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Editorial on the Research Topic

Exploring Novel Approaches to Eliminate HIV Reservoirs to Achieve a Cure for HIV

Antiretroviral therapy (ART) has revolutionized the treatment of HIV and has dramatically reduced
morbidity and mortality among people living with HIV (PLWH) (Antiretroviral Therapy Cohort
Collaboration, 2017). ART inhibits HIV replication, decreasing viral loads, halting disease
progression and preventing sexual transmission of the virus (Attia et al., 2009; Volberding and
Deeks, 2010; Cohen et al.,, 2011; Bavinton et al., 2018; Rodger et al., 2019). Cessation of ART,
however, allows HIV to re-initiate replication (Davey et al., 1999; Colby et al., 2018). As such, ART
is required throughout the lifespan of PLWH. Treatments that aim to cure HIV or induce viral
remission are highly desirable to alleviate the need for lifelong ART.

The primary barrier to curing HIV is the persistence of a latent viral reservoir that
predominantly resides in CD4" T cells (Chun et al., 1997; Finzi et al., 1997; Wong et al., 1997).
Numerous strategies have been proposed to target this reservoir (Pitman et al., 2018). Currently, the
predominant strategy is the ‘shock and kill” approach, which proposes employing latency reversing
agents (LRAs) to induce virus expression and make virus harboring cells visible to the immune
system. Subsequently, immune cells are engaged to eliminate cells harboring reactivated latent virus.
Although clinical trials exploring the utility of the ‘shock and kill” strategy have shown LRAs to
induce viral expression in ART-treated PLWH, evidence of the efficacy of this approach for
decreasing the frequency of cells carrying integrated HIV DNA has yet to be generated (Dufour
et al,, 2020). The reason(s) that ‘shock and kill” strategies have not reduced the frequency of cells
carrying integrated HIV DNA remains unclear. Novel LRAs and/or more potent anti-viral immune
responses may be required to purge the virus (Kim et al., 2018; Dufour et al., 2020).

In this special issue of Frontiers in Cellular and Infection Microbiology, we invited early stage
investigators to contribute their ideas as to how to tackle the important scientific problem of curing
HIV infection. We received eight manuscripts, which we will briefly summarize to introduce this
special issue.

Thomas et al. provide an excellent overview of recent advances towards understanding the latent
viral reservoir and highlight various potential strategies for its eradication. To measure the success
of these strategies, highly sensitive and accurate assays are required. Measuring the latent HIV
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reservoir is made difficult by variation in the viral genome, the
low frequency of cells carrying latent virus and the presence of
defective proviruses. Thomas et al. discuss the different methods
that are available and debate the advantages and disadvantages of
these assays.

Takahama and Yamamoto review the potential of using
ligands for pattern recognition receptors (PRRs) as a cure
strategy. PRR ligands can be used as vaccine adjuvants to
enhance activation of the innate immune system and promote
antigen-specific immune responses. PRR ligands can also be used
to enhance preexisting immune responses. PRR ligands fit the
‘shock and kill' approach well, because they can be used to
activate the latent virus (i.e. deliver the “shock”) and boost the
anti-viral immune response (i.e. the “kill”). Additionally,
Takahama and Yamamoto discuss the possibility of combining
PRR ligands with other immunotherapies, such as therapeutic
vaccines, checkpoint inhibitors and broadly neutralizing
antibodies (bNAbs).

Five of the articles in this special issue provide novel ideas as
to how to enhance anti-viral immune responses through the use
immunotherapeutic approaches.

Holder and Grant review the potential utility of immune
checkpoint blockers targeting TIGIT to invigorate anti-viral
immune responses. The advantage of using anti-TIGIT over
other immune checkpoint blockers is that TIGIT is expressed on
many HIV-specific CD8" T cells in PLWH (Chew et al., 20165
Tauriainen et al, 2017) and blocking TIGIT can reinvigorate
exhausted T cell responses. Additionally, anti-TIGIT therapy
may also enhance NK cell function.

Mu et al. summarize recent developments pertaining to HIV-
specific CAR T cells. One of the challenges Mu et al. describe is
that CAR T cells need to function under conditions where low
amounts of HIV-antigen are present. They discuss how
combining CAR T cell therapy with LRAs might increase the
effectiveness of this therapeutic option.

Juno and Kent summarize the different subsets of gamma-
delta-(y0) T cells and review their immunotherapeutic potential
in HIV cure strategies. A major clinical advantage of employing
these cells is the lack of MHC restriction for ¥ T cell-mediated
killing. This provides an opportunity for an “off-the-shelf”
allogeneic product, circumventing the MHC-restriction present
for most other cell-based immunotherapies.
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improve T cell immunity by delivering antigens or therapeutic
peptides combined with interferons.

Gardner provides an extensive overview of the potential of
using recombinant Adeno-Associated Virus Vectors (rAAVs) to
deliver bNAbs and engineered HIV inhibitors. Using rAAVs to
deliver bNAbs or inhibitors would overcome the need for
continued passive administration to sustain expression of these
molecules in PLWH.

Finally, Ahlenstiel et al. summarize the recent advances toward
developing an alternative HIV cure strategy, termed “block and
lock.” This approach proposes to permanently silence HIV
expression by “blocking” HIV transcription and “locking” the
HIV promotor in a permanently latent state. Achievement of this
premise would provide a functional cure, where a person still lives
with HIV but the presence of the virus is not harmful in the
absence of ART.

In summary, the articles presented in this special issue of
Frontiers in Cellular and Infection Microbiology give an overview
of the obstacles to developing successful HIV cure strategies.
Additionally, the articles provide a collection of excellent novel
ideas that could advance efforts to reduce the burden of integrated
HIV DNA in ART-treated PLWH.
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Measuring the Success of HIV-1 Cure
Strategies

Jordan Thomas', Alessandra Ruggiero "2, William A. Paxton™ and Georgios Pollakis ™

" Department of Clinical Infection, Microbiology and Immunology, Institute of Infection and Global Health, University of
Liverpool, Liverpool, United Kingdom, ? Immune and Infectious Disease Division, Academic Department of Pediatrics (DPUQ),
Bambino Gesu Children’s Hospital, Rome, Italy

HIV-1 eradication strategies aim to achieve viral remission in the absence of antiretroviral
therapy (ART). The development of an HIV-1 cure remains challenging due to the latent
reservoir (LR): long-lived CD4 T cells that harbor transcriptionally silent HIV-1 provirus.
The LR is stable despite years of suppressive ART and is the source of rebound viremia
following therapy interruption. Cure strategies such as “shock and kill” aim to eliminate
or reduce the LR by reversing latency, exposing the infected cells to clearance via the
immune response or the viral cytopathic effect. Alternative strategies include therapeutic
vaccination, which aims to prime the immune response to facilitate control of the virus
in the absence of ART. Despite promising advances, these strategies have been unable
to significantly reduce the LR or increase the time to viral rebound but have provided
invaluable insight in the field of HIV-1 eradication. The development and assessment of
an HIV-1 cure requires robust assays that can measure the LR with sufficient sensitivity
to detect changes that may occur following treatment. The viral outgrowth assay (VOA)
is considered the gold standard method for LR quantification due to its ability to
distinguish intact and defective provirus. However, the VOA is time consuming and
resource intensive, therefore several alternative assays have been developed to bridge
the gap between practicality and accuracy. Whilst a cure for HIV-1 infection remains
elusive, recent advances in our understanding of the LR and methods for its eradication
have offered renewed hope regarding achieving ART free viral remission.

Keywords: HIV-1, persistence, latency, latent reservoir, DNA/RNA quantification

INTRODUCTION

Infection with human immunodeficiency virus type-1 (HIV-1) requires life-long adherence to
antiretroviral therapy (ART) due to the presence of latently infected cells that are central to viral
persistence and rebound viremia following ART interruption (Chun et al., 1997, 1998, 1999; Finzi
et al., 1997; Perelson et al., 1997; Wong et al., 1997; Davey et al., 1999; Rosenbloom et al., 2017).
HIV-1 primarily infects activated CD4 T cells, where genomic RNA is reverse transcribed into DNA
and stably integrated into the host genome. Integrated proviral DNA therein serves as the template
for HIV-1 gene expression and genomic RNA production, driven by T cell activation induced
transcription factors such as NF-kB (Liu et al., 1992; Kinoshita et al., 1998). The latent reservoir
(LR) is established when a small subset of activated CD4 T cells, harboring proviral DNA, revert
to a resting memory phenotype with reduced gene expression, rendering the cell non-permissive
for HIV-1 production but providing a sanctuary to evade the immune response and ART
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(Hermankova et al., 2003; Siliciano and Greene, 2011). The LR
is stable over long periods in therapy suppressed individuals;
the result of infection in naturally long-lived memory CD4T
cells that are continually replenished by clonal expansion and
homeostatic proliferation (Finzi et al., 1999; Siliciano et al.,
2003; Bailey et al., 2006; Chomont et al., 2009; Maldarelli et al.,
2014; Wagner et al., 2014; Cohn et al., 2015; Lorenzi et al.,
2016; Simonetti et al., 2016; Hosmane et al.,, 2017). Latently
infected cells therefore represent the principle barrier to an HIV-
1 cure and should be specifically targeted by novel treatment and
eradication strategies.

To date, an effective cure for HIV-1 infection has been
achieved twice via CCR5A32/A32 hematopoietic stem cell
transplantation and in both cases latently infected cells were
eliminated and replaced with HIV-1 resistant donor cells (Hutter
et al, 2009; Gupta et al, 2019). Whilst this method is not
feasible for widespread use, its repeated success proves the
principle that HIV-1 cure strategies must either eliminate
(sterilizing cure) or silence (functional cure) the LR. Proposed
cure strategies such as “shock and kill” aim to eliminate
the LR by utilizing latency reversing agents (LRAs) during
ART mediated virus suppression to drive expression of HIV-
1 from latently infected cells, exposing those cells to viral
cytopathic effects or immune clearance whilst limiting de
novo infections (Deeks, 2012). An alternative and conceptually
opposing method, “block and lock;” aims to reinforce viral latency
and therefore maintain the provirus in an inactivate state in
the absence of ART (Mousseau et al, 2015; Méndez et al,
2018). Additionally, therapeutic vaccination based approaches
aim to silence the LR by inducing strong HIV-1 specific T
cell responses to aid immune control of the infection following
ART cessation (Mylvaganam et al., 2015; Pantaleo and Levy,
2016).

Measuring the success of HIV-1 cure and vaccine strategies
requires highly sensitive and accurate assays and there is
currently no consensus as to the most appropriate method to
utilize. Several technical challenges limit the ability to measure
accurately the size of the LR, including the paucity of cells
infected with replication competent provirus and the vast
heterogeneity of the HIV-1 genome. Culture based assays such as
the viral outgrowth assay (VOA) are routinely used to measure
the LR but are labor and resource intensive and invariably
underestimate the size of the replication competent reservoir (Ho
et al., 2013; Bruner et al., 2015). Conversely, PCR based assays
offer a more practical approach to proviral quantification but
overestimate the size of the LR by indiscriminately measuring
defective viral genomes that predominate the in vivo landscape
(Ho et al., 2013).

Despite the success of ART in reducing HIV-1 associated
mortality, the global burden of the disease necessitates the urgent
development of a cure or vaccine and both understanding and
accurately measuring the LR is crucial in the path toward HIV-
1 eradication. In this review, we will focus on the mechanisms
that facilitate the establishment and maintenance of the HIV-1
LR, some of the prominent methods proposed to achieve a cure
and the developments and challenges on the way to measuring
their success.

THE LATENT RESERVOIR

Establishing Latency
The HIV-1 LR can be defined as the fraction of cells harboring
transcriptionally silent proviral DNA that are capable of
producing infectious virions following activation (Eisele and
Siliciano, 2012). Resting memory CD4 T cells are the primary
host of the LR but HIV-1 infection in these cells is inefficient
due their low co-receptor expression and inherent restrictions to
reverse transcription (Pierson et al., 2000; Baldauf et al., 2012).
Nevertheless, there is evidence that HIV-1 can infect resting
CD4T cells directly or via cell-to-cell transmission, though
infection in these cells is associated with slower replication
kinetics (Swiggard et al., 2004, 2005; Agosto et al., 2007, 2018;
Plesa et al., 2007; Vatakis et al., 2007; Lassen et al., 2012).
Alternatively, latency is established when a subset of infected,
activated CD4 T cells revert to a resting memory phenotype,
effectively silencing viral gene expression whilst sustaining the
proviral DNA long-term (Chun et al., 1995). The provirus is
maintained in a quiescent state in these cells via host factors such
as epigenetic suppression, depletion of transcription factors such
as NF-«kB and transcriptional interference due to integration into
expressed genes, reviewed in more detail (Cary et al,, 2016).
Amongst the pool of viral genomes integrated into host cells,
only a small fraction are replication competent and therefore
capable of producing infectious HIV-1 virions following T cell
activation (Sanchez et al., 1997; Ho et al., 2013; Bruner et al., 2016;
Imamichia et al., 2016). Instead, the majority of the reservoir
exists as defective provirus, unable to support HIV-1 infection
due to deletions, insertions and hypermutation introduced into
the genome during reverse transcription (Ho et al., 2013; Bruner
et al., 2016). Despite this, viral rebound from the LR following
ART cessation is rapid, leading to detectable viremia within
weeks of therapy interruption (Chun et al., 1999; Davey et al,,
1999). Additionally, initiating ART early in infection is not
sufficient to stop the formation of the LR, suggesting the LR is
established and disseminated early (Chun et al., 1998; Whitney
et al., 2014; Colby et al., 2018), even in vertically infected
children that started ART soon after birth (Persaud et al., 2013;
Ananworanich and Robb, 2014; Giacomet et al., 2014; Tagarro
et al., 2018).

Maintaining the Reservoir

The half-life of the LR is estimated to be 3.6 years in patients
with sustained viral suppression, meaning that eradication of
the LR is not possible within a lifetime and adherence to ART
must therefore be lifelong (Siliciano et al., 2003; Crooks et al.,
2015). The natural longevity of memory T cells contributes to the
persistence of the LR, however, its long-term stability indicates
that this pool of cells is continually replenished notwithstanding
effective ART. Two mechanisms have been proposed as drivers
of LR maintenance: ongoing virus replication in anatomical
compartments with sub-optimal drug concentrations and/or
clonal expansion of latently infected cells (Sengupta and
Siliciano, 2018). Ongoing replication of HIV-1 would lead
to the accumulation of genetically diverse HIV-1 provirus,
integrated into various positions of the host genome, therefore,

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

April 2020 | Volume 10 | Article 134


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Thomas et al.

Measuring HIV-1 Cure

researchers have monitored viral evolution and integration sites
in ART suppressed patients to determine the mechanism of
LR propagation. Separate studies have demonstrated a high
proportion of genetically indistinct viral genomes, as well
as identical integration sites recovered from different cells,
indicating that these cells must arise from proliferation as appose
to subsequent HIV-1 replication (Josefsson et al., 2013; Wagner
et al, 2013, 2014; Maldarelli et al., 2014; von Stockenstrom
et al,, 2015; Wang Z. et al.,, 2018). Indeed, memory T cells are
maintained by homeostatic proliferation in response to IL-7, and
several studies have shown that this process drives LR persistence
without inducing HIV-1 gene expression (Agosto et al., 2007;
Chomont et al., 2009; Archin et al., 2012). These studies, however,
do not demonstrate that the expanded viral clones are replication
competent and therefore, their contribution to HIV-1 persistence
is unclear. One study, in fact, revealed that of a population
of 75 expanded clones, none of the proviral sequences were
found to be replication competent (Cohn et al., 2015). To
address this, researchers have utilized full-length sequencing
approaches to demonstrate that within the replication competent
proviral pool, 55-60% of viral genomes had identical sequences
in different cells (Lorenzi et al., 2016; Hosmane et al., 2017).
Further, a recent longitudinal analysis revealed that rebound
viremia matched archival provirus that was present prior to ART
initiation and during long term ART suppression (De Scheerder
et al., 2019). Taken together, these studies indicate that cellular
expansions play a key role in the maintenance of the replication
competent viral reservoir in long-term therapy suppressed
patients, providing a clear mechanism for HIV-1 persistence and
a source of rebound viremia following ART cessation.

On the other hand, the contribution of low-level virus
replication in anatomical compartments with sub-optimal drug
concentrations, such as lymph nodes (LN), to LR maintenance is
a topic of continued debate (Fletcher et al., 2014; Fukazawa et al.,
2015; Lorenzo-Redondo et al., 2016; Nolan et al., 2017; Bozzi
et al., 2019). Generally, most studies demonstrate little evidence
of provirus evolution in ART suppressed patients, refuting the
likelihood that ongoing replication is continually seeding the
reservoir (Bailey et al., 2006; Chomont et al., 2009; Josefsson
et al,, 2013; Hiener et al.,, 2017; Lee et al.,, 2017; Van Zyl et al,,
2017; Bozzi et al., 2019; De Scheerder et al., 2019). Additionally,
ART intensification studies have been unable to reduce low-level
viremia, suggesting that this phenomena is a result of stochastic
activation of latently infected cells, rather than continued
rounds of replication (Dinoso et al., 2009; McMahon et al,
2010; Anderson et al., 2011; Gandhi et al., 2012). Nevertheless,
evidence from various studies has supported the hypothesis
that ongoing replication takes place notwithstanding suppressive
ART. Intensification of the integrase inhibitor raltegravir, for
example, led to transient increases in 2-LTR circular DNA which,
as products of failed integration events, suggests inhibition of
new infections (Buzon et al., 2010; Hatano et al., 2013; Puertas
et al., 2018). Further, evidence of virus evolution within the
LN of therapy suppressed patients was also suggested as an
indication of ongoing replication (Lorenzo-Redondo et al., 2016).
However, two groups have reported that this is instead an
artifact of rapidly decaying viral species associated with early

antiretroviral treatment (Kearney et al., 2017; Rosenbloom et al.,
2017).

The Hosts of the Reservoir

Critical to the elimination of HIV-1 is the elucidation of the
specific anatomical and cellular reservoirs of HIV-1. Various
differentiation states of CD4 T cells appear to play important
roles in the establishment and maintenance of the LR as well
as viral recrudescence following ART interruption (Buzon et al.,
2014; Kulpa and Chomont, 2015; Banga et al., 2016; De Scheerder
et al., 2019; Falcinelli et al., 2019). As discussed above, the
LR is primarily hosted in memory CD4T cells, specifically,
central (Tcm), transitional (Try), effector memory (Tgm), and
memory stem (Tscy) cells, although the exact contribution
of each cell type to the replication competent reservoir is
still to be determined (Chomont et al., 2009; Buzon et al.,
2014; Soriano-Sarabia et al, 2014; Banga et al., 2016, 2018;
Kwon et al., 2020). Recently, CD324+ CD4T cells have been
proposed to be a major host of the LR, whereby selection
of this cell population resulted in significant enrichment of
inducible provirus (Descours et al., 2017; Darcis et al., 2020).
Conlflicting reports, however, have failed to replicate this finding
and the contribution of CD32+ CD4 T cells to HIV-1 persistence
and rebound remains controversial (Abdel-Mohsen et al., 2018;
Badia et al., 2018; Bertagnolli et al., 2018; Martin et al., 2018;
Osuna et al., 2018; Pérez et al., 2018). Nonetheless, the use of
CD32 as a marker of latent infection is a topic of particular
interest and may provide a mechanism by which the LR can be
specifically targeted.

As well as categorizing cells based on their differentiation
state, these cells can also be subdivided based on their functional
properties. Accordingly, specific CD4 functional sub-sets, such as
regulatory T cells (Treg), Th17 cells and follicular T helper cells
(Tg,) are now being characterized in more detail to determine
which cells are the primary contributor to HIV-1 latency. Treg
cells modulate the immune response through regulation of T cell
proliferation and differentiation whilst Th17 cells are critical to
maintaining mucosal immunity via secretion of IL-17 and the
balance of these two cell subsets is therefore critical in providing
effective immune function (Valverde-Villegas et al., 2015). Both
Treg and Th17 cells have been shown to harbor a high proportion
of the LR in therapy suppressed patients and as such, may be
an important target in HIV-1 cure efforts (Tran et al, 2008;
Alvarez et al., 2013; Sun et al., 2015; Christensen-Quick et al.,
2016; Caruso et al., 2019).

Due to the inherent difficulty of sampling from tissues, most
LR studies are based on the analysis of peripheral blood. In
recent years, more research has focused on studying anatomical
reservoirs such as lymph nodes (LN) and gut associated lymphoid
tissue (GALT), as these sites are enriched in activated CD4 T
cells (Chun et al., 2008; Di Mascio et al., 2009; Yukl et al., 2010;
Churchill et al., 2016). Follicular T helper cells (Tg,), resident
within the B cell follicle of LN have recently been identified as
a major host of the replication competent viral reservoir (Buzon
et al., 2014; Banga et al., 2016, 2019). These studies demonstrate
the importance of individual anatomical and cellular hosts of the
LR to HIV-1 persistence and highlight that HIV-1 eradication
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studies will need to not only target these sites, but also efficiently
and specifically measure the LR within these compartments.

In addition to lymphocytes, a number of other cells types
such as macrophages and plasmacytoid dendritic cells (pDCs)
are potential hosts of the LR, and despite being infected at a
lower frequency, may play an important role in viral persistence
(Centlivre et al., 2011). Studies suggest that macrophages
infected with HIV-1 are resistant to cell mediated immune
clearance as well as virus induced cell death and may therefore
represent a significant hurdle to cure (Swingler et al., 2007;
Clayton et al., 2018). Further, replication competent provirus has
recently been recovered from macrophages in long-term ART
suppressed patients, indicating that cure strategies targeting only
lymphocytes may not be sufficient (Ganor et al., 2019). Infection
of macrophages with HIV-1 can facilitate entry of virus into
anatomical sanctuary sites such as the brain and central nervous
system (CNS), therefore providing an additional barrier to HIV-1
eradication (Castellano et al., 2017; Wong et al., 2019).

HIV-1 CURE STRATEGIES

Progress Toward a Cure

The progress toward the development of a functional or
sterilizing cure for HIV-1 has been significantly hindered by
the presence of the LR. Currently, two people have been cured
of HIV-1 infection, the so-called Berlin and London patients,
who since receiving allogenic stem cell transplantations from
CCR5A32/A32 donors, have consistently tested negative for
viral rebound for over 10 and 2 years, respectively, without
ART (Hutter et al., 2009; Gupta et al., 2019). In these cases,
the infected cell pool was significantly depleted during pre-
transplant conditioning and replaced with donor cells that are
resistant to infection with R5-tropic virus due a large deletion
in the CCR5 co-receptor (Liu et al., 1996). Due to the relative
paucity of CCR5A32/A32 donors and the unique circumstances
predetermining these cases, this type of cure is not feasible for
widespread use, it does however emphasize the basic principle of
HIV-1 cure; silence or eradicate the HIV-1 LR.

Shock and Kill

One of the most prominent approaches to achieve HIV-1 cure
is “shock and kill”; the use of latency reversing agents (LRAs) to
induce viral gene expression and productive infection in latently
infected cells, exposing those cells to immune clearance or the
viral cytopathic effect with the aim of reducing the size of the
LR and limiting viral rebound (Figure 1; Deeks, 2012). A major
challenge in this approach is the ability to achieve broad and
efficient latency reversal without eliciting toxic side effects or
global immune activation. Early latency reversal studies that
utilized interleukin-2 (IL-2) to induce HIV-1 activation produced
a toxic “cytokine storm” response and did not sufficiently
reduce the size of the LR when the dosage was lowered to
safer levels (Prins et al., 1999; Lafeuillade et al., 2001). Instead,
novel LRAs induce HIV-1 gene expression either by activating
cellular transcription factors, such as NF-kB, or by altering the
chromatin structure of the integrated provirus. In their review,
Abner and Jordan extensively list published LRAs and categorize

them into six groups based on their mechanism of action
as follows: histone post-translational modification modulators,
non-histone chromatin modulators, NF-kB stimulators, TLR
agonists, extracellular stimulators, and a miscellaneous category
of unique cellular mechanisms (Abner and Jordan, 2019).

Some of the prominent LRAs currently in use in ongoing
clinical trials include histone deacetylate inhibitors (HDACI)
and histone methyltransferases inhibitors (HMTi), which induce
HIV-1 expression by reversing epigenetic silencing (Lehrman
et al., 2005; Agosto et al, 2007; Archin et al., 2012, 2014a;
Delagreverie et al.,, 2016; Aid et al., 2018; Abner and Jordan,
2019). Alternatively, protein kinase C (PKC) agonists (Williams
et al., 2004; Perez et al., 2010; Marsden et al., 2018) and CCR5
agonists (Lopez-Huertas et al., 2017; Madrid-Elena et al., 2018)
stimulate latent HIV-1 by activating NF-kB. The use of toll
like receptor (TLR) agonists as LRAs has also been explored,
as they stimulate immune signaling pathways, leading to HIV-
1 expression (Thibault et al., 2009; Novis et al., 2013; Alvarez-
Carbonell et al., 2017). As an alternative to conventional LRAs,
the use of a polyvalent HIV-1 vaccine has been proposed as
a potential candidate to initiate latency reversal, based on the
rationale that latently infected CD4 T cells express HIV-1 specific
T cell receptors (TCR) and are therefore activated by HIV-1
antigen presentation (Pankrac et al., 2017). These molecules have
so far resulted in modest viral activation in vivo, however, two
recent studies have demonstrated potent and persistent latency
reversal in mouse and SIV models in multiple tissues as well
as peripheral blood: one utilized a LRA that activates the non-
canonical NF-kB pathway (Nixon et al., 2020) and the other
combined CD8 T cell depletion with IL-15 stimulation (McBrien
etal., 2020). Evidence suggests that the capacity of different LRAs
to activate HIV-1 gene expression is varied amongst different
CDA4T cell subsets due to the diversity of the mechanisms that
drive viral latency across these subsets (Grau-Exposito et al.,
2019; Pardons et al., 2019b). Combinations of LRAs could
therefore conceivably elicit more global reactivation by acting
on different mechanisms that enforce viral latency, and synergy
between multiple combinations of LRAs has so far been identified
in vitro (Darcis et al., 2015; Jiang et al., 2015; Albert et al,
2017; Zaikos et al., 2018; Abner and Jordan, 2019; McBrien
et al,, 2020; van der Sluis et al., 2020). Nevertheless, achieving
global reactivation of HIV-1 from latently infected cells is only
part of the challenge; these cells must also be efficiently killed,
either by the viral cytopathic effect or by cytotoxic T lymphocyte
(CTL) mediated immune clearance. Currently, studies that have
achieved latency reversal in vivo have failed to reduce the LR
or increase the time to viral rebound (Xing et al., 2011; Doyon
et al.,, 2013; Archin et al., 2014a,b, 2017; Elliott et al., 2015),
indicating a deficiency in the clearance of infected cells. This
impairment of the “kill” response may be due, in part, to loss of
HIV-1 specific CTL responses in long-term suppressed patients
(Chomont et al., 2018) that may need to be restored in order to
achieve sufficient clearance of infected cells (Shan et al., 2012).
Importantly, LRAs that activate HIV-1 mRNA expression may
not be sufficient to induce the production of viral proteins or
infectious virions, and therefore the presentation of viral antigens
to CTLs via major histocompatibility complex class 1 (MHC-1)

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

10

April 2020 | Volume 10 | Article 134


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Thomas et al.

Measuring HIV-1 Cure

Shock and Kill

Latent reservoir

Lock In and Apoptosis

Latent reservoir

siRNA/
Tat inhibitor

Block and Lock

Latent reservoir

cells represent HIV-1 latently infected cells).

CTL Response

ART blocks
infection

Pr55928 |nhibition

Apoptosis

Latency maintained

FIGURE 1 | Different strategies for HIV-1 cure. From top to bottom. Shock and kill relies on reversal of latency using a range of different compounds including TLR
agonists and HDACIs, followed by CTL mediated cell clearance, whilst ART blocks new infections caused by virus release. Lock in and apoptosis utilizes latency
reversal agents, as well as a Pr55Gag inhibitor to block virus budding from the cell. The build-up of viral RNA and proteins leads to apoptosis of the infected cell. Block
and lock approaches aim to reinforce latency mechanisms by using siRNAs or Tat inhibitors to disrupt cellular epigenetic regulators or viral replication, respectively (red

may be limited (Clutton and Jones, 2018; Grau-Expésito et al.,
2019) Additionally, treatment with LRAs may specifically inhibit
the clearance of infected cells, for example, HDACis have been
shown to impair CTL function and the LRA, disulfiram, may
induce an anti-apoptotic state that promotes cell survival despite
productive viral infection (Jones et al., 2014; Knights, 2017).
Interestingly, the recent finding that CD8T depletion could
significantly enhance latency reversal indicates that CD8 T cells
may block HIV-1 reactivation by LRAs (McBrien et al., 2020).
These findings emphasize the need for a more specific and
potent “kill” function, such as LRAs that enhance the clearance
of infected cells or combinations of treatment strategies to aid
CTL function. To this end, TLR agonists offer promise due to
their ability to induce a broad anti-viral response, simultaneously
activating virus production and priming immune clearance of
HIV-1 infected cells (Borducchi et al., 2016; Tsai et al., 2017; Lim
etal., 2018; Macedo et al., 2018). To circumvent the need for CTL

mediated cell clearance altogether, an alternative approach is to
block the release of virions and induce apoptosis of the infected
cell (Tateishi et al.,, 2017). In this method, a novel compound
is used to inhibit HIV-1 Pr559%, blocking virus budding and
leading to a build-up of viral products and subsequent apoptosis
of the infected cell (Figure 1; Tateishi et al., 2017).

Block and Lock

Recently, a novel cure strategy has been proposed that, rather
than inducing latency reversal, aims to reinforce latency to
prevent viral rebound following ART interruption (Figure 1;
Mousseau et al., 2015; Méndez et al., 2018). The so called “block
and lock” approach utilizes small interfering RNAs (siRNAs)
to induce transcriptional gene silencing (TGS) by disrupting
the regulation of chromatin structure, thereby preserving the
epigenetic mechanisms that maintain HIV-1 latency (Suzuki
et al., 2008; Ahlenstiel et al., 2015; Méndez et al., 2018).
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Alternatively, latency may be enforced by the targeted inhibition
of the HIV-1 positive regulator, Tat, to lock the viral replication
cycle at transcription (Mousseau et al., 2015). Whilst these
approaches offer a conceptual alternative cure mechanism to
“shock and kill;” their development is still in preliminary stages
and is yet to be tested in human trials.

Gene Editing

The rise to prominence of gene editing tools such as CRISPR-
Cas9 and zinc-finger nucleases (ZFN) has led to increased hope
of a HIV-1 cure by targeting various host or viral genes to
induce host resistance, enforce viral latency or silence integrated
provirus. Gene editing approaches have the advantage of highly
specific gene targeting, so unlike LRAs, can produce the desired
outcome without global physiological impact. Nevertheless, oft-
target effects have been observed in a number of studies and
may affect the safety of these methods (Kimberland et al., 2018).
So far, the potential of ZFN targeted editing of host CCR5,
to induce partial genetic resistance to HIV-1, has been tested
in a clinical trial (Tebas et al., 2014). Most research, however,
has focused on the use of CRISPR-Cas9 for its relatively simple
approach and a number of studies have demonstrated its use in
CCR5 or CXCR4 gene editing to induce host cell resistance to
HIV-1 (Wang et al., 2014, 2017; Xu et al., 2017). This approach
may also be used to specifically knockout or attenuate the HIV-
1 provirus, for example, by targeting the LTR to disrupt viral
gene expression or excise the integrated genome (Ebina et al.,
2013; Hu et al, 2014; Kaminski et al., 2016; Lebbink et al.,
2017; Yin et al,, 2017; Bella et al., 2018; Wang Q. et al., 2018).
Alternatively, various positions of the latent provirus could be
targeted by CRISPR-Cas9 to induce multiple non-homologous
end joining (NHE]) associated indels that deactivate the virus
through frame shift mutation (Liao et al, 2015; Ueda et al.,
2016; Wang et al, 2016; Ophinni et al, 2018). Additionally,
recent work has shown that, in combination with a novel drug
delivery system, CRISPR-Cas9 directed editing of proviral DNA
could effectively eliminate HIV-1 infection in mouse models
(Dash et al., 2019). This technology could feasibly be used to
target myriad steps in the viral replication cycle, however, its
major limitation is its delivery, requiring viral vectors or lipid
compounds, as reviewed (Xiao et al., 2019). To achieve clinically
significant effects, the majority, if not all of the LR will need to
be affected, which is a major challenge considering the array of
anatomical compartments which host a significant proportion of
latently infected cells.

Therapeutic Vaccination

Rebound viremia from latently infected cells is detectable within
weeks of ART interruption, though the exact cellular and
anatomical source of this rebound varies between patients (De
Scheerder et al, 2019). Therefore, rather than targeting this
elusive source, therapeutic vaccination aims to eliminate or
significantly diminish rebound viremia by priming the host
immune response to HIV-1, thereby achieving a “functional
cure.” In therapeutic vaccine trials, the vaccine regimen is
administered during sustained ART mediated viral suppression,
followed by a period of ART interruption, during which vaccine

efficacy can be assessed by measuring time to viral rebound, size
of the LR and the profile of the host immune response.

Therapeutic vaccines may aim to elicit narrow CTL responses
to specific HIV-1 proteins, such as Gag, though the success of
these approaches may be impeded by the re-emergence of CTL
escape mutants that were established during primary infection
(Schooley et al., 2010; Pollard et al., 2014; Deng et al., 2015).
Alternatively, vaccines designed to generate a broader anti-HIV-
1 immune response may be more effective. To this end, several
studies have used a dendritic cell (DC) based vaccine, in which
autologous DCs are pulsed with inactivated HIV-1, or transfected
to produce viral proteins, with the aim of generating DCs that can
efficiently stimulate T cell responses (Garcia et al., 2011; Gandhi
et al., 2016; Gay et al., 2017b). Further, a vaccine that expresses
multiple HIV-1 proteins may be used to induce a multivalent
immune response, and previous studies combining such vaccines
with IL-2 to boost T cell survival have demonstrated moderate
success, with increased time to viral rebound associated with
HIV-1 specific T cell responses in vaccinated participants (Lévy
et al., 2005, 2006). Of note, a recent report has demonstrated
continual decreases in the proviral reservoir as well as recovery of
immune function following Tat based immunization, signifying
that therapeutic vaccination can improve the immune response
to HIV-1 (Sgadari et al., 2019).

Despite the promise of vaccine-based approaches, no study
has yet induced sustained viral remission in vaccinated patients
and in their recent analysis, Davenport et al. suggest that,
even with highly efficacious vaccines that block 80% of viral
reactivations, rebound viremia would likely emerge within 5
weeks following ART interruption (Davenport et al., 2019). This
suggests that therapeutic vaccination alone may not be sufficient
to cure HIV-1 infection and that instead, combinations of cure
strategies may be more effective. For example, considering that
“shock and kill” strategies have so far failed to achieve meaningful
reduction in the LR, combining these strategies with therapeutic
vaccination may increase the efficacy of each treatment. Indeed,
this principle was tested in a clinical trial where Gag based
vaccination was followed by HDCAi latency reversal and though
this study was able to significantly reduce the LR, rebound
viremia was measured within 2 weeks (Leth et al., 2016; Tapia
etal., 2017).

Novel Cure Strategies

Several novel approaches to induce sustained viral remission
in treated patients have been proposed. One such method
utilizes the relatively new discovery that exhausted CD4 T cells
expressing immune checkpoint (IC) makers such as PD1 and
CTLA-4, are a major reservoir of replication competent provirus
(Banga et al., 2016; Fromentin et al., 2016; Castellano et al,,
2017; McGary et al.,, 2017). IC markers are inhibitory receptors
expressed by T cells in response to chronic viral infection
to attenuate their effector function and limit tissue damage
associated with long term immune activation (Boyer and Palmer,
2018). Cells expressing these markers, that are enriched in latent
provirus, could therefore be specifically targeted for drug delivery
or clearance using PD1, CTLA-4, or PD-L1 antibodies (Pantaleo
and Levy, 2016; Gay et al., 2017a; Boyer and Palmer, 2018). To
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this end, several studies have demonstrated that IC blockade
can inhibit the establishment of latency in vitro and aid latency
reversal in vivo, revealing its potential as an HIV-1 therapeutic
(McManamy et al.,, 2014; Gay et al., 2017a; Evans et al., 2018;
Fromentin et al., 2019; van der Sluis et al., 2020).

Alternatively, following the success of chimeric antigen
receptor T cells (CAR-T) in cancer therapy, their potential to
treat HIV-1 is the subject of ongoing research. CAR-T cells
are autologous T cells genetically engineered to express disease
specific antibodies linked to an intracellular T cell receptor
domain; therefore, when re-administered to the patient can direct
the CTL response to cells expressing the disease epitope (Wagner,
2018). As such, this technology could be used to direct CTL
mediated clearance of HIV-1 infected cells, aiding control of
the virus in the absence of therapy. Currently, several studies
using anti-HIV-1 CAR-T cells have demonstrated virus-clearing
function in vitro (Sahu et al., 2013; Liu et al., 2015; Ali et al,,
2016; Hale et al., 2017; Sung et al., 2018). More recently, a multi-
specific CAR-T cell demonstrated potent clearance of HIV-1
infected cells in a humanized mouse model (Anthony-Gonda
et al,, 2019). The use of CAR-T cells is therefore an exciting
new prospect in HIV-1 therapeutics and may work synergistically
with LRAs to add more killing power into the “shock and
kill” approach.

As discussed earlier, myeloid cells such as macrophages
are known to support virus replication and may represent
an additional barrier to HIV-1 cure. The use of “shock and
kill” may not be effective against these cellular reservoir as
they are refractory to CTL mediated immune clearance and
the viral cytopathic effect (Swingler et al, 2007; Clayton
et al.,, 2018). To address this, researchers have demonstrated
differential expression of an anti-apoptotic, long non-coding
RNA (IncRNA) that promotes survival of HIV-1 infected
macrophages (Boliar et al., 2019). This study also showed
that inhibition of this IncRNA with small interfering RNAs
(siRNAs) could induce apoptosis in HIV-1 infected macrophages,
indicating the potential of targeting IncRNAs as a novel
therapeutic approach to aid the clearance of the LR in all cell
types (Boliar et al., 2019).

ASSAYS TO MEASURE THE SUCCESS OF
HIV-1 CURE

Viral Outgrowth Assay

Assessing the efficacy of HIV-1 cure and vaccine trials requires
assays that reproducibly measure different virological markers
to estimate the size of the LR with limited error. This is
inherently challenging because of the relatively low abundance
of latently infected cells and the heterogeneity of the HIV-
1 genome, though several assays have been developed to this
end (Table 1). Additionally, very few proviruses can generate
infectious virions following activation and it is difficult to
quantify specifically the replication competent reservoir. The
standard assay used to measure intact provirus is the functional
viral outgrowth assay (VOA) (Figure2; Finzi et al., 1997,
1999; Siliciano and Siliciano, 2005). In this assay, limiting

dilutions of CD4T cells are stimulated to reverse latency and
drive HIV-1 expression from integrated provirus. Activation of
CD4T cells is most commonly achieved via the addition of
phytohemagglutinin (PHA) and CD8 T cell depleted PBMCs or
by incubation with anti-CD28/CD3 antibodies (Wong et al,
1997; Finzi et al., 1999; Siliciano and Siliciano, 2005; Laird
et al., 2013; Bruner et al., 2015). Following activation, viral
outgrowth is supported by incubation with CD4T cells from
HIV-1 negative donors for 2-3 weeks and measured via
the detection of p24 capsid antigen ELISA. Cell positive for
exponential viral replication are quantified and the frequency of
cells latently infected with intact provirus is determined based on
Poisson distribution and expressed as infectious units per million
(IUPM) cells (Siliciano and Siliciano, 2005; Rosenbloom et al.,
2015).

The original VOA provides high specificity for intact provirus
but is limited by the large sample volume required, high
resource cost and is susceptible to donor variation due to
virus propagation in primary CD4T cells (Bruner et al., 2015;
Massanella and Richman, 2016). Several improvements of the
VOA have attempted to overcome these limitations, including
the use of continuous cell lines to improve reproducibility (Laird
et al, 2013; Fun et al.,, 2017; Badia et al., 2018; Massanella et al.,
2018) the use of RT PCR to detect HIV-1 RNA reducing time
to read out (Laird et al., 2013) or utilizing improved p24 ELISA
to increase sensitivity (Passaes et al., 2017). Recently, a novel
improvement of the VOA has been described in which CD4T
cells are differentiated into effector cells to promote expression
of HIV-1, enhancing cell activation and thereby increasing the
sensitivity of the assay (Wonderlich et al., 2019). Additionally,
an in vivo VOA, whereby humanized mouse models are used to
support viral outgrowth, has been shown to increase sensitivity
and detect virus replication in samples that were previously
negative when quantified using traditional VOA (Metcalf Pate
et al., 2015; Charlins et al., 2017).

