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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

a functional 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.
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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, cART-treated patients.
These effects were noted as temporary and were associated
with increased levels of HIV RNA expression within resting
CD4T 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, TLR9, 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/TLR9 were studied extensively as LRA. These
PRR agonist’s 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, TLR9 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 (NCT02858401). 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 CD4T 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 TLR8, but
not TLR7 or TLR9, 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

Name

Disease Responsible

Party

Clinical

Stage

Identifier

Single TLR7 Vesatolimod GS-9620 Hepatitis B Gilead Sciences Phase II NCT01590641

NCT01590654

NCT02166047

NCT02579382

TLR7 Vesatolimod GS-9620 Hepatitis C Gilead Sciences Phase I NCT01591668

TLR7 Vesatolimod GS-9620 HIV Gilead Sciences Phase II NCT02858401

NCT03060447

TLR7 RO7020531 Hepatitis B Hoffmann-La

Roche

Phase I NCT02956850

TLR7 TQ-A3334 AL-034 Hepatitis B Chia Tai Tianqing

Pharmaceutical

Group Co., Ltd.

Phase II NCT04180150

TLR8 Selgantolimod GS-9688 Hepatitis B Gilead Sciences Phase II NCT03615066

NCT03491553

TLR9 Lefitolimod MGN1703 HIV University of

Aarhus

Phase I / II NCT02443935

TLR9 SD-101 Hepatitis C Dynavax

Technologies

Corporation

Phase I NCT00823862

RIG-I Inarigivir GS-9992 (SB

9200)

Hepatitis B Spring Bank

Pharmaceuticals,

Inc. (with Gilead

Sciences)

Phase II NCT03493698

NCT03932513

NCT04059198

NCT04023721

NCT03434353

RIG-I Acitretin HIV Ottawa Hospital

Research Institute

Phase I NCT03753867

STING E7766 Cancer Eisai Inc. Phase I NCT04109092

NCT04144140

STING GSK3745417 Cancer GlaxoSmithKline Phase I NCT03843359

Combination TLR9 Lefitolimod MGN1703 HIV University of

Aarhus

Phase I/II NCT03837756

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 TLR9 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). Søgaard 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
TLR9 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 CD4T
cells; as a TLR7 agonist, it induces secretion of TNF-a by
monocytes and pDCs, promoting viral reactivation in CD4T cells
(Macedo et al., 2018). In a cell line model, TLR3 agonist poly
(I: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 IFN 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 IFNs, 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 increasedHIV 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 H1N1 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
naïve 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
CD8T 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
ATI (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 TLR8 is not
expressed in any type ofmice 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

innate-immune activators have shown encouraging data, making
it a promising candidate for a future HIV-1 cure.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This study was supported by JSPS Grant-in-Aid for
Young Scientists (A) (grant number 17H05087), Scientific
Research (B) (grant number 17H04079), challenging
Exploratory Research (19k21601) and AMED (grant number
19fk0410012s0102, 19fk0210057h0001).

ACKNOWLEDGMENTS

We would like to acknowledge all our lab members for their
support in writing this manuscript.

REFERENCES

Alvarez-Carbonell, D., Garcia-Mesa, Y., Milne, S., Das, B., Dobrowolski, C., Rojas,

R., et al. (2017). Toll-like receptor 3 activation selectively reverses HIV latency

in microglial cells. Retrovirology 14:9. doi: 10.1186/s12977-017-0335-8

Archin, N. M., Liberty, A. L., Kashuba, A. D., Choudhary, S. K., Kuruc,

J. D., Crooks, A. M., et al. (2012). Administration of vorinostat disrupts

HIV-1 latency in patients on antiretroviral therapy. Nature 487, 482–485.

doi: 10.1038/nature11286

Bafica, A., Scanga, C. A., Schito, M., Chaussabel, D., and Sher, A. (2004). Influence

of coinfecting pathogens on HIV expression: evidence for a role of Toll-like

receptors. J. Immunol. 172, 7229–7234. doi: 10.4049/jimmunol.172.12.7229

Bafica, A., Scanga, C. A., Schito, M. L., Hieny, S., and Sher, A. (2003). Cutting

edge: in vivo induction of integrated HIV-1 expression by mycobacteria is

critically dependent on Toll-like receptor 2. J. Immunol. 171, 1123–1127.

doi: 10.4049/jimmunol.171.3.1123

Banga, R., Procopio, F. A., Noto, A., Pollakis, G., Cavassini, M., Ohmiti, K., et al.

