Santos et

al. 2020) and are proposed to be integral “conductors” of brain aging by modulating glial
activation and phagocytizing white matter-derived debris (Ahn et al. 2022). Reducing or
eliminating the viral burden within these cells is imperative to preserve microglial function
and in maintaining brain homeostasis pathways (Borrajo et al. 2020). While CART has
shown to limit the amount of viral SIV DNA within the grey matter of several brain

regions of infected rhesus macaques, levels within the white matter remain high throughout
ART administration and contributes to HIV-associated brain pathologies (Perez et al. 2018).
As HIV does not productively infect neurons, the effects of HIV on neuronal function is
described as indirect and will be expanded upon below (Kovalevich and Langford 2012).
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HIV-Associated Neurocognitive Impairment

HIV-associated neurocognitive impairment (HAND) is an umbrella term used to describe
an array of neurocognitive dysfunction states originating from HIV infection complications
independent of opportunistic infections (Antinori et al. 2007). The subclasses of HAND
include asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder
(MND), and HIV associated dementia (HAD). Diagnosed by neuropsychological evaluation
and functional status assessments, disease states are assigned by severity of symptomatic
presentation degree to which these symptoms interfere with tasks of daily living (Clifford
and Ances 2013; Saylor et al. 2016). HIV-associated dementia (HAD), previously referred
to as AIDS Dementia Complex (ADC), is a disease state characterized by the progressive
decline of subcortical function that generally leads to death less than 1 year following
diagnosis (Navia et al. 1986). Accompanied by increasing loss of attention and variable
behavioral components, the classical distinguishing symptom of HAD is marked slowing of
motor skills. While subcortical HAD incidence dwindled following methods of sustained
viral load control, cortical presentation remains in untreated individuals and those with and
poor medication compliance (Rumbaugh and Tyor 2015; Eggers et al. 2017).

Although the introduction of cART appreciably decreased the incidence of HAD seen

in patients receiving older systemic immunosuppressive therapies, 40% of PLWH today
continue to experience neurologic compilations (Ghosh et al. 2017). The current prevalence
of HAND is driven by diagnoses of ANI and MND-disease states solely differentiated

by functional impairment status (Clifford and Ances 2013). Patients with ANI and MND
perform one standard deviation below the mean of the best available population norms
within two cognitive domains of neuropsychometric testing (Antinori et al. 2007). The
difference between the two diagnoses being that ANI-presenting patients demonstrate

no impairment in activities of daily living while those with MND exhibit functional
impairments as it relates to the completion of routine tasks. Both ANI and MND are seen in
patients living with chronic HIV regardless of sustained cART compliance (Wei et al. 2020).
Risk factors for developing HAND include insufficient viral suppression, low CD4 T-cell
count, and increasing age (Valcour et al. 2006; Robertson et al. 2007; Heaton et al. 2010).
While the current consensus in the field suggests that underlying inflammation leads to
non-lethal neurodegeneration ultimately driving HAND (Mamik et al. 2016), more research
is warranted to elucidate the precise mechanism of pathology.

As studying the mechanisms behind neuropathogenesis within the CNS of humans is
difficult to assess in vivo, NHP models offer a pathway to examine immune pathways

of HIV-induced CNS damage (Beck et al. 2018; Mallard and Williams 2018; Moretti et

al. 2021). Though further investigation is merited, toxicity induced by chronic cART and
latent viral CNS reservoirs have been implicated in the development and progression of
HAND by contributing to chronic neuroinflammatory states (Williams et al. 2012; Delery
and MacLean 2019; Ash et al. 2021). Increased monocyte turnover was associated with
increased severity of encephalitis in NHPs not receiving ART, underscoring the therapeutic
potential in eliminating proviral DNA from these cells (Burdo et al. 2010). For these
reasons, novel therapeutic approaches that prevent viral replication in reservoirs, or better
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yet remove viral reservoirs altogether, and allow for discontinuation of CART are under
investigation via our most relevant pre-clinical model, the non-human primate.

Reservoir Elimination-Strategies for a Cure

To date, stem cell transplantation is the only cure strategy that resulted in a “traditional”
cure in both NHPs and humans. The first documented case of sustained HIV remission,
known as the “Berlin patient,” occurred after two allogenic haemopoietic stem-cell
transplantation (HSCT) procedures were performed to treat acute myeloid leukemia (Hutter
et al. 2009). The stem-cell donor contained a naturally occurring homozygous mutation in
HIV coreceptor CCR5 (CCR5A32/A32), rendering these cells resistant to HIV variants that
utilize this receptor for cellular entry (Gupta et al. 2019). Accompanied with chemotherapy
and irradiation, the viral myeloid reservoir of the patient was cleared and repopulated

with progenitor cells immune to infection by the clade of HIV infecting him. While this
has been repeated in similar case studies (Lambros et al. 2014; Verheyen et al. 2019),
pre-existing CXCR4 variants not found in the Berlin patient were able to infect the naive
CCR5A32/A32 donor cells and result in viral rebound. CCR5 and CXCR4 receptor density
on the surface of haemopoietic stem cells has been shown to be downregulated by the use
of gene editing technology such as CRISPR-Cas9 before transplantation in rhesus monkeys,
though expression is limited in vivo (Yu et al. 2020). While these results suggest that

stem cell transplantation in combination with gene editing may be a promising approach
for treating HIV-1 in humans, the invasiveness of the procedure and expenditure limit its
feasibility.