The ability to distinguish intact and defective provirus has
made the VOA assay the gold standard method to measure the
LR, thought this assay underestimates the size of the intact LR
by ~25 to 60-fold (Ho et al., 2013; Bruner et al., 2016). Genetic
characterization of cells negative for viral outgrowth has revealed
the presence of intact provirus, within active transcription units
that is capable of generating replication competent virions
following successive rounds of PHA stimulation (Ho et al., 2013;
Hosmane et al., 2017). The mechanism underpinning the initial
failure of these cells to generate viral outgrowth is likely the
result of the stochastic nature of virus activation (Weinberger
and Weinberger, 2013), nevertheless, their presence indicates an
additional hurdle in both eradicating the LR and assessing the
efficacy of eradication strategies. Of note, an extensive analysis
of VOA performance using the same samples across different
labs has indicated significant variability of results both within
batches and between labs that is more pronounced in lower
IUPM samples (Rosenbloom et al., 2019). This finding may
have significant implications for HIV-1 cure research, where
small differences in the replication competent reservoir must be
accurately and reproducibly measured to assess the efficacy of
therapeutic interventions.
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TABLE 1 | Different methods used to measure the latent reservoir.

Assay

Advantages

Disadvantages

Examples

Viral outgrowth
assay (VOA)

Total HIV-1
DNA gPCR

Integrated
HIV-1 DNA

Digital PCR

Cell associated
RNA

TILDA

ISH and flow

cytometry

IPDA

Q4PCR

Stimulated patient CD4 T cells in
limiting dilution grown with donor
cells and outgrowth measured

Measures proviral DNA from cell
extracts using primers/probes in
conserved regions, primarily
within the LTR

Specifically measures only
integrated provirus using a primer
specific to HIV-1 and to Alu
sequences randomly dispersed in
the human genome

Measures frequency of proviral
DNA (integrated, total or circular)
by partitioning sample into limiting
dilutions and assigning partitions
either positive or negative

Measures all or different forms of
cell associated RNA with the
rationale that it is more likely to
measure replication competent
provirus than defective

Measures multiply spliced tat/rev
transcripts following stimulation of
CDAT cells plated in limiting
dilution

Measures mRNA and viral
proteins measured following T cell
activation

Multiplex digital PCR based assay
to measure intact provirus based
on the presence of two regions
that are frequently mutated in the
viral genome

Multiplex gPCR assay to assign
replication competency based on
presence of 4 genomic regions,
confirmed by next generation
sequencing if 2/4 are present

-Only measures replication
competent provirus

-Fast time from sample collection
to result

-Relatively inexpensive

-Small sample volume

-Can be used to detect different
DNA forms (2-LTR, integrated)

-Measures the LR by excluding
unintegrated DNA forms
-Fast and relatively inexpensive

-Eliminates the need for a
standard and so reduced bias
(especially useful for integrated
and 2-LTR circular DNA
quantifications)

-More sensitivity for replication
competent provirus

-Higher sensitivity for replication
competent provirus

-Faster, cheaper and less
resources needed than VOA

-Higher sensitivity for replication
competent provirus
-Simultaneously phenotype the
cells that host the reservoir

-Enables distinction between
intact and defective provirus
-Faster readout than viral
outgrowth assay

-Able to accurately distinguish
intact and defective provirus
-Filters out most defective
provirus before using expensive
sequencing

-Time consuming -Requires
large volumes of patient material
-Underestimate size of

the reservoir

-Cannot distinguish between
intact and defective provirus so
overestimates the reservoir
-Quantification relative to a
standard so prone to bias -Highly
specific and prone to error from
primer/template mismatches

-Distances between Alu and
HIV-1 means ~10% of
integrated provirus is measured
-Heterogeneous nature of
integration sites means standard
design is complex

-More expensive and less widely
available than standard

gPCR methods

-Suffers from false-positives
inherent to the method

-Setting thresholds to determine
distinguish truly positive and
negative partitions is difficult
-Cannot distinguish transcripts
that arise from replication
competent cells and defective
cells

Measured transcripts may arise
from defective proviral genomes

-Does not confirm that RNA or
proteins produced arise from
replication competent provirus

-Does not screen the whole
genome and may therefore miss
other deleterious mutations

-Relatively expensive method

Finzi et al., 1997

Siliciano and Siliciano, 2005
Laird et al., 2013

Bruner et al., 2015

Fun et al., 2017

Badia et al., 2018
Massanella et al., 2018
Wonderlich et al., 2019

Kostrikis et al., 2002
Beloukas et al., 2009

van der Sluis et al., 2013
Munir et al., 2013
Casabianca et al., 2014
Rouzioux et al., 2014
Vandergeeten et al., 2014
Thomas et al., 2019

Brussel et al., 2005

Yu et al., 2008

Liszewski et al., 2009
Brady et al., 2013

Agosto et al., 2007

De Spiegelaere et al., 2014
Vandergeeten et al., 2014
Lada et al., 2018

De Spiegelaere et al., 2014
Henrich et al., 2012

Strain et al., 2013
Malatinkova et al., 2015
Henrich et al., 2017

Lada et al., 2018

Archin et al., 2012
Pasternak et al., 2012
Shan et al., 2013

Cillo et al., 2014
Yucha et al., 2017
Massanella et al., 2018
Yukl et al., 2018

Procopio et al., 2015
Frank et al., 2019
Bertoldi et al., 2020

Graf et al., 2013

Baxter et al., 2016, 2017
Martrus et al., 2016
Grau-Expésito et al., 2017
Deleage et al., 2018
Pardons et al., 2019a

Bruner et al., 2019

Gaebler et al., 2019

The advantages and disadvantages of each approach as well as prominent examples.
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Sample of cells taken from
peripheral blood or anatomical
compartment
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FIGURE 2 | Comparison of assays that measure replication competent provirus specifically or all provirus. Cells for analysis come from either peripheral blood or from
anatomical compartments. From left to right: following DNA extraction, multiple HIV-1 DNA forms can be assayed by PCR based on the primer position. For
integrated HIV-1 DNA assays, a primer targeting repeated Alu sequences within the human genome are paired with a HIV-1 specific primer. Total HIV-1 DNA can be
measured by primers specific for regions within the viral genome, this is most commonly performed with primers targeting conserved regions within the LTR.
Non-integrated HIV-1 DNA forms such as 2-LTR and 1-LTR circular DNA can be measured by primers specific that will amplify junctions that are only present in these
DNA forms. The intact proviral DNA assay (IPDA) uses primers within the packaging signal () and env to determine replication competence. This assay also uses
primers targeting regions within the human genome to measure cell numbers and correct for DNA shearing. Replication competence is determined when both
sequences are present from ddPCR. The quadruplex PCR (Q4PCR) uses primers within W, env, gag, and pol to quantify provirus in limiting dilutions, and NGS is uses
to confirm replication competence in reactions with 2/4 of the sequences present. Cell based assays use purified cell samples to measure virus or RNA production
following stimulation. The viral outgrowth assay (VOA) uses limiting dilutions of CD4 T cells that are stimulated with PMA and irradiated PBMCs to induce viral gene
expression; viral outgrowth is supported by incubation with HIV-1 negative donor cells and measured by p24 ELISA, viral RNA or reverse transcriptase activity. Cell
associated (CA) RNA or tat/rev induced limiting dilution assays measure viral RNAs following HIV-1 activation, reducing time to read out when compared to the VOA.
Assays in blue shaded area are not specific for cells infected with replication competent provirus because viral DNA is measured indiscriminately. Assays in shaded
orange area are more specific for replication competent provirus, or in the case of the VOA, only measure replication competent provirus.

qPCR Based HIV-1 Quantification

Quantification of cell associated DNA by PCR provides a fast
and relatively inexpensive marker to measure the size of the
viral reservoir. HIV-1 DNA quantification methods rely on
amplification of short genomic regions and so cannot distinguish
intact and defective provirus and therefore vastly overestimate
the size of the LR (Figure2; Eriksson et al, 2013). Despite
this limitation, HIV-1 DNA quantification has been shown to
predict viral rebound (Williams et al., 2014) and offers the
potential to identify different DNA forms, such as integrated
HIV-1 DNA, non-integrated HIV-1 DNA (2-LTR and 1-LTR
circular forms) or both (total HIV-1 DNA) (Mexas et al., 2012;
Rouzioux and Avettand-Fenoél, 2018). Several factors affect the
specificity, accuracy and reproducibly of HIV-1 DNA assays
and as there is no standard method, meaningful comparison
between different studies is limited. Currently, most HIV-1 DNA
quantification assays utilize real-time quantitative PCR (qPCR)

to measure the abundance of HIV-1 DNA relative to a calibration
standard derived from cell lines harboring HIV-1 provirus. Cell
lines such as 8E5 and ACH2 are widely used as the source of
calibration DNA, though recent work has demonstrated that
HIV-1 integration into these cell lines is unstable, likely due
to ongoing replication, and their use may confound accurate
quantification and reproducibility between labs (Sunshine et al.,
2016; Wilburn et al., 2016; Busby et al., 2017; Symons et al., 2017;
Rutsaert et al., 2018b; Thomas et al., 2019). Recent analysis of
HIV-1 quantification methods has demonstrated the stability of
HIV-1 integration into J-Lat 10.6, a Jurkat cell latently infected
with full length, env deficient provirus, and suggested the use of
this cell line as the gold standard for HIV-1 DNA quantification
by qPCR (Sunshine et al., 2016; Thomas et al., 2019).

Another key determinant of the accuracy and specificity
of HIV-1 DNA quantification assays is the genomic location
at which the primers and probes anneal. The vast genetic
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variation of HIV-1 both within patients and across the epidemic
necessitates appropriate selection of oligonucleotides that can
efficiently amplify patient samples from a variety of sub-types
and circulating recombinant forms (CRFs). Prominent assays
have targeted various, highly conserved regions in the HIV-1
genome including gag (Kabamba-Mukadi et al., 2005; Kondo
et al,, 2009; Li et al., 2010) and pol (Désiré et al., 2001; Vitone
et al., 2005). Nevertheless, the LTR region has been increasingly
favored for HIV-1 DNA quantification because it is both highly
conserved and facilitates the distinction between all of the
various HIV-1 DNA forms (Kostrikis et al., 2002; Beloukas
et al, 2009; Munir et al, 2013; van der Sluis et al, 2013;
Casabianca et al., 2014; Rouzioux et al., 2014; Vandergeeten et al.,
2014). Recently, an extensive in silico analysis of published HIV-
1 DNA assays revealed substantial variation between different
methods, especially when comparing quantification of different
HIV-1 subtypes, and indicated the best performing assays for
quantification of diverse patient cohorts (Rutsaert et al., 2018b).

As discussed above, LTR based DNA assays can distinguish
different HIV-1 DNA forms. During HIV-1 replication, linear
unintegrated cDNA accumulates in the cell as well as abortive
DNA forms such as 1-LTR and 2-LTR circular DNA, which
are products of recombination events and interaction with host
DNA repair mechanisms (Sloan and Wainberg, 2011; Munir
et al,, 2013). Because 2-LTR circular forms arise from failed
integration, they are considered markers of recent infection
and their quantification may therefore provide insight into the
replication competent reservoir (Buzon et al., 2010; Hatano et al.,
2013; Kiselinova et al., 2016). Conflicting evidence, however,
suggests that these DNA forms may be persistent for long periods
in latently infected cells and the clinical relevance of 2-LTR
quantification remains controversial (Pierson et al., 2002).

To exclude unintegrated DNA forms from quantification, it is
possible to amplify specifically integrated provirus by targeting
an endogenous Alu sequence that are found randomly across
the human genome (Figure 2). Generally, Alu PCR assays utilize
a nested approach in which the junction between an HIV-
1 sequence and a human Alu sequence is amplified, followed
by qPCR with primers specific to HIV-1 (Brussel et al., 2005;
Agosto et al., 2007; Liszewski et al., 2009; Brady et al., 2013; De
Spiegelaere et al., 2014; Vandergeeten et al., 2014; Ruggiero et al.,
2017). Alu PCR remains the most common approach to measure
integrated HIV-1 DNA, though alternative methods have been
developed as reviewed here (Liszewski et al, 2009; Ruggiero
et al, 2017). Whilst the Alu PCR assay has been shown to
correlate well with the VOA (Eriksson et al., 2013), it is hindered
by limitations in accuracy and sensitivity that are inherent to
the method. The random dispersion of human Alu sequences,
as well as the heterogeneity of HIV-1 integration sites, means
that the sequence length between the Alu and HIV-1 specific
primers is unknown and variable; presenting several technical
challenges that may confound accurate quantification of proviral
DNA (Brady et al,, 2013). Cell lines used as quantification
standards, for example, are generally derived from clonal, latently
infected cells and therefore do not represent the random nature
of integration within a patient sample (Ruggiero et al., 2017).
To overcome this issue, researchers have developed a calibration

standard containing multiple integration sites to resemble more
closely the sample population (Agosto et al., 2007). Alternatively,
the reliance on a standard may be circumvented by the use of
repetitive sampling and absolute quantification based on Poisson
distribution (De Spiegelaere et al., 2014). Additionally, only
10% of integrated HIV-1 is detected by this assay because 90%
of integrated provirus is too far from an Alu sequence to be
exponentially amplified and a correction factor must therefore
be applied to the quantification (Agosto et al., 2007; Yu et al,,
2008; Liszewski et al., 2009; De Spiegelaere et al., 2014). Accuracy
is further limited by linear amplification of unintegrated HIV-
1 DNA, though the effect of this can be partially negated by
simultaneous pre-amplification with only the HIV-1 specific
primer to enable distinction between integrated and unintegrated
DNA (O'Doherty et al., 2002; Yu et al., 2008) or by pulsed-field
gel electrophoresis (PFGE) prior to amplification to remove low
molecular weight DNA (Lada et al., 2018). Despite its limitations
and owing to the various improvements made, quantification
integrated HIV-1 via Alu PCR is a powerful and high-throughput
method to quantify the LR. An improved Alu PCR assay, where
the HIV-1 LTR primer is closer to the integration junction
and therefore detects more integration events, is currently in
development (Personal Communication).

Digital Droplet PCR Based HIV-1

Quantification

As discussed above, the selection of an appropriate calibration
standard is required for quantification of HIV-1 DNA, however,
quantification relative to a standard is inherently biased.
Amplification efficiencies between the standard and the sample
must be equal to limit bias when quantifying relative to a
standard curve (Rutsaert et al., 2018a). Amplification efficiency is
affected by the DNA input per reaction, the presence of inhibitory
contaminants and, crucially for HIV-1 quantification, recent
work has shown that small mismatches between the primer
and target sequence significantly impair sample quantification
(Rutsaert et al,, 2018b; Thomas et al., 2019). Digital droplet
PCR (ddPCR) platforms mitigate these issues by facilitating
absolute quantification of a sample and as such, are becoming
increasingly popular in HIV-1 research and clinical trials. In
ddPCR, samples are randomly divided into multiple partitions
and separately amplified, after which each partition is deemed
positive or negative based on fluorescence above or below a
threshold and absolute quantification is determined based on
Poisson distribution (Hindson et al., 2011). In principle, the use
of ddPCR to eliminate the need for a standard reduces these
biases because each partition only needs to accumulate enough
fluorescence to be deemed positive, so factors that reduce PCR
efficiency should not impair the accuracy of quantification. The
major limitation of ddPCR, however, is the difficulty to accurately
determine the threshold above which a partition can be deemed
positive (Rutsaert et al., 2018a). Partitions in which intermediate
fluorescence is observed may be incorrectly assigned as positive
or negative if the threshold selection is not sufficiently robust
and a number of approaches to determine the threshold have
been developed to overcome this issue, reviewed in detail here
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(Rutsaert et al., 2018a). Additionally, even with robust threshold
selection, ddPCR is known to suffer from a high frequency of
false-positive results (Henrich et al,, 2012; Strain et al., 2013;
Kiselinova et al., 2014; Bosman et al., 2015; Trypsteen et al., 2015).
False-positives are likely the result of combined droplets resulting
in increased fluorescence or from DNA contamination that is
difficult to distinguish from truly positive samples (Henrich et al.,
2012; Strain et al., 2013; Kiselinova et al., 2014; Bosman et al.,
2015; Trypsteen et al., 2015). Despite these limitations, the use of
ddPCR has proven an invaluable tool for measuring HIV-1 DNA
and has been used successfully in various studies (De Spiegelaere
et al., 2014; Malatinkova et al., 2015; Henrich et al., 2017).

Bridging the Gap Between Culture and

PCR Based Assays

Given that the majority of HIV-1 DNA is replication deficient,
PCR based assays vastly overestimate the size of the latent
reservoir (Eriksson et al., 2013; Ho et al,, 2013). Conversely, the
VOA is known to underestimate the size of the LR due to the
presence of intact non-induced proviruses and so both methods
may confound the assessment of treatment and cure strategies
(Eriksson et al., 2013; Ho et al,, 2013). Several assays have been
developed with the aim to bridge the gap between these two types
of analyses by providing a fast and relatively inexpensive method
to specifically quantify only replication competent provirus. In
a method conceptually similar to the VOA, cell associated (CA)
HIV-1 RNA quantification following CD4 T cell activation has
been used to measure the size of the inducible LR (Figure 2;
Archin et al., 2012; Pasternak et al., 2012; Shan et al., 2013; Cillo
et al,, 2014; Yucha et al., 2017; Massanella et al., 2018; Yukl et al.,
2018). The measurement of CA RNA provides the opportunity
to quantify different transcripts and therefore, different stages
of the replication cycle that may be used as a surrogate for
measuring the size of the intact LR (Cillo et al., 2014; Massanella
et al.,, 2018; Pasternak and Berkhout, 2018; Yukl et al., 2018).
However, cells harboring defective provirus are still capable of
producing HIV-1 mRNA following T cell activation despite being
unable to generate infectious virions, and so these methods
are prone to false positive results (Hermankova et al., 2003;
Pasternak et al., 2009; Schmid et al., 2010; Cillo et al., 2014).
By measuring cell-free HIV-1 RNA from culture supernatant,
indicative of virus release from cells, as well as CA RNA, it is
possible to more closely predict replication competence (Cillo
et al., 2014; Massanella et al., 2018). In addition, a novel assay
has addressed this issue by specifically measuring tat/rev multiply
spliced mRNAs with the rationale that these transcripts are
rarely produced in cells with defective HIV-1 provirus (Figure 2;
Procopio et al., 2015; Frank et al., 2019; Bertoldi et al., 2020).
The tat/rev induced limiting dilution assay (TILDA) relies on
measurement of fat/rev transcripts from cells plated in limiting
dilution, following activation with phorbol 12-myristate 13-
acetate (PMA) and ionomycin (Procopio et al., 2015). Results
obtained from TILDA quantification correlated well with HIV-1
DNA quantification and measures the LR close to levels predicted
by Ho et al. (2013) and Procopio et al. (2015). This method,
however, did not significantly correlate with results obtained

from VOA and is still susceptible to overestimating the size of
the LR due to the possibility that these transcripts arise from cells
with defective HIV-1 genomes (Procopio et al., 2015).

Other groups have sought to quantify the replication
competent reservoir using in situ hybridization (ISH) and flow
cytometry to measure CA RNA or capsid p24 protein (Graf
et al., 2013; Baxter et al., 2016, 2017; Martrus et al., 2016; Grau-
Exposito et al., 2017; Deleage et al., 2018; Pardons et al., 2019a).
By combining flow cytometry based quantification of CA RNA
and p24 capsid protein, it is possible to measure provirus that is
capable of transcription as well as protein production, providing
a close surrogate for the measurement of the intact LR (Baxter
etal,, 2016, 2017, 2018; Martrus et al., 2016; Grau-Expdsito et al.,
2017; Puray-Chavez et al., 2017). An additional benefit of flow
cytometry based approaches is the opportunity to simultaneously
infer phenotypic characteristics of the cell populations that host
the replication competent reservoir, as reviewed (Baxter et al,
2018).

More recently, a novel assay known as the intact proviral
DNA assay (IPDA) has demonstrated the use of a multiplexed
ddPCR approach to measure the size of the intact LR based
on the presence of regions that are frequently mutated in
defective genomes (Figure 2; Bruner et al., 2019). In this assay,
intact and defective proviruses are separately quantified by
amplifying regions within the HIV-1 packaging signal (W)
and env and the presence or absence of these regions is
sufficient to distinguish 90% of defective genomes (Bruner et al.,
2019). By determining replication competence based on DNA
composition, this assay is not dependent on T cell stimulation
and is therefore not impaired by the presence of non-inducible,
intact proviruses that contribute to LR underestimation in the
VOA (Bruner et al, 2015, 2016). Despite this, the IPDA is
still only able to distinguish 90% of defective proviruses, with
mutations that occur in non-amplified regions counting toward
the quantification. Additionally, like all PCR based HIV-1 assays,
primer mismatches in target regions may result in false negative
quantifications. Similarly, Gaebler et al., recently described an
approach (Q4PCR) that uses multiplexed qPCR measurement
of four proviral regions; gag, pol, env, and ¥, followed by
next generation sequencing (NGS) of samples that are positive
for two out of four regions to confirm replication competence
(Figure 2; Gaebler et al.,, 2019). In comparison with IPDA, the
Q4PCR method offers increased accuracy to predict replication
competence due to a higher percentage of the viral genome being
interrogated and likely positive samples being validated via NGS
(Gaebler et al.,, 2019). Nevertheless, this increased sensitivity does
come with the increased cost and lower throughput associated
with NGS.

Previously, full-length sequencing of proviral DNA has
provided invaluable insight into the composition of the LR (Ho
et al., 2013) but the methods used are time consuming and
technically challenging. The advent of various NGS technologies,
however, has also paved the way for novel methods to
measure the HIV-1 LR with relative ease and high throughput
(Lambrechts et al., 2020). The use of Illumina based sequencing
techniques has so far been used in LR studies to measure full-
length, individual proviral sequences, helping to elucidate the
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driving force of LR persistence and latency maintenance (Hiener
et al., 2017; Lee et al., 2017; Einkauf et al., 2019). Further,
the emergence of NGS technologies that can sequence long-
reads, such as PacBio’s SMRT Sequencing and Oxford Nanopore’s
MinION, may be employed to measure full-length proviral
genomes or variant transcript forms from patient samples and
are likely to lead to advances in our understanding of the LR.

CONCLUSIONS

The use of antiretroviral therapy has succeeded in reducing
HIV-1 mortality but cannot eliminate the virus due to the
persistent and stable LR. The global disease burden, equating
to ~36 million infected individuals of which ~22 million have
access to ART, warrants the continued search for a therapeutic
approach that can either eliminate the virus or induce sustained
viral remission in the absence of therapy (Sung et al, 2018).
Recent advances in our understanding of the LR, its cellular
and anatomical hosts and the mechanisms that facilitate its
long-term persistence have contributed to renewed hope of a
curative intervention for HIV-1 infection. Generally, an HIV-1
cure should eliminate the possibility of viral rebound following
treatment interruption, and this relies on drastic reduction in
the LR and efficient immune mediated clearance of HIV-1
infected cells.

Currently, several approaches for HIV-1 cure have been
proposed and trialed to varying degrees of success. One of
the most prominent cure strategies, “shock and kill,” has
demonstrated virus reactivation in vivo, but has been unable
to lead to a meaningful increase in the time to viral rebound;
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Despite the success of antiretroviral therapy (ART) at suppressing HIV-1 infection, a cure
that eradicates all HIV-1-infected cells has been elusive. The latent viral reservoir remains
intact in tissue compartments that are not readily targeted by the host immune response
that could accelerate the rate of reservoir decline during ART. However, over the past
decade, numerous broadly neutralizing antibodies (bNAbs) have been discovered and
characterized. These bNADbs have also given rise to engineered antibody-like inhibitors
that are just as or more potent than bNAbs themselves. The question remains whether
bNAbs and HIV-1 inhibitors will be the effective “kill” to a shock-and-kill approach to
eliminate the viral reservoir. Additional research over the past few years has sought to
develop recombinant adeno-associated virus (rAAV) vectors to circumvent the need for
continual administration of bNAbs and maintain persistent expression in a host. This
review discusses the advancements made in using rAAV vectors for the delivery of HIV-1
bNAbs and inhibitors and the future of this technology in HIV-1 cure research. Numerous
groups have demonstrated with great efficacy that rAAV vectors can successfully express
protective concentrations of bNAbs and HIV-1 inhibitors. Yet, therapeutic concentrations,
especially in non-human primate (NHP) models, are not routinely achieved. As new
studies have been reported, more challenges have been identified for utilizing rAAV
vectors, specifically how the host immune response limits the attainable concentrations
of bNAbs and inhibitors. The next few years should provide improvements to rAAV vector
delivery that will ultimately show whether they can be used for expressing bNAbs and
HIV-1 inhibitors to eliminate the HIV-1 viral reservoir.

Keywords: adeno-associate virus, HIV-1, HIV-1 cure, broadly neutralizing antibodies (bNAbs), eCD4-Ig

INTRODUCTION

The 2019 UNAIDS Report and World Health Organization both estimate that there are ~38 million
people living with HIV-1 infection (UNAIDS, 2019; WHO, 2019). Of those individuals, almost 25
million have access to antiretroviral therapy (ART) (UNAIDS, 2019). Various studies have shown
the half-life of the HIV-1 reservoir can range somewhere between 44 months and 13 years and in
some cohorts, no decay was observed at all (Siliciano et al., 2003; Chun et al., 2007; Besson et al.,
2014; Bachmann et al., 2019). Thus, lifelong ART is required to maintain viral suppression and
achieve the best health outcomes in the majority of individuals.
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As more individuals living with HIV-1 receive daily ART,
there is a push to investigate new means to cure the disease.
Two definitions are routinely used in the field (Deeks et al,
2016). The first definition is a traditional cure, where the virus
is eradicated or eliminated from the individual, including the
latent viral reservoir. The second definition is a “functional cure”
or remission, where an individual has their viremia suppressed
to levels that limit transmission, and the individual does not
progress to AIDS. Current ART falls in the second category, and
thus, new therapies are needed in order to fully cure the disease.

Broadly neutralizing antibodies (bNAbs) and engineered HIV-
1 inhibitors could serve as the new drugs that could help
eliminate the latent reservoir and cure individuals with HIV-1.
However, current uses of bNAbs in therapy require continual
bNAD infusions along with reactivation of the latent viral
reservoir, which could be considered a costly endeavor that is
not practical for areas in developing nations with larger numbers
of individuals living with HIV-1. Yet, bNAbs and antibody-like
inhibitors utilize the Fc region that promotes effector functions
via antibody interactions with immune cells (Lu et al., 2018),
properties that may be useful for an HIV-1 cure. These effector
functions include antibody-dependent complement-mediated
lysis (ADCML) (Mujib et al., 2017), antibody-dependent cell-
mediated cytotoxicity (ADCC) (Bruel et al., 2016; Von Bredow
et al, 2016), and antibody-dependent cellular phagocytosis
(ADCP) (Julg et al., 2017; Mayer et al., 2017). Through these
mechanisms, bNAbs can identify and kill HIV-1-infected cells
within the latent viral reservoir.

This review discusses the use of recombinant adeno-
associated virus (rAAV) vectors to overcome the challenges
associated with passive infusion of bNAbs and other HIV-1
inhibitors. The past decade has yielded numerous studies that
evaluate the delivery of these biologics in different models as well
as their protective and therapeutic efficacy. However, as more
studies are reported, new challenges are identified that will need
to be resolved for rAAV vectors to be employed in the clinic.
Additionally, questions still remain as to whether bNAbs and
other HIV-1 inhibitors can increase the rate of decay of the viral
reservoir and provide the necessary means to cure individuals
living with HIV-1. Despite these hurdles, rAAV delivery of bNAbs
and HIV-1 inhibitors is a promising approach that warrants
further investigation.

BROADLY NEUTRALIZING ANTIBODIES
THAT TARGET THE HIV-1 ENVELOPE
GLYCOPROTEIN

Due to the limitations of current antiretroviral therapies for
reducing the viral reservoir and eradicating infected cells while
viral loads are suppressed, there is a clear need for new drugs
to treat those living with HIV-1. Antibodies are an obvious
alternative due to their ability to not only bind and neutralize
pathogens but because of their effector functions mediated by
the Fc region. Prior to 2009, small molecule inhibitors were
the only viable pathway for HIV-1 therapy because biologics,
specifically antibodies, were not broad or potent enough to be

used as therapeutics. Advances in single B cell sorting along
with identification of HIV-1+ individuals with neutralizing sera
from large patient cohorts allowed Walker et al. to usher in
the second generation of bNAbs with their discovery of PG9
and PG16 (Walker et al., 2009). Since then, numerous bNAbs
have been identified and characterized that potently neutralize
hundreds of HIV-1 primary isolates in TZM-bl neutralization
assays. These bNAbs are categorized based on the epitope of the
HIV-1 envelope glycoprotein (Env) that they target. PG9 and
PG16 are members of the class of bNAbs that target the V2
apex of Env. This class now includes PGT145 (Walker et al.,
2011), PGDM1400 (Sok et al., 2014), and CAP256-VRC26.25
(Doria-Rose et al., 2016). One class that demonstrates extreme
breadth is the CD4-binding site antibodies which includes
VRCO1 (Wu et al., 2010), VRC07-523LS (Rudicell et al., 2014),
3BNC117 (Scheid et al.,, 2011), N6 (Huang et al., 2016a), N49P7
(Sajadi et al., 2018), and 1-18 (Schommers et al., 2020). 10-1074
(Mougquet et al.,, 2012), PGT121, PGT122, and PGT128 (Walker
etal., 2011) are examples bNADs that target the N332 glycan near
the base of V3 loop (V3g) of Env. 10E8 is a bNAb that targets
the membrane proximal external region (MPER) of gp41 on Env
(Huang et al., 2012) and has since been engineered for enhanced
biophysical properties like improved solubility (10E8v4) (Kwon
et al., 2016). More recent research identified newer epitopes on
Env previously not known to be targets of antibody responses.
One of these epitopes included the gp120/gp41 interface with
examples including PGT151 (Falkowska et al., 2014), 35022
(Huang et al., 2014), and 8ANCI195 (Scharf et al., 2014). Kong
et al. recently showed that the HIV-1 fusion peptide can also
be targeted by bNADbs, specifically VRC34.01 (Kong et al., 2016).
Lastly, two groups have shown that even the silent face of gp120
is a target for bNAbs with the identification of VRC-PG05 (Zhou
et al., 2018) and SF12 (Schoofs et al., 2019). One epitope of
note is the coreceptor binding site of Env. Early antibodies
that target this site included 17b, E51, and 412d but are only
effective when Env is in the CD4-bound state (Choe et al.,
2003). More recently, antibodies targeting a peptide motif around
the coreceptor-binding site have been described and include
PGDM12 and PGDM21 (Sok et al,, 2016). Although antibodies
targeting the coreceptor-binding site are not as broad and potent
as other classes of bNADbs, they are still useful reagents as the
coreceptor-binding site is one of the most conserved regions on
Env (Rizzuto et al., 1998).

With these bNAbs identified and characterized, the ideal
method for employing them for HIV-1 therapy would be through
a therapeutic vaccination. However, numerous limitations exist
that render current vaccine approaches insufficient to elicit
bNAbs. First, the bNAbs appear to arise over years of infection
in a small subset of individuals living with HIV-1 (Wu et al,,
2015). Second, bNAbs have long heavy chain CDR3 regions
with high degrees of somatic hypermutation (reviewed in
Burton and Hangartner, 2016), characteristics achievable due
to chronic exposure to the virus rather than immunization.
Third, properties of the virus have made immunogen design
challenging. These include the low number of Env trimers on
the surface of the virion (Zhu et al., 2003) as well as a protective
glycan shield on Env (Wei et al., 2003). Engineering immunogens
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that circumvent these properties is ongoing, but currently there
is no viable HIV-1 vaccine that induces bNAbs nearly 40 years
after the virus was first identified. Should an effective HIV-1
therapeutic vaccine that elicits bNAbs be realized, data from
clinical trials indicate that more than one active bNAb will be
necessary to maintain viral suppression.

ENGINEERED HIV-1 INHIBITORS

To address the need for targeting multiple epitopes on Env,
a few groups have undertaken the engineering of bispecific
antibodies and fusion proteins. Bispecific antibodies employ
two techniques required for their generation. First, multiple
mutations in IgG CH2 and CH3 regions of the Fc domain
are introduced for a knobs-in-holes approach (Ridgway et al.,
1996). These mutations link the two different IgG Fc domains
at a success rate of nearly 95%. The second technique has been
termed “CrossMADb” technology, where one of the two Fabs of
the engineered bispecific antibody has swapped the CH1 and CL
region (Schaefer et al., 2011). This technique reduces the mixing
of heavy chains and light chains of the two antibodies during
production of the bispecific antibody. The first demonstration
of a bispecific antibody targeted the CD4-binding site and apex
regions (Asokan et al.,, 2015). A later study used the IgG3 Fc
with an open hinge that targeted the CD4-binding site and
N332 V3 glycan (Bournazos et al., 2016). Both studies showed
that bispecific antibodies had increased breadth compared to
their individual components. One design applied to bispecific
antibodies to avoid the need for a CrossMab technique is to
use the full Fab of one antibody and a single-chain variable
fragment (scFv) of the second antibody. A recent study by
Davis-Gardner et al. applying this approach demonstrated that a
bispecific antibody using the Fab from V3g bNAbs with the scFv
form of CAP256-VRC26.25 had increased breadth compared
to the two parent antibodies. This inhibitor maintained nearly
the same potency and achieved 100% neutralization against the
isolates assayed (Davis-Gardner et al., 2020). Interestingly, the
most potent of bispecific antibodies comes from a design that
features an HIV-1 bNAb on one arm with an anti-receptor
antibody as the other arm. Huang et al. showed that their
lead candidate, a bispecific antibody that targeted CD4 with
one arm and used a modified 10E8 (10E8v2.0) Fab as the
second arm, had 100% breadth with a mean 50% inhibitory
concentration of 0.002 ug/mL against a panel of 118 HIV-1
isolates (Huang et al., 2016b).

A few groups have taken the bispecific antibody approach a
step further and engineered trispecific antibodies. These antibody
constructs utilize tandem scFvs fused together on one arm with
a heavy and light chain from a third antibody as the other
arm. Two groups showed that trispecific antibodies targeting
the MPER, CD4-binding site, and either the apex or V3g had
extreme coverage with great neutralization potency (Xu et al.,
2017; Steinhardt et al., 2018). A third trispecific antibody recently
described targeted CCR5 with an scFv and targeted the MPER
and apex with the other arms of the antibody (Khan et al., 2018).
Taken together, bispecific and trispecific antibodies represent

single HIV-1 inhibitors with increased coverage while at least
maintaining the original potency of their individual components.

Another direction of engineered inhibitors includes those
that target the CD4- and coreceptor-binding sites of Env
simultaneously. The first one described used a linker to fuse two
domains of soluble CD4 to the scFv of 17b (Lagenaur et al,
2010). Later work has seen these kinds of inhibitors use an IgG1
Fc domain that improves the inhibitor’s half-life and adds the
effector functions of an antibody. One of these inhibitors came
from Dimiter Dimitrov and colleagues, who used phage display
to identify a stable version of CD4 domain 1 (Chen et al., 2014).
This CD4 domain 1 was then fused to the N-terminus of CH1
and C-terminus of CH3 of an IgGl. Fused to the N-terminus
of the CL domain is the scFv of m36.4, an antibody that targets
the coreceptor-binding site. This inhibitor, termed 4Dm2m, had
100% breadth and exceptional potency against over 60 isolates it
was tested against.

Our lab has taken a similar approach to developing the
antibody-like HIV-1 entry inhibitor eCD4-Ig (Gardner et al.,
2015). This inhibitor fuses a short, coreceptor-mimetic peptide
to the C-terminus of CD4-Ig. When tested against more than 270
isolates, including HIV-2 and SIV, eCD4-Ig potently neutralizes
100% of these isolates with >99% maximum inhibition. The
addition of the coreceptor-mimetic peptide also limits CD4-
enhancement on CD4-negative/ CCR5-positive cells. Recently we
have shown that three mutations in CD4 domain 1 increase its
potency by an average of 9-fold (Fetzer et al., 2018). Furthermore,
in vitro studies showed that continuous passaging of virus in
the presence of eCD4-Ig only yielded partial resistance to the
inhibitor (Fellinger et al., 2019). These resistance mutations also
conferred a high fitness cost to the virus in entry assays. Taken
together, the broadest HIV-1 inhibitors are these fusion inhibitors
that target the CD4- and coreceptor-binding sites because they
target the two most conserved regions on Env.

ADENO-ASSOCIATED VIRUS VECTORS
FOR DELIVERY OF HIV-1 INHIBITORS

An ideal deployment of anti-HIV-1 biologics for therapy would
be through constant expression to avoid lapses in maintaining
therapeutic concentrations. One way to achieve this would be
through the use of rAAV vectors. AAV is a small DNA virus
that is widely used in numerous gene therapy applications. It was
discovered as a contaminant during adenovirus preparations in
1965 (Atchison et al., 1965). AAV belongs to the Parvoviradae
family under the genus Dependoparvovirus. An icosadhedral
protein capsid encases its DNA genome. The wild-type AAV
genome encodes three genes—rep, cap, and aap (Wang et al,
2019). The rep gene is responsible for the production of
Rep78, Rep68, Rep52, and Rep40. These genes are necessary for
replication. The cap gene encodes three subunit proteins needed
for capsid assembly—VP1, VP2, and VP3. While the AAV1
capsid was the first AAV capsid identified and the AAV2 capsid
has been highly characterized in vitro, numerous capsids have
been identified and characterized for their different transduction
efficiencies and tissue tropism. The third gene encoded by
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AAV is the aap gene, located in an alternate reading frame
within the cap gene, encoding the assembly activating protein
(AAP) which promotes viral assembly (Sonntag et al., 2010).
As its classification implies, wild-type AAV requires a secondary
infection, usually adenovirus or herpesvirus, in order to replicate.
However, it is currently believed that a productive AAV infection
does not cause human disease.

As a gene therapy vector, rAAV vectors are engineered to
remove all parts of the AAV genome except for the two inverted
terminal repeats (ITRs). The ITRs are especially important
as they facilitate circularization and concatemerization in the
nucleus of transduced cells (Duan et al., 1998). This process
produces DNA episomes that are stable for long-term expression
of the delivered transgene. The transgene encoded by rAAV
is usually within the size constraints of the wild-type AAV
genome (4.7 kb). However, transgenes up to 5.0kb appear to
be accommodated for vector delivery. Larger payloads can be
encoded in two different rAAV vectors using splicing techniques
that link the two separate portions of the delivered gene (Duan
et al., 2000; Nakai et al., 2000; Sun et al., 2000).

The 2010s marked a productive decade for rAAV gene
therapy. In 2012, the European Medicines Agency approved
Glybera, an rAAV1-based gene therapy, which treats lipoprotein
lipase deficiency. In a landmark decision, the United States FDA
approved Luxturna in 2017 to treat inherited retinal disease.
Luxturna is an rAAV2-based gene therapy delivering the natural

form of RPE65. In 2019, Zolgensma became the second FDA-
approved AAV gene therapy to treat spinal muscular atrophy
in children under 2 years of age. Zolgensma is administered
systemically using the AAV9 capsid to deliver the natural form
of the survival motor neuron 1 gene. A vast amount of gene
therapy work has also examined treating hemophilia with rAAV
vectors. Early clinical trials using rAAV2 vectors encoding Factor
IX to treat hemophilia patients showed that up to 10 years
after intramuscular inoculation, patients were still producing
therapeutic amounts of Factor IX (Buchlis et al., 2012). This
characteristic is one of the main reasons why rAAV vectors
are viable for HIV-1 cure research. If long-term expression of
bNADbs is critical for design of new therapies, rAAV vectors could
translate into the “one-shot cure” desired by field.