(2016). PD-1(+) and follicular helper T cells are responsible for persistent

HIV-1 transcription in treated aviremic individuals. Nat. Med. 22, 754–761.

doi: 10.1038/nm.4113

Bar, K. J., Sneller, M. C., Harrison, L. J., Justement, J. S., Overton, E. T., Petrone, M.

E., et al. (2016). Effect of HIV antibody VRC01 on viral rebound after treatment

interruption. N. Engl. J. Med. 375, 2037–2050. doi: 10.1056/NEJMoa1608243

Barber, G. N. (2011). STING-dependent signaling. Nat. Immunol. 12, 929–930.

doi: 10.1038/ni.2118

Barber, G. N. (2014). STING-dependent cytosolic DNA sensing pathways. Trends

Immunol. 35, 88–93. doi: 10.1016/j.it.2013.10.010

Barber, G. N. (2015). STING: infection, inflammation and cancer. Nat. Rev.

Immunol. 15, 760–770. doi: 10.1038/nri3921

Bekerman, E., Hesselgesser, J., Carr, B., Nagel, M., Hung, M., Wang, A., et al.

(2019). PD-1 blockade and TLR7 activation lack therapeutic benefit in chronic

simian immunodeficiency virus-infected macaques on antiretroviral therapy.

Antimicrob. Agents Chemother. 63:e01163-19. doi: 10.1128/AAC.01163-19

Borducchi, E. N., Cabral, C., Stephenson, K. E., Liu, J., Abbink, P., Ng’ang’a,

D., et al. (2016). Ad26/MVA therapeutic vaccination with TLR7 stimulation

in SIV-infected rhesus monkeys. Nature 540, 284–287. doi: 10.1038/

nature20583

Borducchi, E. N., Liu, J., Nkolola, J. P., Cadena, A. M., Yu, W. H., Fischinger, S.,

et al. (2018). Antibody and TLR7 agonist delay viral rebound in SHIV-infected

monkeys. Nature 563, 360–364. doi: 10.1038/s41586-018-0600-6

Broz, P., andMonack, D.M. (2013). Newly described pattern recognition receptors

team up against intracellular pathogens. Nat. Rev. Immunol. 13, 551–565.

doi: 10.1038/nri3479

Burdette, D. L., and Vance, R. E. (2013). STING and the innate immune response

to nucleic acids in the cytosol. Nat. Immunol. 14, 19–26. doi: 10.1038/ni.2491

Cartwright, E. K., Spicer, L., Smith, S. A., Lee, D., Fast, R., Paganini, S., et al. (2016).

CD8(+) lymphocytes are required for maintaining viral suppression in SIV-

infected macaques treated with short-term antiretroviral therapy. Immunity 45,

656–668. doi: 10.1016/j.immuni.2016.08.018

Clutton, G., Xu, Y., Baldoni, P. L., Mollan, K. R., Kirchherr, J., Newhard, W., et al.

(2016). The differential short- and long-term effects of HIV-1 latency-reversing

agents on T cell function. Sci. Rep. 6:30749. doi: 10.1038/srep30749

Coffman, R. L., Sher, A., and Seder, R. A. (2010). Vaccine adjuvants: putting innate

immunity to work. Immunity 33, 492–503. doi: 10.1016/j.immuni.2010.10.002

Corrales, L., McWhirter, S. M., Dubensky, T.W. Jr., and Gajewski, T. F. (2016). The

host STING pathway at the interface of cancer and immunity. J. Clin. Invest.

126, 2404–2411. doi: 10.1172/JCI86892

Daffis, S., Chamberlain, J., Zheng, J., Santos, R., Rowe, W., Mish, M., et al. (2017).

Sustained efficacy and surface antigen seroconversion in the woodchuck model

of chronic hepatitis B with the selective toll-like receptor 8 agonist GS-9688. J.