Three central mechanisms behind contemporary HIV-1 cure strategies are aimed at
eliminating viral tissue reservoirs and function by (i) administering latency reversing agents
(LRASs) to induce HIV transcription within latently infected cells, leading to cytolysis or
immune-mediated clearance (“shock and kill”) (Kim et al. 2018; McBrien et al. 2020), (ii)
preventing the active transcription of virus within latently infected cells and enhancing the
latency of the HIV promoter via epigenetic modifications (“block and lock”) (Ahlenstiel et
al. 2020), or (iii) removing the integrated viral genome within latently infected cells by gene
editing techniques (Mancuso et al. 2020; Busman-Sahay et al. 2021). These are outlined in
the figure.

Protein kinase C agonists, contemporary LRAS, were stringently developed with the use the
NHP model (Jiang et al. 2009; Jiang and Dandekar 2015). The “shock and kill” approach
via new-generation LRA therapy exhibited successful reactivation of the latent viral genome
when tested in clinical trials (Elliott et al. 2015; Archin et al. 2017) but clearance of
reactivated cells was shown to be limited. Additionally, it is critical in this line of therapy to
minimize the depletion of non-infected cells to reduce adverse outcomes. To encourage the
selective clearance of infected cells, researcher prime cells with a pro-apoptotic compound
before administering an LRA, driving cells to undergo apoptosis if HIV proteins are
expressed (Cummins et al. 2016; Sivanandham et al. 2020). While this method successfully
depletes a substantial portion of infected T-cells, in and outside of reservoirs, side effects and
signs of drug toxicity when in combination with ART during NHP trials preclude its clinical
use (Zerbato et al. 2016; Bricker et al. 2021).
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Alternative challenges are faced in the “block and lock™ strategy as reservoirs remain

within cells and tissues and have the potential to continue exerting genomic influence. By
administering latency promoting agents (LPAS) to inhibit or “block” viral transcription and
using repressive epigenetic modifications to “lock” the promoter in latency, this tactic is
aimed at permanently silencing the expression of the latent viral reservoir (Ahlenstiel et al.
2020). Although the majority of preclinical testing has been performed in humanized mouse
models, the first NHP study implementing the “block and lock™ strategy demonstrated
potent inhibition of SIV reactivation from latently infected CD4 + T-cells ex vivo (Mediouni
et al. 2019); however, efficacious delivery to deep tissue reservoirs has yet to progress (Fig.
1).

Gene therapy approaches to silence the transcription of viral DNA or prevent further
infection by host cell receptor modification have been tested to elicit a “functional cure” for
PLWH. For example, RNA interference through the administration of short hairpin RNAs
(shRNA) targeting viral genome segments can effectively inhibit HIV replication in humans
(Sugiyama et al. 2009). However, this inhibition through specific ShRNA binding often
induces escape mutations within the targeted gene, eventually leading to loss of efficacy.
Another gene therapy approach utilizing zinc finger nuclease-based disruption of CCR5 of
hematopoietic stem/progenitor cells (HSPCs) was tested in NHPs and was shown to reduce
the viral load in animals following autologous transplantation (Peterson et al. 2018). This
engraftment of SIV-resistant cells significantly reduced the size of the peripheral reservoir
and viral circulating RNA levels, but would be a costly and invasive undertaking in the
human population.

An intriguing and novel approach utilizes a recombinant adeno-associated virus (rAAV) to
deliver gene therapies to prevent HIV infection by blocking cellular entry. Intramuscular
injection induces expression and secretion of eCD4-1g, a fusion antibody with high env
specificity. This causes premature structural changes of gp120, effectively neutralizing
circulating virus (Gardner et al. 2015).