While rAAV gene therapies were making headlines over
the past decade, their use in HIV-1 research took off as well.
All reported rAAV studies pertaining to HIV-1 research are
highlighted in Table 1. Early studies were pioneered by the lab
of Phil Johnson who described that rAAV?2 vectors encoding the
CD4-binding site antibody b12 could express the antibody for
24 weeks after intramuscular inoculation (Lewis et al., 2002).
Mice given the highest dose of rAAV vectors had a range of
b12 expression from 2 to 7 pg/mL and serum samples from the
mice retained neutralization activity when assessed by in vitro
neutralization assays. Johnson et al. took their research to the next
step using rAAV1 vectors to deliver anti-SIV immunoadhesins

TABLE 1 | List of preclinical and clinical rAAV studies using HIV-1 bNAbs and inhibitors.

References Purpose of study AAV capsid bNAbs Virus # with ADA out of total

Preclinical mouse studies

Lewis et al. (2002) Expression 2 b12 N/A N/A

Balazs et al. (2012) Protection 8 VRCO1, b12, 2G12, 4E10, 2F5 NL4-3 N/A

Balazs et al. (2014) Protection 8 VRCO1, b12, VRCO7 JR-CSF, REJO.c N/A

Horwitz et al. (2013) Therapy 8 10-1074, 3BNC117 Yu2 N/A

Badamchi-Zadeh et al. (2018) Therapy 1 PGT121 JR-CSF 4/4

Van Den Berg et al. (2019) Expression 8 CAP256-VRC26.25 N/A 77

Preclinical NHP studies

Johnson et al. (2009) Protection 1 416, 5L7, N4 immunoadhesins SIVmac316 3/9

Gardner et al. (2015) Protection 1 eCD4-1g SHIV-ADSEO 2/4

Saunders et al. (2015) Protection 8 VRCO7 SHIV-BalP4 4/4

Fuchs et al. (2015) Protection 1 416, 5L7 SIVmac239 9/12

Martinez-Navio et al. (2016) Expression, ADA 1 416, 5L7, 3BNC117, 10E8, 10-1074, N/A 24/24

response 1NC9, 8ANC195

Welles et al. (2018) Protection 8 [TSO1, ITS06.02 SIVsmEBEO 13/60

Gardner et al. (2019b) Protection 1 3BNC117, NIH45-46, 10-1074, SHIV-ADSEO 24/24
PGT121

Martinez-Navio et al. (2019) Therapy 1 3BNC117, 10-1074, N6, PGT128, SHIV-AD8EO 10/12
PGT145, 35022

Gardner et al. (2019a) Protection 1 eCD4-lg SIVmac239 4/4

Fuchs et al. (2019) Expression 8,1 416 N/A 12/12

Clincal studies

Priddy et al. (2019) Expression 1 PG9 10/16

Clinical trial NTC03374202 Expression 8 VRCO7 2/7

N/A, not available.
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and CD4-Ig to rhesus macaques (Johnson et al., 2009). In this
study, four of six macaques that were expressing the anti-
SIV immunoadhesins had concentrations >100 pg/mL and were
protected from intravenous SIVmac316 challenges. The two
animals that became infected were shown to have anti-drug
antibody (ADA) responses targeting the immunoadhesin, which
presumably limited the efficacy of inhibitor. Thus, this study
highlights two major results. First, AAV-delivered SIV inhibitors
could protect from SIV challenges, implying the potential
for delivering HIV-1 bNAbs and inhibitors. Second, the host
immune response is a barrier to successful utilization of rAAV
vectors for therapy.

In David Baltimore’s lab, Alex Balazs and colleagues were
the first to show that rAAV vectors delivering HIV-1 bNAbs
could protect humanized mice from HIV-1 challenges. In Balazs
et al., the authors engineered the rAAV transgene cassette
to produce full-length antibodies using an F2A peptide to
separate and generate both the heavy and light chains of
VRCO1, as well as early generations of HIV-1 neutralizing
antibodies, b12, 4E10, 2F5, and 2G12 (Balazs et al., 2012).
Results were extremely encouraging not only because of the
observed protection from intravenous HIV-1 challenges, but
also because serum concentrations of VRCO1, b12, and 2G12
were >100 pg/mL. The first study using rAAV2-delivered b12
employed two different promoters to drive expression of the
heavy and light chains, in contrast to this study using the F2A
peptide to produce both chains and rAAVS8 vectors. The F2A
peptide was previously shown to drive high levels of antibody
expression in mice (Fang et al., 2005), possibly indicating this
design to be superior to two promoters. Balazs et al. followed
up this initial study with a second study showing that VRCO7W
could be measured at concentrations >100pg/mL following
rAAV8 intramuscular inoculation in humanized mice (Balazs
et al.,, 2014). These levels mediated complete protection from
vaginal challenges of the transmitted-founder isolate REJO.c.
These results highlighted that an rAAV-delivered bNAb could
mediate protection from challenges that mimicked most HIV-1
transmission events. Overall, these two studies provided a stable
foundation for AAV gene therapy in HIV-1 research. Since then,
other groups have explored rAAV delivery of different bNAbs
in mice, including PGT121 and CAP256.VRC26.25 (Badamchi-
Zadeh et al., 2018; Van Den Berg et al., 2019).

As demonstrated in Johnson et al., the non-human primate
(NHP) model presents a more difficult challenge when evaluating
rAAV-delivery of HIV-1 bNAbs and inhibitors. The host immune
response generated by rhesus macaques has made evaluating
rAAV vectors in NHPs very difficult. The humanized mouse
model has numerous benefits compared to the NHP model, one
of which is that these studies utilize HIV-1 isolates. However,
humanized mice do not have a fully functioning immune
response like humans and NHPs do. There is also a limited
amount of time for studying HIV-1 infection in mice, which
limits the ability to evaluate new therapies. In contrast, the
physiology of macaques more closely resembles that of humans.
However, HIV-1 does not replicate in macaques. Thus, the NHP
model uses SIV isolates or SIV/HIV-1 chimeras (SHIVs) for both
prophylaxis and therapy studies. SIV has shown to closely mimic

the disease progression to AIDS that has been observed in HIV-1
infected individuals, which makes it a good model in macaques.
Yet, HIV-1 bNAbs do not bind to SIV Env so SHIVs are widely
used to evaluate bNAD efficacy in NHPs. With the pros and
cons acknowledged for both NHP and humanized mouse studies,
there is a need to demonstrate that bNAbs are effective in NHPs
to be convinced they can work in humans.

An early study by Fuchs et al. set out to evaluate the protective
efficacy of the SIV antibodies 4L6 and 5L7 in rhesus macaques
(Fuchs et al,, 2015). Using a similar transgene cassette design as
Balazs et al. with the F2A peptide to generate both the heavy and
light chains, the authors used rAAV1 vectors encoding either 4L6
or 5L7 to inoculate the quadriceps muscles of rhesus macaques.
Peak concentration of 4L6 ranged from 50 to 150 pg/mL while
5L7 concentrations ranged from 20 to 70 pg/mL in five of six
macaques. However, the last macaque in the 5L7 group had peak
and stable concentrations >200 jLg/mL, a concentration that
has now been achieved for over 6 years (Martinez-Navio et al.,
2020). Unfortunately, antibody concentrations in most macaques
began to decline due to the emergence of an ADA response
against the delivered antibody. Although low-dose SIVmac239
challenges did not yield significant protection, it is of note that
the macaque expressing >200 pg/mL of 5L7 was protected from
all six challenges, including a high-dose intravenous challenge
that has been shown to infect all historical controls. This single
animal provides some encouragement that when rAAV delivery
of antibody is efficient, protective efficacy will most likely be
observed. However, what concentration needs to be observed in
order to mediate protection is still not completely elucidated.

As Fuchs et al. described in their study, ADA was a clear
hurdle to successful expression of antibodies from rAAV vectors.
A similar result was observed by Saunders et al. in 2015
using rAAVS vectors to deliver VRC07 (Saunders et al., 2015).
Because VRCO7 is a human-derived bNAD, the authors initially
engineered VRCO7 to be more “simian-like” in hopes of avoiding
an immune response against the bNAb in rhesus macaques.
Despite their best efforts, four of four macaques that received
rAAVS8 vectors encoding the simian version of VRCO07 had
concentrations that peaked between 2.5 and 7.7 g/mL and then
declined to concentrations below the limits of detection by 9
weeks following inoculation. The crash in VRC07 concentrations
correlated with the emergence of an ADA response in all
four macaques. The authors then treated a second group of
six macaques with cyclosporine A (CsA) to limit the immune
response of the rAAVS8 inoculated animals. CsA treatment
appeared to be beneficial as the mean peak concentration of
VRCO7 in these animals rose to 38.12 jug/mL. It was noted that
one macaque generated an ADA response against VRC07 while
being treated with CsA and two others generated ADA after CsA
treatment was discontinued. All three of these macaques had
concentrations of VRC07 decline to undetectable concentrations.
However, four of six macaques were protected from a single
challenge of SHIV-BalP4.

Both these NHP studies highlight the emergence of an ADA
response against the expressed antibodies in rhesus macaques.
Martinez-Navio and colleagues took a deeper look into their
ADA responses from both their rhesus macaque study of 4L6
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and 5L7 as well as rAAV1 delivery of five “rhesusized” HIV-1
bNAbs (Martinez-Navio et al., 2016). As noted in Fuchs et al.,
9 of the 12 macaques that received rAAV1 vectors delivering
4L6 or 5L7 developed ADA responses. This study showed that
the ADA response targeted the variable regions of the expressed
antibodies. This was also observed in eight of eight macaques
that received a cocktail of “rhesusized” bNAbs (bNAbs that were
engineered to have the human variable regions with the rhesus
macaque IgGl constant and light chain constant regions). The
two cocktails were rAAV1 vectors encoding 3BNC117, INC9,
and 8ANCI195 or 3BNC117, 10-1074, and 10E8. The authors
showed that the degree of ADA responses against an individual
bNAb correlated with its divergence from its closest germline
precursor. The magnitude of somatic hypermutation may need
to be evaluated for determining which bNADbs should be used in
rAAV studies.

We have recently published a study that confirms the
limitations caused by ADA responses (Gardner et al., 2019b).
In our study, we took a different approach, giving four groups
of three macaques a combination of rAAV1 vectors encoding
either 10-1074 and 3BNC117 or NIH45-46 and PGT121. We
also evaluated the role of IgG isotype as one group of each
combination had a rhesus macaque IgGl Fc domain and the
other group had a rhesus macaque IgG2 Fc domain. Like
Martinez-Navio et al., we observed all 12 macaques generate ADA
responses against both expressed bNAbs they were treated with.
In some cases, ADA responses did not completely correlate with
clearance of the bNAD. In these four macaques, we observed
protection from two SHIV-ADS8 challenges, which indeed
correlated with higher concentrations of 10-1074 or PGTI121.
In another NHP study, Welles et al. evaluated the delivery of
anti-SIV antibodies, ITS01 and I1TS06.02, using rAAV8 vectors
(Welles et al., 2018). In this study, ITS01 was observed to express
at higher concentrations than ITS06.02, and in only 20% of
the animals that received rAAV8 vectors did macaques generate
ADA responses against the expressed antibody. Stable expression
was usually observed around 10 pg/mL and these concentrations
were sufficient for protection from SIVsmE660 challenges.
Although they have a lower level of somatic hypermutation
compared to HIV-1 bNADs, these anti-SIV antibodies were
naturally produced rhesus macaque antibodies. In contrast, 4L6
and 5L7 were derived from phage display. Taken together, these
studies highlight concentrations that may be protective against
HIV-1 transmission but also indicate that the high amounts
of somatic hypermutation of HIV-1 bNAbs may limit their
protective efficacy after delivery with rAAV vectors.

In addition to studying rAAV delivered HIV-1 bNAbs, our
lab has also evaluated the protective efficacy of rAAV1 expressed
eCD4-Ig in rhesus macaques (Gardner et al., 2015, 2019a). In
these studies, we have used the rhesus macaque CD4 domains
1 and 2 sequences with an 139N mutation that increases CD4’s
affinity for HIV-1 and SIV gp120 (Humes et al., 2012). We also
engineered eCD4-Ig to have a rhesus macaque IgG2 Fc domain
with a coreceptor-mimetic peptide fused to the C-terminus.
In two different studies, two groups of four macaques each
have received rAAV1 vectors encoding eCD4-Ig as well as a
second vector encoding the rhesus macaque TPST2 enzyme to

ensure the coreceptor-mimetic peptide gets efficiently sulfated.
In our first study, macaques expressed eCD4-Ig for over 1 year
with concentrations ranging from 17 to 77 wg/mL (Gardner
et al.,, 2015). These concentrations of eCD4-Ig protected rhesus
macaques from six infectious SHIV-AD8 challenges, the last
challenge being 4-times higher than the dose needed to infect the
last macaque in the control group. In the second study, eCD4-
Ig concentrations ranged from 3 to 18 pg/mL (Gardner et al,
2019a). Although lower than the first study, these concentrations
protected the treated macaques from two SIVmac239 challenges
needed to infect all eight macaques in the control group. As
we increased the dose of the challenges, all macaques eventually
became infected with the last one getting infected at a dose 32-
times greater than the dose needed to infect the macaques in
the control group. Despite viral loads not being controlled after
infection, we did observe eCD4-Ig-mediated pressure on the
viral swarms. Three of the four macaques had noted mutations
in the CD4-binding site of SIVmac239 Env, while the fourth
macaque had three mutations in gp41. In vitro assays showed
that these mutations only mediated resistance against eCD4-Ig
and not complete escape, which had a clear effect on viral fitness.
When looking at both studies, six of eight macaques did generate
ADA responses against eCD4-Ig, however the magnitude of
the responses was lower than that we observed with rAAV1-
expressed HIV-1 bNAbs. In all six of these macaques, the ADA
did decline over time to background levels, correlating with stable
eCD4-Ig expression in these eight macaques. The lower levels of
ADA against eCD4-Ig, combined with observations described in
Martinez-Navio et al. and Welles et al., suggest that antibodies
and inhibitors that have protein sequences closer to naturally
occurring host proteins may result in long-term expression after
rAAV inoculation.

The ADA issue present in NHP studies was also observed in
a recent phase 1 clinical trial evaluating the delivery of PG9 from
rAAV1 vectors (Priddy et al., 2019). In Priddy et al., the authors
describe results from their study where participants received
rAAV1 doses ranging from 4 x 10 to 1.2 x 10 vector genomes
(vgs) inoculated intramuscularly. Importantly, no serious adverse
events were noted in the study. However, PG9 concentrations
were not measurable by ELISA, although the authors did note
that a few participants had serum neutralizing activity against the
HIV-1 NL4.3 isolate. Despite not measuring PG9 concentrations
by ELISA, 10 of 16 participants did have a measurable ADA
response against PG9, suggesting a low amount of PG9 was
being expressed. A second clinical trial evaluating rAAVS8 delivery
of VRCO7 (https://clinicaltrials.gov/ct2/show/NCT03374202) is
currently on-going. Preliminary results were presented at the
2020 Conference on Retroviruses and Opportunistic Infections
(CROI, Boston, 2020). All seven volunteers had measurable
amounts of VRCO07 in the plasma and two volunteers in the
high-dose group (2.5 x 10!? vector genomes/kg) had plasma
concentrations of VRCO01 ranging from 1.1 to 1.2 pg/mL for more
than 6 months. One encouraging note was that only two of seven
volunteers had measurable ADA responses against VRCO07. In
the meantime, future pre-clinical studies to improve upon these
two clinical trials will help determine the variables that need to
be changed to yield better clinical trial results. These variables
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include choosing the right capsid, engineering a high-expressing
AAV transgene cassette, and possibly choosing a bNAb with less
somatic hypermutation than PG9 and VRCO07.

rAAV-DELIVERED BNABS FOR THE CURE

With numerous successes in demonstrating protective efficacy
of rAAV-delivered bNAbs and HIV-1 inhibitors (i.e., eCD4-Ig),
the question now remains whether rAAV vectors can be used
for treating and curing an HIV-1 infection. Mouse studies thus
far have shown what appears to be the highest concentrations
of bNAbs expressed from rAAV vectors (>100 pg/mL for some
bNADs). Would these levels be sufficient for maintaining viral
suppression? The NHP studies have yet to show that these
concentrations can be routinely achieved in rhesus macaques.
Would low concentrations of bNAbs or HIV-1 inhibitors have
any impact on viral loads, let alone maintain viral suppression,
or would it facilitate viral escape and render the bNAbs useless?
These questions are critical for rAAV vector-mediated bNADb
therapy to replace current ART.

Despite some of the current limitations observed in animal
models and the PG9 clinical trial, a few studies have been
encouraging. In a study published by Horwitz et al. (2013),
the authors evaluated whether rAAV2-delivered 10-1074 could
maintain viral suppression after ART lift (Horwitz et al., 2013).
For this study, humanized mice were infected with the HIV-
1 isolate YU2 and given ART to suppress infection. Five days
after ART began, 10-1074 was administered via passive infusion.
ART was halted after 16 days post infusion and the mice were
then treated with rAAV2 vectors encoding 10-1074 12 days later.
After 67 days, only one of the seven mice treated with rAAV2
vectors encoding 10-1074 had viral rebound, which was noted
to have escape mutations against 10-1074. High concentrations
of 10-1074 were observed, usually >100 pwg/mL, which most
likely played a role in viral suppression. One important note the
authors made was the use of an “antibody bridge” to wash out
the ART after lift and before inoculating the rAAV vectors. The
need for a bridge was due to an observed decrease in antibody
expression in mice on ART when inoculated with rAAV vectors.
This finding may have an impact should rAAV vectors advance to
clinic for treating HIV-1 infected individuals as it suggests some
ART components may limit AAV transduction. The authors
did address that although the results are encouraging, there are
major differences between humanized mice and humans. These
include the lack of viral diversity before treatment began and is
highlighted by the results showing one antibody is sufficient for
suppressing viremia, humanized mice are not immunologically
competent, and study designs with humanized mice limit the
amount of time to monitor efficacy of treatment.

While NHP studies facilitate longer-term evaluation of
therapies in a host with a functional immune system, they are
not capable of studying actual HIV-1 infection. SHIV isolates
are routinely used for evaluating therapeutic efficacy of HIV-
1 inhibitors, however, there are instances where macaques can
spontaneously resolve SHIV infection without any intervention.
With these limitations in mind, the Desrosiers lab published

an interesting study last year looking at the therapeutic efficacy
of rAAV-delivered bNAbs to suppress an on-going SHIV-AD8
infection (Martinez-Navio et al., 2019). In their first study
group, four macaques received rAAV1 vectors encoding 10-1074,
3BNC117, and 10E8 at 86 weeks post infection. Unfortunately,
one macaque spontaneously controlled infection immediately
before rAAV1 treatment. In the remaining three macaques, one
macaque (rh2438, nicknamed the “Miami monkey”) suppressed
viral loads to below the limits of detection (<15 viral RNA
copies/mL) for 3 years after rAAV inoculation. This macaque
had high concentrations of both 10-1074 (>100pg/mL) and
3BNC117 (>50 pg/mL) during that time frame. What makes
the Miami monkey result remarkable was that these two
antibodies presumably mediated viral suppression before viral
escape against both antibodies could be generated. The authors
also showed a drop in both viral RNA and DNA measured in
PBMCs from the Miami monkey post rAAV inoculation. In the
second group from this study, six macaques were treated with
a combination 10-1074 and 3BNC117 or N6, 35022, PGT128,
and PGT145. All 12 animals were given rAAV8 inoculations at 36
weeks post SHIV-ADS infection and then boosted with an rAAV1
inoculation at 60 weeks post SHIV-ADS infection. Although
none of the 12 macaques repeated the results observed in the
Miami monkey, two macaques in the group that received four
bNAbs demonstrated suppression, with numerous time points
where viremia was below the limits of detection. In both these
animals, measurable amounts of PGT128 were shown while one
of the macaques also had a measurable amount of N6. Despite
only reporting one Miami monkey and two additional macaques
with suppressed viremia in this study, it is worth noting that
the Berlin patient inspired further efforts into cure research.
Thus, these results are the first steps toward demonstrating that
rAAV vectors delivering bNAbs and HIV-1 inhibitors could be an
alternative to ART in future years.

Our lab’s current studies have been evaluating the therapeutic
efficacy of rAAV-delivered eCD4-Ig in SHIV-ADS8-infected
rhesus macaques. In a pilot study, six macaques were treated
with ART 12 weeks after infection. Two macaques received
rAAVS vectors encoding eCD4-Ig and TPST2 at 104 weeks post
infection. ART was lifted 4 weeks after rAAVS inoculation. The
other four macaques received rAAVS vectors at 56 weeks post
infection and rAAV1 vectors at 70 weeks post infection. Again,
ART was lifted 4 weeks after rAAV1 inoculations. In all six
macaques we have observed measurable eCD4-Ig concentrations
for over 2 years, ranging from 4 to 15pug/mL. While viral
rebound was observed in each macaque, we have observed
subsequent viral suppression for the past year in each animal,
usually with viral loads measuring <100 viral RNA copies/mL.
All animals have had viral loads below the limits of detection
(<15 viral RNA copies/mL) at multiple time points, and we
have yet to observe viral escape from eCD4-Ig. These results are
encouraging; however, they highlight the need for further vector
improvement to increase eCD4-Ig concentrations. Presumably,
higher eCD4-Ig concentrations could delay or suppress viral
rebound after ART cessation and hopefully maintain viremia
below the limits of detection in all animals over a long period of
time. Additionally, because eCD4-Ig is functional against HIV-1,
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HIV-2, and SIV, future studies evaluating the therapeutic efficacy
of rAAV-delivered eCD4-Ig against more stringent SIV isolates,
like SIVmac239, would be more convincing that this therapy
would translate when used in human clinical trials. What is
evident in all these studies is that the next few years may be
critical in advancing rAAV vectors into the clinic for preventing
and treating HIV-1 infection.

LEARNING FROM PASSIVE INFUSION
EFFICACY STUDIES

Preclinical Studies in Humanized Mice and

NHPs

Despite the limited published studies analyzing AAV-delivered
HIV-1 inhibitors as a means for an HIV-1 cure, the past decade
has produced several passive infusion studies that we can use
as insight for the therapeutic efficacy of these inhibitors. The
2010s added to the solid groundwork from numerous studies
in the late 1990s and 2000s evaluating passive infusion of first
generation bNADs (like b12 and 2G12) for SHIV protection
(Mascola et al., 1999, 2000; Shibata et al., 1999; Baba et al., 2000;
Parren et al., 2001; Hessell et al., 2007, 2009). The studies from
the past 10 years have shown which second generation bNAbs
(like VRCO1, 3BNC117, 10-1074, and PGT121) have favorable
properties for pharmacokinetics and are effective at suppressing
an on-going infection. The first of these studies showed that
individual bNADbs had little to no therapeutic efficacy against
a clade B infection (YU2) in humanized mice, but a cocktail
of five bNAbs yielded complete suppression of viremia, albeit,
for a short period of time (Klein et al, 2012). Two studies
were published a year later, where in both studies, cocktails of
bNAbs were passively infused into rhesus macaques infected
with SHIVs. In one study, macaques chronically infected with
SHIV-SF162P3 were infused with a cocktail of three bNAbs
(3BNC117, b12, and PGT121) or two bNAbs (3BNC117 and
PGT121) (Barouch et al., 2013). Viremia decreased to below
limits of detection in 12 of 14 animals. In the second study,
rhesus macaques infected with SHIV-ADS8EO were passively
administered 3BNC117 and 10-1074 (Shingai et al., 2013). In
10 of 11 macaques, plasma viremia was decreased to levels
below the limit of detection during treatment. However, as bNAb
concentrations declined, viremia rebounded in all macaques,
with resistance mutations to the bNAbs identified in the Env
sequences post viral rebound. Additionally, the combination of
3BNC117 and 10-1074 in macaques acutely infected with SHIV-
ADSEO could maintain viral suppression for a 56-177 days in
which rebound correlated with antibody half-life. In a similar
study by Hessel et al., the authors evaluated the therapeutic
efficacy of PGT121 and VRC07-523 in infant rhesus macaques
24h after being challenged with SHIV-SF162P3 (Hessell et al.,
2016). As in the previous study, all animals that received the
bNAD therapy were free of viremia in both the plasma and tissue
measurements 6 months after treatment. A later study showed
that in infant macaques, treatment with the same combination
of bNADbs at 30 h post SHIV-SF162P3 challenge, but not at 48 h,
was sufficient for keeping the animals from becoming infected

(Shapiro et al., 2020). These studies show that bNAb therapy
could be used for treating early infections if the treatment is
started within a very early window of exposure.

Additional studies in non-human primates (NHPs) described
that mutations in the CH3 region of the IgG1 Fc, M428L/N434S
(LS), could improve the half-life and protective efficacy of bNAbs
in vivo (Ko et al., 2014). For example, the LS mutations improved
the median protective effect of 3BNC117 from 13 to 17 weeks
and of 10-1074, from 12.5 to 27 weeks (Gautam et al., 2018).
Of note, one macaque was protected from repeated low-dose
intrarectal challenges for 37 weeks after the infusion of 10-1074
with the LS mutations. Due to these results, it is not surprising
that the LS mutations have been included in evaluating the safety
of bNAbs in clinical trials. LS versions VRC01 and VRC07-523
have been evaluated in the clinic and have reported half-lives
of 71 and 38 days, respectively (Gaudinski et al., 2018, 2019).
Having measurable quantities of bNAbs in the blood for longer
periods of time would presumably lead to less frequent dosing,
and ultimately, lower the cost of production.

Clinical Studies

As more bNAbs enter phase 1 evaluation in healthy adults,
a few bNADs have already been assessed for their therapeutic
efficacy in individuals living with HIV-1. In the first report from
Caskey et al, 10 of 11 participants that received a 10 or 30
mg/kg dose saw plasma viremia decrease that ranged from 0.8
to 2.5 logl0 viral RNA copies/mL (Caskey et al., 2015). The
participant that did not respond to 3BNC117 treatment had a
viral swarm resistant to 3BNC117. Although viremia rebounded
in all trial participants, only some had viral swarms with changes
in Env that were associated with 3BNC117 resistance. Follow-
up studies based on this trial showed that 3BNC117 (and
other bNADs) could accelerate the killing of HIV-1-infected
cells in humanized mice as well as improve the antibody
responses against HIV-1 in participants treated with 3BNC117
(Lu et al., 2016; Schoofs et al., 2016).

Soon after, Lynch et al. reported their clinical findings for
VRCO1 treatment (Lynch et al., 2015). In their study, six of eight
participants had a reduction of plasma viremia ranging from 1.1
to 1.8 log10 viral RNA copies/mL. Similar to that observed for
3BNC117, the two participants that did not respond to VRCO01
treatment had pre-existing resistance to VRC01. Additionally,
this study also showed that VRCOI treatment had no effect
on cell-associated viral loads in participants treated while still
on antiretroviral drug therapy. Should bNAb immunotherapy
be useful for an HIV-1 cure, there will need to be evidence
that bNAbs can reduce the viral reservoir (i.e., demonstrating
reduction in cell-associated viral DNA measurements). A recent
study showed similar results with participants acutely infected
with HIV-1 (Crowell et al., 2019). These participants treated with
VRCO1 also had a delay to viral rebound compared to a placebo
group. A third bNAD tested for immunotherapy was 10-1074
(Caskey et al,, 2017). In 13 viremic individuals, 11 participants
saw an average of 1.5 logl0 reduction in plasma viremia after
10-1074 infusion. Overall, these three studies highlight two key
points. First, bNAb immunotherapy can be effective at treating
on-going infection. Second, because of the emergence of viremia
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after treatment which can be associated with escape, future
bNAb therapies will require a cocktail of bNAbs to be most
effective. To this point, a recent clinical trial evaluated the use
of 3BNC117 and 10-1074 combination immunotherapy (Bar-
On et al, 2018). In this study, participants that responded to
treatment had an average reduction of >2 logl0 viral RNA
copies/mL. A few participants also had suppressed viremia for
nearly 3 months after treatment and most viral isolates sequenced
after therapy did not escape from the bNAb combination. These
data show the promise of bNAb cocktails for therapy although
future analysis will be needed to determine which bNAbs are used
in combination therapy.

While these first few clinical trials showed that bNAb
immunotherapy could suppress an ongoing infection, the
question remains whether bNAbs have a role in eradicating virus
from infected individuals. One approach has been to administer
bNADb infusions while participants are on ART and then undergo
an analytical treatment interruption (ATI) to monitor viral
rebound. The underlying hypothesis tested in these clinical trials
is that a delay in viral rebound should correlate with a decrease in
viral reservoir mediated by bNAb immunotherapy. Two initial
trials evaluating VRCO1 in this situation indeed showed that
participants treated with VRCO1 while still on ART had delayed
viral rebound during the ATI when compared to historical
controls (Bar et al., 2016). Sequencing of the env gene indicated
VRCO1-selective pressure in the rebounding virus with most
participants developing VRCO1-resistant virus during rebound.

Another study evaluated 3BNC117 immunotherapy in
participants that had viral loads suppressed by ART (Scheid
et al.,, 2016). In this trial, participants that received infusions
of 3BNC117 and then were taken off ART, had viral rebound
ranging from 5 to 19 weeks after their final treatment. Like
the VRCOI trial, these times to rebound were significantly
longer when compared to historical controls. Although these
results were encouraging, there was no direct analysis to
definitively show that 3BNC117 immunotherapy decreased the
latent reservoir. However, it was shown that rebound virus
during ATT in participants treated with 3BNC117 was not the
predominant species observed in the latent reservoir prior to
ATI (Cohen et al,, 2018). Additionally, although all participants
were screened to be sensitive to 3BNC117 immunotherapy,
resistance mutations were identified in the latent reservoir before
treatment was initiated. Thus, this study is another example
for the need of bNAb combinations even when participants are
pre-screened for sensitivity to one bNAb. Mendozza et al. have
reported successful results when using the combination bNAb
immunotherapy using 3BNC117 and 10-1074 (Mendoza et al.,
2018). Participants that received this therapy had suppressed
viremia for a median of 21 weeks after ATI was initiated.
Viral rebound was observed in all but two participants, and
this usually correlated with the clearance of 3BNC117, meaning
the participants were effectively on monotherapy at the time
of rebound.

Opverall, these results are very encouraging in that, at the very
least, bBNAD combinations can suppress viremia without ART for
relatively long periods of time and could be a future alternative to
current ART. However, for passive infusion of bNAbs to work as

an HIV-1 therapy, individuals will continuously need to receive
these infusions, multiple times a year and thus, a requirement
for constant production of bNAbs would be needed. Considering
the average American male and female are roughly 90 and 77 kg,
respectively, more than two grams of bNAbs would be needed
per treatment. The underlying question is whether this type of
treatment is feasible on a global scale.

CURRENT LIMITATIONS WHEN USING
RAAV VECTORS

In order to pursue clinical trials evaluating the therapeutic
efficacy of bNAbs delivered by rAAV vectors, three areas of
research will be critical to success. The first is identifying which
bNAbs or HIV-1 inhibitors should be used in a cocktail of
antibodies. No single bNAb described to date can neutralize
100% of HIV-1 isolates tested. Thus, it is a forgone conclusion
that multiple bNAbs will be necessary to treat an ongoing
HIV-1 infection. The clinical trials have especially shown this
in that individual bNADb therapy results in viral rebound in
both ART-treated participants and participants undergoing ATI.
However, the clinical data that shows long-term suppression
after ATT when combining 3BNC117 and 10-1074 underscores
the value of bNAb combinations for therapy (Mendoza et al,
2018). Mathematical modeling has been used to identify the
best bNAb combinations for specific areas with HIV-1 infected
populations (Wagh et al., 2016, 2018). Combinations of bNAbs
and bispecific antibodies may be even more effective than bNAbs
alone. However, bispecific antibodies provide a challenge for
rAAV vectors in that both arms of the antibody cannot fit into a
single rAAV transgene cassette. eCD4-Ig may be a useful reagent
to combine with bNAbs as current studies show that it neutralizes
all HIV-1 and HIV-2 isolates tested. Additionally, viral resistance
mutations against eCD4-Ig come with a fitness cost to the virus.
Binding studies have shown that eCD4-Ig may pair well with V3g
bNAbs (Davis-Gardner et al., 2017). eCD4-Ig also has the benefit
at enhancing the ADCC activity of non-neutralizing antibodies
that are elicited during an HIV-1 infection (Davis-Gardner et al.,
2017). What still needs to be shown is that high concentrations of
eCD4-Ig can be expressed routinely from rAAV vectors, and that
eCD4-1Ig is safe and well-tolerated after passive infusion in phase
I clinical trials. As shown in Figure 1, the process for identifying
the correct cocktail will likely be dependent upon the viral swarm
present in the individual living with HIV-1. Viral swarms will
need to be characterized for each individual to determine an
active cocktail of bNAbs and inhibitors to use on that swarm.
Is this necessary? Most likely. Is it practical for the millions
of people living with HIV-1? Possibly not as it would require
that manufacturing and production of numerous rAAV vectors
encoding many different bNAbs or inhibitors.

A second area of research that requires more analysis is the
ability for bNAbs, bispecific antibodies, and HIV-1 inhibitors
to reduce the latent viral reservoir. Both clinical and pre-
clinical bNAb therapy studies have yet to definitively show
an increase in rate of reduction of the latent viral reservoir.
The latent reservoir is a tough target as it remains hidden
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FIGURE 1 | Process for selecting a bNAb/inhibitor cocktail for delivery by rAAV vectors. Similar to ART, it is highly unlikely that a single bNAb or inhibitor cocktail will
be effective for every individual living with HIV-1. Therefore, cocktails will most likely be tailored to the viral swarm present for each individual or endemic region. Initial
screening will need to be conducted on the preexisting viral swarm to identify which bNAbs or inhibitors have activity against that swarm. rAAV vectors that encode

each of the individual components of the cocktail will need to be produced. Delivery of the rAAV vectors will then yield a cocktail of inhibitors made by individual that
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target the HIV-1 swarm and suppress infection.

in numerous tissue compartments like lymph nodes and gut-
associated lymphoid tissues. Can bNAbs and HIV-1 inhibitors
access these tissue compartments to kill infected cells and would
they reach these tissue compartments when expressed from AAV
vectors? Will we need latency reversal agents (LRAs) to stimulate
virus production to generate infected cells for bNADbs to target?
Are the current LRAs good enough to be combined with bNAb
immunotherapy to reduce the viral reservoir? A few studies
have investigated these questions. Advancements in visualizing
exactly where these antibodies go once delivered into a host
include fluorescent imaging of tagged-bNAbs (Schneider et al.,
2017) and using PET scans in animal models. Additionally,
there is a clinical trial using radiolabeled VRCO1 that is in the
recruiting phase to use PET-MR imaging that will give insight
into bNADb distribution in humans (https://clinicaltrials.gov/ct2/
show/NCT03729752). These studies will then lead to down-
stream questions about whether bNAb and HIV-1 inhibitors
expressed from AAV vectors get distributed to the same areas of
the host. Pertaining to stimulating viral production in infected
cells, the TLR7 agonist GS-9620 induced viremia in STVmac251-
infected rhesus macaques that had viremia suppressed by ART
(Lim et al, 2018). In another study, macaques infected with
SHIV-SF162P3 and with viremia suppressed on ART were treated
with GS-9620 and PGT121 immunotherapy (Borducchi et al,
2018). This group of treated animals had a delay in viral rebound
and lower set point viremia in 6 of the 11 macaques that
had rebound after ART lift. Of note, in this study GS-9620
did not induce transient viremia. Thus, other reagents may be
more effective to reverse latency and induce viral replication.
SMAC-mimetic inhibitors that stimulate the non-canonical NF-
kB pathway have shown promise as future LRAs to evaluate
with bNAbs in NHP studies (Pache et al., 2015; Nixon et al,,
2020). Additionally, an IL-15 superagonist (N-803) coupled with
CD8+ T cell depletion could provide another avenue to explore

(Mcbrien et al, 2020). Combining these LRAs with rAAV-
delivered bNAbs or HIV-1 inhibitors could provide valuable
insights for HIV-1 cure research. Dosing LRAs in the presence of
persistent expression of bNAbs or HIV-1 inhibitors could provide
the field with the data necessary for determining whether the
shock-and-kill approach reduces the viral reservoir.

Potential outcomes of rAAV-delivered bNAbs combined with
and without LRAs are highlighted in Figure 2. First, should
individuals living with HIV-1 not treated with ART receive
subtherapeutic concentrations of bNAbs, viremia will remain
stable and viral escape mutations are likely to occur (Figure 2A).
However, high concentrations of bNADbs, like that observed in
the Miami monkey, may be able to suppress infection and result
in a functional cure. Second, expression after rAAV inoculation
that is again below the therapeutic threshold in individuals
with suppressed viremia from ART will likely result in viral
rebound and escape during ATI (Figure 2B). Yet, should high
concentrations of bNAbs be observed, there is a possibility of no
viral rebound during ATI, such as that observed in the clinical
trial that used 3BNC117 and 10-1074 immunotherapy. Lastly, in
the best-case scenario where a functional cure is observed using
rAAV-delivered bNAbs, LRA administration may help stimulate
viral replication that could ultimately reduce the viral reservoir
(Figure 2C). The only way to cure individuals living with HIV-
1 is through this scenario where viral suppression is maintained
and the viral reservoir is reduced by bNAbs.

A third area of research that needs to be resolved for rAAV
vectors to work is the immunogenicity issues. As highlighted in
the NHP studies and confirmed in the PG clinical trial, ADA
responses against the expressed bNAb may limit measurable
concentrations and functionality of the bNAD. Interestingly,
ADA against eCD4-Ig appears to decline over time. Is it possible
to engineer bNADs to have such a quality or do we need to identify
the best bNAbs with least amount of somatic hypermutation to
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FIGURE 2 | Possible outcomes from rAAV-mediated bNADb therapy. (A) In the scenario where rAAV-delivered bNAbs (blue arrow) are used to treat chronic infection, if
the bNAb concentrations do not reach therapeutic levels, no viral suppression will be observed and viral escape from the bNAbs will be likely (left). However,
therapeutic concentrations may suppress viremia and provide a functional cure for the individual (right). (B) In individuals treated with ART, low concentrations of
rAAV-expressed bNADbs will likely result in viral rebound (left). High concentrations of bNAbs will maintain viral suppression after ART lift and provide a functional cure
(right). (C) Should therapeutic concentrations maintain viral suppression after ART lift, LRAs (purple arrows) may be administered to stimulate replication (viral load
blips) in latently infected cells and provide a target for bNADbs. If this approach is successful, a measurable decrease in the viral reservoir should be observed and
eventually lead the individual to being cured of the HIV-1 infection.

use for rAAV delivery? Would these be the bNAbs that work best ~ transgenes may provide a means of tolerance. However, liver
in combination for treating HIV-1 infection? Additionally, the  transduction may be complicated by another immunogenicity
rAAV capsid presents its own immunogenicity issues. Delivery  factor. Pre-existing neutralizing antibodies against specific AAV
of rAAV vectors will likely cause T cell and antibody responses  capsids limit the ability to use specific capsids for transduction.
against the capsid, limiting the number of times a capsid can be  Studies evaluating the seropositive status of humans against
used to just one dose (Ertl and High, 2016). T cell responses also ~ AAV capsids have shown that a high prevalence of the human
play a role in removing transduced cells, thus lowering the total ~ population already has neutralizing antibodies against at least
concentration of expressed transgene. Mouse studies have shown  one AAV capsid (Halbert et al, 2006; Calcedo et al.,, 2009;
that different AAV capsids do have different immunogenicity ~ Boutin et al., 2010; Hiiser et al., 2017). It has also been shown
properties. For example, the AAV1 capsid appears to be more  that AAV neutralizing antibodies do not have as much of an
immunogenic than the AAVS8 capsid as it stimulates greater T  effect when inoculations are administered intramuscularly (Greig
cell responses (Lu and Song, 2009). Generation of regulatory et al., 2016), which makes skeletal muscle tissue an easier target
T cells (Tregs) has also been correlated with lower immune  compared to the liver. Another approach could be through the
responses against rAAV delivered transgenes (Cao et al., 2007).  use of synthetic capsids (Biining and Srivastava, 2019; Pekrun
Inducing tolerance to rAAV transgene is thus an interesting et al., 2019). Both rational design and directed evolution studies
approach to promote persistence of transgene expression. One  are being employed to generate synthetic capsids that improve
way to promote tolerance has been to target the liver with rAAV ~ AAV transduction to specific tissues and avoid the pre-existing
vectors to produce more Tregs. In a recent study, intravenous  neutralizing antibody responses. Another issue is that the AAV
administration of rAAVS8 vectors encoding 4L6 followed by  genome itself is immunogenic as it is a target of the TLR9
an intramuscular rAAV1 vector inoculation 14 weeks later,  pathway (Zhu et al., 2009). Genome engineering studies, such as
resulted in robust 4L6 concentrations in three of three rhesus  CpG depletion (Faust et al., 2013), have been effective at lowering
macaques (Fuchs et al., 2019). Thus, the liver expression of rAAV  the TLR9 response but studies in NHPs are warranted. Overall,
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overcoming the numerous host immune responses against AAV
will be critical for rAAV vectors to be utilized in the clinic, not
only for delivering HIV-1 bNADbs and inhibitors, but for other
gene therapies as well.