Hepatol. 66, S692–S693. doi: 10.1016/S0168-8278(17)31859-7

Day, C. L., Kaufmann, D. E., Kiepiela, P., Brown, J. A., Moodley, E. S.,

Reddy, S., et al. (2006). PD-1 expression on HIV-specific T cells is

associated with T-cell exhaustion and disease progression.Nature 443, 350–354.

doi: 10.1038/nature05115

Deeks, S. G., Lewin, S. R., Ross, A. L., Ananworanich, J., Benkirane, M., Cannon,

P., et al. (2016). International AIDS Society global scientific strategy: towards

an HIV cure 2016. Nat. Med. 22, 839–850. doi: 10.1038/nm.4108

Del Giudice, G., Rappuoli, R., and Didierlaurent, A. M. (2018). Correlates of

adjuvanticity: a review on adjuvants in licensed vaccines. Semin. Immunol. 39,

14–21. doi: 10.1016/j.smim.2018.05.001

Del Prete, G. Q., Alvord, W. G., Li, Y., Deleage, C., Nag, M., Oswald, K.,

et al. (2019). TLR7 agonist administration to SIV-infected macaques receiving

early initiated cART does not induce plasma viremia. JCI Insight. 4:e127717.

doi: 10.1172/jci.insight.127717

Deng, K., Pertea, M., Rongvaux, A., Wang, L., Durand, C. M., Ghiaur, G., et al.

(2015). Broad CTL response is required to clear latent HIV-1 due to dominance

of escape mutations. Nature 517, 381–385. doi: 10.1038/nature14053

Dyavar Shetty, R., Velu, V., Titanji, K., Bosinger, S. E., Freeman, G. J., Silvestri,

G., et al. (2012). PD-1 blockade during chronic SIV infection reduces

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 May 2020 | Volume 10 | Article 216

https://doi.org/10.1186/s12977-017-0335-8
https://doi.org/10.1038/nature11286
https://doi.org/10.4049/jimmunol.172.12.7229
https://doi.org/10.4049/jimmunol.171.3.1123
https://doi.org/10.1038/nm.4113
https://doi.org/10.1056/NEJMoa1608243
https://doi.org/10.1038/ni.2118
https://doi.org/10.1016/j.it.2013.10.010
https://doi.org/10.1038/nri3921
https://doi.org/10.1128/AAC.01163-19
https://doi.org/10.1038/nature20583
https://doi.org/10.1038/s41586-018-0600-6
https://doi.org/10.1038/nri3479
https://doi.org/10.1038/ni.2491
https://doi.org/10.1016/j.immuni.2016.08.018
https://doi.org/10.1038/srep30749
https://doi.org/10.1016/j.immuni.2010.10.002
https://doi.org/10.1172/JCI86892
https://doi.org/10.1016/S0168-8278(17)31859-7
https://doi.org/10.1038/nature05115
https://doi.org/10.1038/nm.4108
https://doi.org/10.1016/j.smim.2018.05.001
https://doi.org/10.1172/jci.insight.127717
https://doi.org/10.1038/nature14053
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Takahama and Yamamoto PRR Agonists Against HIV-1

hyperimmune activation and microbial translocation in rhesus macaques. J.

Clin. Invest. 122, 1712–1716. doi: 10.1172/JCI60612

Gane, E. J., Lim, Y. S., Gordon, S. C., Visvanathan, K., Sicard, E., Fedorak,

R. N., et al. (2015). The oral toll-like receptor-7 agonist GS-9620 in

patients with chronic hepatitis B virus infection. J. Hepatol. 63, 320–328.

doi: 10.1016/j.jhep.2015.02.037

Garrido, C., Tolstrup, M., Sogaard, O. S., Rasmussen, T. A., Allard, B., Soriano-

Sarabia, N., et al. (2019). In-vivo administration of histone deacetylase

inhibitors does not impair natural killer cell function in HIV+ individuals.