Arguably, the most progressive system currently under investigation for the complete
removal of the HIV viral reservoir is the use of clustered regulatory interspaced short
palindromic repeats (CRISPR) in combination with recombinant enzymes to target and
excise viral DNA. Delivered to tissues by rAAV serotype 9, this vector expresses Cas9
endonuclease and several guide RNAs (JRNAs) specific to regions of the viral genome

to successfully cleave integrated proviral DNA from infected cells of rhesus macaques
(Mancuso et al. 2020). While excision efficacy was as high as 95% following the single-dose
CRISPR treatment, indicating robust viral particle binding, consistent expression throughout
tissues has yet to be accomplished. Concerns regarding the use of recombinant adenovirus
vectors as drug delivery vehicles include issues with preexisting vector-specific immunity
and a perceived inability to boost by reimmunization. Antibodies generated against the
capsid of rAAV9 is an expected outcome following inoculation which could lead to
premature neutralization when a secondary immune response is elicited. Phase | clinical
trials are currently underway to test this one-time injection therapy in humans which
represents an exciting step forward in the realm of HIV therapeutic capability (Excision
BioTherapeutics 2022).
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The Elusive Vaccine

Though the development of an effective HIV-1 vaccine remains an important goal for
researchers, difficulties in eliciting active immunity against the protein of interest, the
envelope protein (env), had led scientists to explore passive immunization strategies.
Characteristics such as high envmutability (Van Duyne et al. 2019), low env protein trimer
density on the surface of the virion (Carlon-Andres et al. 2021), and the protective glycan
shield present on env promote viral immune evasion and resist antigenic neutralization
(Wei et al. 2003). Additionally, HIV-1 envelope proteins of prominent circulating strains do
not typically bind to the inferred germline precursors responsible for broadly neutralizing
antibody (bNAD) production (Xiao et al. 2009), necessitating artificial delivery (Welles et al.
2018) or stimulation for assembly. Because of their complex B cell antibody repertoire,
NHPs have been used in the development of bNAb vaccination strategies, resulting

in several promising candidates aimed at inducing heterologous immunity (Sharma and
Thomas 2014). Techniques under investigation such as the stimulation of B cell germlines
to produce bNADbs act by binding to multiple sites of the HIV envelope to prevent cellular
entry and induce FC-mediated immune response mechanisms leading to infected cell death
(Liu et al. 2020). One such vaccine, called ALVAC, was tested in a NHP model and was
found to protect macaques from low-dose challenges of highly pathogenic SIV strains,

but demonstrated low efficacy overall (44%) in preventing infection (Silva de Castro et

al. 2020). Similar results were seen when tested in a randomized human trial of this
vaccine, demonstrating a trend toward the prevention of HIV-1 infection (26.4%) with no
effect on the viral load or CD4 + T cell count in infected subjects (Rerks-Ngarm et al.
2009). Sequential immunization to induce the production of multiple heterologous bNAbs
improved neutralization titers of this vaccine candidate in NHPs but did not prevent SHIV
infection when challenged (Barnes and Schoofs 2022). While these studies exhibit potential
in continuing the development of bNADb strategies, problems such as off-target antibody
production as well as partial clade protection are barriers to realization.

Conclusion

Funding

In conclusion, the use of NHPs in HIV-1 research has been critical in the study of the virus
and has led to numerous discoveries and advances in the development of new treatments
and cure strategies. NHPs offer several advantages over other animal models, including their
close genetic similarity to humans and the ability to study the virus in an immunocompetent
host. However, the use of NHPs poses several challenges, including their high cost and the
difficulty in maintaining and breeding them. Nevertheless, the use of NHPs has enabled
researchers to gain valuable insights into the biology of HIV-1 and has allowed for the
development of targeted therapies and treatments, as well as novel therapies that could
potentially lead to a cure for HIV-1.
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HIV reservoir elimination strategies. a A latently infected CD4 + T cell, monocyte,
macrophage, or microglia with integrated HIVV DNA within the host genome of the nucleus
(Estes et al. 2017). b The “shock and kill” approach of HIV reservoir elimination by

which LRAs are administered to encourage viral RNA transcription and viral protein
translation within latently infected cells. Virion assembly is blocked by ART which
prevents propagating infection to naive cells. Rampant viral protein expression within

the cytosol generates a toxic cellular environment leading to death by apoptosis or major
histocompatibility complex I (MHCI) presentation of viral proteins promoting immune
mediated clearance of infected cells by cytotoxic lymphocytes (Bricker et al. 2021). ¢ Active
HIV transcription occurs when the histone is acetylated and in the open conformation,
allowing RNA polymerase Il to bind to viral transcription factors such as NFkB and Spl
(llyinskii et al. 1997; Heusinger and Kirchhoff 2017). The “block and lock” approach aims
to regulate the transcriptional activity of HIV through histone methylation or cpg island
insertion, which acts to close the histone and provide steric hindrance in the binding of

RNA polymerase 1l (Crise et al.

2005). These histone alterations prevent viral transcription

and drive the viral genome into a deep state of latency. d CRISPR Cas9, a gene therapy
technique to excise the viral genome from latently infected cells, employs single-guide
RNASs (sgRNAs) to direct the Cas9 endonuclease to Gag and long-tandem repeat (LTR)
regions of the HIV genome. Successful editing of integrated viral DNA by Cas9 results in
either the removal of the full-length viral genome or a transcription defective proviral DNA
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sequence that lacks regions between the 5’ LTR to Gag or Gag to 3'LTR (Mancuso et al.
2020)
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