Lastly, the safety of AAV gene therapy vectors will need to be
addressed. Ideally, systems would be in place that can regulate
transgene expression in case adverse events are observed after
infusion. A few studies have delved into regulating transgene
expression in AAV systems. Some studies investigating transgene
regulation can induce expression using small molecules (Yen
et al., 2004; Mou et al,, 2018; Zhong et al., 2020). However, in
a situation where AAV vectors are used for delivery anti-HIV-
1 biologics for a cure, ideally the vector would constitutively
express the inhibitor and contain elements for a kill-switch. A
functional kill-switch for AAV vectors has yet to be realized,
but it can be imagined that Cre/LoxP or CRISPR/Cas systems
might solve the issue in the coming years. Overcoming the
safety concerns as well as the other hurdles that were noted
would improve a gene therapy system that already has a great
foundation. The promise that AAV gene therapy provides for
treating numerous diseases supports future studies to solve
these issues.

SUMMARY

A true cure that eliminates the HIV-1 reservoir is a formidable
goal, yet one that is worth pursuing. As noted in this review,
bNAbs and HIV-1 inhibitors may play a role as part of an HIV-1
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During chronic human immunodeficiency virus type 1 (HIV-1) infection, upregulation
of inhibitory molecules contributes to effector cell dysfunction and exhaustion. This,
in combination with the ability of HIV-1 to reside dormant in cellular reservoirs and
escape immune recognition, makes the pathway to HIV-1 cure particularly challenging.
An idealized strategy to achieve HIV-1 cure proposes combined viral and immune
activation by “shock”ing HIV-1 out of latency and into an immunologically visible
state to be recognized and “kill’ed by immune effector cells. Here we outline the
potential for blockade of the inhibitory immune checkpoint T cell immunoreceptor with
immunoglobulin and ITIM domains (TIGIT) to overcome natural killer (NK) cell and T cell
inhibition associated with HIV-1 infection and invigorate antiviral effector cell responses
against HIV-1 reactivated from the latent cellular reservoir.

Keywords: HIV-1, TIGIT, PVR, checkpoint inhibitor, T cell, NK cell

INTRODUCTION

Combination antiretroviral therapy (cART) reduces human immunodeficiency virus type 1
(HIV-1) replication to levels where the amount of viral ribonucleic acid (RNA) in the bloodstream
falls below current limits of detection. In most cases, maintenance of undetectable viral loads
requires strict adherence to therapy (Chun et al., 1995, 1997; Finzi et al., 1999). Despite their
efficacy, complete eradication of HIV-1 is unattainable with current cART regimes. During early
infection, HIV-1 establishes proviral reservoirs, concealing itself within various cell types in
different anatomical niches (Wong and Yukl, 2016; Baxter et al., 2018). In this largely dormant
state, the HIV-1 reservoir is invisible to the immune system and insensitive to cART (Finzi
et al, 1997). As a consequence of this widespread thorough concealment, if cART is interrupted,
HIV-1 reactivates and produces replication-competent viruses capable of nascent infection (Wong
et al,, 1997; Finzi et al., 1999). Organs and tissues such as the gut and lymph nodes are key sites
enriched for cells harboring HIV-1 provirus (Wong and Yukl, 2016). Although various types of cells
including macrophages, monocytes and astrocytes can serve as HIV-1 reservoirs, the predominant
cell type containing HIV-1 provirus are CD4*" T cells and, thus, they are the predominant source
of viral replication with withdrawal of cART (Finzi et al., 1999; Wong et al., 2019). Seeding itself
in long-lived memory CD4™ T cells during acute and ongoing infection allows HIV-1 to persist
indefinitely, despite consistent and effective cART suppression.

In the absence of cART, activation of the resting CD4™" T cells harboring HIV-1 provirus drives
HIV-1 out from latency, replenishes the reservoir and promotes disease progression. Cure of the
“Berlin patient” in 2008 and the “London patient” in 2019 with HIV-1-resistant bone marrow
transplants provides proof of concept that HIV-1 can be eradicated in those already living with the
virus (Hutter et al., 2009; Gupta et al., 2019). Although application of this approach is not feasible
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for the vast majority of people living with HIV-1 (PLWH), other
elimination strategies are under investigation. These can include
“block and lock” or gene editing, both of which aim to fix latent
proviral HIV in a permanent inactive state with either drug
therapy or in situ HIV genome editing. Conversely, a “kick/shock
and kill” approach focuses on purging the latent HIV-1 reservoir
by forced HIV activation from reservoir cells, thereby exposing
it to the immune system and/or cART (Deeks, 2012; Shan et al.,
2012; Qu et al.,, 2013; Ahlenstiel et al., 2015; Mousseau et al., 2015;
Zhu et al.,, 2015; Karpinski et al., 2016; Margolis et al., 2016).
To completely cure HIV-1 infection by this latter approach,
two currently unattainable objectives must be met. Firstly, viral
reactivation needs to occur in all latently infected cells bearing
replication competent viral genomes. Secondly, those cells in
which HIV-1 reactivates must be eliminated efficiently enough
to prevent spread to uninfected cells. The second goal requires
enhanced antiviral immune function, likely combined with novel
pharmacologic strategies. Direct reservoir cytolysis by T cell
and specific antibody-dependent NK cell mechanisms is a key
element of this goal. Incomplete purging of the latent HIV-1
reservoir, although not an absolute cure, may be sufficient to
reduce or even remove dependence upon cART for suppression
of HIV replication and yield a functional cure for HIV-1
infection. In light of the role that the immune system will play,
similarities between cancer and chronic viral infection imply
that administration of checkpoint inhibitors can benefit immune-
based HIV-1 cure and treatment strategies.

Like cancer, chronic viral infection often progresses to a
stage where effector cell functions fundamental for its control
are severely impaired (Wherry and Kurachi, 2015; Bi and
Tian, 2017). Following activation, T cells upregulate inhibitory
receptors such as CTLA-4 and PD-1 to limit T cell responses and
prevent immune pathology arising from unregulated responses
(Wherry and Kurachi, 2015). In settings of chronic infection with
persistent microbial replication, T cell function is dysregulated
by sustained high expression of these inhibitory checkpoint
receptors (Attanasio and Wherry, 2016; Wykes and Lewin, 2018).
Checkpoint inhibitors targeting different inhibitory receptors on
immune cells or their corresponding ligands are transforming
cancer therapy and many are relevant to immunotherapy
for HIV-1 infection. We focused this review on the T cell
immunoreceptor with immunoglobulin and ITIM domains
(TIGIT) immune checkpoint receptor as expression of TIGIT,
its competitors, and its ligands are broadly dysregulated on
multiple cell types in HIV-1 infection. Furthermore, recent
studies indicate that TIGIT negatively regulates both T cell and
NK cell antiviral effector functions. We will discuss findings
that suggest that this regulatory axis is an especially exploitable
immune checkpoint in HIV-1 reservoir elimination strategies
engaging antiviral effector cells.

Differential TIGIT Expression on Immune
Cells

Most NK cells and multiple T cell subsets, including memory
T cells, regulatory T cells and follicular helper T cells (Trg),
express TIGIT (Boles et al, 2009; Stanietsky et al., 2009; Yu

et al,, 2009; Levin et al, 2011; Wang et al., 2015; Wu et al,,
2016). After interaction with either of its ligands, poliovirus
receptor (PVR or CD155 or Necl-5), or PVRL2 (CD112 or
nectin-2), TIGIT inhibits activation of T cell or NK cell effector
functions (Stanietsky et al., 2009; Yu et al., 2009; Stengel et al.,
2012). TIGIT belongs to a larger family of nectin and nectin-
like receptors that all recognize the same group of ligands (Chan
et al., 2012; Pauken and Wherry, 2014). Like TIGIT, TACTILE
(CDY6), and PVR-related Ig domain (PVRIG or CD112R) bind
PVR, and PVRL2, respectively, whereas DNAM-1 (CD226) is a
costimulatory counter receptor that competes with both TIGIT
and TACTILE for PVR engagement and with PVRIG for PVRL2
binding (Figure 1) (Anderson et al., 2016; Zhu et al.,, 2016;
Dougall et al., 2017; Xu et al, 2017; Sanchez-Correa et al.,
2019). The inhibitory receptor PVRIG is expressed on activated
T cells and NK cells (Figure 1), however, there is a lack of
conclusive evidence in human NK cell studies as to whether
TACTILE negatively or positively regulates activation (Fuchs
et al,, 2004; Georgiev et al., 2018; Whelan et al., 2019). Although
PVR is a common ligand for TIGIT, TACTILE, and DNAM-1,
the binding affinities vastly differ, with TIGIT having a greater
affinity for PVR than either DNAM-1 or TACTILE (Figure 1)
(Yu et al., 2009). This domination TIGIT has over DNAM-1 for
ligand binding favors effector cell inhibition over effector cell
costimulation, thereby dampening immune responses. Another
means by which TIGIT controls T cell or NK cell activation is
by interfering with DNAM-1 homodimerization by forming a
heterodimer with DNAM-1 in cis (Figure 1) (Johnston et al.,
2014). The intracellular TIGIT/DNAM-1 complex prevents
effective intercellular DNAM-1/ligand interactions and reduces
effector cell costimulation. This family of paired receptors and
ligands constitute a regulatory signaling pathway resembling that
of CD28 and CTLA-4 with antagonistic effects conveyed through
differential receptor binding of the same ligand (Martinet and
Smyth, 2015).

One hallmark of chronic HIV-1 infection is disruption of
normal lymphocyte functions, leading to signs and symptoms
of immune exhaustion. This exhaustion profile is illustrated by
increased expression of multiple inhibitory immune checkpoint
molecules including PD-1, CTLA-4, TIM-3, and LAG-3 on
CD8" T cells and in some instances, on NK cells (Wherry
et al., 2007; Anderson et al., 2016). In contrast to these well-
characterized exhaustion markers, TIGIT is found to varying
extents on NK cells and naive CD8' T cells and is further
upregulated after activation (Yu et al., 2009). There is convincing
evidence of a central role for TIGIT in control of CD8"
T cell maturation and exhaustion (Johnston et al, 2014).
However, considering its parallel regulation of NK cell functions,
targeting TIGIT with checkpoint inhibitors may have even
greater implications for bolstering antiviral immunity than
targeting PD-1 or CTLA-4. Of all lymphocyte subsets, NK
cells have the highest fraction of cells constitutively expressing
TIGIT receptors (Wang et al., 2015). Between 20 and 90%
of resting NK cells express TIGIT and levels are increased
by acute and chronic viral infections or cancers (Bi et al,
2014; Johnston et al., 2014; Wang et al,, 2015; Zhang et al.,
2018).
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FIGURE 1 | The TIGIT/DNAM-1 immune checkpoint axis. Interactions between inhibiting (&) and activating (@) T cell or NK cell receptors belonging to the nectin or
nectin-like family of receptors and their corresponding family of ligands are depicted. Strong interactions such as those between TIGIT and PVR or DNAM-1 in cis or
PVRIG and PVRL2 are illustrated with heavy arrows. There is no clear consensus regarding whether TIGIT binds PVRLS (dotted arrow) and it is unclear whether
TIGIT/PVRL2 interactions are physiologically relevant in vivo (Stanietsky et al., 2009; Yu et al., 2009; Whelan et al., 2019). DNAM-1 interacts with both PVR and PVRL2
to counter inhibition, yet does so with lower affinity than either TIGIT or PVRIG. TACTILE preferentially interacts with PVRL1 over PVR (Holmes et al., 2019). The affinity
of KIR2DL5 for PVR binding is currently unknown, as is whether any other nectin or nectin-like ligand or receptor can serve as its binding partner.

Targeting TIGIT is an especially attractive approach to
incorporate into HIV-1 cure strategies as it impacts multiple
functions of multiple types of effector cells. Its widespread
expression on NK cells and CD8" T cells enhances the
likelihood of TIGIT blockade having a meaningful impact
in the setting of chronic infection. In this setting, CD8" T
cells acquire expression of inhibitory receptors, including
TIGIT, all contributing to maintenance of an immune
exhausted state. Utilizing therapeutic monoclonal antibodies
(mADb) to release the brakes on exhausted CD8T T cells
and on NK cells expressing high amounts of TIGIT can
counter inhibition to favor restoration of productive antiviral
effector functions.

TIGIT Regulates Effector Cells in HIV-1

Infection

Expression of TIGIT is broadly dysregulated on both CD8* T
cells and NK cells in HIV-1 infection. An increased fraction of
CD8" T cells expressing TIGIT arises despite early initiation
of effective cART (Chew et al., 2016; Tauriainen et al., 2017).
The high potential impact of targeting TIGIT as a therapeutic
strategy to invigorate effector cell responses against HIV-1
is emphasized by TIGIT expression on more than half of
CD8' T cells and almost all HIV-1-specific CD8T T cells
in PLWH (Chew et al., 2016; Tauriainen et al., 2017). Cells
expressing TIGIT proliferated less and mounted weaker antiviral
cytokine responses compared with their TIGIT"8 CD8* T
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cell counterparts, indicating a prominent role for TIGIT as a
negative regulator of HIV-1-specific CD8' T cell immunity
(Chew et al., 2016). Additionally, TIGITP CD8* T cells from
PLWH have increased PD-1 co-expression, which correlates with
HIV-1 disease progression (Chew et al., 2016). ADDIN EN.CITE
(Cella et al., 2010; Tauriainen et al., 2017; Yin et al., 2018)
Interrupting TIGIT signaling using therapeutic mAb blockade
rescues CD8™ T cell antiviral activity. If signaling through either
TIGIT or PD-1 receptors is prevented by mAb, CD8" T cell
interferon (IFN)-y responses and cytotoxicity increase (Johnston
et al, 2014; Chew et al., 2016). However, IL-2 production
and T cell proliferation is reestablished only when blockade
of both receptors is imposed (Figure2A) (Johnston et al,
2014; Chew et al, 2016). In parallel with increased TIGIT
on CD8T T cells, its costimulatory counterpart, DNAM-1, is
often downregulated, further contributing to T cell exhaustion
(Cella et al., 2010; Tauriainen et al., 2017). This “one-two
punch” increases inhibitory intercellular TIGIT/PVR interactions
and cis TIGIT/DNAM-1 heterodimers further restrict the
potential for productive costimulation mediated by DNAM-
1/PVR interactions (Figure 1).

Similar to the relationship seen with CD8' T cells, higher
levels of TIGIT on NK cells correlate with HIV-1 disease
progression (Yin et al, 2018). Although TIGIT blockade
can rescue NK cell function against cancer, further evidence
illustrating the potential benefits of targeting the TIGIT axis in
the context of HIV-1 infection is needed (Zhang et al., 2018).
While TIGIT expression is increased on NK cells from treatment
naive PLWH, cART may return TIGIT expression to similar
levels as that of healthy controls (Yin et al., 2018; Vendrame et al.,
2020). In untreated PLWH, NK cells expressing higher amounts
of TIGIT were less likely to degranulate and produce IFN-y in
response to cytokine stimuli than those that did not express
TIGIT. In this case, baseline NK cell function was rescued by
mAb against TIGIT (Yin et al., 2018). In another study in which
NK cells were activated for 3 days with IL-2, blockade of TIGIT
provided no benefits to NK cells responding against in vitro HIV-
1 infected autologous primary CD4™ T cells (Vendrame et al.,
2020). In the setting of active HIV-1 infection, TIGIT expression
is increased on subsets of NK cells coexpressing DNAM-1 (Yin
etal., 2018; Vendrame et al., 2020). Combining viral reactivation
strategies with effector cell reinvigoration by preventing TIGIT
interactions with either its ligand or DNAM-1 should promote
cytolysis of infected cells (Figure 2B). More evidence is needed
to delineate the cytotoxic potential of these cells. Expression of
TIGIT on CD8™" T cells and NK cells suggests that TIGIT-specific
mADb therapy could synergistically unleash both types of antiviral
effector cells to more robustly target active HIV-1 infection.

A Ligand for TIGIT Is Enriched on HIV-1

Reservoir Cells

Although expression levels of many inhibitory checkpoint
molecules increase on multiple types of effector cells during HIV-
1 infection, inhibition relies on the interactions between these
receptors, and their cognate ligands. The predominant ligand for
TIGIT and DNAM-1 is PVR, which is expressed on monocytes,
dendritic cells, T cells and other cell types including tumor
cells and HIV-1-infected cells (Mendelsohn et al., 1989; Pende

et al., 2006; Chauvin et al., 2015; Chew et al., 2016). Originally
identified in 1989 as a receptor for poliovirus, PVR belongs to
a larger family of molecules that facilitate cell adhesion and
migration, while over-expression of PVR in transformed cells
promotes proliferation (Mendelsohn et al., 1989; Takai et al.,
2008). Stimulated T cells have increased total PVR protein and
cell surface expression levels, with preferential PVR expression
on proliferating T cells in the S or G2/M cell cycle phase
(Ardolino et al., 2011). Increased cellular PVR expression occurs
after the DNA damage response (DDR) pathway is induced
(Ardolino et al., 2011). Although activated primary CD4™ T cells
express PVR, whether or not HIV-1 influences PVR expression
on circulating primary CD4" T cells remains controversial
(Davis et al., 2017).

During infection, expression of HIV-1-encoded Vpr helps
promote cell cycle arrest in G, via the DDR pathway (Andersen
et al,, 2008). Through this same Vpr-dependent mechanism,
PVR was reported to be upregulated on the surface of HIV-1-
infected Jurkat T cells, yet expression of Nef and/or Vpu reduced
surface-expressed PVR on both Jurkat and primary CD4™" T cells
(Matusali et al., 2012; Vassena et al., 2013; Bolduan et al., 2014).
Another study reported no role for HIV-1-specific modulation of
PVR expression on primary CD4*" T cells (Davis et al., 2017).
These studies used various in vitro systems with CD4" T cell
lines or ex vivo CD4™ T cells from healthy controls infected
with different laboratory passaged HIV-1 strains. In all cases,
PVR expression was assessed on all infected T cells, yet in vitro-
infected CD4" T cells can be subsequently distinctly grouped
into either CD4P% or CD4"¢ cells (Tremblay-McLean et al,
2017). In so doing, Tremblay-McLean et al. found that surface
PVR expression is reduced on infected CD4"“¢ T cells compared
with infected CD4P° T cells (Tremblay-McLean et al., 2017). This
could indicate that if HIV-1 does regulate PVR expression in vivo,
productively infected or reservoir Tpy cells that maintain their
expression of CD4 may have a different PVR expression profile
than their CD4"%8 T cell counterparts.

Investigation of ex vivo PVR expression on CD4™ T cells
from PLWH has been limited. Very low levels of PVR
expression on circulating CD4" T cells combined with the
relative inaccessibility of lymph node sections from PLWH make
informed assessment of PVR expression problematic (Yin et al.,
2018; Vendrame et al., 2020). Upregulation of PVR can occur
on CD4%" T cells in HIV-1 infection, especially on lymph node
Tpyg CD47T T cells, which are the major site of HIV-1 reservoir
concentration (Perreau et al., 2013; Banga et al., 2016; Tauriainen
et al,, 2017). Further, within the lymph nodes from PLWH,
PVR is expressed on both germinal center CD3" cells and
interdigitating follicular DCs (Cella et al., 2010). This compact
compartment comprised of cells expressing PVR in proximity to
CD4™ T cells enriched in HIV-1 provirus could exploit higher
localized TIGIT expression on CD8" T cells and NK cells to limit
effector cell functions as they transit through lymph nodes. As
NK cell and CD8" T cell expression of TIGIT increases with
acute HIV-1 infection, introducing mAb therapy to overcome
the higher affinity TIGIT/PVR inhibitory interaction in favor
of DNAM-1/PVR-mediated activation is a rational strategy to
address lingering HIV-1 infection (Yin et al., 2018). In this event,
PVR expressed on reservoir CD4" T cells would render them

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

46

May 2020 | Volume 10 | Article 175


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Holder and Grant

TIGIT Blockade to Target HIV

mediated cytolysis.

no mAb mAb
A
®,
o
cytolysis
& 8
DNAM-1 co-inhibition anti-TIGIT co-stimulation
TGIT <27 712 (proliferation)
PD-1 anti-pD-1 ¢
B
®,
@ cytolysis
8
DNAM-1 inhibition anti-TIGIT [ 1 stimulation
TIGIT
Cc
cytolysis ©®,
& 8

FIGURE 2 | Hypothetical outcomes of using TIGIT blockade within a “shock and kill” approach for HIV-1 curative therapy. Increased PVR expression on lymph node
CD4™* Tey cells can contribute to (A) CD8* T cell or (B) NK cell dysregulation by engaging TIGIT and (co)inhibiting effector functions (left panel). Combined CD4* T
cell reservoir activation and TIGIT mAb (right panel) could create a scenario where previously latent HIV-1 actively replicates, introducing targets for HIV-1-specific
CD8* T cell or NK cell recognition. Reservoir cytolysis is promoted in this scenario by preventing inhibitory TIGIT interactions and allowing DNAM-1 (co)stimulation.
Combination TIGIT and PD-1 mAbs would also allow CD8* T cell proliferation and IL-2 production. (C) Follicular DCs (fDCs) express PVR and interact closely with
reservoir CD4* T cells. TIGIT is also expressed on lymph node CD4* T cells and may contribute to their suppression (left panel). Humanized anti-TIGIT mAb could aid
in “shock”ing latent cells into productive infection by preventing CD4" Ty cell TIGIT interactions with PVR expressed on fDCs leading to virus-induced or effector cell

anti-TIGIT

more susceptible targets for DNAM-1-expressing CD8T T cells
and NK cells (Figures 2A,B).

In 2019, killer cell immunoglobulin-like receptor (KIR)2DL5,
an inhibitory receptor expressed on NK cells and CD8" T cells,
was identified as a binding partner for PVR, adding another facet
to this already complex regulatory pathway (Estefania et al., 2007;

Husain et al., 2019). The genes encoding KIR2DL5 (KIR2DL5A
and KIR2DL5) are highly polymorphic (Vilches et al., 2000a,b).
Less than 10% of CD56%™ NK cells and a very small fraction
of the CD8™ T cells of carriers express the most common allele,
2DL5A*001, which is detectable by mAb UP-R1 (Estefania et al.,
2007; Cisneros et al., 2012). An accurate measure of KIR2DL5
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prevalence in the wider population is currently unavailable as it
is unknown whether this is the only allele expressed or whether
polymorphisms arising in other alleles alter epitopes recognized
by UP-R1 (Cisneros et al., 2012, 2016). While multiple factors
suggest that inhibiting TIGIT/PVR interactions is a suitable
strategy to invigorate effector cell responses against HIV-1,
PLWH expressing KIR2DL5 may be less likely to benefit from this
approach. Studies are needed to determine the antiviral effector
potential of NK cells expressing KIR2DL5 and whether they
co-express other nectin or nectin-like receptors.

TIGIT Is Expressed on HIV-1 Reservoir

Cells

A significant hurdle to achieving HIV-1 cure is the lack of HIV-
1 antigen expression on reservoir CD4" T cells, which leaves
no appropriate means to target them immunologically. Without
specific cell surface markers or HIV-1 antigen expression/peptide
presentation to identify HIV-1-infected cells, no level of
competent effector cell function can eradicate HIV. Selectively
targeting latently infected cells that comprise the HIV-1 reservoir
is a subsidiary approach to HIV-1 cure. Together with CD8* T
cells and NK cells, CD4*" T cells, including Try cells residing
deep within lymph node tissues, express TIGIT (Yu et al., 2009;
Wu et al., 2016). The CD4™ T cell fraction expressing TIGIT
is enriched for integrated HIV-1 DNA and the frequency of
TIGITP®® cells that also co-express PD-1 and LAG-3 correlates
with the size of the HIV-1 reservoir (Fromentin et al., 2016).
Expression of TIGIT on CD4* T cells, alone or in combination
with other immune checkpoint receptors identifies a subset of
CD4™ T cells more likely to harbor latent HIV-1.

Although TIGIT expression can help identify HIV-1
reservoirs, these cells need to be activated or shocked into
productive infection to express HIV-1 antigens or associated
stress proteins enabling recognition by antiviral effector cells.
Maintenance of stable HIV-1 reservoirs involves persistent
inhibition through interactions between checkpoint inhibitors,
such as PD-1 or TIGIT, and their ligands (Wykes and Lewin,
2018). Consistent with the latency reversal noted with anti-
PD-1 mADb, introducing anti-TIGIT mAb to unleash negative
regulation can help shock TIGIT-expressing CD4" T cells
into activation and shift latent HIV-1 into active production
(Figure 2C) (Chew et al., 2016; Fromentin et al., 2016, 2019;
Evans et al., 2018; Guihot et al., 2018; Wykes and Lewin, 2018).
Targeting TIGIT as part of a cure strategy for HIV-1 could
concurrently help force HIV-1 out of hiding, while rescuing
CD8™ T cell and NK cell antiviral functions to bridge effector
cell functions with recognition of HIV-1-infected cells-a
multipronged “shock and kill” approach.

CONCLUSION

We have discussed findings that suggest TIGIT inhibition of
CD8' T cell and NK cell surveillance against HIV-1-infected
CD4" T cells and monocytes, compounded by dysregulation
of PVR and DNAM-1 expression, constitutes an exploitable
immune checkpoint in HIV-1 reservoir elimination strategies
engaging antiviral effector cells. The reasons that TIGIT could be

an especially attractive target are several fold. Most importantly,
TIGIT is expressed on most NK cells and almost all HIV-specific
CD8T T cells in PLWH (Wang et al.,, 2015; Tauriainen et al.,
2017; Yin et al., 2018). While this may favor targeting TIGIT over
other inhibitory receptors such as PD-1 or CTLA-4, there is a case
for using combinations of checkpoint inhibitors. For example,
blocking TIGIT increased degranulation, IFN-y production and
proliferation of antiviral effectors, however, blockade of both
TIGIT and PD-1 rescued IL-2 production, an important correlate
of immune stability in PLWH (Johnston et al., 2014; Chew
et al,, 2016). In some settings, TIGIT blockade increases NK
cell natural degranulation and antiviral cytokine release and
likewise enhances cytokine release by CD8' and CD4™ T cells
and degranulation of HIV-specific CD8' T cells (Chew et al.,
2016; Fromentin et al., 2016; Tauriainen et al., 2017; Yin et al.,
2018). Secondly, there is evidence that HIV-1 infection of CD4™
T cells induces upregulation of PVR expression and that the
latent HIV reservoir is to some extent concentrated in CD4™ T
cells expressing PVR and/or TIGIT (Cella et al., 2010; Tauriainen
etal., 2017; Yin et al., 2018). Thus, at least a fraction of the CD4™
T cells activated for nascent HIV-1 replication is pre-armed to
inhibit antiviral effector cell function through PVR engagement
of TIGIT. Previous studies indicating that endogenous HIV-
specific CD8' T cell responses of PLWH are insufficient to
address nascent HIV-1 reactivation underscore the necessity
to enhance antiviral effector functions in concert with HIV-1
reactivation (Shan et al., 2012).

The breadth of its effects on T cells and NK cells as well as
specificity for cells in which the HIV-1 reservoir is concentrated
combine to highlight the potential of TIGIT blockade in
immunotherapeutic HIV-1 cure strategies. Several humanized
anti-TIGIT mAb (AB154 and Etigilimab) have already entered
clinical trials in cancer therapy, alone and in combination with
anti-PD-1. These early stage studies indicate a favorable safety
profile with effective TIGIT blockade. Experience in the cancer
setting should help inform strategies for TIGIT blockade in
PLWH, including whether better outcomes can be achieved when
used in combination with other checkpoint inhibitors. For cure
strategies that involve widespread reactivation of HIV replication
and purging of the exposed infected cells, it will be critical to
determine which effector cells or functions can most rapidly be
brought to bear against nascent HIV-1 replication.
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Toll-like receptors (TLRs) were first identified as molecular sensors that transduce signals
from specific structural patterns derived from pathogens; their underlying molecular
mechanisms of recognition and signal transduction are well-understood. To date,
more than 20 pattern-recognition receptors (PRRs) have been reported in humans,
some of which are membrane-bound, similar to TLRs, whereas others are cytosolic,
including retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), and stimulator of interferon genes
(STING). Clinically, PRR ligands have been developed as vaccine adjuvants to activate
innate immunity and enhance subsequent antigen-specific immune responses. Recently,
PRR ligands have been used as direct immunostimulators to enhance immune responses
against infectious diseases and cancers. HIV-1 remains one of the world’s most
significant public health challenges. Without the elimination of HIV-1 latently infected cells,
patients require lifelong combination antiretroviral therapy (CART), while research aimed at
afunctional cure for HIV-1 infection continues. Based on the concept of “shock and kill,” a
latency-reversing agent (LRA) has been developed to reactivate latently infected cells and
induce cell death. However, previous research has shown that LRAs have limited efficacy
in the eradication of these reservoirs in vivo. Besides, PRR ligands with anti-retroviral
drugs have been developed for use in HIV treatment for these years. This mini-review
summarizes the current understanding of the role of PRR ligands in AIDS research,
suggests directions for future research, and proposes potential clinical applications.

Keywords: TLRs, PRRs, latently HIV-1 infected cells, non-human primates, STING, immunostimulators

INTRODUCTION

Once HIV-1 infected into CD4T cells, it integrates into the host genome and replicates for
a long time. Some of the infected cells are hidden from the immune system, and in case
of immunocompromization, virions re-emerge from the latently infected cells. Even under
combination antiretroviral therapy (cART), latently infected cells exist in body. Thus, curing
HIV-1 infection requires elimination of HIV-1 latently infected cells, mainly located in the
lymphoid organs. Several factors affect the effectiveness of viral reservoirs eradication, specifically:
(1) reactivation of latently infected cells, (2) prevention of de novo infection by re-emerged
virus produced by reactivation, (3) killing of these reactivated latently infected cells by inducing
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a cytopathic effect (CPE) and subsequent apoptosis and/or anti-
HIV immune responses. Extensive research has been done to
understand how best to use latency-reversing agents (LRAs)
against HIV-1 to achieve a functional cure; these strategies have
been referred to as “shock and kill” therapy (Deeks et al., 2016;
Sengupta and Siliciano, 2018).

Among a variety of reagents potentially harboring LRA
activity, histone-deacetylase inhibitors (HDACi) and PKC
agonists have been investigated extensively and are well-
documented as LRAs (Spivak and Planelles, 2018). It was
initially thought that reactivation of latent HIV by LRAs
would be sufficient to eliminate infected cells through CPE.
However, recent data have suggested that immune effectors
such as HIV-specific CTL, NK cells, or immunotoxins are
likely required to recognize and eliminate exposed target cells
in the so-called “flush-and-kill” strategy (Deng et al, 2015;
Cartwright et al., 2016; Jones and Walker, 2016). In fact,
Archin et al. have demonstrated that a single dose of vorinostat
(VOR) increased the levels of cellular biomarkers of increased
acetylation and simultaneously induced an increase in HIV
RNA expression in resting CD4T cells isolated from donors
receiving cART (Archin et al., 2012). However, the authors did
not observe any alteration in low-level viremia. This study has
suggested that a single, clinically tolerable dose of VOR might
be sufficient to induce the desired biological effect (histone
acetylation) in PBMCs of HIV-positive, cCART-treated patients.
These effects were noted as temporary and were associated
with increased levels of HIV RNA expression within resting
CDA4T cells. Concurrently, concerns were raised about HDACi’s
negative impact on CTL functions (Jones et al., 2014; Clutton
et al, 2016). However, a recent study by Margolis et al. has
reported no measurable negative effects of HDACi on NK
cell function based on ex vivo comprehensive immunological
analysis, using PBMCs from participants treated with HDACi
in two clinical studies (Garrido et al., 2019). Nevertheless,
attenuated immune responses by HDACi remain subject
to discussions.

Meanwhile, pattern recognition receptors (PRRs) were first
identified as molecular sensors that transduce signals from
specific structural patterns derived from pathogens. Their
underlying molecular mechanisms of recognition and signal
transduction are well-documented (Kawai and Akira, 2010, 2011;
Takeuchi and Akira, 2010). To-date, over 20 PRRs have been
reported; some of them are potential therapeutic targets against
infectious disease or other types of disease for which there is
currently no treatment. Indeed, 584 clinical trials on PRR ligands
are registered at ClinicalTrials.gov, with the majority of these
trials testing PRR ligands as vaccine adjuvants (Coffman et al.,
2010; Reed et al., 2013; Del Giudice et al., 2018; Temizoz et al.,
2018). Recently, PRR ligands as immunostimulatory drugs have
received attention as potential immune therapy agents against
infectious diseases and cancer, with an increasing number of
trials registered at ClinicalTrials.gov. Moreover, most of the
PRRs used for prospective treatment of infectious disease or
cancer are agonists of TLR7, TLR8, TLRY, and STING; four
clinical trials have been registered for HIV-1 treatment (Table 1).
The present review summarizes the current state of knowledge

regarding PRR agonists as alternative to LRAs and discusses
the possible future use of these drugs as potential cure for
HIV-1 infection.

POTENTIAL FOR SINGLE USE OF EACH
PRR LIGAND

Among the variety of PRR ligands, ligands against
TLR7/TLR8/TLRY9 were studied extensively as LRA. These
PRR agonists LRA function resulted in reactivation of the
latently infected cells, triggering viral gene expression, surface
Env expression, and release of virions (Figure 1A). TLR7/8
senses single-stranded RNA, on the other hand, TLRY senses
unmethylated CpG-oligodeoxynucleotide-containing DNA on
the endosomal membranes. These receptors are known to be
expressed in pDCs and consequently produced Type I IFN upon
stimulation to prevent viral infection in general. In addition,
RIG-I and STING ligands are also of particular interest in the
field. Thus, we will summarize the current reports of single use
of these ligands.

TLR7 Agonist

The GS-9620 is a potent and selective TLR7 agonist, originally
used to treat chronic hepatitis (summarized in Table 1). Safety
of oral administration of GS-9620 has been shown in phase
1/2 studies for hepatitis B (Gane et al, 2015) and hepatitis
C (Lawitz et al,, 2015). Jansenn et al. demonstrated the GS-
9620 induced type I IFN responses assessed by ISG induction,
although no significant serum IFN alpha upregulation or
HBsAg level decline was observed (Janssen et al, 2018).
In addition, GS-9620 has been used in the trials for HIV-
1 infection (NCTO02858401). For example, Tsai et al. have
demonstrated that GS-9620 might induce reversal of latency in
cells from HIV-infected aviremic donors on cART. Moreover,
CD8T cell, NK cell activity, and phagocytic cells activity
were enhanced through Type I IFN secretion from pDC (Tsai
et al., 2017). Subsequently, Lim et al. demonstrated that GS-
9620 induced transient viremia and reduced viral reservoir in
acutely cART-treated SIV-infected macaque model (Lim et al.,
2018); 2 out of 9 treatment monkeys remained aviremic for
>2 years.

TLR8 Agonist

Recently, Meas et al. proposed the new topic of TLR8 as an
LRA for HIV-1 cure strategy (Meas et al., 2020). Using human
primary CD4 T cells, they demonstrated that endocytosed HIV-1
was recognized by TLR8, which in turn induces an inflammatory
response that is suitable for HIV-1 replication and latency
reversal. Furthermore, they also demonstrated that TLRS, but
not TLR7 or TLRY, stimulation promoted differentiation to
Th1/Th17 type cells, that might be contributing for HIV-1
long-term persistence in patients receiving cART (Sun et al,
2015). Thus, agonist of TLR8 would be a unique clinical target.
Currently Selgantolimod (GS-9688), a selective TLR8 agonist, is
intended as an immunostimulatory drug for hepatitis B (Table 1),
which has been tested in animal models assessing in vivo safety,
pharmacokinetics, pharmacodynamics, and efficacy (Daffis et al.,
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TABLE 1 | Selected pattern-recognition receptor agonists investigated in clinical trials for HIV, Hepatitis B/C, or cancer treatment.

Type Target PRRs Drug Alternative Disease Responsible Clinical Identifier
Name Party Stage
Single TLR7 Vesatolimod GS-9620 Hepatitis B Gilead Sciences Phase II NCT01590641
NCT01590654
NCT02166047
NCT02579382
TLR7 Vesatolimod GS-9620 Hepatitis C Gilead Sciences Phase | NCT01591668
TLR7 Vesatolimod GS-9620 HIV Gilead Sciences Phase II NCT02858401
NCT03060447
TLR7 RO7020531 Hepatitis B Hoffmann-La Phase | NCT02956850
Roche
TLR7 TQ-A3334 AL-034 Hepatitis B Chia Tai Tianging Phase Il NCT04180150
Pharmaceutical
Group Co., Ltd.
TLR8 Selgantolimod GS-9688 Hepatitis B Gilead Sciences Phase Il NCT03615066
NCT03491553
TLR9 Lefitolimod MGN1703 HIV University of Phase I /I NCT02443935
Aarhus
TLR9 SD-101 Hepatitis C Dynavax Phase | NCT00823862
Technologies
Corporation
RIG-I Inarigivir GS-9992 (SB Hepatitis B Spring Bank Phase Il NCT03493698
9200) Pharmaceuticals, NCT03932513
Inc. (with Gilead NCT04059198
Sciences) NCT04023721
NCT03434353
RIG-I Acitretin HIV Ottawa Hospital Phase | NCT03753867
Research Institute
STING E7766 Cancer Eisai Inc. Phase | NCT04109092
NCT04144140
STING GSK3745417 Cancer GlaxoSmithKline Phase | NCT03843359
Combination TLR9 Lefitolimod MGN1703 HIV University of Phase I/Il NCT03837756

Aarhus

2017). This agent could be useful as HIV-1 treatment in
the future.

TLR9 Agonist

TLR9 agonists have been shown to reactivate latently infected
cells in cART-treated patients’ PBMC samples. Previous studies
have shown that CpG-ODN might cause minor but significant
decrease in the HIV-1 proviral reservoir (Scheller et al,
2004; Sogaard et al, 2010; Winckelmann et al, 2013),
despite CpG-ODN-associated toxicity (Sogaard et al, 2010;
Rynkiewicz et al., 2011; Manegold et al.,, 2012). In particular,
a novel TLRY agonist MGN1703 was recently developed and
the effects on the reactivation of latently infected cells are
well-documented (Schmidt et al., 2015; Wittig et al, 2015;
Offersen et al, 2016). Segaard et al. tested a hypothesis
that MGN1703 might have dual effects (potential latency
reversal and enhancement of immune function) within the
“shock-and-kill” HIV-1 eradication approach. MGN1703 has
been shown to induce potent antiviral responses in immune

effector cells from HIV-1 infected individuals on suppressive
cART in vitro.

Clinical studies have shown no safety concerns regarding
MGN1703 (Table 1), supporting its positive effect on anti-
HIV1 specific adaptive immunity (Vibholm et al., 2017, 2019).
In fact, 24 weeks post-MGN1703 treatment of participants
on cART, upregulation of Type I IFN and increase in
the number of NK cells or proportion of activated pDC
were observed. However, there was no statistically significant
reduction in the number of the latently infected cells or viral
load values. Furthermore, the positive effects of MGN1703
were reported within the lymph nodes and colon. In a
clinical trial, Schleimann et al. demonstrated that MGN1703
enhances B cell differentiation and induction of Type I IFN
responses in the lymph nodes (Schleimann et al, 2019).
Similarly, Krarup et al. have demonstrated that MGN1703
induced potent type I IFN responses in colon, and that
there exists an inverse correlation between the level of
TLRY9 and the viral DNA in colon (Krarup et al, 2018).
It might be helpful to reactivate latent reservoirs that were
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FIGURE 1 | Schematic diagram of PRR agonist-induced changes in latently infected cells or surrounding players. For clarity, only selected molecules/factors are
depicted (B-D). Key molecules are color-coded as follows: integrated HIV-genome (magenta), surface Env (tangerine), PD-1 (yellow-green), PD-L1 (green), MHC-I/II
(dark blue), peptide on MHC (red), TCR (turquoise blue), CD16 (orange), and CD32 (yellow). Each PRR ligands discussed in this mini review are written in the box. (A)
Single treatment of PRR agonists. PRR agonist’s LRA function resulted in reactivation of the latently infected cells, triggering viral gene expression, surface Env
expression, and release of virions. (B) A simplified depiction of the consequences of the stimulation using TLR7 agonist with a therapeutic vaccine. (C) A simplified
depiction of the consequence of using TLR7 agonist with anti-checkpoint molecules monoclonal antibodies. Blocking immune checkpoints by antibodies against
PD-1 or PD-L1 revive the CTL, likely resulting in increased activity. (D) A simplified depiction of the consequence of using TLR7 agonist with bNab.
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mainly accumulated in lymphoid tissues under cART treatment
(Banga et al., 2016).