AIDS 33, 605–613. doi: 10.1097/QAD.0000000000002112

Haynes, B. F., Burton, D. R., and Mascola, J. R. (2019). Multiple roles

for HIV broadly neutralizing antibodies. Sci. Transl. Med. 11:eaaz2686.

doi: 10.1126/scitranslmed.aaz2686

Hornung, V., Rothenfusser, S., Britsch, S., Krug, A., Jahrsdorfer, B., Giese,

T., et al. (2002). Quantitative expression of toll-like receptor 1-10 mRNA

in cellular subsets of human peripheral blood mononuclear cells and

sensitivity to CpG oligodeoxynucleotides. J. Immunol. 168, 4531–4537.

doi: 10.4049/jimmunol.168.9.4531

Janssen, H. L. A., Brunetto, M. R., Kim, Y. J., Ferrari, C., Massetto, B., Nguyen, A.

H., et al. (2018). Safety, efficacy and pharmacodynamics of vesatolimod (GS-

9620) in virally suppressed patients with chronic hepatitis B. J. Hepatol. 68,

431–440. doi: 10.1016/j.jhep.2017.10.027

Jones, R. B., O’Connor, R., Mueller, S., Foley, M., Szeto, G. L., Karel, D.,

et al. (2014). Histone deacetylase inhibitors impair the elimination of

HIV-infected cells by cytotoxic T-lymphocytes. PLoS Pathog. 10:e1004287.

doi: 10.1371/journal.ppat.1004287

Jones, R. B., and Walker, B. D. (2016). HIV-specific CD8(+) T cells and HIV

eradication. J. Clin. Invest. 126, 455–463. doi: 10.1172/JCI80566

Kadowaki, N., Ho, S., Antonenko, S., Malefyt, R. W., Kastelein, R. A., Bazan, F.,

et al. (2001). Subsets of human dendritic cell precursors express different toll-

like receptors and respond to different microbial antigens. J. Exp. Med. 194,

863–869. doi: 10.1084/jem.194.6.863

Kastenmuller, W., Kastenmuller, K., Kurts, C., and Seder, R. A. (2014). Dendritic

cell-targeted vaccines–hope or hype? Nat. Rev. Immunol. 14, 705–711.

doi: 10.1038/nri3727

Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in

innate immunity: update on Toll-like receptors. Nat. Immunol. 11, 373–384.

doi: 10.1038/ni.1863

Kawai, T., and Akira, S. (2011). Toll-like receptors and their crosstalk with

other innate receptors in infection and immunity. Immunity 34, 637–650.

doi: 10.1016/j.immuni.2011.05.006

Kell, A. M., and Gale, M. Jr. (2015). RIG-I in RNA virus recognition. Virology 479,

110–121. doi: 10.1016/j.virol.2015.02.017

Kinkead, H. L., Hopkins, A., Lutz, E., Wu, A. A., Yarchoan, M., Cruz, K., et al.

(2018). Combining STING-based neoantigen-targeted vaccine with checkpoint

modulators enhances antitumor immunity in murine pancreatic cancer. JCI

Insight 3:e122857. doi: 10.1172/jci.insight.122857

Krarup, A. R., Abdel-Mohsen, M., Schleimann, M. H., Vibholm, L., Engen, P. A.,

Dige, A., et al. (2018). The TLR9 agonist MGN1703 triggers a potent type

I interferon response in the sigmoid colon. Mucosal. Immunol. 11, 449–461.

doi: 10.1038/mi.2017.59

Kuse, N., Sun, X., Akahoshi, T., Lissina, A., Yamamoto, T., Appay, V., et al. (2019).

Priming of HIV-1-specific CD8(+) T cells with strong functional properties

from naive T cells. EBioMedicine 42, 109–119. doi: 10.1016/j.ebiom.2019.03.078

Kwong, P. D., and Mascola, J. R. (2018). HIV-1 vaccines based on antibody

identification, B cell ontogeny, and epitope structure. Immunity 48, 855–871.

doi: 10.1016/j.immuni.2018.04.029

Lawitz, E., Gruener, D., Marbury, T., Hill, J., Webster, L., Hassman, D., et al. (2015).

Safety, pharmacokinetics and pharmacodynamics of the oral toll-like receptor

7 agonist GS-9620 in treatment-naive patients with chronic hepatitis C.Antivir.

Ther. 20, 699–708. doi: 10.3851/IMP2845

Li, P., Kaiser, P., Lampiris, H. W., Kim, P., Yukl, S. A., Havlir, D. V., et al. (2016).