Other TLR Ligands

Data regarding reactivation of latent reservoirs by stimulation
with TLR ligands is also available from in vitro studies. Sher et al.
have demonstrated the importance of TLR2 for the induction of
integrated HIV-1 expression by mycobacteria in a mouse model
(Bafica et al., 2003, 2004). Subsequently, Bosque’s group has
demonstrated the reactivation of latently infected cells by TLR1/2
stimulation in vitro (Novis et al., 2013). More recently, Bosque’s
group has reported on the efficacy of a synthetic molecule, CL413
(or CL531/CL572), comprising TLR2 and TLR7 agonist. The
compound acted as a dual TLR2/7 agonist and reactivates latency
via two distinct mechanisms. As a TLR2 agonist, the compound
reactivates HIV by inducing NF-kB activation in memory CD4 T
cells; as a TLR7 agonist, it induces secretion of TNF-a by
monocytes and pDCs, promoting viral reactivation in CD4 T cells
(Macedo et al., 2018). In a cell line model, TLR3 agonist poly
(L:C) efficiently reactivates HIV transcription in HIV-infected
microglial cells via the IRF3 pathway without activating the NF-
kB pathway (Alvarez-Carbonell et al., 2017). This effect is likely
cell type-specific, as it was not observed in monocytes or T cells.

Cytosolic PRR Ligands

Type I IEN is the best-studied downstream signaling pathway
activated by PRRs. In AIDS research, the amount of Type I
IFN produced by PRR ligands has been shown to correlate
with the level of reactivation of latently infected cells in vitro
(Borducchi et al.,, 2016; Li et al., 2016). Thus, the levels of
Type I IFN production might be a marker of reactivation in
vitro. As the stimulation of cytosolic RNA helicases (RLRs),
such as retinoic acid-inducible gene-1 (RIG-I) and melanoma
differentiation associated gene 5 (MDA5) enhances production
of Type I IFNG, their ligands might be of interest.

In contrast to membrane-bound TLRs, RLRs detect cytosolic
RNA derived from viruses (Broz and Monack, 2013; Kell and
Gale, 2015). Similar to TLR agonists, the RIG-I agonist GS-9992
for Hepatitis B treatment has been conducted clinical studies
(summarized in Table 1). RIG-I has been shown to detect HIV-
1 RNA (Solis et al.,, 2011; Wang et al., 2013, 2015). Retinoic
acid (RA) is a stimulator of RIG-I signaling, used as RIG-I
agonist. Li et al. have reported that acitretin (an RA derivative)
enhanced RIG-I signaling and increased HIV transcription, while
inducing preferential apoptosis of HIV-infected cells (Li et al.,
2016). Concurrently, acitretin decreased proviral DNA levels
in CD4T cells from HIV-positive participants on suppressive
CART, an effect that was amplified when combined with SAHA.
Acitretin also induced Type-I IFN and chemokine production.
A phase-I clinical trial utilizing the oral tablet formulation of
acitretin has been planned to investigate its safety and effect on
the expression of several markers, including RIG-I, in CD4T
cells (NCT03753867).

Another potential candidate RLR ligand is a synthetic RLR
agonist, KIN1148, which has been reported as an influenza
vaccine adjuvant (Probst et al., 2017). KIN1148 induces dose-
dependent expression of IRF3 and enhances the HIN1 influenza

vaccine activity. However, no studies on KIN1148 as an
immunostimulatory drug or LRA have been reported to-date.

Stimulator of interferon genes (STING) is another candidate
for inducing strong type I IFN responses as a PRR. STING is a
type of innate immune sensor for c-di-AMP (Barber, 2011, 2014,
2015; Burdette and Vance, 2013). A STING ligand, cGAMP is
a promising immunomodulator, previously shown to improve
tumor control in cancer studies (Corrales et al., 2016; Kinkead
et al, 2018). Furthermore, several phase I trials for cancer
by using STING ligands have been ongoing (selected two in
Table 1). Using the PBMCs harboring of latently infected cells,
previous studies have identified STING ligands as novel type of
LRA, which might induce reactivation of latently infected cells
and simultaneously enhancing antigen-specific CTLs (Palermo
et al,, 2019; Yamamoto et al., 2019). Moreover, our group has
reported that another STING ligand, 3°3’-cGAMP, might induce
HIV-1-specific CD8 T cells with strong effector function from
naive T cells via Type I IFN production (Kuse et al., 2019).
These results suggest that STING ligands are potentially an
immunostimulatory drugs for HIV.

COMBINATION OF PRR LIGAND AND
OTHER IMMUNOTHERAPIES

Combination With Therapeutic Vaccines

Efficacy of TLR7 agonist for HIV infection in vivo was first
shown in combination with a therapeutic vaccine in SIV-
infected macaque model. Ad26/MVA therapeutic vaccine, a
vaccine regimen primed by a recombinant adenovirus serotype
26 (Ad26), and boosted by a modified vaccinia Ankara (MVA),
was administered in monkeys along with a TLR7 agonist under
cART during the acute phase of infection. As a result, the
set point viral load after treatment interruption alongside viral
DNA in lymph nodes and PBMC were reduced, and delayed
rebound was observed (Borducchi et al., 2016). Moreover, the
breadth of cellular immune responses induced or boosted by this
vaccine regimen inversely correlated with set point viral loads
and directly correlated with time to viral rebound. The simplified
depiction of the consequence of the stimulation using TLR7
agonist with a therapeutic vaccine was shown in Figure 1B (left).

Combination With Checkpoint Inhibitors
Programmed death-1 (PD-1) blockage has been known
to restore exhausted T-cell function. For clinical usage, it
was first used successfully in the treatment of malignant
melanoma cancers, and its effectiveness for other cancers
or infectious disease has been tested. Furthermore, as a
cancer immunotherapy, a combination of TLR agonists and
antibodies against immune checkpoint inhibitors (e.g., PD-
1, PD-L1, or CTLA4) has been proposed for clinical trials.
Conceptually, immune checkpoint inhibitor compensates
the barrier to attack from immune cells, while TLR agonists
enhance the immune cell attack, possibly contributing to tumor
size reduction.

In HIV research, upregulation of PD-1 expression in chronic
HIV-1-infected patients was reported in 2006. The therapeutic
vaccine boosts HIV-1-specific CTL (Figure 1B left), while CTL
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continues to express PD-1, which might limit CTL activity
(Figure 1B right). Indeed, many groups reported the inverse
correlation between the level of PD-1 expression on virus-specific
CD8 T cells and VLs during chronic phase of infection (Day et al.,
2006; Petrovas et al., 2006; Trautmann et al., 2006). Subsequently,
PD-1 blockage enhances SIV-specific immunity in vivo in SIV-
infected macaque model without cART (Velu et al, 2009;
Dyavar Shetty et al., 2012). Furthermore, the blockage of PD-
1 has been shown to enhance antiviral CTL activity and reduce
the viral reservoir in SIV-infected macaque model with cART
(Mylvaganam et al., 2018). These data suggested that blockage of
PD-1 signaling might be a mode of treatment for HIV-1 infection
(Figure 1C).

In contrast, Bekerman et al. have demonstrated the opposite
result of a combination of anti-PD-1 with GS-9620 in SIV-
infected chronic cART model (Bekerman et al., 2019). These
authors reported no delayed rebound or changes to the size
of reservoir because of treatment with PD-1 or GS-9620 used
separately or concurrently, in a placebo-controlled trial. Due
to the duration of cART treatment, the authors suggested PD-
1 blockage might be of limited benefit. In addition to the
limited benefit, the adverse effects of the checkpoint inhibitors
should also be considered. In the cancer patient who has
HIV-1 infection, the side effects of the PD-1 blockage appear
similar to that in non-HIV patients (Scully et al., 2018). Further
research on checkpoint inhibitors is required to achieve a
functional cure.

Combination With bNabs

Since the first identification of the broad neutralizing antibodies
(bNabs) against HIV-1 from patient blood (Scheid et al., 2009;
Walker et al, 2009; Wu et al, 2010; Zhou et al, 2010),
tremendous amount of new bNabs have been developed (Kwong
and Mascola, 2018; Sok and Burton, 2018; Haynes et al., 2019).
In clinical studies, some of them have been shown to delay
viral rebound after analytic treatment interruption (ATI) in vivo
(Bar et al., 2016; Scheid et al., 2016). Based on these data,
the Barouch group proposes a direct antiviral effect of bNabs
on latently infected cells, alongside the neutralizing effect of
antibodies. There might be potentially two advantages. (1)
The neutralization activity against de novo virion produced
concomitantly with the reactivation. (2) bNabs might be
helpful to induce FcR-mediated killing (ADCC or ADCP) with
surrounding FcR-expressing cells (Figure 1D). Using SHIV-
infected macaque model treated with cART in the acute phase
of infection, they demonstrated that V3 type bNab PGT121
with GS-9620 under cART delayed viral rebound following
ATT (Borducchi et al.,, 2018). In their study, serum antibody
concentration was below the detectable limit at the time of
ATI, suggesting bNab’s direct effect on latently infected cells.
Concurrently, a combination of TLR agonists and bNabs is
being studied in a Phase II clinical trial. In the study (TITAN),
a combination of MGN1703 (TLR9 agonist) and 3BMC117
(anti-Env CD4 binding site bNab) will be tested with cART
patients (NCT03837756).

IMPORTANCE OF ANIMAL MODELS FOR
THE DEVELOPMENT OF PRR DRUGS

Animal studies are essential to the development of vaccines
and their adjuvants. Such experiments generally involve
small animals, with mouse and rat models most commonly
used for efficacy and safety, respectively. Such experiments
have several advantages, including relatively straightforward
experimental protocols, and availability of a variety of assays
alongside genetically modified mouse models required for
mechanistic analyses.

In spite of these advantages, these models have several
disadvantages. For example, previous studies have reported
differences between mice and humans in PRR expression and
innate immune responsiveness, specifically regarding innate
immune response, which is relevant to research into PRR ligands
as immunostimulatory drugs (Hornung et al., 2002; Pulendran,
2004; Kastenmuller et al., 2014). Moreover, TLRs 7 and 9 have
been reported to show expression localized in plasmacytoid
dendritic cells (pDCs) and B cells in humans; however, in mice,
they are also expressed in CD8+ DC. Moreover, TLR8 expression
has been reported in monocytes and conventional DC (cDC) in
humans (Kadowaki et al., 2001), while functional TLRS8 is not
expressed in any type of mice cell, where it could be a pseudogene.
These differences between mouse and human level of TLR
expression might limit translation of any findings regarding
PRR ligands therapeutic agents into clinical use, highlighting
the need for a non-human primate model, and subsequent
human trials.

Another important aspect of an animal model in
HIV-1 cure studies is the timing of cART initiation. For
instance, cART starting early after infection has been
shown to limit the reservoir size in SIV infected macaque
(Okoye et al., 2018).

Del Prete et al. have stressed the importance of cART
timing. They observed no increase in viremia after serial
administration of GS-9620, or changes to viral DNA associated
with GS-9620 in PBMC or tissues. In their study, cART
was initiated 13 days after infection and continued for
75 weeks before GS-9620 administration. Nevertheless, they
observed transient upregulation of IFN-stimulated genes in
blood and tissues, an increase in plasma cytokines level,
changes in immune cell population activation, and phenotypes
(Del Prete et al., 2019).

In chronic SIV-infected model, despite combination with
PD-1 blockage, GS-9620 could not reduce the amount of
viral RNA in PBMC or tissues after treatment interruption
(Bekerman et al, 2019), which is in contrast to previously
reported beneficial results of GS-9620 in SIV- or SHIV-infected
macaque models (Borducchi et al, 2016, 2018; Lim et al,
2018). These discrepancies might be due to the timing and
duration of cART, which might affect the level of set point
viral loads, reservoirs size, and the likelihood of regular immune
system preservation.

Altogether, data from previous studies should be carefully
considered when evaluating the effect of treatment with PRR
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ligands based on the timing of cART initiation and its
duration in vivo.

CONCLUDING REMARKS

In this mini review, we discussed potential use of PRR agonists
as a single agent or in combination with other LRA to eliminate
latently infected cells. We focused on agonists of TLRs, STING,
and RIG-I, showing that several PRR ligands might help
eliminate latently infected cells (Figure 1A). However, further
research is required to elucidate the underlying mechanisms
of action, differences in pathway activation, crosstalk between
pathways, and their metabolism in vivo. As most of the presented
studies involved in vitro observations, examination of the efficacy
in vivo is the next paramount step. In addition, an animal model
treated in vivo with cART during a chronic phase of infection
is necessary, as it would be clinically relevant to the majority of
HIV-infected individuals.

In summary, progress toward a functional cure against HIV-
1 in humans continues. Some of the pre-clinical studies using
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Elimination of the latent HIV reservoir remains a major barrier to achieving an HIV cure. In
this review, we discuss the cytolytic nature of human gamma delta T cells and highlight
the emerging evidence that they can target and eliminate HIV-infected T cells. Based
on observations from human clinical trials assessing gamma delta immunotherapy in
oncology, we suggest key questions and research priorities for the study of these unique
T cells in HIV cure research.

Keywords: gamma delta T cell, V32, V31, HIV, immunotherapy

INTRODUCTION

Efforts to eliminate the latent HIV reservoir have, to date, been unsuccessful, outside of aggressive
chemotherapy and stem cell transplants from genetically resistant donors (Hutter et al., 2009; Gupta
et al., 2020). Killing of infected cells with minimal viral replication, or killing of infected cells after
latency reversal, is likely to be critical in the long-term containment or eradication of HIV. Novel
approaches to clear infected cells now include the study and manipulation of highly cytotoxic
lymphocyte subsets beyond traditional CD8+- CTL (Garrido et al., 2018a,b). It has become apparent
from both in vitro studies and human clinical trials in oncology that gamma delta T (y8T) cells
exhibit remarkable cytotoxicity (Simoes et al., 2018) and the potential for safe clinical use in human
immunotherapy (Silva-Santos et al., 2019). A number of excellent reviews have recently described
the use of human y3T cells in clinical trials for cancer treatment (Lo Presti et al., 2017; Godfrey
et al., 2018; Pauza et al., 2018; Silva-Santos et al., 2019). Here, we will discuss how advances in
gdT immunology have identified these cells as potential anti-HIV effectors, and what remains to be
established regarding the efficacy of y8T cells as components of an HIV cure intervention.

HUMAN GAMMA DELTA T CELL SUBSETS

Human y3T cells are typically classified on the basis of their TCR delta chain, of which there are 8
variants (Hayday, 2000). In peripheral blood, up to 90% of 3T cells express the V82 chain (Triebel
et al., 1988). The majority of V32 cells pair with Vy9 and form the well-studied population of
phosphoantigen-reactive y38T cells (Tanaka et al., 1995). In contrast, V32-negative y3T s dominate
at many mucosal sites, including the gut (Lundqvist et al., 1995). These V82- y8T cells tend to
express either the V31 or V33 chain, with a variety of Vy chain pairings (Groh et al., 1998). V31
cells typically, but not always (Hviid et al., 2000), form a minor population of the circulating y3T
cell compartment.

V82Vy9 cells (herein referred to as V82 cells) form a polyclonal T cell population that
rapidly expands postnatally, most likely due to persistent antigen exposure or other inflammatory
stimuli (Pauza and Cairo, 2015; van Der Heiden et al., 2020). The V82Vy9 TCR recognizes
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pyrophosphate  antigens,  which  include isopentenyl
pyrophosphate (IPP) and the potent microbial metabolite
(E)-4-Hydroxy-3-methyl-but-2-enyl  pyrophosphate (HMB-
PP) (Triebel et al., 1988). Like other unconventional T cells,
however, Vd2 cells can also respond to TCR-independent
stimuli, including cytokines such as IL-12 and IL-18, and various
NK cell receptor ligands (Provine et al., 2018). Interestingly,
phosphoantigen-reactive y3T cells are found only in humans,
non-human primates, and alpacas, with no y3T cells in mice
recognizing similar antigens (Fichtner et al., 2020). Owing in
part to the ease with which they can be expanded in vitro,
V382 cells have been well characterized in human health and
disease, and many of their defining features have been recently
reviewed (Tyler et al., 2015; Davey et al., 2018). Notably, V52
cells are commonly depleted during chronic HIV infection, with
incomplete restoration among ART-treated cohorts (Hinz et al.,
1994; Poccia et al., 1996; Wesch et al., 1998; Enders et al., 2003;
Poles et al., 2003; Li et al., 2014, 2015; Cimini et al., 2015; Strbo
et al., 2016; Bhatnagar et al., 2017). We have recently reviewed
the impact of HIV infection and treatment on both circulating
and tissue-resident y3T cells (Juno and Eriksson, 2019).

In contrast to V&2 cells, the antigen specificity of V81 cells
remains largely unknown. The V81 cell population includes
cells with specificity for R-phycoerythrin and EphA2 (Willcox
and Willcox, 2019), CD1c- and CDI1d-restricted lipid antigens
(Uldrich et al., 2013; Roy et al., 2016; Willcox and Willcox, 2019),
and the antigen presenting molecule MR1 (Le Nours et al., 2019).
V381 phenotype and frequency is markedly altered by infections
such as malaria (Hviid et al., 2019) and human cytomegalovirus
(HCMV) (Pitard et al., 2008; van Der Heiden et al., 2020).
HCMYV seropositivity is typically associated with substantial
clonal expansion within the V31 population, and differentiation
toward a terminally differentiated (CD27-CD45RA+) phenotype
(Davey et al, 2017; van Der Heiden et al.,, 2020). In contrast
to V82 cells, the V81 cell population is significantly expanded
during HIV infection and ART (De Paoli et al, 1991; De
Maria et al., 1992; Rossol et al., 1998; Wesch et al., 1998;
Poles et al., 2003; Poggi et al., 2004; Fausther-Bovendo et al.,
2008; Li et al, 2014; Cimini et al, 2015; Olson et al., 2018;
Chevalier et al, 2019), the implications of which are largely
unknown (Juno and Eriksson, 2019).

ANTI-HIV ACTIVITY OF GAMMA DELTA T
CELLS

Efforts to eliminate the HIV reservoir following latency reversal
have traditionally focused on the utility of antigen-stimulated
conventional CD8+ T cells to kill HIV-infected cells (Shan et al.,
2012; Deng et al,, 2015). Limitations to this approach include the
requirement for autologous CD8+ T cells to be collected and pre-
stimulated for each individual (Shan et al., 2012), as well as a
high burden of CTL escape variants in the latent reservoir (Deng
et al., 2015). More recently, other lymphocyte subsets have been
considered for use in HIV cure approaches. Evidence suggests
that cytokine-treated NK cells can eliminate HIV-infected T cells
following ex vivo latency reactivation, although IL-15 treatment

downregulates the expression of the key NK cell receptor NKp46,
which may be undesirable in vivo (Garrido et al., 2018a). With
a transcriptional phenotype that blends characteristics of both
NK and CD8+ T cells (Gutierrez-Arcelus et al., 2019; Pizzolato
et al,, 2019), y8T cells are intriguing candidates to mediate anti-
HIV effector functions. Indeed, y8T-mediated inhibition of HIV
replication has been recognized for more than 20 years (Poccia
et al., 1999).

Like NK cells (Fehniger et al, 1998; Oliva et al., 1998),
stimulated y3T cells can produce sufficient p-chemokines to
block HIV entry into either CCR5+ or CXCR44- CD4+ T cells
(Poccia et al., 1999; Omi et al., 2014). In the context of HIV
cure approaches, however, it is the potent cytolytic function of
y8T cells that makes them strong candidates for immunotherapy.
Early reports suggested that direct cytotoxicity toward HIV-
infected cells was largely restricted to V32 cell clones (Wallace
et al.,, 1996; Poccia et al.,, 1997), with little to no cytotoxicity
observed among V81 cell lines (Wallace et al, 1996). More
recently, V31 recognition and killing of HIV-infected CD4+ T
cells has been demonstrated (Fausther-Bovendo et al., 2008).
Although it is challenging to determine the extent to which
y3T cells contribute to natural control of HIV infection in
cross-sectional studies, elite/viral controllers do exhibit higher
frequencies of V32 cells than untreated or antiretroviral treated
normal progressors (Riedel et al., 2009; Chevalier et al., 2019). A
study in non-human primates identified a relationship between
cervical V32 frequency and simian immunodeficiency virus (SIV)
viral load (Tuero et al., 2016), which supports the possibility of a
protective role for these cells during infection.

Perhaps the strongest proof-of-concept evidence for V32-
mediated elimination of infected CD4+ T cells following latency
reversal in vitro was reported by Garrido et al. (2018b). Despite
low frequencies of V82 cells in ART-treated donors ex vivo,
pamidronate + IL-2 treatment successfully expanded the V82
population in a manner comparable to that of uninfected
donors in vitro (i.e., a similar fold-increase). The expanded cells
expressed CD56 and CD16, as well as relatively low levels of
the inhibitory markers PD-1 and CTLA-4. Interestingly, both
ex vivo isolated and in vitro expanded V82 cells were equally
capable of inhibiting HIV replication in autologous superinfected
CD4+4 T cells, with a level of inhibition comparable to that
of CD8+ CTL. More importantly, however, expanded V32
cells degranulated in response to co-culture with HIV-infected,
but not uninfected, CD4+ T cells. These results were further
extended to a latency clearance assay, which demonstrated that
expanded V32 cells cleared infected CD4+ T cells derived
from ART-treated donors following in vitro reactivation with
vorinostat. This study provides promising evidence for the ability
of V82 cells to contribute to an HIV cure approach that relies
on eliminating reactivated virally infected target cells. A number
of important questions remain, however, particularly regarding
the mechanisms of V32 recognition of HIV-infected cells as well
as the optimal conditions for expansion V32 cells with the most
potent cytotoxicity. The need to address these gaps in knowledge
is evidenced in a recent study by James et al. (2020) which found
that the presence of gamma delta T cells in a viral outgrowth assay
impacted viral replication in 4 of 15 donors. CD16 expression

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2020 | Volume 10 | Article 233


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Juno and Kent

Gamma Deltas and HIV Cure

on V32 cells correlated with a reduction in HIV recovery, but
the key receptors involved in recognition of CD4 target cells and
the reason for the heterogeneity in responses among the cohort
remains unknown. Below, we explore the potential mechanisms
that could be exploited in a gamma delta T-mediated HIV cure
strategy (summarized in Figure 1).

RECEPTORS MEDIATING DIRECT
CYTOTOXICITY

V382 cells express a number of receptors that might facilitate
recognition of HIV-infected T cells. A critical receptor for the
detection and killing of transformed and virally infected is
NKG2D, which is commonly expressed on NK cells. NKG2D is
widely expressed by V32 cells both ex vivo and following in vitro
expansion, and can mediate direct killing of target cells (Rincon-
Orozco et al., 2005; Wrobel et al., 2007). The NKG2D ligands
ULBP-1,—2, and—3 are absent on uninfected CD4+ T cells, but
are highly upregulated upon HIV infection and mediate NK-
cell killing of HIV-infected cells (Ward et al., 2007). NKG2D is
therefore a strong candidate for V32-mediated direct recognition
and killing of reactivated HIV-infected cells. NK cells can also
recognize infected CD4+ T cells through 2B4-CD48 binding
(Ward et al., 2007). Although 2B4 is highly expressed on V32
cells ex vivo, triggering of 2B4 in isolation is insufficient to
activate Y3T effector functions (Nakajima et al., 1999). Whether
phosphoantigen-expanded V32 cells can be activated through
2B4 signaling and/or recognition of CD48 on HIV-infected T
cells is currently unknown. Similarly, there is a potential for
V82-expressed DNAM-1 to recognize its ligand PVR on infected
CD4+ T cells, although NK cell killing of infected cells through
this mechanism seems to require signaling through both NKG2D
and DNAM-1, rather than DNAM-1 alone (Cifaldi et al., 2019).
In general, it will be important for future studies to consider
the impact of activating receptor ligation both among ex vivo-
derived V82 cells, as well as in vitro expanded cells. For example,
NKG2D ligation on resting V32 cells is reported to have either
no or minimal functional impact (Rincon-Orozco et al., 2005;
Nedellec et al.,, 2010), but in the context of TCR stimulation
can provide robust co-stimulatory activity and effector function
(Nedellec et al., 2010).

Expression of cytotoxicity receptors on V31 cells differs
substantially from those described on V32 cells. V81 cells
commonly express CD94 paired with either the inhibitory
receptor NKG2A (CD159a) or the activating receptor NKG2C
(CD159c¢). Chronic HIV infection is associated with a significant
increase in NKG2C expression on V31 cells, which can
substantially boost V31 cell cytotoxicity when triggered by
binding to its ligand HLA-E (Fausther-Bovendo et al., 2008).
Interestingly, V31 cells derived ex vivo from HIV-infected
participants can lyse autologous HIV-infected CD4+ T cells in a
manner which is partially dependent on V31 NKG2C expression
(Fausther-Bovendo et al., 2008), suggesting a currently unrealized
potential for V81 cells in anti-HIV immunotherapy. The in vitro
expansion of V31 cells is less commonly reported or standardized
compared to V82 cells, largely due to the lack of an antigen

that can easily stimulate the majority of V81 cells ex vivo.
Several groups, however, have reported protocols to expand these
cells using a combination of Y3 TCR stimulus and cytokines.
Almeida et al. reported on the production of “Delta One T
(DOT)” cells using isolated ydT cells, CD3 engagement and a
cocktail of cytokines, which resulted in a 60,000-fold expansion
of V31 cells in culture (Almeida et al., 2016). V31 expansion
can also be induced through the culture of isolated y3T cells
with PHA and IL-7 (Wu et al., 2015). In both studies, expanded
V31 cells expressed a number of surface markers related to
cytotoxic function, including NKp30, NKp44, NKp46, NKG2D,
2B4, DNAM-1, and CD%4. Other approaches to expand V31
cells include the use of artificial APCs (aAPCs) presenting CMV-
derived peptides (Polito et al., 2019). V31 cells expanded by
this approach recognize an array of tumor cells and virally
infected cell lines, but the mechanism underlying this recognition
was not assessed. Although the translational potential of DOT
cells and other expanded V31 cells are currently focussed
on cancer immunotherapy, the expression of traditionally NK
cell-associated markers such as NKp44, NKG2D, and 2B4 on
expanded V31 cells may also mediate recognition of HIV-infected
CD4+ T cells (Ward et al., 2007).

ANTIBODY-DEPENDENT CYTOTOXICITY

In addition to direct recognition and killing of HIV-infected
target cells, HIV-specific antibodies can mediate antibody-
dependent cellular cytotoxicity (ADCC) via Fc receptor-
expressing cells such as NK cells. Naturally occurring anti-HIV
ADCC antibodies decline following ART (Madhavi et al., 2015,
2017) and are not boosted following panobinostat administration
(as a latency-reversing agent, LRA) and subsequent analytical
treatment interruption (ATI) (Lee et al,, 2017). This suggests
such antibodies may be insufficient to mediate the level of
ADCC needed to clear the latent reservoir. The infusion of
more potent broadly neutralizing antibodies (BnAbs), however,
may be sufficient to allow FcR-expressing cells to recognize Env
expression on reactivated infected cells (Bruel et al., 2016). HIV-
specific ADCC has been widely studied in the context of NK
cells, but less so in relation to unconventional T cells. Both V81
and V82 cells can express FcgRIITA (CD16) (Angelini et al.,
2004; Couzi et al., 2012; He et al,, 2013), making them potential
mediators of ADCC in the context of latency reactivation and
BnAb therapy.

Despite depletion of V32 cells during chronic HIV infection,
ART-treated individuals exhibit similar frequencies of CD16+
V32 cells compared to uninfected controls (although there is
intra-donor variability in steady-state CD16 expression) (He
et al, 2013). As such, ex vivo CD16-mediated degranulation
responses are comparable between these groups (He et al,
2013), suggesting that primary V82 cells from ART-treated
individuals are capable of performing ADCC. Poonia and Pauza
(2012) demonstrated that zoledronate can expand V382 cells in
vitro from both HIV-uninfected and HIV-infected donors, with
expression of CD16 detectible on a subset of the expanded
cells. Although expanded V32 cells from HIV-infected donors
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FIGURE 1 | y3T cell recognition of target cells. Relevant receptors that may facilitate y8T cell recognition of HIV-infected CD4 T cells are indicated for V82, V81, and in
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exhibited lower ADCC than those from uninfected donors,
they remained capable of degranulation and cytokine expression
following CD16 cross-linking.

The expression of CD16 on V31 cells has been studied in
the context of HCMV infection (Couzi et al., 2012; Bachelet
et al., 2014) and cancer immunotherapy (Fisher et al., 2014),
but despite the high prevalence of HCMV seropositivity among
HIV-infected populations (Gianella and Letendre, 2016), there
has been little study of V81 ADCC in the context of HIV
infection. The expanded population of V31 cells in HIV-
infected individuals exhibits high expression of perforin (Boullier
et al,, 1997), but whether this translates into antibody-mediated
cytotoxicity is unknown. Similar gaps in knowledge exist for in
vitro-expanded V31 cells. There is no data available to describe
CD16 expression on DOT cells (Almeida et al., 2016), while
PHA/IL-7-expanded V381 cells express moderate levels of CD16
and high levels of GzmB and Perforin, though they have not been
assessed for ADCC activity (Wu et al., 2015).

APPROACHES FOR GAMMA DELTA
IMMUNOTHERAPY

As described above, there are many in vitro protocols that result
in Vd2 or Vd1T cell expansion from bulk PBMC. To translate
these ideas to the clinic, there are two major approaches that
can be considered: in vivo gamma delta T cell expansion, or
adoptive transfer of in vitro-expanded cells. Currently, in vivo
expansion has only been demonstrated for human Vd2 T cells.
This method involves the administration of zoledronate and
recombinant IL-2, and has successfully expanded Vd2 T cells in
HIV-infected participants in a small clinical trial (Poccia et al.,
2009). An advantage of this approach is that it is relatively simple
and involves an existing, clinically approved drug (under the
brand name Zometa). It would not, however, likely be suitable

for individuals with substantial Vd2 T cell depletion/exhaustion
or VA2 T cell phenotypes that lack the receptors determined to
be key in recognizing HIV-infected target cells. In such instances,
it may be more attractive to consider the use of “oft-the-shelf;” in
vitro-expanded gamma delta T cells derived from HIV uninfected
donors. Such cells could be expanded by any of the protocols
described above, and could include both Vd2 and VA1 T cell
subsets. This approach has been tested in clinical trials for cancer
patients (Lo Presti et al, 2017) and also used in studies of
non-human primate Vd2 T cells (Qagqish et al., 2017).

ACCESSING THE LATENT HIV RESERVOIR

While in vitro studies can provide an important assessment of
cytotoxic capacity and recognition of infected T cells, they largely
ignore one of the major barriers to achieving an HIV cure: the
anatomical localization of the latent reservoir. Recent evidence
suggests that the B cell follicle is a key site of HIV replication,
even during ART (Bronnimann et al., 2018). Germinal center
(GC) T follicular helper (Tfh) cells are highly permissive to HIV
infection (Kohler et al., 2016; Aid et al., 2018), while follicular
dendritic cells (FDCs) can capture HIV virions and maintain an
infectious virus reservoir even during ART (Smith et al., 2001;
Bronnimann et al., 2018). A major barrier to the clearance of
virus from the B cell follicle is the fact that the follicle is partially
protected from CTL activity. Of the few CTLs found in the
follicle, many may be exhausted or exhibit a regulatory phenotype
(Bronnimann et al., 2018). Similarly, there are few NK cells
found in the human lymph node, and a high proportion of LN
NK cells in HIV-infected individuals exhibit an anergic CD56-
CD16+ phenotype (Luteijn et al., 2011). Given these limitations,
expanded y3T cells may be strong candidates for B cell follicle
targeting and elimination of infected cells. V32 cells can acquire a
Tth-like phenotype, complete with expression of the GC-homing
marker CXCR5 (Caccamo et al., 2006; Bansal et al., 2012), and
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such cells have been described both in vitro and in vivo in
human lungs (Caccamo et al., 2006). Furthermore, y8T cells
have been visualized within GCs in the gastrointestinal mucosa,
lymph nodes, tonsil and spleen, likely due to the induction
of a LN migration program that occurs following V82 TCR
triggering (Brandes et al., 2003). Functional studies of V82 Tth
cells have largely focused on their capacity to provide B cell
help, leaving open the question of their cytotoxic potential and
expression of cytotoxicity receptors. Nonetheless, the fact that
y8T cells appear to access the B cell follicle merits further study
of their potential to eliminate HIV-infected cells in this unique
environment (Bronnimann et al., 2018).

Beyond the B cell follicle, many other tissues serve as HIV
reservoir sites, including the spleen, bone marrow, liver, gut,
nervous system, lung, and male and female reproductive tracts
(Wong and Yukl, 2016; Cantero-Perez et al., 2019). Infection
of tissue-resident T cells may be particularly important, given
their longevity and capacity for self-renewal (Cantero-Perez et al.,
2019). Both expanded V31 and V32 cells appear to be excellent
candidates for tissue trafficking in vivo. When administered
to mice, human-derived DOT cells seeded, and then further
expanded in, various tissues including the spleen, lung, bone
marrow, and liver (Almeida et al., 2016). The tissue-resident
cells retained function, as assessed by IFNg and TNF production,
and exhibited evidence of ongoing proliferation. Similarly, the
adoptive transfer of expanded V32 cells has been studied in non-
human primates. Infusion of zoledronate-expanded V32 cells
resulted in trafficking to and persistence in the airway for at least
7 days (Qagqish et al., 2017).

POTENTIAL ADVANTAGES AND
DISADVANTAGES OF y3T CELL
IMMUNOTHERAPY

As with any immune-based intervention, there are both key
advantages offered by y3T cells over other T cell therapies and
issues that will need to be addressed prior to clinical testing.

Advantages of 3T cell-based immunotherapy include:

1) Lack of MHC restriction: GMP-compliant protocols have
been developed to generate large banks of expanded y8T cells,
allowing for an “off-the-shelf” allogeneic product that is not
reliant on MHC matching (Deniger et al., 2014; Almeida et al.,
2016; Polito et al., 2019). The lack of MHC-restriction of y8T
cells is a major advantage that should avoid issues of graft-vs.-host
disease in y3T -based immunotherapy. Indeed, adoptive transfer
of haploidentical expanded y3T cells from the family members
of cancer patients proved to be safe and highly effective toward
achieving complete remission (Wilhelm et al., 2014).

2) Safety: Clinical trials of human 3T cell therapy, either
using in vivo V32 expansion or adoptive transfer of expanded
V382 cells, have proven to be safe and well-tolerated (Lo Presti
et al,, 2017). A major disadvantage to current aff T cell-based
chimeric antigen receptor (CAR)-T cell therapies is the potential
for serious and/or fatal side effects, including cytokine release
syndrome (van Den Berg et al.,, 2015), off-target effects due to
antigen cross-reactivity (Linette et al., 2013), or transgenic TCR

mispairing with endogenous TCR (Zhang et al., 2004). Several
studies suggest that y3T-based immunotherapy is less likely to
result in cytokine release syndrome (CRS) or off-target effects
than af T cells (Harrer et al., 2017; Pauza et al., 2018; Rotolo
et al., 2019). Indeed, expanded y8 T cells can mediate potent
cytotoxicity but simultaneously produce lower levels of cytokines
than af T cells (Harrer et al., 2017).

3) HIV-associated expansion and differentiation of VdlI cells:
As discussed in the introduction, V31 cell frequency and absolute
counts increase in the circulation during HIV infection. This
increase persists during suppressive ART, resulting in a pool of
terminally differentiated V31 cells (Olson et al., 2018) that express
NCRs such as NKG2C (Fausther-Bovendo et al., 2008). To date,
we are not aware of any studies that have assessed the expansion
and subsequent anti-HIV cytotoxicity of V81 cells specifically
derived from HIV-infected individuals. If expansion of V31 cells
from healthy donors does not induce the expression of NKG2C
or other NCRs that are upregulated during HIV infection, then it
may be advantageous to isolate and expand V381 cells expressing
these markers from people living with HIV. Care must be taken,
however, to characterize the pro-inflammatory nature of these
cells, as discussed below.

Potential challenges
immunotherapy include:

1) In vivo potency: One of the major challenges facing the
implementation of y3T cell therapy in cancer is a discrepancy
between in vitro and in vivo y38T cell potency (Pauza et al,
2018). In vitro, y8T cell cytotoxicity can be achieved with
effector:target ratios of <1, but results of human clinical trials
show considerably more heterogeneity in objective responses
to YT immunotherapy (Pauza et al., 2018). Pre-clinical animal
studies are hindered by the fact that V§2Vg9 phosphoantigen-
reactive T cells are found only in humans and non-human
primates (NHP). Studies in mouse models are therefore less
informative and have more caveats than studies of other
lymphocyte subsets. In the context of HIV infection, it will be
critical to move studies into NHPs and SIV infection prior to
human clinical trials.

2) ¥3T cell infection by HIV: Typically, both V31 and V32
cells lack expression of the HIV co-receptor CD4, seemingly
rendering them refractory to direct infection. Concerningly,
however, Soriano-Sarabia et al. (2015) reported that replication-
competent HIV could be recovered from purified V82 cells in
14 of 18 long-term ART recipients. Thus, the use of expanded
autologous V382 cells from HIV-infected patients may risk the
reactivation and replication of a latent reservoir. This could be
mitigated by the use of haploidentical or third-party V82 cells
from HIV-uninfected donors. Even in that scenario, though,
consideration must be given to whether large numbers of
adoptively transferred V32 cells could be infected by HIV, since
y8 immunotherapy would be reliant on the use of LRAs to
reactivate the latent reservoir. Several reports now suggest that
V32 cells can transiently express CD4 during activation (Imlach
etal., 2003; Soriano-Sarabia et al., 2015; Strbo et al., 2016) and can
be productively infected with HIV (Wallace et al., 1997), which
likely mediates the establishment of the latent reservoir detected
by Soriano-Sarabia. For that reason, in vitro V32 expansion and

to 38T cell-based
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adoptive transfer may be preferable compared to in vivo V32
expansion using aminobisphosphonate drugs.

3) Depletion of V52 cells: In contrast to V81 cells, V32 cells are
depleted during HIV infection and do not fully recover following
ART (as discussed previously). Most data suggest that V52 cells
expand in vitro to a similar extent regardless of the HIV status
of the donor, but individuals who exhibit low V32 frequencies
ex vivo will produce fewer absolute numbers of V32 cells after
expansion (Garrido et al., 2018b). Furthermore, the observation
that the ADCC activity of V32 cells derived from ART-treated
donors was reduced compared to uninfected donors (Poonia and
Pauza, 2012) suggests that further attention needs to be paid to
functional defects of V82 cells in HIV-infected donors.

4) Contribution to immune activation: While the causes
of V81 expansion during HIV infection are not conclusively
known, it is likely that microbial translocation and loss of
epithelial barrier integrity in the gut mucosa drive activation
and differentiation of this subset (Harris et al., 2010; Olson
et al., 2018). Some studies have shown that V381 cells exhibit
proinflammatory cytokine production that correlates with CD8+
T cell activation (Olson et al, 2018) or killing of bystander
CD4+ T cells (Sindhu et al, 2003) during HIV infection.
Thorough assessment of the characteristics of expanded V31
cells derived from HIV-infected donors will be required to
determine the potential pathogenic impact of these cells if
adoptively transferred.