Stimulating the RIG-I pathway to kill cells in the latent HIV reservoir following

viral reactivation. Nat. Med. 22, 807–811. doi: 10.1038/nm.4124

Lim, S. Y., Osuna, C. E., Hraber, P. T., Hesselgesser, J., Gerold, J. M., Barnes, T.

L., et al. (2018). TLR7 agonists induce transient viremia and reduce the viral

reservoir in SIV-infected rhesus macaques on antiretroviral therapy. Sci. Transl.

Med. 10:aao4521. doi: 10.1126/scitranslmed.aao4521

Macedo, A. B., Novis, C. L., De Assis, C. M., Sorensen, E. S., Moszczynski, P.,

Huang, S. H., et al. (2018). Dual TLR2 and TLR7 agonists as HIV latency-

reversing agents. JCI Insight 3:e122673. doi: 10.1172/jci.insight.122673

Manegold, C., van Zandwijk, N., Szczesna, A., Zatloukal, P., Au, J. S., Blasinska-

Morawiec, M., et al. (2012). A phase III randomized study of gemcitabine

and cisplatin with or without PF-3512676 (TLR9 agonist) as first-line

treatment of advanced non-small-cell lung cancer. Ann. Oncol. 23, 72–77.

doi: 10.1093/annonc/mdr030

Meas, H. Z., Haug, M., Beckwith, M. S., Louet, C., Ryan, L., Hu, Z., et al. (2020).

Sensing of HIV-1 by TLR8 activates human T cells and reverses latency. Nat.

Commun. 11:147. doi: 10.1038/s41467-019-13837-4

Mylvaganam, G. H., Chea, L. S., Tharp, G. K., Hicks, S., Velu, V., Iyer, S. S., et al.

(2018). Combination anti-PD-1 and antiretroviral therapy provides therapeutic

benefit against SIV. JCI Insight 3:e122940. doi: 10.1172/jci.insight.122940

Novis, C. L., Archin, N. M., Buzon, M. J., Verdin, E., Round, J. L.,

Lichterfeld, M., et al. (2013). Reactivation of latent HIV-1 in central

memory CD4(+) T cells through TLR-1/2 stimulation. Retrovirology 10:119.

doi: 10.1186/1742-4690-10-119

Offersen, R., Nissen, S. K., Rasmussen, T. A., Ostergaard, L., Denton, P.

W., Sogaard, O. S., et al. (2016). A novel toll-like receptor 9 agonist,

MGN1703, enhances HIV-1 transcription and NK cell-mediated inhibition

of HIV-1-infected autologous CD4+ T cells. J. Virol. 90, 4441–4453.

doi: 10.1128/JVI.00222-16

Okoye, A. A., Hansen, S. G., Vaidya, M., Fukazawa, Y., Park, H., Duell, D. M.,

et al. (2018). Early antiretroviral therapy limits SIV reservoir establishment

to delay or prevent post-treatment viral rebound. Nat. Med. 24, 1430–1440.

doi: 10.1038/s41591-018-0130-7

Palermo, E., Acchioni, C., Di Carlo, D., Zevini, A., Muscolini, M., Ferrari,

M., et al. (2019). Activation of latent HIV-1 T cell reservoirs with a

combination of innate immune and epigenetic regulators. J. Virol. 93:e01194-

19. doi: 10.1128/JVI.01194-19

Petrovas, C., Casazza, J. P., Brenchley, J. M., Price, D. A., Gostick, E., Adams, W.

C., et al. (2006). PD-1 is a regulator of virus-specific CD8+ T cell survival in

HIV infection. J. Exp. Med. 203, 2281–2292. doi: 10.1084/jem.20061496

Probst, P., Grigg, J. B., Wang, M., Munoz, E., Loo, Y. M., Ireton, R. C., et al.

(2017). A small-molecule IRF3 agonist functions as an influenza vaccine

adjuvant by modulating the antiviral immune response.Vaccine 35, 1964–1971.

doi: 10.1016/j.vaccine.2017.01.053

Pulendran, B. (2004). Modulating vaccine responses with dendritic

cells and Toll-like receptors. Immunol. Rev. 199, 227–250.

doi: 10.1111/j.0105-2896.2004.00144.x

Reed, S. G., Orr, M. T., and Fox, C. B. (2013). Key roles of adjuvants in modern

vaccines. Nat. Med. 19, 1597–1608. doi: 10.1038/nm.3409

Rynkiewicz, D., Rathkopf, M., Sim, I., Waytes, A. T., Hopkins, R. J., Giri, L.,

et al. (2011). Marked enhancement of the immune response to BioThrax(R)

(Anthrax vaccine adsorbed) by the TLR9 agonist CPG 7909 in healthy

volunteers. Vaccine 29, 6313–6320. doi: 10.1016/j.vaccine.2011.05.047

Scheid, J. F., Horwitz, J. A., Bar-On, Y., Kreider, E. F., Lu, C. L., Lorenzi, J. C., et al.

(2016). HIV-1 antibody 3BNC117 suppresses viral rebound in humans during

treatment interruption. Nature 535, 556–560. doi: 10.1038/nature18929

Scheid, J. F., Mouquet, H., Feldhahn, N., Seaman, M. S., Velinzon, K.,

Pietzsch, J., et al. (2009). Broad diversity of neutralizing antibodies isolated

from memory B cells in HIV-infected individuals. Nature 458, 636–640.

doi: 10.1038/nature07930

Scheller, C., Ullrich, A., McPherson, K., Hefele, B., Knoferle, J., Lamla, S.,

et al. (2004). CpG oligodeoxynucleotides activate HIV replication in latently

infected human T cells. J. Biol. Chem. 279, 21897–21902. doi: 10.1074/jbc.

M311609200

Schleimann, M. H., Kobbero, M. L., Vibholm, L. K., Kjaer, K., Giron, L. B.,

Busman-Sahay, K., et al. (2019). TLR9 agonist MGN1703 enhances B cell

differentiation and function in lymph nodes. EBioMedicine 45, 328–340.

doi: 10.1016/j.ebiom.2019.07.005

Schmidt, M., Hagner, N., Marco, A., Konig-Merediz, S. A., Schroff, M., andWittig,

B. (2015). Design and structural requirements of the potent and safe TLR-

9 agonistic immunomodulator MGN1703. Nucleic Acid Ther. 25, 130–140.

doi: 10.1089/nat.2015.0533

Scully, E. P., Rutishauser, R. L., Simoneau, C. R., Delagreverie, H., Euler, Z., Thanh,

C., et al. (2018). Inconsistent HIV reservoir dynamics and immune responses

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 May 2020 | Volume 10 | Article 216

https://doi.org/10.1172/JCI60612
https://doi.org/10.1016/j.jhep.2015.02.037
https://doi.org/10.1097/QAD.0000000000002112
https://doi.org/10.1126/scitranslmed.aaz2686
https://doi.org/10.4049/jimmunol.168.9.4531
https://doi.org/10.1016/j.jhep.2017.10.027
https://doi.org/10.1371/journal.ppat.1004287
https://doi.org/10.1172/JCI80566
https://doi.org/10.1084/jem.194.6.863
https://doi.org/10.1038/nri3727
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1016/j.virol.2015.02.017
https://doi.org/10.1172/jci.insight.122857
https://doi.org/10.1038/mi.2017.59
https://doi.org/10.1016/j.ebiom.2019.03.078
https://doi.org/10.1016/j.immuni.2018.04.029
https://doi.org/10.3851/IMP2845
https://doi.org/10.1038/nm.4124
https://doi.org/10.1126/scitranslmed.aao4521
https://doi.org/10.1172/jci.insight.122673
https://doi.org/10.1093/annonc/mdr030
https://doi.org/10.1038/s41467-019-13837-4
https://doi.org/10.1172/jci.insight.122940
https://doi.org/10.1186/1742-4690-10-119
https://doi.org/10.1128/JVI.00222-16
https://doi.org/10.1038/s41591-018-0130-7
https://doi.org/10.1128/JVI.01194-19
https://doi.org/10.1084/jem.20061496
https://doi.org/10.1016/j.vaccine.2017.01.053
https://doi.org/10.1111/j.0105-2896.2004.00144.x
https://doi.org/10.1038/nm.3409
https://doi.org/10.1016/j.vaccine.2011.05.047
https://doi.org/10.1038/nature18929
https://doi.org/10.1038/nature07930
https://doi.org/10.1074/jbc.M311609200
https://doi.org/10.1016/j.ebiom.2019.07.005
https://doi.org/10.1089/nat.2015.0533
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Takahama and Yamamoto PRR Agonists Against HIV-1

following anti-PD-1 therapy in cancer patients with HIV infection. Ann. Oncol.