CONCLUDING THOUGHTS AND FUTURE
DIRECTIONS

Intense interest in y8T cell-based immunotherapy for cancer
is continually driving innovative and novel approaches to
harness y3T cell cytotoxicity, which should be considered in the
context of HIV cure strategies. For example, despite substantial
differences in antigen specificity, NK cell receptor expression,
and tissue tropism between V81 and V82 cells, it may be more
effective to non-specifically expand a diverse population of y3T
cells than to focus on the development of pure V31 or V32
populations. Using aAPCs engineered to express a number of
co-stimulatory molecules, Deniger et al. (2014) demonstrated the
expansion of a mixed population of V381, V32, and V31-V32- cells
that recognized tumor cells via NKG2D, DNAM-1, and the y3
TCR. In an in vivo murine model, this mixed population was
more effective at eliminating ovarian cancer xenografts than any
of the individual y3T subsets alone. Similar results were obtained
with mixed y8T cells in a model of neuroblastoma, where V32
cells mediated CD16-dependent ADCC and Vd1 cells exhibited
direct cytotoxicity (Fisher et al., 2014). Given the utility of both
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Dendritic cells (DCs) play a critical role in mediating innate and adaptive immune
responses. Since their discovery in the late 1970’s, DCs have been recognized as
the most potent antigen-presenting cells (APCs). DCs have a superior capacity for
acquiring, processing, and presenting antigens to T cells and they express costimulatory
or coinhibitory molecules that determine immune activation or anergy. For these
reasons, cell-based therapeutic approaches using DCs have been explored in cancer
and infectious diseases but with limited success. In humans, DCs are divided into
heterogeneous subsets with distinct characteristics. Two major subsets are CD11c™
myeloid (M)DCs and CD11¢™ plasmacytoid (p)DCs. pDCs are different from mDCs and
play an essential role in the innate immune system via the production of type | interferons
(IFN). However, pDCs are also able to take-up antigens and effectively cross present
them. Given the rarity of pDCs in blood and technical difficulties in obtaining them from
human blood samples, the understanding of human pDC biology and their potential in
immunotherapeutic approaches (e.g. cell-based vaccines) is limited. However, due to the
recent advancements in cell culturing systems that allow for the generation of functional
pDCs from CD34" hematopoietic stem and progenitor cells (HSPC), studying pDCs has
become easier. In this mini-review, we hypothesize about the use of pDCs as a cell-based
therapy to treat HIV by enhancing anti-HIV-immune responses of the adaptive immune
system and enhancing the anti-viral responses of the innate immune system. Additionally,
we discuss obstacles to overcome before this approach becomes clinically applicable.

Keywords: HIV, HIV latency, dendritic cells, DC vaccine, plasmacytoid DC, pDC, CD8+ T cells, NK cells

INTRODUCTION

Antiretroviral therapy (ART) successfully suppresses human immunodeficiency virus (HIV)
replication but it does not cure an individual from having the infection (Finzi et al., 1997). The
major barrier to clearing the virus is the persistence of a latent reservoir in long-lived resting and
proliferating memory CD4™ T cells (Chun et al., 1997; Wong et al., 1997; Hosmane et al., 2017).
Different molecular mechanisms have been described that contribute to HIV latency, reviewed in
Dahabieh et al. (2015) and Vanhamel et al. (2019). Accordingly, different strategies that aim at
HIV clearance are investigated, reviewed in Margolis et al. (2020). One strategy is to induce HIV
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pDCs as Immunotherapy for HIV?

expression, combined with enhanced immune function to clear
infected cells. Here, we hypothesize if therapeutic vaccination
with pDCs can enhance immune function to clear HIV
infected cells.

Plasmacytoid DCs: A Small but Significant
Cell Population

Dendritic cells (DCs) play a pivotal role in mediating innate
and adaptive immune responses by various cellular mechanisms.
In humans, DCs are categorized into heterogeneous subsets
with distinct characteristics. Two major subsets are CDI11ct
myeloid (m)DCs and CD11c™ plasmacytoid (p)DCs. Although
both subsets are classified as DCs, they are in fact very different
cell types. Initially, the primary role of pDCs was defined as type
I Interferon (IFN)-producing cells in response to a viral infection
(Cella et al., 1999; Siegal et al., 1999). PDCs were described as
a cell type that effectively senses viral RNA or DNA via toll-
like receptors (TLRs) 7 and 9 and subsequently produce vast
amounts of type I and type III IFNs (Jarrossay et al., 2001;
Kadowaki et al., 2001; Yin et al., 2012). However, the function of
pDCs is more diverse, and amongst other functions, pDCs have
been described to serve as antigen presenting cells (APC) that
stimulate CD81 and CD4™ T cells, or become “killer-pDCs” with
cytotoxic properties, reviewed in Swiecki and Colonna (2015),
Musumeci et al. (2019), and Reizis (2019).

DC-based vaccination has been of interest in the fields of
oncology and infectious diseases for two decades. It is safe
with few adverse effects but despite inducing favorable immune
responses in preclinical studies, DC-based immunotherapies
have not successfully induced significant clinical responses,
reviewed in Mastelic-Gavillet et al. (2019) and da Silva et al.
(2018). Because pDCs are key mediators for both innate and
adaptive immune cells, interest in using pDCs for cell-based
therapeutics is increasing. In this mini-review, we will discuss
if therapeutic vaccination with pDCs could be beneficial for the
treatment of HIV infection and focus on literature describing
observations with pDCs. As the available studies are based on
cells from several different species, we will try to simplify it
by primarily referring to observations with human pDCs where
possible. In doing so, we aim to answer the question: Can
therapeutic vaccination with pDCs achieve a functional cure
for HIV?

pDC Vaccination in Humans

To this date, only two studies have tested peripheral blood-
derived pDCs as cell-based cancer therapy. In the first trial, Tel
et al., explored pDCs activated with inactivated Frithsommer-
Meningoenzephalitis (FSME) and loaded with tumor antigen-
associated peptides ex vivo, followed by administration to
patients with metastatic melanoma (Tel et al., 2013a). The
pDCs distributed over multiple lymph nodes (LNs), mounted
both CD4" and CD8™ T cell responses, and an IFN response
was observed after each vaccination. This study showed that
vaccination with pDCs was safe and induced favorable immune
responses. The second study by Westdorp et al., investigated
patients with chemo-naive castration-resistant prostate cancer
receiving vaccinations with mature CD1c™ mDCs, pDCs
or a combination of the two, that were stimulated with

protamine/RNA and loaded with tumor-associated antigens
(Westdorp et al., 2019). The immunotherapy was feasible, well-
tolerated with low-grade toxicity and induced functional antigen-
specific T cells, which correlated with improved progression-
free survival. However, no difference in T cell functionality
was observed between the administration of mDCs, pDCs, or
mDCs plus pDCs. This strategy is currently under evaluation
in a phase I/II clinical trial for stage III melanoma patients
(clinicaltrials.gov Identifier: NCT02574377). Additionally, the
combined administration of mDCs and pDCs in metastatic
endometrial cancer patients is under evaluation (NCT04212377).
See Table 1 for an overview of the clinical trials.

A limiting factor in using peripheral blood-derived pDCs is
the number of pDCs available for vaccination. Only a small
fraction of peripheral blood mononuclear cells (PBMCs) consists
of pDCs (<1%). In the two before-mentioned clinical trials,
leukapheresis was used to obtain pDCs and a maximum of three
million pDCs could be administered per infusion, which was
repeated on three occasions (Tel et al., 2013a; Westdorp et al.,
2019). Overcoming the limitation in pDC numbers would greatly
improve the application of pDCs as cell-based therapy. One
way to get around this is to use an allogeneic pDC cell line.
Allogeneic HLA-A*02:01 pDCs can induce melanoma antigen-
specific and functional cytotoxic T cell responses ex vivo and
have been shown to inhibit tumor growth in a humanized mouse
model (Aspord et al., 2010, 2012). The safety and tolerability
of using the irradiated HLA-A*02:01 pDC cell line loaded with
four melanoma peptides (GeniusVac-Mel4) is currently under
evaluation in a phase I clinical trial (NCT01863108). Similarly,
a pDC cell line (PDC*lung01, PDC*line Pharma) is currently
in a phase I/II study for the treatment of non-small-cell lung
cancer (NCT03970746). However, the allogeneic pDC vaccine
approach has some challenges; it is restricted to HLA-A2 patients
and irradiation of the cells impairs the possibility to initiate an
innate immune response via the secretion of IFN.

One possibility to obtain a continuous source of pDCs
applicable for vaccination is to generate them ex vivo from
hematopoietic stem cells. Cord blood CD34% hematopoietic
stem and progenitor cells (HSPC) have been shown to be
suitable for the differentiation into functional pDCs in vitro
(Blom et al, 2000; Chen et al., 2004; Olivier et al., 2006;
Demoulin et al., 2012; Thordardottir et al., 2014) and can yield
clinically relevant cell numbers: up to 81 (+20) pDCs per
single HSPC (Laustsen et al., 2018). CD34™ stem cells can also
be isolated from peripheral blood after mobilization with G-
CSF and the generated pDCs can induce Ag-specific activation
of autologous CD8" memory T cells ex vivo (Thordardottir
et al,, 2017). Although using autologous stem cell-derived pDCs
for vaccination is a promising avenue for personalized pDC
therapeutics, the HSPC differentiation into pDCs still requires
long-term culturing, implying that the field still needs to make
several advancements before it has clinical potential.

pDCs as Therapeutic Vaccine for the
Treatment of Infectious Diseases
As of today, there are two reports that describe the use of pDCs

as therapeutic vaccine for the treatment of an infectious disease.
In the first study, the HLA-A*02:01 pDC line was used for the
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TABLE 1 | Overview of plasmacytoid dendritic cell vaccination in clinical trials and animal models.

Pathology Status General description Intervention and method Outcome measures Results
NCT01690377 Melanoma (stage IV) Phase | Participants: 15 melanoma patients  Intervention: pDCs were activated Primary endpoint: Safety: Vaccine is safe
(Tel et al., 2013a) Completed Type of cells used: Naturally with inactivated FSME vaccination Intervention-related toxicity. and well tolerated with
(November 2014) occurring, autologous pDCs. The and loaded with HLA-A2.1-binding Secondary endpoint: no signs of severe
maximum feasible dose was 3 x 108 tumor antigen-associated peptides Immunological response. toxicity.
pDCs per injection, which was given (gp100 and tyrosinase) ex vivo and Immunological
to 12/15 patients. administered through intranodal effect: pDCs migrate
Primary objective: Generate mature  injections. in vivo. Vaccination
pDCs for a vaccine and determine a Vaccination scheme: Vaccine induces a temporal
safe and effective dosage of pDCs to  consists of three intranodal injections systemic induction of
initiate anti-tumor T cell responses in given once every 2 weeks. If type I IFNs and
patients with stage IV melanoma. well-tolerated and no disease activation of T cells
progression, then patients were responses.
eligible for a maximum of two PFS/0S**: Median OS
maintenance cycles of 3 biweekly improved compared
vaccinations—each with a 6-months with matched controls.
interval. PFS was also
DTH*: DTH challenge following every increased in the
vaccine administration. vaccine group,
however this was not
significant.
NCT02692976 Prostate cancer Phase Il Participants: 21 chemo-naive CRPC  Intervention: The DCs were Primary endpoint: Immunological Safety: Vaccinations
(Westdorp et al., (castration resistant, Completed patients. stimulated with protamine/mRNA and  response by monitoring: were well-tolerated with
2019) CRPC) (March 2019) Type of cells used: Naturally loaded with tumor-associated 1. Functional response (IFNy*) and grade 1-2 toxicity
occurring, autologous mDCs, pDCs antigens. Patients received maximally tetramer (dm™) analysis of DTH (CTCAE™).
or a combination of mDCs plus nine vaccinations. infiltrating lymphocytes against Immunological
pDCs. Vaccinations had a dose of Vaccination scheme: Patients were tumor peptides. effect: The vaccination
1-8 x 106 cells for injection. randomly assigned 1:1:1 to receive 2. Type | IFN gene expression in enhanced dm™* and
Primary objective: To show one of the three vaccination arms. PBMCs. IFNy* antigen specific
immunologic efficacy of One cycle of vaccination consisted of 3. Proliferative, effector cytokine-, T cells.
tumor-peptide loaded natural DC in 3 biweekly vaccinations administered and humoral responses to PFS/0S**: The overall
metastatic castration-resistant intranodally in a clinically tumor-free KLH median radiological
prostate cancer patients (MCRPC). lymph node. Secondary endpoint: Safety, PFS was 9.5 months
1. Intranodal mDC vaccination (2-5 feasibility and efficacy of natural DC and highest in patients
x 106 cells) vaccinations, and the quality of life with dm* and IFNy™*
2. Intranodal pDC vaccination (1-3 x  during treatment. antigen specific T cells.
10° cells)
3. Intranodal MDC/pDC vaccination
(3-8 x 10° cells)
DTH*: DTH challenge performed 1-2
weeks after the third vaccination.
NCT04212377 Endometrial cancer Phase Il Participants: Estimated enrollment is  Intervention: Metastatic endometrial  Primary endpoint: The anti-tumor
Recruiting 8 patients. cancer (MEC) patients who receive response in the mEC patients Safety:
(Estimated Type of cells used: Naturally Carboplatin/Paclitaxel chemotherapy  evaluated by type | IFN expression, Immunological
completion occurring, autologous pDCs and will get the vaccine. response to KLH (proliferative, effect:
February 2022) mDCs loaded with tumor lysate and ~ Vaccination scheme: The effector cytokine, and humoral PFS/0S™:

MUC1 and surviving PepTivators.
Primary objective: To investigate
the hypothesis that pDCs and mDCs
are optimal for vaccines to combat
cancer. To investigate the hypothesis
that the combination of mDC and
pDC may induce stronger anti-tumor
immune responses as compared to
pDC or mDC alone, or moDC.

chemotherapy is given in a weekly
schedule (weeks 1-3 and 5-7), and
the patients will receive the vaccine
by intranodal injection in week 8.
DTH":

responses)

Secondary endpoint: Safety by
number of participants with adverse
effects and change from baseline in
pain scores.

2
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TABLE 1 | Continued

Pathology Status General description Intervention and method Outcome measures Results
NCT02574377 Melanoma (stage |ll) Phase I/1l Participants: Estimated enrollment is  Intervention: 2 biweekly Primary endpoint: Immune Safety:
Unknown 30 patients. vaccinations of intranodal injections response evaluated by type | IFN Immunological
recruitment status ~ Type of cells used: Naturally with pDC, mDC or combination of expression, response to KLH effect:
(Estimated occurring, autologous mDCs and pDC and mDC. (proliferative, effector cytokine and PFS/0S**:
completion pDCs, or combined, loaded with. Vaccination scheme: Three-arm humoral responses) and functional
December 2019) tumor peptides. study, where stage Il melanoma response and tetramer analysis of
Primary objective: To the patients will receive: DTH infiltrating T cells against tumor
immunogenicity of combined 1. A: pDC (n = 10), peptides.
adjuvant mDC and pDC vaccination 2. B: mDC (n = 10), Secondary endpoint: Distribution of
vs. adjuvant mDC or pDC vaccination 3 C: Combined pDC/mDC (n = 10).  mDC and pDC in the lymph node,
alone in stage lll melanoma patients. I patients remain disease free, the toxicity, quality of life, PFS, and OS.
cycle will be repeated up to three
times with a 6 months interval.
DTH*: A challenge with peptide
loaded blood DC is performed from
which biopsies are taken for T cell
analysis.
NCT03970746 Non-Small Cell Lung Phase I/1l Participants: Estimated enrollmentis  Intervention: Administration of the Primary endpoint: Occurrence of Safety:
Cancer (NSCLC) Recruiting 66 patients. vaccine either alone (cohort A) or dose-limiting toxicity related to Immunological
(Estimated Type of cells used: Vaccine is based  together with Pembrolizumab administration of the vaccine. effect:
completion August  on the pDC cell line HLA-A*02:01 that  (anti-PD-1, cohort B). Secondary endpoint: Evaluation of PFS/0S**:
2022) is lethally irradiated and then pulsed Vaccination scheme: Four-arm adverse events induced by the
with peptides from target tumor vaccination study, consisting of: vaccination. Evaluation of the cellular
antigens. 1. A1: Low dose PDC*lung01 as and humoral immunological response
Primary objective: To assess the single agent or during to the vaccine.
tolerability, the immunogenicity and maintenance treatment by
the preliminary clinical activity of the Pemetrexed (chemotherapy).
therapeutic cancer vaccine, 2. A2: High dose PDC*lung01 as
PDC*lung01, either alone or single agent or during
associated with anti-PD-1 treatment maintenance treatment by
in patients with NSCLC. Pemetrexed (chemotherapy).
3. B1: Low dose PDC*lung01 added
to Pembrolizumab.
4. B2: High dose PDC*lung01 added
to Pembrolizumab.
Cohort A1/2 will receive vaccine at six
visits; subcutaneously followed by
intravenous route.
Cohort B1/2 will receive first vaccine
injection 48 h after first infusion of
anti-PD-1. The fourth vaccine
injection will occur within 48 h after
the second infusion of
Pembrolizumab.
DTH*
(Continued)
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TABLE 1 | Continued

References Infectious disease Animal model General description Experimental design and method Measurements Results
Martinet et al. Hepatitis B Virus (HBV)  NOD/SCID Type of cells used: Vaccine is based Design: mice are reconstituted with T cells: After two vaccination, Vaccination before and
(2012) p2m=/~ mice on the human pDC cell line 50 x 10% PBMCs from a resolved HBV-specific T cells were analyzed after hepatocyte
HLA-A*02:01 that is lethally irradiated ~ HBV patient and xenotransplanted via tetramer labeling at the site of challenge amplified
and then pulsed with HBV peptides with 25 x 108 human injection, draining lymph node, spleen  HBV-specific T cells,
or control peptides. HBV-transfected or untransfected and blood. inhibited expansion of
hepatocytes. Hepatocytes: size was measured transfected
Vaccination scheme: Mice were every 2-3 days hepatocytes, and
treated with pDCs 3 days before or 3 Viral load: measured in serum reduced systemic viral
days after challenge with load.
hepatocytes. Mice received 5 x 10°
pDCs per vaccination injected at the
peritoneal lavage. One injection per
week, two injections in total.
Remer et al. (2007)  Leishmania major (L. BALB/c mice Type of cells used: Splenic murine Design: 1 week or 4 weeks after Footpad: swelling, inflammation, A single vaccination

major)

pDCs pulsed with L. major lysates or
no lysate

pDC vaccination, mice are challenged
with L. major intradermal in the
footpad. Five weeks after challenge,
splenic T cells from protected mice
are transferred to naive mice that
were then challenged.

Vaccination scheme: single
vaccination in the tail vein of 5 x 10*
pDCs.

ulceration

Parasites: Parasitic burden in
footpad 6 weeks after challenge
Cytokine profile: LN and spleen
cells 6 weeks after challenge (IFNy,
IL-4, IL-10)

1gG subclass profile: L. major
specific IgG1 and IgG2a antibodies 5
weeks after challenge.

and adoptive T cell
transfer of vaccinated
mice onto naive mice
protected against L.
major infection.
Protection was not
accompanied by a Th1
cytokine profile but
protected animals had
lower ratios of IgG1 to
lgG2a in sera.

*Delayed-type hypersensitivity challenge.
**Progression free survival/Overall survival.

***Common terminology criteria for adverse events.
***KLH, Keyhole Limpet Hemocyanin (a protein providing T cell help).
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treatment of Hepatitis B Virus (HBV) (Martinet et al., 2012).
Immunodeficient NOD/SCID f2m~/~ mice, reconstituted with
HBYV patient’s PBMCs and xenotransplanted with human HBV-
transfected hepatocytes, received two vaccinations of irradiated
HBV-peptide pulsed pDCs per treatment. Vaccination elicited
HBV-specific T cells that were able to lyse the transfected
hepatocytes and reduce systemic viral load. In the second study,
pDCs were used to vaccinate BALB/c mice to provide protection
against the parasitic infection Leishmania major (L. major)
(Remer et al.,, 2007). Mice received a single dose of splenic
murine pDCs that were pulsed with L. major lysate. Vaccination
provided complete protection when mice were challenged 1 or
4 weeks after vaccination. Additionally, adoptive T cell transfer
of protected mice onto naive susceptible mice provided complete
protection to L. major challenge.

These studies show that pDC vaccination can provide
protection against two different infectious diseases in
murine models.

HIV Infection Negatively Impacts pDC

Numbers and Functionality

Similar to the decline in CD4™" T cell counts following acute HIV
infection, a decline in circulating pDCs can be observed. Upon
initiation of antiretroviral therapy (ART) the pDC numbers
can increase but are not fully restored (Donaghy et al., 2001;
Chehimi et al., 2002; Barron et al, 2003; Finke et al., 2004;
Almeida et al., 2005; Kamga et al., 2005; Lichtner et al., 2008;
Centlivre et al., 2011; Boichuk et al., 2015; Marquez-Coello et al.,
2019). Additionally, pDCs that remain in circulation seem to be
dysfunctional (further discussed below).

The reason for the decline in pDC numbers is not fully
understood. PDCs express CD4, CCR5 and CXCR4, which
theoretically makes them susceptible to infection with HIV.
When isolated from peripheral blood or the thymus, pDCs
can indeed be infected with both X4 and R5-tropic HIV in
vitro (Patterson et al., 2001; Fong et al., 2002; Yonezawa et al.,
2003; Lore et al., 2005; Smed-Sorensen et al., 2005; Evans et al.,
2011). Whether this occurs in vivo is not clear, as conflicting
observations have been reported. HIV DNA has been detected in
pDCs isolated from people living with HIV (PLWH) and pDCs
from the tonsil have been found to be positive for the CA-p24
protein (Fong et al., 2002; Donaghy et al., 2003; Centlivre et al.,
2011). In contrast, others have not been able to demonstrate
the presence of HIV RNA or DNA in peripheral blood pDCs,
although this has been explored in samples from PLWH on
suppressive ART (Otero et al., 2003) whereas in the other studies
the PLWH were therapy naive.

Yet, the infection of pDCs by HIV seems counterintuitive
since they are the major producers of type I IFNs, and IFNs
are well-known to have a potent anti-viral effect by increasing
the expression of virus restriction and inhibition factors (Kluge
et al.,, 2015; Colomer-Lluch et al., 2018). However, the HIV-
induced IFN production by pDCs is delayed and is up to
20-fold lower than IFN production induced by Influenza,
Sendai, and HIV-2 (Lo et al, 2012). Furthermore, pDCs do
express the restriction factors SAMHDI1 (Bloch et al., 2014),

tetherin/CD317 (Tavano et al., 2013), and APOBEC3G (Wang
et al, 2008) but, similar to other cell types, the expression
of these is enhanced by IFN signaling. Thus, it remains a
possibility that pDCs can be infected with HIV prior to
this delay in IFN production and subsequent delay in viral
restriction factor expression. PDC depletion may also occur in
people living with HIV-2 in the absence of detectable viremia
(Cavaleiro et al., 2009). This indicates that mechanisms other
than direct viral infection determine the pDC depletion during
persistent infections. A second potential mechanism is that type
I IFN negatively controls pDC cell numbers as this has been
observed using mice. Viral infection induced the upregulation
of pro-apoptotic molecules in pDCs in a type I IFN-dependent
manner, resulting in caspase activation and subsequent pDC
death (Swiecki et al, 2011). A third possibility to explain the
decrease in pDC cell numbers in the periphery is that pDCs
no longer circulate. HIV-activated pDCs enhance expression of
the lymphoid homing receptor CCR7 and during progressive
infection or in the absence of ART, they have been reported
to accumulate in LNs and lymphoid tonsillar tissue (Fonteneau
et al, 2004; Schmidt et al, 2005; Herbeuval et al., 2006;
Lehmann et al, 2010). Another study reported that in the
presence of ART, pDCs also home to the LNs but compared
to people living without HIV, the pDC numbers in LNs were
significantly reduced (Biancotto et al., 2007). This indicates that
both circulatory and LN pDC numbers decline, but that the
decrease of pDCs in circulation is not necessarily due to homing
to lymphoid tissue.

Besides reduced cell numbers, pDCs are also dysfunctional
in PLWH and persistently produce low levels of IFNs (O’Brien
etal., 2011). During ART, the TLR7/8 response appears to remain
intact (Chang et al.,, 2012; Bam et al,, 2017; Tsai et al., 2017)
but IFN production upon TLR9 signaling is reduced, potentially
due to continuous HIV-induced activation of pDCs in vivo or
the interaction of CD40 with CD40L (Feldman et al., 2001;
Tilton et al., 2008; Cavaleiro et al., 2009; Donhauser et al,
2012). Additionally, pDCs in the blood of PLWH display an
exhausted phenotype and this may interfere with TLR signaling
and subsequent IFN production (Cavaleiro et al., 2009; Schwartz
et al., 2017; Font-Haro et al., 2018). However, administration of
the TLR9 agonist MGN1703 to PLWH on ART enhances pDC
activation, as measured by activation markers CD86 and CD40.
Plasma IFNa-2a levels increased as well, indicating that some
TLRY responsiveness remains or that other cells may produce
IFN in response to MGN1703 (Vibholm et al., 2017).

Would There Be Benefit in Restoring pDC
Cell Numbers With a Functional IFN

Response?

There are observations that indicate a beneficial role of
maintaining pDC numbers during HIV infection. First, PLWH
on ART with a low baseline pDC blood count are more likely
to have an increase of HIV-RNA compared to individuals with
high pDC counts during a 30 months follow-up (Lichtner et al.,
2008). Second, elite controllers and long-term non-progressors
(LTNPs) have preserved pDC counts and functionality (Almeida
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et al., 2005; Machmach et al., 2012). It is unclear whether the
pDCs from elite controllers are better equipped to suppress viral
replication or if the pDC cell numbers are maintained because
the viral load is suppressed by other immune cells, like CTLs or
natural killer (NK) cells. Third, expansion of pDCs during acute
infection delays onset of viremia and reduces HIV replication in
humanized mice (Pham et al., 2019).

pDCs Can Potentially Control HIV via Three

Mechanisms

PDCs can contribute to suppression of virus replication by
fulfilling three different functions: (i) as a professional IFN-
producing cell; (ii) as a professional APC and; (iii) as a “killer-
pDC” with cytotoxic properties (Figure 1). Each mechanism is
discussed individually below.

Controlling HIV as a Professional IFN-Producing Cell
PDCs produce abundant type I IFNs (Kadowaki et al., 2000)
and type III IFNs (Yin et al., 2012) when sensing viral products
such as single stranded RNA by TLR7 or unmethylated DNA
molecules by TLRY, reviewed in Swiecki and Colonna (2015).
In the context of HIV, pDCs produce type I IFNs in response to
cell-free HIV and to HIV infected cells; both require endocytosis
and likely initiate the TLR7 signaling pathway (Beignon et al.,
2005; Schmidt et al., 2005). IFNs function as the first line of
defense against viruses because they have a broad antiviral effect.
IFNs can induce inflammation, activate specific immune cells
including NK cells, CD8" T cells, and macrophages, and prime
antigen-specific responses, reviewed in Hoffmann et al. (2015)
and Kotenko and Durbin (2017). IFNs can also directly inhibit
HIV replication by enhancing the expression of virus restriction
and inhibition factors, reviewed in Colomer-Lluch et al. (2018)
(Figure 1A).

However, chronic inflammation and long-term exposure to
IFNs have clear detrimental effects (Acchioni et al., 2015). In
the context of HIV, the timing of IFN seems to be critical, as
demonstrated in a study with SIV-infected rhesus macaques.
Blocking type I IFN signaling during acute SIV infection
enhanced virus replication and CD4" T cell loss, whereas
administering IFNa-2a during acute SIV infection induced an
antiviral state and limited viral spread. However, when IFNa-2a
treatment continued, cells became unresponsive to IFN, resulting
in decreased viral inhibition and subsequent enhanced CD4*" T
cell loss (Sandler et al., 2014). Thus, ideally pDCs should produce
IFNs for a limited time only.

In addition to upregulating virus restriction and inhibition
factors, IFNs provide an immunostimulatory environment for
other immune cells (Gonzalez-Navajas et al., 2012). This is
particularly apparent for the cytolytic capacity of natural killer
(NK) cells (Figure 1A). IFNs produced by stem-cell derived
pDCs can trigger NK cell activation and increase the capacity
of NK cell-mediated killing of acute lymphoblastic leukemia
(Diaz-Rodriguez et al., 2017). Similarly, IFN produced by TLR9-
stimulated peripheral blood pDCs can enhance NK-mediated
lysis of autologous CD4" T cells infected with HIV in vitro
(Tomescu et al.,, 2007). Additionally, NK-mediated antibody-
dependent cellular cytotoxicity (ADCC) via autologous and

heterologous HIV serum antibodies can be enhanced by IFNa
(Lee et al., 2015; Tomescu et al., 2017). ADCC is a mechanism
of cell-mediated cytotoxicity where the effector cell, here the NK
cell, lyses a target cell via the recognition of an antibody that is
bound to a viral antigen on the target cell. Via CD16, the effector
cell binds the Fc portion of the antibody followed by the release
of cytotoxic factors (Perussia and Trinchieri, 1984; Perussia et al.,
1984).

Controlling HIV as an Antigen-Presenting Cell

Multiple studies have shown that pDCs can process and present
endogenous and exogenous antigens on MHC I and II molecules
and induce antigen-specific activation of both CD8' and CD4"
T cells (Fonteneau et al., 2003; Benitez-Ribas et al., 2006; Young
et al., 2008; Tel et al., 2010, 2013b). Important for therapeutic
purposes, pDCs can be loaded with synthetic long and short
peptides to trigger CD4" and CD8™' T cell responses in vitro
(Aspord et al., 2014) and in vivo (Tel et al., 2013a; Westdorp
et al., 2019). This suggests that, similar to monocyte-derived
DCs (moDCs), pDCs could be loaded with HIV antigens in
vitro to enhance T cell responses in vivo (Figure 1B). To date,
17 clinical trials using moDC vaccination for HIV infection
have been published and the clinical outcomes were variable,
reviewed in da Silva et al. (2018). The studies all had in common
the use of moDCs, but differed regarding moDC preparation
and maturation, HIV antigen, route of administration, the
number of cells administered per dose, and the number of doses
administered. Regardless of these variations, all trials were safe
and well tolerated. Seven of the seventeen studies demonstrated a
prolonged suppression of HIV RNA in plasma and this correlated
with HIV-specific T cell responses. In these studies the moDCs
were exposed to autologous aldrithiol-2-inactivated HIV (Lu
etal., 2004), autologous heat-inactivated HIV (Garcia et al., 2005,
2011, 2013), autologous inactivated HIV-infected apoptotic cells
(Macatangay et al., 2016), or HIV peptides (Kloverpris et al.,
2009; Levy et al., 2014). If these strategies are appropriate for pDC
vaccination remains to be determined.

Besides inducing inflammatory T cells, pDCs have been
reported to induce the formation of regulatory T cells (Tregs)
and expression of indoleamine 2,3-dioxygenase (IDO) by pDCs is
one of the reported mechanisms (Chen et al., 2008). Additionally,
HIV-stimulated pDCs have been reported to differentiate naive
CD4™ T cells into Tregs (Manches et al., 2008). Tregs suppress
immune activation and limit viral clearance, reviewed in
Kleinman et al. (2018). Thus, in the context of using pDCs as a
therapy to induce elimination of HIV-infected cells, the induction
of Tregs would likely be undesirable. However, whether pDCs
exposed to inactivated HIV or HIV peptides also induce Treg
formation remains to be determined.

Controlling HIV as a Killer-pDC

In a mouse model for melanoma, TRL7-stimulated pDCs have
been shown to directly kill tumor cells via the secretion of
TNF-related apoptosis-inducing ligand (TRAIL) and granzymes
(Drobits et al., 2012). Similarly, HIV-exposed pDCs also gain
cytotoxic properties, thereby creating so-called “killer-pDCs,”
which can induce apoptosis of CD4" T cell lines via the
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FIGURE 1 | Plasmacytoid dendritic cells can potentially control HIV via three mechanisms. Plasmacytoid dendritic cells (pDCs) can contribute to the suppression of
virus replication by fulfiling three different functions. (A) As a professional interferon (IFN)-producing cell. PDCs can produce vast amounts of IFNs upon TLR7/9
signaling. IFNs can directly inhibit HIV replication by enhancing the expression of virus restriction and inhibition factors within the CD4*+ T cell (top; increased HIV
inhibition). Additionally, IFNs can provide an immunostimulatory environment that enhances the cytotoxic function of natural killer (NK) cells. Apoptosis of HIV-infected
cells can be induced by the release of cytotoxic perforins and granzymes after detecting reduced expression of MHC-I molecules in combination with activating
signals, such as the binding of NKG2D to NKG2DL (middle; enhanced cytotoxicity). Apoptosis can also be induced by detecting the Fc tail of an antibody (Ab) that is
bound to a viral antigen on the surface of the infected cell [bottom; enhanced antibody-dependent cellular cytotoxicity (ADCC)]. (B) As a professional antigen
presenting cell (APC). PDCs can process endogenous and exogenous antigens for the antigen-specific stimulation of T cells. PDCs could be loaded with autologous
inactivated HIV or HIV peptides that are presented on MHC-I molecules to activate existing HIV-specific memory CD8 T cells (top; existing responses). Upon
repeated exposure, this strategy could be applied to induce new responses by activating naive CD8* T cells with the help of CD4* T cells (bottom; new responses).
The activated HIV-specific CD8™ T cells are then able to recognize and eliminate HIV-infected cells via a cognate TCR-MHC interaction. PDCs may also induce the
formation of regulatory T cells (Tregs) that could potentially suppress immune activation and counteract viral clearance. (C) As a “killer-pDC.” TLR7-stimulated or
HIV-exposed pDCs can obtain cytotoxic properties through the expression and secretion of TNF-related apoptosis-inducing ligand (TRAIL) that can bind to the

apoptosis-transmitting TRAIL receptor 1 (R1). However, HIV-infected CD4* T cells from PLWH who receive antiretroviral treatment express the TRIAL R1 receptor and
the decoy receptor TRAIL R4, which makes the T cells likely resistant to pDC-mediated killing.

TRAIL pathway (Hardy et al, 2007; Chehimi et al., 2010;  apoptosis-transmitting TRAIL receptor 1 (R1) is not restricted
Barblu et al, 2012; Figure1C). This seems to have great to HIV-infected cells and seems to be the result of chronic
potential for eliminating virus-infected cells but expression of the ~ immune activation, possibly resulting in the killing of bystander

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 71 May 2020 | Volume 10 | Article 249


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

van der Sluis et al.

pDCs as Immunotherapy for HIV?

T cells as well (Stary et al., 2009). CD4" T cells express TRAIL
R1 during detectable viremia but initiation of ART enhances
expression of the decoy receptor TRAIL R4, making the T cells
resistant to pDC-mediated killing (Stary et al., 2009; Chehimi
et al, 2010). Unless expression of the decoy TRAIL R4 can
be downregulated on HIV-infected cells, the TRAIL-expressing
pDC approach seems like a rather unattractive strategy to treat
HIV infection because it would require pausing therapy and
would not be limited to HIV-infected cells only.

CONCLUSIONS AND FUTURE
DIRECTIONS

In summary, pDCs are multifaceted cells and could have the
potential to enhance immune function to inhibit HIV replication
and clear infected cells (Figure 1). Similar to moDCs, pDCs have
the capacity to function as APC and activate existing memory
T cells or induce the activation of naive T cells. Whether pDCs
can achieve this in vivo after exposure to HIV Ag needs to be
evaluated. Additionally, a key point to address in this regard
is the pDCs’ capacity to induce Tregs. If pDCs were to be
used as therapeutic vaccine, it would be critical to evaluate the
formation of Tregs as these anti-inflammatory cells could limit
viral clearance.

IFNs are key mediators of an anti-viral response and although
pDCs are potent producers of type I IFN« it is important to
emphasize that IFNa comprises 13 different subtypes. They all
bind to the same receptor but have distinct biological activities,
and display differences in their HIV inhibiting properties
(Gibbert et al., 2013; Harper et al., 2015; Lavender et al., 2016).
Depending on the type of TLR stimulation, pDCs can produce
a broad range of IFNa subtypes (Puig et al., 2012; Harper et al.,
2015). There may be a benefit in using pDCs as a tool to deliver a
broad range of IFNs, rather than administering a single subtype,
which is the current approach with pegylated (peg)IFNa-2a. An
additional benefit of using pDCs for the production of IFNs could
be the local delivery of IFNs. As pDC can travel to lymphoid
organs and other peripheral tissues, this may allow for more local
and targeted delivery of IFNs rather than systemic administration
via intravenous injection.
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The HIV reservoir remains to be a difficult barrier to overcome in order to achieve a
therapeutic cure for HIV. Several strategies have been developed to purge the reservoir,
including the “kick and kill” approach, which is based on the notion that reactivating
the latent reservoir will allow subsequent elimination by the host anti-HIV immune cells.
However, clinical trials testing certain classes of latency reactivating agents (LRAs) have
so far revealed the minimal impact on reducing the viral reservoir. A robust immune
response to reactivated HIV expressing cells is critical for this strategy to work. A current
focus to enhance anti-HIV immunity is through the use of chimeric antigen receptors
(CARs). Currently, HIV-specific CARs are being applied to peripheral T cells, NK cells,
and stem cells to boost recognition and killing of HIV infected cells. In this review,
we summarize current developments in engineering HIV directed CAR-expressing cells
to facilitate HIV elimination. We also summarize current LRAs that enhance the “kick”
strategy and how new generation and combinations of LRAs with HIV specific CAR T
cell therapies could provide an optimal strategy to target the viral reservoir and achieve
HIV clearance from the body.

Keywords: HIV, latency, chimeric antigen receptor, gene therapy, LRA (latency reversing agents), immunotherapy,
viral reservoir

INTRODUCTION

HIV-specific CD8+ cytotoxic T lymphocyte (CTL) response plays a critical role in limiting the virus
replication in vivo by recognizing viral antigens presented by human leukocyte antigen (HLA) class
I and killing infected cells. However, the CTL response fails to durably control HIV replication in
the absence of combination antiretroviral therapy (cART) (Jones and Walker, 2016). Intriguingly,
very rare HIV-infected individuals, called “elite controllers,” are able to spontaneously control
and suppress viral replication in the absence of cART. Elite controllers exhibit the core feature
that defines a HIV “functional cure”: a long-term drug-free viral remission. There is compelling
evidence from large genetic and functional immunology studies that robust CTL responses and
protective HLA alleles are crucial for the natural control of HIV-infection (International et al., 2010;
Walker and Yu, 2013). Even though natural CTL responses are imperfect and ultimately fail to clear
the virus, they still drive partial control of viremia and, in the rare cases of elite controllers, is the
dominant component of immune defense in successful long term suppression of viral replication.
It is clear that a strong cellular immune response is essential in suppressing the virus and would be
an essential component in therapeutic attempts to clear the virus from the body.

Despite the current cART to delay disease progression and prolong life expectancy, HIV remains
to be an incurable disease for most. The inability for the host immune system to clear HIV from the
body is partially due to the reduced present or absent viral antigen expression on latently infected
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HIV and CAR T Cells

CD4+ T cells that harbor integrated replication-competent virus
(viral reservoir) that contribute to viral rebound once ART is
discontinued (Churchill et al.,, 2016). Thus, one strategy that
proposes to target the viral reservoir is referred to as “kick and
kill” (also known as “shock and kill”) which postulates that
inducing the virus from these latently infected cells (kick or
shock) will facilitate “killing” by HIV mediated cell death or by
the surrounding immune surveillance and lead to a clearance
of the viral reservoir (Kim et al., 2018). However, clinical trials
applying this strategy using latency reversal agents (LRAs) came
short of promising results (Rasmussen et al., 2014; Spivak et al.,
2014; Sogaard et al., 2015), suggesting that natural CTLs appear
incapable of clearing this reservoir even after reactivating antigen
expression. Although new strategies are improving the “kick”
to induce virus, other studies have highlighted reasons for lack
of “killing” from the host immune cells, likely due to immune
evasion by HIV and dysfunctional HIV-specific T cells (Collins
et al.,, 1998; Fenwick et al., 2019). A promising new approach
to enhance the targeting and killing of HIV expressing cells
is using chimeric antigen receptors (CARs) (Kuhlmann et al.,
2018). T cells modified with new anti-HIV CAR technology can
potentially overcome the limitations and barriers that natural
HIV-specific T cells are currently facing. Compared with natural
conventional effector T cells, CARs can prevent or limit viral
immune escape since they directly recognize antigens irrespective
of MHC presentation. CAR T cells can also be generated and
allowed to expand several orders of magnitude in vitro or in
vivo in a patient, which provides large numbers of engineered
antigen specific cells. Ideally, CAR-expressing cells can be
engineered to confer a stable and durable immune surveillance
to HIV reservoirs.

However, it is still unclear how CAR-modified T cells will
perform under a very low HIV antigen environment, therefore
combining CAR T cell therapy with LRAs might increase CAR
T cell response to latently infected cells. In this review, we
summarize current developments to enhance HIV-specific CAR
T cell therapy to target the HIV reservoir. In addition, we
discuss how future investigation of the “kick and kill” strategy
in combination with anti-HIV CAR T cell therapy can lead to
synergistic effects to deplete the viral reservoir and setup a closer
step to achieve a functional cure of HIV infection.

CAR T Cells to Combat HIV Infection

The concept of using adoptive T cell therapy for treating HIV
infection had been proposed decades ago. The earliest study
on HIV CAR T cell therapy was designed by transferring
adoptive T cells expressing a CAR that was a fusion of CD4
extracellular domain (the primary HIV cellular receptor) to the
CD3¢ signaling domain (CD4¢) (Mitsuyasu et al., 2000; Walker
etal., 2000; Deeks et al., 2002). The advantage of choosing CD4 as
the reactive ligand for anti-HIV CAR design is that, as the natural
HIV envelope recognition moiety, CD4 ensures broad targeting
of all HIV isolates. Moreover, CD4 binding sites on the envelope
protein are relatively well conserved (Wang et al., 2019), as it
mutation would diminish CD4 binding and have a direct effect
on decreasing viral fitness. Several clinical trials were performed
to test the efficiency and safety of the first-generation CD4-based

CAR in HIV patients (Mitsuyasu et al., 2000; Walker et al., 2000;
Deeks et al., 2002). It was demonstrated that the treatment did
not result in durable control of viral replication; however, there
were no overt toxicities associated with the treatment, and the
modified cells persisted for >10 years (Mitsuyasu et al., 2000).
The reasons for the lack of viral control could be due to several
factors: (1) CD4-based CARs render the gene-modified T cells
susceptible to HIV infection and elimination of activated cells, (2)
lack of efficient activation signaling from costimulatory signals,
(3) suboptimal T cell handling and expansion, and/or (4) lack of
viral antigen stimulation. Nevertheless, the CD4¢ T cell therapy
was confirmed safe and sustained stable levels of engraftment
(Scholler et al., 2012).

Further progress in CAR design with the aim of optimizing
CAR T cell effector function and persistence in the cancer
field have led to rapid advancement in CAR T cell therapy in
recent years. Four generations of CARs have been developed
so far (Figurel). The first-generation of CARs linked an
extracellular antigen recognition moiety to a lymphocyte-
stimulating intracellular endodomain, such as the signal-
transducing subunit of the TCR CD3g chains (Eshhar et al,
1993). First-generation CAR T cells tended to have limited
in vivo expansion and cytotoxicity and were highly prone to
apoptosis (Heuser et al., 2003; Zhao et al., 2009). The addition
of costimulatory molecule domains, such as CD28 or 4-1BB,
with the cytoplasmic tail of CD3¢-containing first-generation
constructs had generated second-generation CARs. Optimized
anti-HIV second-generation CAR T cells that contained the
costimulatory 4-1BB domain were at least 50-fold more potent
at suppressing HIV replication in vitro than T cells expressing
first-generation CARs only (Leibman et al., 2017). Animal
studies also demonstrated that secondary generation CARs
were superior at expanding in response to antigen, protecting
CD4+4T cells from HIV infection and reducing CD4 decline
compared to the CAR without costimulatory molecules (Leibman
et al., 2017). Further, comparable studies demonstrated that
the 4-1BB costimulatory domain is superior to the CD28
domain for reducing viral rebound after ART treatment and
promoting T cell persistence in vivo in the absence of antigen
(Zhang et al., 2007; Leibman et al., 2017). Third-generation
CARs were created by incorporating multiple costimulatory
molecules into secondary generation CARs. Third-generation
CARs have been developed with enhanced effector function,
proliferation, survival, and ultimately enhanced tumor killing in
the cancer field (Savoldo et al.,, 2011). A third-generation anti-
gp120 CAR moiety, combining multiple intracellular signaling
domains (CD3¢-CD28-41BB), displayed augmented potency in
lysing Env-expressing cells in vitro compared to the CD4g-
CAR (Liu et al., 2016). Fourth-generation CAR T cells, known
as T cells redirected for universal cytokine-mediated killing
(TRUCKS), contained a third stimulatory signal which produces
cytokines, such as IL-7, IL12, IL-15, or IL-18, in secreted or
in a membrane-tethered form that aims to improve CAR T
cells expansion and persistence and are under investigation
in the oncology field to target solid tumors (Chmielewski
et al., 2014; Chmielewski and Abken, 2015; Hurton et al,
2016).
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FIGURE 1 | Schematic representation of anti-HIV CAR structure. First-generation CAR consists of a single anti-HIV env domain (CD4 or svFc), the transmembrane
domain region, and the T cell receptor CD3-¢ domain. Second-generation CAR incorporates an additional costimulatory signaling domain to the basic first-generation
receptor configuration. Third-generation contain more than one co-stimulatory domain. Fourth-generation CARs are characterized by addition of constitutive or
inducible transgenes like cytokines or chemokines.

Successful development and application of CAR T cell therapy
in clinical cancer studies have also fostered investigations of
CAR therapy into the HIV cure field. CAR therapy to target
HIV reservoirs is promising for several reasons. Firstly, CAR
T cells are capable of long-term immune surveillance. Effector
function of CAR-modified peripheral T cells can be retained for
6 months (Kalos et al., 2011; Kochenderfer et al., 2012; Maude
etal., 2014). Moreover, animal studies suggest that hematopoietic
stem cell (HSPC)-derived CAR cells can persist even longer,
providing continuous production of CAR T cells (Zhen et al.,
2017b). Importantly, CAR T cells can be reprogrammed and
differentiated into effector memory or central memory T cells. As
a result, they can potentially provide long-lived immunological
memory (Kawalekar et al., 2016). Secondly, CAR T cells are
capable of trafficking to the different types of tissue reservoirs,
including the central nervous system, which is a potentially
important sanctuary for latent HIV (Marban et al, 2016).
Evidence that CD19-targeted CARs can traffic to the brain and
eliminate cancer supports the notion that CAR T cells may show
effective against HIV reservoirs in brain tissue, where it is difficult
for drugs to penetrate the blood-brain barrier (Grupp et al., 2013;
Maude et al., 2014). Importantly, HSPC-based CAR expressing
cells were found in multiple lymphoid tissues, including various
lymph nodes, gut, and bone marrow, which are major viral
replication sites in a simian-human immunodeficiency virus
(SHIV) infected non-human primate (NHP) model (Zhen et al.,
2017b). Moreover, CARs can also be further engineered with
homing receptors to enhance CAR T cell penetration into the B
cell follicle, another major viral reservoir that is difficult to target

by CTLs (Haran et al., 2018). Thirdly, CAR T cells are capable of
targeting antigen in a major histocompatibility complex (MHC)-
independent fashion, which potentially allows therapeutic use by
all. In addition, lack of MHC-restriction could make these cells
less susceptible to immune escape due to viral downregulation
of MHC-I in HIV infected cells (Collins et al., 1998; Goulder
and Walker, 1999; Wonderlich et al, 2011). The properties
discussed above could allow CAR T cells to confer stable and
durable immune surveillance to HIV reservoirs if viral antigen
is reactivated at these sites. Therefore, CAR T cell therapy offers
a promising approach to eradicate HIV reservoirs.

Strategies for Optimizing CARs Design

Against HIV

One of the potential reasons the first CAR T cell trials for HIV
infection did not result in impactful reductions in viral load is
the notion that the CD4 based anti-HIV CAR design rendered the
CAR-expressing T cells susceptible to direct HIV infection (Zhen
et al, 2017a). In addition, antibody-based anti-HIV specific
CARs could also potentially facilitate HIV infection (Leibman
et al., 2017). Effective CAR-based therapeutic approaches would
benefit from adding protective mechanisms in the CAR design
against HIV infection. Many approaches have been developed
for engineering T cells to become resistant to HIV infection
utilizing an anti-HIV gene therapy reagent (Carrillo et al., 2017;
Zhen et al., 2017a). These approaches have utilized small hairpin
RNA (shRNA)-targeted knockdown of the HIV coreceptor CCR5
(Shimizu et al., 2010; Zhen et al., 2015) or shRNA mediated
degradation of HIV RNA by targeting specific HIV long terminal
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repeated sequences (Ringpis et al., 2012; Kamata et al., 2015).
Variations of gp41 heptad repeat 2 domain (Leslie et al., 2016),
such as anti-HIV fusion peptide C46, have also been used to
protect cells from infection (Younan et al., 2013; Zhen et al,
2015, 2017a). C46 has also been used in combination with the
anti-CCR5 shRNA to prevent infection by dual tropic viruses
(Zhen et al,, 2015, 2017a). Another strategy linked CD4 portion
to the carbohydrate recognition domain (CRD) of a human C-
type lectin, and the bispecific CARs were completely devoid of
the undesired activity of rendering CCR5+4 CAR-transduced cells
susceptible to HIV-1 infection. The possible reason could be CRD
blocks the unwanted HIV entry receptor activity by binding to
high-mannose glycans on the viral envelope spike (Feinberg et al.,
2001; Ghanem et al., 2018).

In addition to CD4-ligand based CARs, antibody-based CARs
can be used to target HIV infection. Most CARs currently
in clinical trials for various malignancies have antibody-based
antigen recognition regions (Sommermeyer et al., 2017; Guedan
et al,, 2019). For HIV infection, single-chain variable fragment
(scFv) derived from broadly neutralizing antibodies (bNAbs)
have been employed to generate HIV-specific CARs. The
exponential growth in HIV bNADb identification has provided
great opportunities for creating bNAb-CARs that can be
potentially more effective in HIV elimination (Burton et al,
1994; Scheid et al., 2011; Huang et al., 2012; Sok and Burton,
2018). bNAb-based CARs contain scFvs derived from bNAbs,
which target conserved sites within the Env protein and have
been shown to broadly recognize over 95% of HIV-1 strains
(Walker et al., 2011; Doria-Rose et al., 2014; Huang et al., 2016).
Another study tested a panel of seven HIV-specific CARs based
on well-defined HIV-1 bNAbs, which have shown variance in
their breadth of HIV-1 sequence diversity coverage. Each scFv-
CAR endowed CD8+ T cells with the capacity to proliferate
and kill infected cells, and suppress viral replication in vitro
(Ali et al., 2016). However, additional studies will be necessary
to understand and evaluate in vivo prosperities and functions
for bNAb-CARs.

Nevertheless, a major limitation for single antigen recognition
domain-based CAR design, especially for scFV-based CARs,
is a high potential for antigen escape and/or lack of antigen
expression that can render the CAR T cell therapy ineflicient.
Recent clinical trials using monotherapy of bNAbs 3BNC117
(Scheid et al., 2016) or VRCO1(Bar et al., 2016) showed a decrease
in plasma viremia and a delay, but not a prevented viral rebound.
However, treatment with a combination of two or more bNAbs
can significantly reduce the viral reservoir and showed prolonged
viral suppression (Bar-On et al., 2018; Mendoza et al., 2018).
Thus, a single bNAb CAR might not be sufficient to suppress
HIV-1 for the long term since escape mutants that emerge in vivo
will allow viral rebound. The use of a combination of antigen
recognition domains in multiple CARs or the use of a CAR
with multiple antigen recognition domains would likely provide
far greater suppression. Approaches utilizing multiple antigen
recognition domains are currently under development, termed
dual-, bi-, or tri-specific CARs (Ruella et al., 2016; Fry et al,
2018). Dual or bispecific CARs have been recently developed that
connect an extracellular CD4 domain to either a bNAb-based

scFv (Liu et al., 2016; Anthony-Gonda et al., 2019) or the CRD of
a human C-type lectin (Ghanem et al., 2018; Haran et al., 2018).
These have been shown to have antiviral effects in redirecting T
cells in vitro to kill HIV infected cells and, in some cases, in vivo
in model systems; however, their effects in vivo in humans are not
well characterized.

In addition to CAR T cell-mediated immunotherapy, an anti-
HIV CAR-based approach with natural killer (NK) cells has
also been considered as a strategy for antiviral immunotherapy.
A key feature of NK cells is that they, in addition to T
cells, express the intracellular signaling machinery to allow a
CAR expressing the CD3(¢ signaling domain to function in
redirecting killing activity to the antigen of interest (Liu et al.,
2017; Mehta and Rezvani, 2018). Unique anti-HIV features
of NK cells makes them an attractive and effective tool for
immunotherapy. HIV nef-mediated MHC-1 downregulation can
potentially expose the HIV infected cells to be more susceptible
to NK cells lacking inhibitory receptors to HLA-C and HLA-
E (Bonaparte and Barker, 2004). Moreover, HIV-infected target
cells can increase the expression of ligands, such as unique long
binding protein ULBP-1 and—2, which can be recognized by
NK cells (Richard et al., 2010). These upregulated ligands can
induce NK activating receptor (natural killer group 2, member
D, NKG2D) -mediated effector functions such as cytotoxicity and
cytokine production in human and mouse NK cells (Ogasawara
and Lanier, 2005; Bryceson and Ljunggren, 2008; Le Bert
and Gasser, 2014; Stojanovic et al, 2018). T follicular helper
cells (Tth cell), a critical reservoir that is established during
HIV infection, can also be eliminated by NK cells (Rydyznski
et al,, 2015). In addition, NK cells can identify and remove
HIV infected cells through antibody-dependent cell-mediated
cytotoxicity (ADCC) mechanism (Chung et al., 2008, 2011).
Therefore, these properties make genetically modified NK-cells
an appealing tool to be tested as a novel strategy to control HIV
replication and reduce HIV reservoir by directing them to HIV
through the use of a CAR. Clinical trials are ongoing using CAR-
modified NK cells for cancer immunotherapy and the safety and
efficacy of these therapies will be evaluated. A Phase I clinical
trial was completed using CD19-41BB-TCRg CAR NK cells to
target B-lineage acute lymphoblastic leukemia (ALL) malignancy
(NCT00995137). Another Phase II clinical trial with NK cells
has been approved for B-lymphoid malignancies using a CD28-
TCRg CAR with an inducible suicide gene and an activating
cytokine (NCT03056339). Recently, this Phase II trial reported
that 73% of patients exhibited a clinical response without the
development of major toxic effects after administration of NK
cells engineered with a CAR targeting CD19 and co-expressing
IL-15 (Liu et al., 2020). These trials suggest a promising aspect in
the use of redirected immunity using CAR-NK cells.

In early research of NK-based CAR against HIV, CD4-TCRg
CAR-modified NK cells were shown to effectively kill either NK-
resistant tumor cells expressing the relevant ligand, gp120, or
CD4+ T cells infected with HIV in vitro (Tran et al., 1995).
We later demonstrated in vivo in humanized mice that CAR-
modified HSPCs can differentiate into multiple hematopoietic
lineages, including functional NK cells (Zhen et al., 2015). These
NK cells are resistant to HIV infection and may have played
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a role in suppressing HIV replication. CAR-modified NK cells
derived from CAR-HSPCs were also detected in NHP models
(Zhen et al., 2017b). CAR-modified HSPCs appear to possess the
ability to produce functional CAR NK cells continuously over
time, overcoming one of the limitations of NK cell-mediated
immunotherapy in the relatively short life span of NK cells
isolated directly from patient’s peripheral blood (Liu et al., 2017).
The production of CAR NK cells from HSPCs in addition to
T cells could provide added immune surveillance benefits by
targeting different tissues and reservoirs and by supplying a
different type of cellular immunity.

Strategies to Enhance CAR T Cell

Engraftment, Function, and Persistence

The use of CAR or TCR modified autologous peripheral blood
T lymphocytes for B-lineage malignancies therapy has shown
tremendous clinical success (Ramos et al., 2016; June et al.,
2018). However, it remains unclear if CAR T cells can respond
to malignancies that may recur after treatment, as antitumor
activities of these cells appear to diminish over time (Mueller
et al., 2017). As described above, there was limited functionality
in autologous peripheral CAR T cells in suppressing HIV in past
clinical trials. These studies revealed that a CAR T cell approach
is safe and feasible and demonstrated the persistence of gene-
modified T cells for years after infusion. However, the reasons
for the long-term maintenance of this (albeit small) population
of cells are not clear and could be due to homeostatic persistence
mechanisms. To achieve a sustainable virologic control after ART
cessation, strategies to enhance CAR-expressing cell engraftment,
function, and persistence in vivo seem to be required.

Strategies to enhance CAR T cell function and persistence
have been thoroughly investigated for CD19-based and other
tumor-specific antigen targeting CARs (Fesnak et al, 2016;
Labanieh et al., 2018). For example, the use of cytokines IL-7
and IL-15 for culturing and expanding CD19CAR T cells resulted
in superior expansion and generation of naive and memory
populations that resulted in better persistence and antitumor
efficacy in vivo compared to CD19CAR T cells cultured in IL-
2 alone (Xu et al, 2014; Zhou et al., 2019). The endogenous
expression of cytokines by CAR-expressing T cells has also been
evaluated to boost persistence and efficacy in vivo. A vector
containing a CD19CAR co-expressing IL-15 and the suicide gene
iC9 has been evaluated in a preclinical study (Hoyos et al., 2010).
The iC9/CAR.19/IL-15 not only persisted better but also had
greater antitumor efficacy in vivo compared to CD19CAR. In
addition, the IL-15 had other beneficial effects such as greater
expansion, lower cell death, and lower programmed cell death-
1 (PD-1) expression in response to antigen stimulation. Other
cytokines such as IL-12, IL-7, IL-21, and IL-18 have found to
have similar improved antitumor effects (Chinnasamy et al,
2012; Pegram et al., 2015; Hu et al., 2017; Adachi et al.,, 2018;
Batra et al., 2020). Whether culturing conditions, endogenous
expression, or administration of immunostimulatory cytokines
have similar effects in vivo for HIV-specific CARs has yet to
be determined. It is cautionary to use such cytokines in HIV
targeted therapies during infection and/or in the absence of ART

as some of these cytokines, specifically IL-7 and IL-15, may
boost immune activation which can promote virus production
and lead to higher levels of viremia (Managlia et al., 2006;
Mueller et al., 2008; Vassena et al.,, 2012; Coiras et al., 2016;
Manganaro et al., 2018). Another approach to boost CAR T cell
function in vivo is by blocking immune checkpoint molecules.
Strategies to block PD-1 by CRISPR, shRNAs, or PD-1 antibody
blockade have been implemented and tested into cancer-specific
CARs and observed to improve antitumor responses in vivo
(Cherkassky et al., 2016; Rupp et al., 2017; Rafiq et al., 2018; Hu
et al,, 2019a,b). Although PD-1 blockade has been tested in HIV
infection to improve T cell responses and suppress viremia, it
remains to be seen whether endogenously blocking PD-1 or other
immune checkpoint molecules will boost HIV specific CAR T cell
responses in vivo (Palmer et al., 2013; Seung et al., 2013). Overall,
many strategies to improve peripheral CAR T cell function and
persistence in vivo have been tested and confirmed in the cancer
field. However, it is not yet clear whether any of these strategies
will show similar outcomes with HIV-specific CARs.

Another approach, as mentioned above, to solve issues
with engraftment, function, and persistence is to engineer
the expression of CARs in an HSPC-based approach. Despite
the adaptation of improved T cell handling techniques and
inclusion of anti-HIV reagents, we found that CD4-CAR T
cells made from peripheral blood T cells persisted at low levels
and had limited antiviral effects in HIV-infected humanized
mice (unpublished data). In contrast, proof of concept studies
conducted in our group demonstrated that HSPCs are capable
of lifelong engraftment and allow normal development of CAR
T cells in vivo (Kitchen et al., 2012; Zhen and Kitchen, 2013;
Zhen et al.,, 2017b). This includes thymic selection, eliminating
potentially self-reactive T cells, and increasing the potential for
the development of immunological memory (Kitchen et al,
2012; Zhen and Kitchen, 2013; Gschweng et al., 2014). Most
importantly, our previous data showed that autologous HSPCs
modified with a TCR molecular clone (Kitchen et al., 2012) or
CD4-CAR (Zhen et al., 2015) against HIV resulted in successful T
cell differentiation and significant suppression of HIV replication
in humanized bone-marrow-thymus-live mice (huBLT). Further,
we demonstrated the feasibility, safety, and potential efficacy of
the overall HSPC-based CAR approach in NHPs (Zhen et al,,
2017b). In the NHP study, we observed normal hematopoietic
recovery, and long-term maintenance of CAR-modified cells
(over 2 years) in the absence of any adverse events such as
oligoclonal expansion of cells, cytokine storms, self-reactivity, or
any other health alterations in transplanted animals. Importantly,
we found that CAR-HSPCs transplanted animals have a reduced
magnitude of rebound viremia after ART cessation as compared
to controls (Zhen et al., 2017b). CAR cells were found in multiple
lymphoid tissues, resulting in decreased viral RNA levels in
tissues and protection of CD4+ T cells in the gut, which is one of
the primary replications and reservoir sites for HIV. Moreover,
CAR-engineered HSPCs in both huBLT and NHP models can
produce myeloid and NK cells in addition to T cells expressing
the CAR, suggesting that CAR-engineered immune cells derived
from HSPCs can provide broader immune responses to HIV
reactivation after ART interruption. Therefore, stem cell-based
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CAR offers a promising approach to generate long-term and
effective anti-HIV immunity.

Improving CAR Design and Targeting the
HIV Reservoir

Several groups have been studying new generations of CAR
T cell therapies and their effects on targeting the HIV
reservoir. One study engineered potent bNAb-based single-
chain variable fragments fused to second-generation CAR
signaling domains (Hale et al, 2017). bNAb-based CAR T
cells showed specific activation and killing of HIV-infected
vs. uninfected cells in the absence of HIV replication. The
study also demonstrated that homology-directed recombination
of the CAR gene expression cassette into the CCR5 locus
enhances the suppression of replicating viruses compared with
CAR expression alone. Therefore, this work suggested that HIV
immunotherapy utilizing an approach that directly delivered
the CAR into the CCR5 locus of T cells by homology-directed
gene editing is feasible and effective. A CD4-based CAR T cell
therapy with CCR5 disruption by zinc-finger nucleases is in
phase I clinical trials to treat HIV and examine effects on the
reservoir (NCT03617198).

A third-generation anti-HIV CAR molecule (CD3¢-CD28-
CD137) has been developed that consists of a scFv region
derived from the bNAb VRCO1 capable of redirecting the antigen
specificity of primary CD8+ T cell populations against gp120
(Liu et al.,, 2016). Interestingly, the bNAb-based CAR T cells
were able to effectively kill the reactivated HIV-infected CD4+
T lymphocytes isolated from HIV-infected individuals receiving
cART, suggesting CAR T could be a potential therapeutic strategy
to eradicate HIV (Liu et al., 2016). Moreover, this research
is entering clinical trials (NCT03240328) to evaluate bNAb
(VRCO01)-based CAR for latent reservoir eradication.

Another strategy to improve targeting of HIV reservoir is
to modify bispecific CARs with a homing chemokine receptor
CXCRS5. CD4+ CXCR5+ TfH cells in B cell follicles of lymphoid
tissue have been reported to represent a major HIV reservoir
compartment harboring intact and infective proviruses (Perreau
et al., 2013; Banga et al,, 2016). However, HIV-specific CTLs
that recognize and kill virus-producing T cells are found in
low numbers within the follicle due to reduced expression of
CXCR5 (Mylvaganam et al., 2017; Reuter et al., 2017). Thus,
the expression of CXCR5 on HIV-specific CAR T cells might
promote their homing to lymph nodes to target latently infected
TfH cells. Recent research successfully designed a bispecific anti-
SIV CAR co-expressing the rhesus macaque follicular homing
chemokine receptor CXCR5 to enhance CAR T cell trafficking
to B cell follicles. The functionality of the CAR/CXCR5 T cells
was demonstrated through their potent suppression of SIV
replication in vitro and migration to B cell follicles in lymphoid
tissues ex vivo (Haran et al., 2018).

Most recently, a universal CAR T cell platform,
convertibleCAR T cells, was designed to redirect CTLs by
binding a broadly neutralizing anti-HIV antibody or antibodies.
convertibleCAR was modified with the NKG2D receptor,
which can turn the T cell into a potent killer, but only when

bound to its partner MIC (MHC-class I-like Complex, natural
ligands for NK2G)-bNAbs. convertibleCAR T cells effectively
kill HIV-infected, but not uninfected, CD4 T cells from blood,
tonsil, or spleen and only when armed with anti-HIV bNAbs.
convertibleCAR T cells can also result in a 50% reduction in the
amount of HIV RNA expression in cultured T cells derived from
HIV-infected individuals after reactivation (Herzig et al., 2019).
The modularity of convertibleCAR T cell system, which allows
multiplexing with several anti-HIV antibodies yielding greater
breadth and control, makes it a promising tool for attacking the
latent HIV reservoir.

Another recent study engineered T cells with up to three
functionally distinct HIV envelope-binding domains to form bi-
specific or tri-specific targeting anti-HIV CAR T cells. Three
putative targets included the gp120 CD4-binding site, gp120
coreceptor-binding site, and gp41 near the membrane-proximal
external region. Bi-and tri-specific CAR T cells showed the
capacity to potently reduce cellular HIV infection both in vitro
and in vivo. The multi-specific CARs efficiently killed HIV-
infected cells in a humanized mouse model while protecting the
CAR T cells from genetically diverse HIV infection (Anthony-
Gonda et al., 2019). Despite the lack of evidence whether multi-
specific CAR T cells can effectively migrate to a variety of
different tissue sites where established HIV reservoir exist and
whether they can target HIV latently infected cells after ART
interruption, these data strongly support multi-specific anti-HIV
CAR as a promising approach for HIV functional cure.

In spite of the recent success of CAR T therapies in
targeting HIV, none of the research has shown an effective
and significantly durable reduction in HIV viral load after
the adoptive transfer of CARs in HIV/SIV infected animals.
None of the recent studies so far have tested different types
of new generation CAR T cells in killing reactivated HIV in
vivo. Thus, further research on the capacity of new generation
CARs to eradicate the HIV reservoir should be evaluated in
HIV/SHIV infected animal models. The application of CAR
therapy in HIV cure strategies is just beginning to be explored,
and more work is needed. Better designed CARs should also
be considered to increase the cytotoxicity/efficacy, improve the
proliferation/persistence, prevent exhaustion/senescence, and
lower the potential for resistance/escape.

“Kicking” the HIV Reservoir for CAR T Cell
“Killing”

HIV persistence despite ongoing, long term antiretroviral
therapy is largely due to the ability of the virus to latently persist
in various anatomical reservoirs. Targeting these reservoirs by
any immune surveillance mechanism is difficult due to the lack
of viral antigen expression. There are several strategies that aim
to induce latent viral expression to allow immune targeting
and elimination. One such strategy, known as the “kick and
kill” approach, seeks to induce the virus out of latency to
allow immune-mediated killing. The current paradigm for “kick
and kill” strategies to eliminate the HIV reservoir involves the
transcriptional reactivation of the integrated provirus in latently
infected cells and allow the viral antigen to be presented to
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immune surveillance in ART-treated individuals. CAR T cells
can be an optimal “kill” response in the “kick and kill” strategy
(Figure 2). However, this will depend on robust HIV expression
from latently infected cells; therefore, a combinatorial therapy
with potent latency reversing agents (LRAs) will be necessary
to effectively eradicate the reservoir (Bashiri et al., 2018). LRAs
have been tested in animal models and clinical trials and shown
to induce HIV expression and is well tolerated in vivo (Marsden
etal., 2017; Thorlund et al., 2017). However, clinical studies have
not shown that LRAs alone can significantly decrease the viral
reservoir. A likely explanation for this is that the host immune
response present in these sites is dysfunctional and incapable of
effectively clearing the virus (Collins et al., 1998; Appay et al,
2000; Day et al., 2006; Trautmann et al., 2006; D’Souza et al.,
2007; Buggert et al., 2014; Huang et al., 2018). CAR-mediated
redirection of T cells and other immune cells could provide
greater numbers of HIV-specific cells with a greater functional
capacity to eliminate virus-reactivated cells. Another possible
reason CTLs at sites of virus reactivation are not effective in
killing HIV infected cells could include Nef mediated immune
evasion by downregulation of HLA class I molecules. CAR T cells

have the advantage of overcoming this type of immune evasion
because of its non-dependence in the use of HLA molecules to
recognize HIV envelope. Another potential advantage of CAR
T cell is that they will more likely target latently infected cells
that express provirus with intact envelope rather than defective
provirus with envelope deletions, which natural CTLs will target
(Bruner et al., 2016; Pollack et al., 2017; Huang et al., 2018). A
key question will pertain to the optimal combination of types
of LRAs that will induce the minimal levels of HIV expression
required for CAR T cell recognition and killing. Ideally, the
best LRAs to aid CAR T cell therapy to target the reservoir will
be those that will potently induce HIV expression and innate
immune response that can provide cytokine support for CAR T
cells without major side effects in vivo. However, CAR-expressing
cells offer a potentially more effective “Kill” component in this
overall approach.

A key issue in the “kick and kill” strategy is finding an
optimal LRA that allows effective virus reactivation in the absence
of gross immune activation and side effects such as cytokine
storms. Many different LRAs are currently under investigation
and could complement the use of CAR-based approaches in
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targeting the HIV reservoir. LRAs that are classified as histone
deacetylase (HDAC) inhibitors (HDACi) have been the most
studied in clinical trials (Rasmussen and Lewin, 2016). Although
HDAC inhibitors had minimal impact on reducing the size of the
viral reservoir in these trials, the drugs Vorinostat, Panobinostat,
and Romidepsin did result in measurable increases in the cell-
associated HIV RNA levels in CD4+ T cells (Archin et al., 2012,
2017; Elliott et al., 2014; Rasmussen et al., 2014) and plasma
viremia in patients (Rasmussen et al., 2014; Sogaard et al., 2015).
Thus, because of their safety and induction of latency reversal
in several clinical trials, these drugs may be prime candidates
to combine with CAR T cell therapy and study the effects on
the viral reservoir. Another class of small molecules that have
been effective in potently inducing HIV expression are protein
kinase C agonists (PKCa) (Williams et al., 2004; Bullen et al,
2014; Jiang and Dandekar, 2015; Laird et al., 2015; Brogdon et al.,
2016). The PKCa bryostatin-1 has been tested in phase I clinical
trial in ART suppressed patients (Gutierrez et al., 2016). The
results of this study showed no impact on the induction of HIV
expression, most likely due to a single round of low doses that
was well tolerated. However, a study using a humanized mouse
model testing synthetic bryostatin analogs showed promising
“kick and kill” results (Marsden et al., 2017). The bryostatin
analog induced T cell activation in blood and spleen. ART-treated
mice that received a single dose of bryostatin analog showed
a significant increase in virus expression in blood and spleen
and an increase in cell death compared to the control group.
The synergistic effect of combining PKCa ingenol-B with HDACi
vorinostat was seen in 1 out of 2 ART-treated SIV infected
animals that resulted in detectable viral load in plasma and
cerebrospinal fluid, which continued to increase several days
after LRA interruption (Gama et al., 2017). Other studies using
a combination of PKCa and HDAC inhibitors have found similar
synergetic results and latency reversal in different memory CD4+
T cell subset populations (Darcis et al., 2015; Laird et al., 2015;
Pardons et al., 2019). The combination of HDAC inhibitors and
PKCas may provide a more robust “kick” in latency reversal that,
in combination with CAR T cells, can potentially lead to a greater
killing of the latent reservoir.

Another class of LRAs that have shown to potently induce
latency reversal are Toll-like receptor (TLR) agonists (Macedo
et al, 2018). In particular, TLR-7 and TLR-9 agonists have
shown to be effective HIV latency inducers (Offersen et al., 2016;
Tsai et al., 2017). A clinical trial has tested a TLR-9 agonist
MGN1703 in virus suppressed individuals (Vibholm et al., 2017).
The TLR-9 agonist was well tolerated and led to activation of
plasmacytoid dendritic cells, increased activation of NK cells and
CD8T cells. Increased plasma HIV RNA levels were seen only
in some of the participants; however, no effect on viral reservoir
size was observed. Likewise, with TLR-9 agonists, TLR-7 agonists
have also been found to induce viremia, induce activation of
CD8+ T cells and NK cells, and target the reservoir in NHPs
(Lim et al., 2018). Remarkably, 2 of 9 animals treated with
the TLR-7 agonist remained aviremic for over 2 years after
ART interruption. In a different study, TLR-7 agonist GS-986
treatment alone led to activation of CD8+ and CD4 T+ cells
along with innate immune stimulation (Borducchi et al,, 2016).

However, a combination treatment using GS-986 (TLR7 agonist)
and an Ad26/MVA vaccine led to a significant delay in viral
rebound after ART interruption. TLR agonists can potentially
be used in combination with CAR T cells to stimulate innate
immune cells and support CAR T cells with stimulating cytokines
that may lead to increased persistence and expansion, which can
result in a synergistic eradication effect.

Cytokines such as IL-2 and IL-7 were initially investigated as
potential LRAs to induce HIV expression and target the reservoir
(Chun et al., 1999; Stellbrink et al., 2002; Wang et al., 2005;
Levy et al., 2012). Recently, Interleukin-15 (IL-15) has also been
investigated as a promising target to reactivate the HIV virus
and control viral replication (Jones et al., 2016; Ellis-Connell
etal,, 2018). An IL-15 superagonist ALT-803 was found to induce
HIV RNA production in PBMCs obtained from ART-treated
participants and enhanced killing of HIV infected cells induced
by the superagonist (Jones et al., 2016). More recently, in a NHP
model, superagonist IL-15 S-803 induced reactivation of SIV
virus but only after depletion of CD8+ T cells, thus revealing
a role of CD8+ T cells blocking latency reversing effects of N-
803 (McBrien et al., 2020). In addition to the LRA effects of IL-
15 superagonist, another study using SIV infected NHP animals
has shown that IL-15 ALT 803 can direct SIV specific CD8+ T
cells into B cell follicles, which led to decreased SIV RNA or SIV
DNA harboring cells in lymph nodes after treatment (Webb et al.,
2018). Whether the IL-15 superagonists have the same effects in
humans remains to be seen. However, a report from a phase I
clinical trial using IL-15 ALT-803 on HIV infected ART-treated
participants so far has shown that the drug is well-tolerated,
increased NK, CD4+-, and CD8+ activation in lymph nodes,
and increased HIV transcription following initial treatment was
observed (Zachary et al, 2018). Overall, IL-15 superagonists
can be used as LRAs with the additional beneficial immune
activation properties that, if combined with CAR T cells therapy,
can lead to improved trafficking of CAR T cells to reservoir
sites in vivo.

Although the strategy of combining LRAs that target multiple
pathways to induce HIV expression with CAR T cell therapy
to purge the viral reservoir can be promising, a current major
limitation of LRAs is the inability to reactivate a significant
portion of the latent reservoir. To overcome this limitation, other
strategies are needed to eliminate unresponsive HIV harboring
cells to LRAs. Strategies that target the provirus and attempt
to specifically excise it from these cells are under development.
Genome editing using CRISPR-Cas9 has been tested in vivo using
animal models to permanently remove HIV provirus from the
genome and shown promising results (Kaminski et al., 2016; Yin
et al,, 2017; Wang G. et al,, 2018; Dash et al., 2019). However,
there is a current limitation using CRISPR-Cas9 as HIV can
escape through mutations targeted by the single guide RNA
(sgRNA) (Wang G. et al, 2016; Wang Z. et al., 2016, 2018).
Alternatively, CRISPR-Cas9 system can be used to induce HIV
expression by using a catalytically inactive Cas9 fused with a
transcriptional activator (Limsirichai et al,, 2016). Using this
CRISPR-Cas9 transcription activation system, the authors found
that combining it with the HDACi suberoylanilide hydroxamic
acid (SAHA, also known as Vorinostat) and a prostratin molecule
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can synergistically increase HIV expression using J-lat cell lines
in vitro. It is yet to be seen whether this approach can reactive
HIV in vivo without any toxic side effects. In summary, CAR
T cell therapy can provide the immune surveillance to “kill”
latently infected cells in response to agents that can induce HIV
expression and innate and cellular immune responses that can
support CAR T cell cytotoxicity and trafficking to tissues that
harbor viral reservoir.

A major challenge for LRAs to target and reactivate all latent
cells is the heterogeneity of the reservoir. The diverse response
of latent cells to LRAs have been shown to be based on several
factors including cell type, silencing mechanisms inhibiting HIV,
tissue reservoir, and patient gender (reviewed in Ait-Ammar
et al,, 2019). Treatment of CD4+ T cells from ART-treated
patients with PKC agonists bryostatin and ingenol revealed
that bryostatin was effective in reactivating T effector memory
(Tgm) cells whereas ingenol was more effective in reactivating
HIV in both T central/transitional memory (Tcm/rm) and Teu,
suggesting that T cell memory subsets harboring HIV may not
be equally susceptible to the same class of LRAs (Baxter et al.,
2016). More recent studies are showing similar results with other
classes of LRAs and highlighting the heterogenous responses to
several LRA families among different CD4+ T cell subsets; thus,
implicating a rationale for the use of combined LRAs to overcome
the heterogeneous reservoir (Grau-Exposito et al., 2019; Kulpa
et al, 2019). Determining the right combination of LRAs to
reactivate these reservoirs will be key to study the effectiveness
of anti-HIV CARs, whether it be CD4-based, bi-specific, or tri-
specific CARs to kill the reactivated reservoirs. It is likely that
cells expressing these different types of CAR molecules would
have different effects on clearing out reactivated HIV envelope
expressing cells, based on their antigen recognition coverage
and the certain limitations that are highlighted above. A CD4-
based CAR may provide the widest range of reactivated envelope
recognition, but antibody-based CARs, either using multiple
single CARs or CARs with multiple specificities could provide
sufficient coverage and prevent immune escape. However, it
remains to be seen whether anti-HIV CAR expressing cells
will be able to target not just CD4+ T cell reservoirs but
other cell types such as hematopoietic stem cells and cells from
the myeloid lineage that can migrate to anatomical sanctuaries
such as the central nervous system (CNS) (Gras and Kaul,
2010; Williams et al., 2014; Gianella et al., 2016; Zaikos et al.,
2018). The CNS is considered a sanctuary site that harbors HIV
infected cells that can be latently infected, including astrocytes,
microglial cells, and perivascular macrophages (Thompson et al.,
2011; Wallet et al,, 2019). Therefore, it will be important to
develop LRAs that can reactivate HIV from CNS cell types.
The PKC agonist bryostatin-1 is a promising LRA to target
microglial cells and astrocytes (Darcis et al., 2015; Diaz et al.,
2015). Information on whether CAR-modified T cells can traffic
to the CNS has recently come from clinical studies of B cell
malignancies being treated with CD19CAR-modified T cells.
These studies show the presence of CD19 CAR-modified T
cells in the cerebral spinal fluid (CSF), suggesting these CAR
cells may cross the blood brain barrier (Kochenderfer et al.,
2017; Santomasso et al., 2018). In addition, a gliospecifc CAR

was also found to traffic and target brain tumor in patients
(O’'Rourke et al., 2017). It has yet to be determined whether
anti-HIV CAR T cells will be able to cross the blood brain
barrier and target reactivated CNS reservoir cells. However, in
our previous study using a stem cell based CD4-based CAR
approach in a NHP model of SHIV infection, we observed
CD4CAR gene marking in the brain tissue and, compared to
control animals, CD4CAR animals showed lower SHIV RNA
levels in this compartment (Zhen et al., 2017b). This suggests
that, at least in a stem cell CAR model, stem cell derived
CD4CAR+ cells can monitor and reduce viral burden in
the brain.