29, 2141–2142. doi: 10.1093/annonc/mdy259

Sengupta, S., and Siliciano, R. F. (2018). Targeting the latent reservoir for HIV-1.

Immunity 48, 872–895. doi: 10.1016/j.immuni.2018.04.030

Sogaard, O. S., Lohse, N., Harboe, Z. B., Offersen, R., Bukh, A. R., Davis, H. L., et al.

(2010). Improving the immunogenicity of pneumococcal conjugate vaccine in

HIV-infected adults with a toll-like receptor 9 agonist adjuvant: a randomized,

controlled trial. Clin. Infect. Dis. 51, 42–50. doi: 10.1086/653112

Sok, D., and Burton, D. R. (2018). Recent progress in broadly

neutralizing antibodies to HIV. Nat. Immunol. 19, 1179–1188.

doi: 10.1038/s41590-018-0235-7

Solis, M., Nakhaei, P., Jalalirad, M., Lacoste, J., Douville, R., Arguello, M., et al.

(2011). RIG-I-mediated antiviral signaling is inhibited in HIV-1 infection

by a protease-mediated sequestration of RIG-I. J. Virol. 85, 1224–1236.

doi: 10.1128/JVI.01635-10

Spivak, A. M., and Planelles, V. (2018). Novel latency reversal agents for HIV-

1 Cure. Annu. Rev. Med. 69, 421–436. doi: 10.1146/annurev-med-052716-

031710

Sun, H., Kim, D., Li, X., Kiselinova, M., Ouyang, Z., Vandekerckhove, L., et al.

(2015). Th1/17 Polarization of CD4T cells supports HIV-1 persistence during

antiretroviral therapy. J. Virol. 89, 11284–11293. doi: 10.1128/JVI.01595-15

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and

inflammation. Cell 140, 805–820. doi: 10.1016/j.cell.2010.01.022

Temizoz, B., Kuroda, E., and Ishii, K. J. (2018). Combination and inducible

adjuvants targeting nucleic acid sensors. Curr. Opin. Pharmacol. 41, 104–113.

doi: 10.1016/j.coph.2018.05.003

Trautmann, L., Janbazian, L., Chomont, N., Said, E. A., Gimmig, S., Bessette,

B., et al. (2006). Upregulation of PD-1 expression on HIV-specific CD8+

T cells leads to reversible immune dysfunction. Nat. Med. 12, 1198–1202.

doi: 10.1038/nm1482

Tsai, A., Irrinki, A., Kaur, J., Cihlar, T., Kukolj, G., Sloan, D. D., et al. (2017).

Toll-like receptor 7 agonist GS-9620 induces HIV expression and HIV-specific

immunity in cells from HIV-infected individuals on suppressive antiretroviral

therapy. J. Virol. 91:e02166-16. doi: 10.1128/JVI.02166-16

Velu, V., Titanji, K., Zhu, B., Husain, S., Pladevega, A., Lai, L., et al. (2009).

Enhancing SIV-specific immunity in vivo by PD-1 blockade. Nature 458,

206–210. doi: 10.1038/nature07662

Vibholm, L., Schleimann, M. H., Hojen, J. F., Benfield, T., Offersen, R.,

Rasmussen, K., et al. (2017). Short-course toll-like receptor 9 agonist

treatment impacts innate immunity and plasma viremia in individuals with

human immunodeficiency virus infection. Clin. Infect. Dis. 64, 1686–1695.

doi: 10.1093/cid/cix201

Vibholm, L. K., Konrad, C. V., Schleimann, M. H., Frattari, G., Winckelmann,

A., Klastrup, V., et al. (2019). Effects of 24-week Toll-like receptor 9

agonist treatment in HIV type 1+ individuals. AIDS 33, 1315–1325.

doi: 10.1097/QAD.0000000000002213

Walker, L. M., Phogat, S. K., Chan-Hui, P. Y., Wagner, D., Phung, P., Goss,

J. L., et al. (2009). Broad and potent neutralizing antibodies from an

African donor reveal a new HIV-1 vaccine target. Science 326, 285–289.

doi: 10.1126/science.1178746

Wang, M. Q., Huang, Y. L., Huang, J., Zheng, J. L., and Qian, G. X. (2015). RIG-

I detects HIV-1 infection and mediates type I interferon response in human

macrophages from patients with HIV-1-associated neurocognitive disorders.