Careful consideration should be given about using certain
LRAs with CAR-T or CAR-NK cells, as the lack of specificity
by LRAs may negatively impact T cell or NK function (Jones
et al, 2014; Clutton et al., 2016; Garrido et al, 2016; Pace
et al., 2016; Walker-Sperling et al., 2016; Clutton and Jones,
2018; Desimio et al, 2018). In particular, in vitro studies
show that HDACi panobinostat is found to be toxic to NK
cells, decreases their cytotoxicity, antiviral activity, cytokine
production, and viability (Garrido et al., 2016). The PKC agonist
bryostatin-1 was found to impair NK mediated cytotoxicity,
ADCC activity, and clearance of reactivated latently infected
CD4+ T cells in vitro (Desimio et al, 2018). In T cells,
the HDACi romidepsin, panobinosat, and SAHA all found to
impair cytokine production and killing of HIV infected CD4+
T cells in CTLs in vitro, with the greatest impairment seen
with romidepsin (Jones et al., 2014). Similarly, in another study,
panobinosat impaired CTL cytotoxicity, whereas romidepsin
reduced viability and both impaired proliferation responses
in CTLs isolated from HIV infected individuals, although the
effects were dependent on exposure time (Clutton et al., 2016).
The combination of romidepsin and bryostatin-1 significantly
diminished the ability of HIV-specific CD8+ T cells isolated
from elite controllers to suppress HIV replication (Walker-
Sperling et al., 2016). Thus, some LRAs can have a negative
impact on immune function of T and NK cells which may
potentially impact CAR-modified T cells and NK cells. More
studies are needed to evaluate the optimal doses and combination
of LRAs that will reverse latency without toxicity to effector
cells that directly kill HIV infected cells. Additionally, a more
optimal approach can be to use a cocktail of LRAs that
includes immunomodulatory LRAs such as IL-15 agonists
and TLR agonists that can boost the immune response
and counteract the immunosuppressive side effects of other
LRA compounds.

CONCLUSION

There is a considerable amount of effort underway to develop
new and novel strategies to eradicate persistent HIV infection.
CAR-based approaches represent a promising strategy to
enhance the antiviral cellular immune response against
HIV in hopes of eradicating the virus. A combination of
approaches will likely be necessary to readily facilitate the
successful use of anti-HIV CAR therapy to help establish
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long-term immune surveillance and kill the reactivated
HIV infected cell. However, several issues remain to be
answered for further advancement in this field: (1) Whether
reactivated antigen expression induced by LRAs is strong
enough to be recognized by CAR-modified immune cells?
(2) Whether CAR therapy and LRAs could have effects in
different anatomical tissue reservoirs, including the gut and
the brain? And (3) Whether repeated CAR-modified immune
cell infusion and/or repeated rounds of LRA reactivation
is needed? There is a high level of optimism that the
next generation CAR T cell therapy as part of the “kick
and kill” regimen, in combination with other therapies
such as LRAs or bNADbs, could eradicate the persistent

HIV reservoir by enhancing the immune surveillance
and maintaining a long-lasting viral suppression after
ART interruption.
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The HIV latent reservoir represents the major challenge to cure development. Residing
in resting CD4+ T cells and myeloid cells at multiple locations in the body, including
sanctuary sites such as the brain, the latent reservoir is not eliminated by ART and has
the ability to reactivate virus replication to pre-therapy levels when ART is ceased. There
are four broad areas of HIV cure research. The only successful cure strategy, thus far,
is stem cell transplantation using naturally HIV resistant CCR5A32 stem cells. A second
potential cure approach uses gene editing technology, such as zinc-finger nucleases and
CRISPR/Cas9. Another two cure strategies aim to control the HIV reservoir, with polar
opposite concepts; The “shock and kill” approach, which aims to “shock” or reactivate
the latent virus and then “kill” infected cells via targeted immune responses. Lastly, the
“block and lock” approach, which aims to enhance the latent virus state by “blocking”
HIV transcription and “locking” the HIV promoter in a deep latent state via epigenetic
modifications. “Shock and kill” approaches are a major focus of cure studies, however
we predict that the increased specificity of “block and lock” approaches will be required
for the successful development of a sustained HIV clinical remission in the absence of
ART. This review focuses on the current research of novel “block and lock” approaches
being explored to generate an HIV cure via induction of epigenetic silencing. We will
also discuss potential future therapeutic delivery and the challenges associated with
progressing “block and lock” cure approaches as these move toward clinical trials.

Keywords: HIV-1, block and lock, cure strategies, epigenetic silencing, latent reservoir

INTRODUCTION

Persistence of the HIV-1 latent reservoir is the major barrier to an HIV cure. Combined
antiretroviral therapy (ART) is now such a highly efficacious treatment, that once a person living
with HIV (PLWH) has commenced therapy and has an undetectable viral load they are then
unable to transmit the virus (U=U) (Cohen et al., 2016; Bavinton et al., 2018; Rodger et al., 2019).
However, ART interruption or cessation leads to a rapid rebound in viral load and significant
morbidity. Therefore, treatment must be life-long. Hence, the aim of an HIV cure is to either (i)
eradicate the latent reservoir from the body or (ii) have life-long remission of virus without the
need for ART. Long-lived resting memory CD4+ T cells contribute a major component of the
latent reservoir, followed by dendritic cells, macrophages, and microglial cells (Kumar et al., 2014;
Kandathil et al., 2016; Honeycutt et al., 2017; Wallet et al., 2019). These cells types have a wide

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 97

August 2020 | Volume 10 | Article 424


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.00424
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.00424&domain=pdf&date_stamp=2020-08-14
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:cahlenstiel@kirby.unsw.edu.au
https://doi.org/10.3389/fcimb.2020.00424
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00424/full
http://loop.frontiersin.org/people/186976/overview
http://loop.frontiersin.org/people/43341/overview
http://loop.frontiersin.org/people/307144/overview

Ahlenstiel et al.

Block and Lock Cure Strategies

range of anatomical locations, including lymph nodes, gut-
associated lymph tissue (GALT) (Yukl et al, 2013), liver
(Penton and Blackard, 2014), genital tract (Cantero-Perez et al.,
2019), and brain (Wallet et al., 2019). Some of these sites are
further termed sanctuary sites, which are protected from ART
penetration (i.e., the brain, testis, and lymph node B cell germinal
centers) and pose additional challenges for HIV cure treatments
(Eisele and Siliciano, 2012; Fletcher et al., 2014). Persistence of
the latent reservoir occurs due to clonal expansion of infected
cells and/or infection of long-lived reservoir cells (Chomont
et al., 2009; Hiener et al., 2017; Lee et al., 2019). Many studies
are attempting to characterize the HIV reservoir in order to
understand the unique cell types and subsets involved (Hiener
et al,, 2017; Lee et al.,, 2019; Pardons et al., 2019; Horsburgh
et al., 2020), and the provirus state; whether intact or defective
(Bruner et al., 2016, 2019; Hiener et al., 2017), reactivatable, or
non-reactivatable (Battivelli et al., 2018). Studies investigating
the fundamentals of HIV persistence are vital to developing cure
strategies. The current focus of HIV cure strategies can be broadly
segmented into four main areas: 1. Cell/Gene therapy using stem
cell transplantation, 2. Gene therapy via gene editing, 3. Shock
and kill approaches, and 4. Block and lock approaches (Figure 1).

There are so far two examples of PLWH being successfully
cured of HIV, with both cases utilizing cell therapy with stem
cell transplantation, i.e., the Berlin and London patients (Hutter
etal., 2009; Gupta et al., 2019). This approach employed naturally
HIV-resistant donor CCR5delta32 stem cells for transplantation

in patients being treated for associated malignancies i.e.,
undergoing myeloablative/chemotherapy treatments (Hutter
et al.,, 2009; Gupta et al,, 2019). While studies are ongoing to
attempt to recapitulate this cure approach in other patients who
also require stem cell transplants due to associated malignancies,
this approach is not currently scalable nor feasible or desirable in
the general population of PLWH who do not require such heroic
treatment for malignant disease. This is due to the high risk
involved in undertaking an allogeneic stem cell transplantation.
Gene therapy cure approaches also aim to eradicate the
integrated latent reservoir and use a number of nuclease-
mediated gene editing tools, i.e., molecular scissors, that cut
genomic DNA in a highly specific manner. Some examples
include clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9 (CRISPR/Cas9) technologies
(Kaminski et al., 2016a,b; Wang et al., 2016a; Miller et al., 2017;
Dash et al,, 2019), zinc finger nuclease (ZFN) (DiGiusto et al,,
2016; Ji et al., 2018), and the transcription-activator-like effector
nucleases (TALEN) (Shi et al., 2017) gene editing to excise the
HIV-1 genome from the host genome. A benefit of these gene
editing sequence approaches is the high specificity required to
match the target sequence. However, this also means that due
to the extreme sequence diversity present in the HIV-1 genome,
a combination of multiple sequences will be required in order
to ensure sequence diversity and the potential for future virus
mutations in the target site is addressed. Additionally, off-target
effects and virus escape have been reported (Wang et al., 2016b).

A Stem cell transplant B
CRISPR/Cas9 gene editing
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Healthy donor ——p Apheresis
peets ,-au.nT"""’""'
| \
[l \ Exvivo cell Total or partial
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FIGURE 1 | Strategies being developed for an HIV cure. (A) Stem cell therapies and (B) CRISPR gene therapy use modified cell therapies to target the latent reservoir.
(C) Shock and Kill approach using latency reversing agents (LRAs) to eradicate the latent reservoir, and (D) Block and Lock approach using latency promoting agents
(LPAs) to induce silencing of the latent reservoir to achieve sustained HIV remission, that is refractory to reactivation. HDAC, Histone deacetylase; HMT, histone methyl
transferase; PKC, protein kinase C; dCA, didehydro-cortistatin A; ART, antiretroviral therapy.
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Delivery of gene editing therapies to the target site are also a
major challenge.

A further eradication cure approach is the commonly
known “shock and kill” strategy, recently reviewed by Ait-
Ammar et al. (2019). This approach aims to “shock” latently-
infected cells into a reactivated state, using latency-reversing
agents (LRAs) to activate virus transcription and then “kill”
these reservoir cells via cytopathic effects, host immune
responses or other targeted mechanisms. Several classes of
LRAs have been investigated (Figure1). One class of LRAs
are epigenetic modifiers, such as histone deacetylase inhibitors
(HDACi), histone methyltransferase inhibitors (HMTi), and
DNA methyltransferase inhibitors (DNMTi), which all act on
reversing the repressive epigenetic marks present in the HIV-1
promoter during latency. These LRAs result in global activation,
relaxing epigenetic marks in not just the HIV-1 promoter, but
any promoter that is epigenetically silenced by these mechanisms.
Another challenge of LRAs is the variability of effect depending
on the specific cell model (Spina et al, 2013). Successful
reactivation by most LRAs in vitro have failed to induce sufficient
reactivation to make a detectable impact on the HIV reservoir
in vivo or ex vivo in patient latently-infected cells (Spina et al,,
2013). Additional improvements in the ability to kill reactivated
cells are also likely to be needed, such as a broadly neutralizing
antibody (bNAb) PGT121 and a Toll-like receptor 7 (TLR7)
agonist (Borducchi et al., 2018). Moreover, the shock and kill
approach is not suitable for all cell types harboring latent
virus, such as microglial cells in the brain, reviewed in Wallet
et al. (2019). This is due to reactivation of microglial cell
reservoirs resulting in neuroinflammation, a key component of
HIV-associated neurocognitive disorders (HAND) (Wallet et al.,
2019). As demonstrated by several groups, it is unlikely that
targeting a single mechanism of HIV-1 latency will be sufficient
to reactivate the majority of the virus reservoir (Jiang et al., 2015;
Rochat et al., 2017; Das et al., 2018; Ait-Ammar et al., 2019).
Instead, a combination of LRAs, targeting multiple mechanisms
of HIV-1 latency is likely to be required for an effective sterilizing
cure without ART.

A fundamentally different and potentially more realistic
approach to reservoir control is known as “block and lock.” This
functional cure strategy aims to permanently silence the latent
reservoir using latency promoting agents (LPAs) to “block” virus
transcription and “lock” the virus promoter in a latent state via
repressive epigenetic modifications. Permanent control of the
HIV-1 promoter means ART is no longer required. The block and
lock approach mimics natural virus latency by inducing a state of
latency, described recently by the terms “super latency” or “deep
latency.” The features of HIV-1 transcription and the latency
are described below, including the specific aspects mimicked
by the block and lock approach. A precedent for forcing HIV-
1 into a permanently silenced state via the block and lock
epigenetic silencing approach has been set by the many ancient,
epigenetically silenced human endogenous retroviruses (HERVs)
that comprise ~8% of the human genome (Lander et al., 2001).
This supports the feasibility and potential longevity of the block
and lock approach. A major benefit of this cure approach, when
mediated by RNA therapeutics, is that highly specific sequence

targeting is required. Similar to CRISPR gene editing approaches,
multiplexing of several RNA therapeutics targeting different sites
in the virus genome will be necessary to address the global
sequence diversity of HIV-1 (Ahlenstiel et al., 2015; Pang et al.,
2018).

Understanding the process of HIV-1 transcription and the
molecular mechanisms involved in regulating HIV-1 latency
is important for developing targeted therapies (Figure2). A
trademark feature of all retroviruses, including HIV-1, is
integration of the viral genome into the host genome. Integration
site selection is not random and can affect the transcriptional
status depending on whether integration occurs in an active or
silent gene. The process requires the HIV-1 protein integrase (IN)
and the host protein Lens Epithelium-Derived Growth Factor
(LEDGEF/p75) [reviewed in Symons et al. (2018)]. Establishment
and maintenance of integrated HIV-1 provirus in a range of latent
reservoir cell types likely requires different latency molecular
mechanisms. Transcriptional activity of the HIV-1 promoter, the
5'LTR, is regulated by multiple different factors. Autoregulation
by the HIV-1 transactivator Tat protein is a major factor
and results from Tat binding to the transactivation-responsive
region (TAR), an RNA loop element located downstream of the
transcription initiation start site located at nucleotides +1 to
+59 (Figure 2A). Following Tat binding to TAR, the positive
elongation factor, P-TEFDb, is recruited to form a transcription
complex, which results in Tat-mediated transactivation of
transcription initiation and elongation via RNAPol II.

Host cellular transcription factors also play role in regulating
HIV-1 transcription, such as NF-kB and Spl, which are
located between nucleosome (nuc)-0 and nuc-1 in the 5'LTR
(Figure 2). NF-kB in particular is a major transactivator of virus
transcription and has been specifically targeted by several RNA
block and lock cure approaches. The chromatin environment is
also a factor in HIV transcription regulation. Epigenetic silencing
can reduce levels of NF-kB, which then change the efficiency of
initiation and reduces Tat protein levels to result in transcription
inhibition and the onset of HIV-1 latency. NF-kB is then required
for virus reactivation by re-stimulating Tat production to
restore transcription efficiency. Epigenetic silencing of the latent
provirus can include histone post-translation modifications, such
as histone methylation (Marban et al., 2007; Imai et al., 2010;
Zhang et al., 2017), histone deacetylation (Verdin et al., 1993; Van
Lint et al., 1996; Lusic et al., 2003), and crotonylation (Jiang et al.,
2018) (Figure 2). Another characteristic of repressive epigenetic
silencing in latent HIV-1 is DNA methylation of CpG islands
(Kauder et al., 2009; Chavez et al., 2011).

BLOCK AND LOCK STRATEGIES

Epigenetic Silencing/Transcriptional Gene
Silencing (TGS)

HIV cure strategies that follow the block and lock approach
all have a common feature, which is the induction of
epigenetic silencing or transcriptional gene silencing (TGS) in
the HIV-1 promoter to suppress virus replication. The term
epigenetics refers to heritable changes in gene expression that

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

99

August 2020 | Volume 10 | Article 424


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Ahlenstiel et al.

Block and Lock Cure Strategies

A HIV-1 transcription
Open chromatin
nt+1
I—’
TAR
5' H3K9Ac NF-kB SP1 PH3K9AC
N\ < g SNl
i ——e000— g —
= 3,
) \
. huc-0 HIV-1 5'LTR nuc-1

88 000 @

= HIV-1 latency
Closed chromatin

Tat nt+1 ; E

NF-xkB SP1

5’ ( H}K9me3 H3K9me3
EeE
nuc-0 nuc-1 nuc-2

FIGURE 2 | Regulation of HIV-1 transcriptional activity. (A) Active HIV-1 transcription occurs when chromatin is in an open structure, enabling important transcription
factors to bind and activate virus transcription. These include NF-kB (red bars) and Sp1 (orange ovals). The TAR loop is also accessible for HIV-1 Tat protein to bind
and further activate transcription. Active epigenetic marks, e.g., Histone 3 Lysine 9 Acetylation (H3K9Ac), are also present. (B) During HIV-1 latency several
mechanisms can prevent virus transcription; (i) repositioning of nucleosomes causes chromatin compaction to form heterochromatin, (i) heterochromatin occludes
important transcription factors and Tat from binding, (i) DNA methylation (gray circle, me) of CpG islands also prevents transcription, and (iv) histone post-translational
maodifications include increased repressive epigenetic marks, e.g., Histone 3 Lysine 9 trimethylation, and a decrease in active epigenetic marks, e.g., H3K9Ac. Some
block and lock cure approaches mimic all four of these traits of HIV-1 latency, e.g., sSiRNA PromA.
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are independent of DNA sequence (Eccleston et al., 2007).
Epigenetic silencing, or TGS, is a highly conserved process
that was first discovered in plants, followed by studies showing
existence of the pathway in Caenorhabditis elegans, Drosophila,
yeast and finally in humans in 2004 pioneered by Morris
et al. (2004) (Figure 3). Although the term block and lock has
only been adopted in the last 4-5 years, studies extensively
developing, identifying and characterizing block and lock HIV-
1 therapeutics have been ongoing since the mid-2000s. Closely
following on the discovery of transcriptional gene silencing in
mammalian cells in 2004, was the first published “block and
lock” HIV-1 study in 2005, which identified an HIV-1 promoter-
targeted siRNA, known as siPromA (Figure 3). A comprehensive
summary of block and lock HIV-1 cure/therapeutic development
is described in Table 1. These block and lock therapeutics,
while all inducing various degrees of epigenetic silencing, can
be distinguished by effect longevity, i.e., whether the antiviral

agent can only block HIV transcription while the treatment is
given or if the treatment can maintain HIV latency following
ART interruption.

RNA-Directed Epigenetic Silencing

Epigenetic silencing can be induced by a range of RNA
molecules, such as short interfering (si)RNA, short hairpin
(sh)RNA, and long non-coding (Inc)RNA (Figure 4). In the
case of siRNA, in vitro delivery is achieved via transfection
reagents, e.g., lipofectamine, nucleofection, calcium phosphate;
or cell penetrating nanoparticles that are loaded with siRNA.
Once siRNA has been successfully delivered across the plasma
membrane into the cytoplasm, it is then loaded onto the
Argonaute 1 (Agol) protein, with the 5" siRNA region binding to
the Agol PAZ domain and the 3’ siRNA end binding to the Agol
MID domain. Subsequent transport of the siRNA/Agol complex
into the nucleus is highly sequence dependent, as we have
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TABLE 1 | Summary of block and lock HIV-1 cure/therapeutic development.

Block and lock Class HIV-1 target Stage
therapeutic

Sponsor/ References
collaborator

PromA si/shRNA Promoter, NF-kB In vivo
sites
143 si/shRNA Promoter In vitro
AP-1/COUP-TF
Nuc-0
LTR362as si/shRNA Promoter, NF-kB In vivo
sites
ASP HIV RNA Promoter In vitro
LncRNA INcRNA Promoter In vitro
NRON INcRNA Tat In vitro
Ex vivo
Nullbasic Small molecule inhibitor Tat In vivo
dCA Small molecule inhibitor Tat In vivo
LEDGIN Small molecule inhibitor Integrase In vitro
BRD4-inhibitor ZL0580  Small molecule inhibitor Tat In vitro
Ex vivo
Torin1, pp242 Small molecule inhibitor mTor In vitro
Ex vivo

Calimmune Inc. Suzuki et al., 2005, 2008, 2011, 2013; Yamagishi
et al., 2009; Ahlenstiel et al., 2012, 2015; Méndez
et al., 2018; Tsukamoto et al., 2018a,b

University of New Ahlenstiel et al., 2015; Méndez et al., 2018

South Wales

City of Hope Weinberg et al., 2006; Turner et al., 2009, 2012; Zhou
etal, 2018

University of Romerio et al., 2016; Zapata et al., 2017; Affram et al.,

Maryland 2019

City of Hope Saayman et al., 2014

Sun Yat-sen Lietal, 2016

University

QIMR Berghofer Meredith et al., 2009; Lin et al., 2012, 2014, 2015;
Medical Research Apolloni et al., 2013; Jin et al., 2016, 2019; Rustanti

Institute etal., 2017, 2018

The Scripps Mousseau et al., 2012, 2015, 2019; Kessing et al.,
Research Institute 2017; Li et al., 2019; Mediouni et al., 2019a,b
Katholieke Vranckx et al., 2016; Lampi et al., 2019; Vansant et al.,

Universiteit, Leuven 2019

University of Texas Niu et al., 2019
Medical Branch

Besnard et al., 2016

shown that only siRNA sequences that target complementary
sites present in the host genome are able to be trafficked in the
nucleus (Ahlenstiel et al., 2015). Once the siRNA/Agol complex
has entered the nucleus, further proteins are recruited to form
the RNA-Induced Transcriptional Silencing Complex (RITS),
which results in repressive epigenetic marks being deposited on
the promoter, such as increased histone and CpG methylation
and decreased histone acetylation. Viral delivery of shRNA
involves a cell being transduced with a viral vector expressing
the shRNA of interest and entering the cell using a viral envelope
(e.g., VSV-G). Nuclear delivery of shRNA then occurs, followed
by export and processing into siRNA, where they follow the
path outlined above (Figure 4). Novel RNAs that have been
shown to induce the block and lock phenomena in HIV-1 are
summarized below.

HIV-1 Provirus-Targeted RNA: PromA/143

The first anti-HIV-1 therapeutic to induce epigenetic silencing
via siRNA, consistent with the term “block and lock” was
identified by the Kelleher laboratory in 2005, termed siPromA
(Figure 3, Table1). This specific RNA sequence targets the
unique tandem NF-kB sites in the HIV-1 promoter to induce
potent transcriptional gene silencing mediated by repressive
epigenetic marks (Suzuki et al., 2005, 2008, 2011, 2013, 2015;
Yamagishi et al., 2009; Ahlenstiel et al., 2012, 2015; Méndez
et al., 2015, 2018). Due to the conserved sequence of the NF-kB
transcription factor site, extensive studies have been performed

to investigate the potential of this siRNA to induce off-target
effects (Suzuki et al., 2011). However, since the sequence of the
HIV encoded NF- kB binding sites is substantially different from
those encoded by the host genome and as the 19 bp sequence of
siPromA includes portions of both the tandem NF-kB sites and
their linking sequence, a 19 bp sequence which is unique to the
HIV-1 promoter and not found in the human genome sequence
can be targeted with no identified off-target effects (Suzuki
et al,, 2011; Ahlenstiel et al., 2015). To demonstrate longevity
of the silencing effect, in vitro studies in cell lines have shown
a single siRNA dose was sufficient to suppress virus replication
1,000-fold for up to 15 days and for >1 year in cells stably
expressing lentiviral shPromA (Suzuki et al., 2008; Ahlenstiel
et al., 2015). The virus silencing effect induced by siPromA has
also been reported in in vitro in PBMCs and monocyte-derived
macrophages (Suzuki et al., 2008, 2013; Ahlenstiel et al., 2015).

A recent study has demonstrated that cells expressing
promoter-targeted siPromA and/or sil43 are robustly resistant
to reactivation stimuli, with each siRNA sequence inducing
a unique repressive epigenetic profile (Méndez et al., 2018).
This supports the approach of multiplexing RNA sequences to
both achieve enhanced virus latency and address the global
diversity of HIV sequences. Characterization of siPromA has
progressed into in vivo humanized mouse models, with a study in
2013 using PBMCs transduced with lentiviral vector expressing
shPromA (Suzuki et al, 2013) and more recently a study
using CD34+ HSCs transduced with lentiviral vector expressing
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shPromA (Tsukamoto et al., 2018a,b). Both studies showed
that siPromA-induced silencing could provide protection against
HIV-1 infection. These studies demonstrated significantly lower
HIV-1 cell-associated RNA levels in siPromA-expressing CD4+
T cells isolated from blood and tissue (lymph nodes/spleen) and

normal CD4:CD8 ratios when compared to controls. Current
studies are investigating the viral rebound effect following
withdrawal of ART treatment in humanized mouse models.
Promising results indicate siPromA induces a delay in virus
rebound post-ART interruption. A short, animated infographic
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describing the HIV-1 block and lock approach and the potential
therapeutic use of siPromA is described in the following
URL (https://kirby.unsw.edu.au/news/block-lock- pathway-hiv-
remission).

HIV-1 Provirus-Targeted RNA: LTR362

The next block and lock HIV-1 therapeutic identified was LTR362
in the Morris laboratory (Weinberg et al., 2006). This RNA
sequence also targets the tandem NF-«kB sites in the HIV-
1 promoter and overlaps with 8 bp of the 19 bp siPromA
sequence. A recent in vivo study in a humanized mouse model
of HIV-1 infection investigated combining this RNA sequence
with the gp120 A-1 aptamer and multiplexing with two post-
transcriptional gene silencing (PTGS) RNAs targeting Tat and
Rev mRNA (Zhou et al., 2018). The study demonstrated virus
suppression and increased CD4+ T cells levels compared to
controls. However, although LTR362 has been reported to induce
epigenetic silencing through CpG methylation in the 5'LTR in
vitro (Weinberg et al., 2006), this did not translate in the in vivo
model, with protection against virus infection being attributed
to the post-transcriptional control of Tat and Rev (Zhou et al.,
2018). Further studies will be required in vivo to investigate the
contribution of histone methylation in TGS-induced by LTR362.
This study highlights the potential therapeutic advantage of
multiplexing both TGS and PTGS RNA sequences.

SIV Provirus-Targeted RNA: si2A

Investigations by the Kelleher laboratory targeting the SIV
provirus identified the third block and lock RNA sequence,
termed si2A (Lim et al., 2008). This study was motivated to
enable confirmation of the TGS-inducing effect of siPromA in
a non-human primate model. Given the substantial difference
in the SIV and HIV-1 promoter sequences, a novel RNA target
in the SIV promoter needed to be identified to enable future
non-human primate studies. The RNA sequence si2A targets
~51 bp upstream of the SIV 251 NF-kB site. Additional RNA
sequences targeting the SIV p,c251 promoter were also identified,
termed SIV-S4a and SIV-S12, which are directly adjacent to the
NEF-kB site and transcriptional start site (TSS), respectively (Lim
et al, 2008). The SIV-S4a and SIV-S12 RNA sequences also
induced TGS of SIV, but not to the same degree as si2A (Lim et al.,
2008).

HIV-1 Provirus-Targeted RNA: S4

A further TGS-inducing siRNA sequence that also targets the NF-
kB sequence in HIV-1 subtype C was identified in 2014, termed
S4-siRNA (Singh et al., 2014). The Chattopadhyay laboratory
designed S4-siRNA to specifically target subtype C, which is
prevalent in nearly 50% of PLWH worldwide and commonly in
countries with a high HIV prevalence, e.g., Southern Africa and
India. This study demonstrated significantly decreased vRNA
levels in TZM-bl cells transfected with S4-siRNA in vitro and
ex vivo in human PBMCs transfected with S4-siRNA (Singh
et al,, 2014). TGS induction was confirmed using chromatin
immunoprecipitation (ChIP) assay to demonstrate recruitment
of repressive epigenetic marks, H3K27me3 and H3K9me2 (Singh
etal., 2014). While this RNA has therapeutic potential specifically

for HIV-1 subtype C, no other subtypes are targeted, as HIV
subtype C has three NF-kB sites and the linking sequence is
substantially different from other subtypes.

HIV-1 Encoded Antisense Protein ASP

An HIV-1 encoded antisense protein that functions to promote
virus latency was identified by the Romerio laboratory in
2016 and is termed ASP (Romerio et al., 2016). ASP RNA is
derived from the 3’LTR and has been shown to recruit the
polycomb group repressive complex 2 (PRC2) to the HIV-1
5'LTR promoter, resulting in repressive epigenetic modifications,
i.e., increased H3K27me3 and reduced RNAPII occupancy at the
promoter (Zapata et al., 2017). A recent study by Affram et al.
demonstrated that ASP is located in the nucleus of latent myeloid
and lymphoid cell lines but translocates to the cytoplasm and cell
surface upon stimulation with PMA (Affram etal., 2019). Further,
ASP co-localized with gp120 on the cell surface and was observed
in cell-free HIV-1 particles. This study reported that ASP is an
accessory protein incorporated into the surface of HIV-1 virions
and has potential as a therapeutic target (Affram et al., 2019).

HIV-1 Encoded Antisense Long

Non-coding RNA

The first HIV-1 encoded long non-coding (Inc)RNA was
identified in 2014 by the Morris laboratory (Saayman et al.,
2014). The IncRNA was shown to induce HIV-1 transcriptional
silencing in vitro via recruitment of a chromatin-remodeling
complex, involving DNMT3a, EZH2, and HDAC-1, to the virus
promoter (Saayman et al., 2014).

Long Non-coding RNA NRON

In 2016 the Zhang laboratory identified a IncRNA, termed
NRON, which was observed to be highly expressed in resting
CD4+ T cells (Li et al, 2016). NRON suppresses virus
transcription by inducing degradation of the transactivator
protein Tat. This process occurs via NRON binding to Tat
and then associating with the ubiquitin proteasome components
CUL4B and PSMD11, resulting in Tat degradation. These in vitro
studies indicated NRON plays a role in HIV-1 latency. Further
ex vivo studies in resting CD4+ T cells isolated from patients on
suppressive ART demonstrated that NRON used in combination
with the LRA SAHA was able to reactivate the latent provirus
and has potential as a new target for latency reversal (Li et al.,
2016). In pursuit of latency reversal, two IncRNAs have also been
identified to activate HIV-1 replication, such as IncRNA HEAL
(Chao et al., 2019) and IncRNA MALAT1 (Qu et al., 2019).

Inhibitors Targeting Tat

Tat is 14 kDa protein that is a potent activator of HIV gene
expression and essential for RNA polymerase II (RNAPII)
synthesis of full-length transcripts of integrated provirus
(Sodroski et al., 1985). Transcriptional elongation from the HIV-
1 promoter is dependent on the Tat-mediated association of the
pTEFDb (positive transcription elongation factor) complex and
TAR (trans-activation response element) of the nascent viral
RNA (Laspia et al., 1989). Due to the critical requirement of Tat
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for robust viral gene expression, it is a promising target in the
development of HIV cure therapeutics.

NullBasic

The Harrich laboratory identified NullBasic in 2009, which
was the first Tat inhibitor to induce a block and lock HIV-
1 silencing effect (Meredith et al., 2009). This 101 amino
acid transdominant Tat mutant has an altered basic domain
(amino acids 49-57) and replaces wild-type Tat with the amino
acid sequence GGGGAGGG. Thus, the basic domain has been
mutated, including the TAR-binding region, hence the name
NullBasic. HIV-1 transcription is inhibited by NullBasic through
competition with endogenous Tat, but also via inhibition of
Rev-mediated transport of virus mRNA (Meredith et al., 2009).
In vitro studies have reported that CD4+4 T cells transduced
with a retroviral vector expressing NullBasic showed suppression
of virus transcription and replication (Jin et al., 2016). The
mechanism was confirmed to be via TGS using ChIP assay
to detect repressive epigenetic marks, i.e., reduced RNAPII
occupancy at the promoter and decreased H3K9 acetylation
(Jin et al, 2016). A recent in vivo study using retroviral
vector delivery of NullBasic to primary human CD4+4 T
cells and engraftment in a NSG mouse model demonstrated
undetectable viral RNA in plasma samples up to day 14
post-infection and significantly reduced viral RNA levels in
tissue-derived CD4+4 T cells (Jin et al.,, 2019). Although there
was no difference in viral mRNA levels at later time points,
there were increased levels of CD4+ T cells in NullBasic
treated mice, suggesting a survival advantage (Jin et al., 2019).
NullBasic shows potential as a gene therapy candidate and
warrants further investigation to optimize the permanence
of silencing.

Didehydro-Cortistatin A (dCA)

Another small molecule inhibitor targeting Tat is the Cortistatin
A (CA) analog, didehydro-Cortistatin A (dCA), identified by
the Valente laboratory in 2012 (Mousseau et al., 2012). This
molecule induces a block and lock HIV-1 silencing effect via
Tat inhibition, specifically by binding to the RNA hairpin TAR-
binding/basic domain of Tat (Mousseau et al., 2012). CA is
a natural steroidal alkaloid derived from the marine sponge
Corticium simplex (Aoki et al., 2006), however the chemical
synthesis of dCA is more sustainable and cost-effective and is
generated from the steroid prednisone (Shi et al., 2011). Initial
studies in cell lines and primary cells confirmed a significant
decrease in viral mRNA and capsid p24 antigen following dCA
treatment. Treatment with dCA was demonstrated to block
transcription initiation/elongation with a decrease in RNAPII
associated with the HIV promoter in dCA treated HeLa-CD4
cells compared to controls (Mousseau et al., 2012). A further
study showed dCA treatment is resistant to reactivation by
various LRAs in both cell lines and primary CD4+ T cells
(Mousseau et al., 2015). This small molecule inhibitor progressed
to in vivo humanized BLT mouse studies in 2017, which
demonstrated that dCA treatment delayed virus rebound until
day 19 compared to day 10 in control mice (Kessing et al.,
2017). The silencing mechanism was recently reported to include

formation of heterochromatin in the 5'LTR, with the presence
repressive epigenetic marks, including decreased H3 acetylation
and reduced RNAPII occupancy at the promoter (Li et al,
2019). dCA is the only block and lock therapeutic, thus far,
to progress to ex vivo non-human primate studies. A study in
2019 reported the dCA treatment inhibits reactivation of SIV in
latently infected Hut78 cells, as well as ex vivo isolated primary
CD4+ T cell isolated from SIV,,239-infected rhesus macaques
(Mediouni et al., 2019b). This is encouraging data and, similar
to NullBasic, dCA warrants further investigation in order to
enhance the permanency of silencing. Another important avenue
of investigation is whether the dCA resistant strains isolated in
vitro (Mediouni et al., 2019b) are also present in PLWA globally
(Rice, 2019).

Small Molecule Inhibitors Targeting

Integration

LEDGINs

First identified in 2010 by the Debyser laboratory, LEDGINs
inhibit HIV-1 integration (Christ et al., 2010). The rational
design of these small molecule inhibitors specifically targeted the
interaction between LEDGF/p75 and HIV integrase, which is
essential for virus integration via tethering of the pre-integration
complex to chromatin (Christ et al., 2010). Interestingly, in vitro
studies in cell lines and primary cells treated with LEDGINs
during infection demonstrated provirus integrated into silent
genes, which were subsequently resistant to reactivation by
various LRAs (Vranckx et al, 2016; Vansant et al, 2019).
This approach has potential for treatment during acute
infection to reduce integration events and potentially during
shock and kill reactivation via LRAs to prevent reseeding of
the reservoir.

Small Molecule Inhibitors Targeting

Epigenetic Readers

Z1.0580 Targeting BRD4

The epigenetic reader bromodomain and extraterminal (BET)
family protein BRD4 is involved in regulation of HIV-
1 transcription. Previous studies by the Verdin laboratory
showed BRD4 can suppress HIV-1 transcription elongation
specifically via competition with Tat for binding to pTERb/CDK9
(Bisgrove et al,, 2007). Structure-guided drug design in the
Hu laboratory recently identified the small molecule inhibitor
710580, which induces Tat inhibition via selective binding
to BRD4 (Niu et al, 2019). Additionally, suppression of
transcription elongation was reported and shown to be due
to repressive epigenetic marks in the HIV-1 5LTR (Niu
et al., 2019). Importantly, combined treatment with ZL0580
and ART in ex vivo CD4+ T cells isolated from three ART
suppressed HIV-infected participants reported accelerated HIV-
1 suppression and delayed virus rebound by 8, 9, and 15
days, respectively, compared to ART alone (Niu et al., 2019).
Similar to other small molecule inhibitors, further investigations
are needed, with possible combination of molecules, to ensure
permanent silencing.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

August 2020 | Volume 10 | Article 424


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Ahlenstiel et al.

Block and Lock Cure Strategies

In vivo Gene Therapy
Nano/Viral vector delivery
of therapeutics

Nanoparticle

: "
+

-0

Nanoparticle
loaded with
therapeutic
e.g. siCCR5,
siPromA,
sil43

FIGURE 5 | Gene therapy strategies for in vivo and ex vivo therapeutic delivery.

QO

— @
CD34+/CD4+ T ells

Ex vivo Gene Therapy
Nano/Viral vector delivery
of therapeutics

Apheresis to select
CD34+ HSC/CD4+ T cells

\,

@ Ex vivo culture & viral

Q transduction with therapeutic
e.g. LV-expressing

/ shCCR5, shPromA, sh143

Infusion of gene modified

Small Molecule Inhibitors Targeting mTor
Torin1 and pp242

In 2016, the Verdin laboratory identified the mammalian target
of rapamycin (mTOR) signaling pathway as an important
modulator of HIV-1 latency (Besnard et al., 2016). Inhibition
of mTOR by small molecules Torinl and pp242 suppressed the
reactivation of provirus in the Bcl-2 HIV latency primary cell
model and ex vivo in CD4+ T cells isolated from ART suppressed
HIV-1 infected participants (Besnard et al., 2016).

DELIVERY OF BLOCK AND LOCK
THERAPEUTICS

As described in Table 1, the development of several block and
lock therapeutics has progressed to in vivo studies, primarily
using humanized mouse models (Suzuki et al., 2013; Kessing
et al., 2017; Tsukamoto et al., 2018a,b; Zhou et al., 2018; Jin et al.,
2019) and one ex vivo study in non-human primates (Mediouni
et al., 2019a). Delivery in these models is entirely dependent on
the therapeutic class. RNA therapeutics have been delivered ex
vivo to human CD344 stem cells (Figure 5) or PBMCs using
viral transduction of vectors expressing shRNA prior to infusion
of modified stem or peripheral blood cells into the mouse. These
studies have used a range of different humanized mouse models.
The Tat small molecule inhibitor, dCA, has been orally delivered
in vivo in a humanized mouse model. For cost effective and ease

of treatment, direct in vivo delivery is preferable. An example of
in vivo gene therapy currently being developed is nanoparticle
delivery of the siPromA RNA therapeutic (Figure 5). Two of the
biggest challenges for in vivo gene therapy to cure HIV, is (i)
the widely distributed anatomical locations of the latent reservoir
and (ii) the range of latently-infected cell types. Addressing both
of these challenges will require in vivo gene therapies to be
able to specifically target latently-infected cells, which is difficult
as investigations to identify definitive latent reservoir specific
biomarkers are ongoing (Fromentin et al., 2016; Descours et al.,
2017; Sivro et al, 2018; Darcis et al,, 2019; Pardons et al,,
2019). An in vivo gene therapy that may inform HIV studies
is being pioneered in the Peter-Kiem laboratory using foamy
virus vector delivery of gene therapy for human X-linked severe
combined immunodeficiency (SCID-X1) (Humbert et al., 2018).
Foamy virus vectors have the specific advantage over VSV-G
pseudotyped lentiviral vectors of being resistant to human serum
inactivation, which is beneficial during in vivo delivery.
Although in vivo gene therapy is preferable, delivery of
modified stem cells via viral vectors and ex vivo gene therapy
has progressed into Phase I/II clinical trials. Targeting HIV-
1 infection is the Cal-1 therapeutic lentiviral vector, which
expresses shCCR5 and the fusion inhibitor C46, and has
consistently demonstrated therapeutic benefits both in vitro
and in vivo (Ringpis et al., 2012; Wolstein et al., 2014; Burke
et al, 2015; Peterson et al., 2016; Symonds et al., 2016). The
current clinical trial will provide data on reduced conditioning
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treatments that will guide future studies. Additionally, outside
the field of HIV, ex vivo gene therapy is steadily improving,
with multiple clinical trials studies currently underway in
AAV-gene therapy for hemophilia A and B reviewed in
Doshi and Arruda (2018).

CONCLUSION

With the identification of the first block and lock HIV-1
therapeutic in 2005, the field has now started to rapidly expand
the number of potential anti-HIV-1 therapeutics. These novel
block and lock agents include RNA, transdominant protein, and
small molecule inhibitors. Unlike a large number of “repurposed”
shock and kill therapeutics, block and lock therapeutics are
highly novel molecules, with no prior FDA approval and hence
clinical trials of block and lock therapies have lagged behind. An
advantage of the block and lock approach is the highly specific,
HIV-1 targeted treatments in comparison to some non-specific
shock and kill treatments e.g., histone deacetylase inhibitors that
target global gene expression. A challenge of the block and lock
approach, depending on the treatment e.g., siRNA, is the need to
develop improved delivery systems that specifically target latent
reservoir cells. As highlighted in this review, identification of
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