Genet. Mol. Res. 14, 13799–13811. doi: 10.4238/2015.October.28.42

Wang, Y., Wang, X., Li, J., Zhou, Y., and Ho, W. (2013). RIG-I activation

inhibits HIV replication in macrophages. J. Leukoc. Biol. 94, 337–341.

doi: 10.1189/jlb.0313158

Winckelmann, A. A., Munk-Petersen, L. V., Rasmussen, T. A., Melchjorsen, J.,

Hjelholt, T. J., Montefiori, D., et al. (2013). Administration of a Toll-like

receptor 9 agonist decreases the proviral reservoir in virologically suppressed

HIV-infected patients. PLoS ONE 8:e62074. doi: 10.1371/journal.pone.0062074

Wittig, B., Schmidt, M., Scheithauer, W., and Schmoll, H. J. (2015).

MGN1703, an immunomodulator and toll-like receptor 9 (TLR-9)

agonist: from bench to bedside. Crit. Rev. Oncol. Hematol. 94, 31–44.

doi: 10.1016/j.critrevonc.2014.12.002

Wu, X., Yang, Z. Y., Li, Y., Hogerkorp, C. M., Schief, W. R., Seaman,

M. S., et al. (2010). Rational design of envelope identifies broadly

neutralizing human monoclonal antibodies to HIV-1. Science 329, 856–861.

doi: 10.1126/science.1187659

Yamamoto, T., Kanuma, T., Takahama, S., Okamura, T., Moriishi, E., Ishii, K. J.,

et al. (2019). STING agonists activate latently infected cells and enhance SIV-

specific responses ex vivo in naturally SIV controlled cynomolgus macaques.

Sci. Rep. 9:5917. doi: 10.1038/s41598-019-42253-3

Zhou, T., Georgiev, I., Wu, X., Yang, Z. Y., Dai, K., Finzi, A., et al. (2010). Structural

basis for broad and potent neutralization of HIV-1 by antibody VRC01. Science

329, 811–817. doi: 10.1126/science.1192819

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Takahama and Yamamoto. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 May 2020 | Volume 10 | Article 216

https://doi.org/10.1093/annonc/mdy259
https://doi.org/10.1016/j.immuni.2018.04.030
https://doi.org/10.1086/653112
https://doi.org/10.1038/s41590-018-0235-7
https://doi.org/10.1128/JVI.01635-10
https://doi.org/10.1146/annurev-med-052716-031710
https://doi.org/10.1128/JVI.01595-15
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/j.coph.2018.05.003
https://doi.org/10.1038/nm1482
https://doi.org/10.1128/JVI.02166-16
https://doi.org/10.1038/nature07662
https://doi.org/10.1093/cid/cix201
https://doi.org/10.1097/QAD.0000000000002213
https://doi.org/10.1126/science.1178746
https://doi.org/10.4238/2015.October.28.42
https://doi.org/10.1189/jlb.0313158
https://doi.org/10.1371/journal.pone.0062074
https://doi.org/10.1016/j.critrevonc.2014.12.002
https://doi.org/10.1126/science.1187659
https://doi.org/10.1038/s41598-019-42253-3
https://doi.org/10.1126/science.1192819
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Pattern Recognition Receptor Ligands as an Emerging Therapeutic Agent for Latent HIV-1 Infection
	Introduction
	Potential For Single Use of Each PRR Ligand
	TLR7 Agonist
	TLR8 Agonist
	TLR9 Agonist
	Other TLR Ligands
	Cytosolic PRR Ligands

	Combination of PRR Ligand and Other Immunotherapies
	Combination With Therapeutic Vaccines
	Combination With Checkpoint Inhibitors
	Combination With bNabs

	Importance of Animal Models for the Development of PRR Drugs
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


