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Abstract: Toll-like receptors (TLRs) are evolutionarily conserved pattern recognition receptors that
play important roles in the early detection of pathogen-associated molecular patterns and shaping
innate and adaptive immune responses, which may influence the consequences of infection. Similarly
to other viral infections, human immunodeficiency virus type 1 (HIV-1) also modulates the host TLR
response; therefore, a proper understanding of the response induced by human HIV-1 or co-infection
with hepatitis B virus (HBV) or hepatitis C virus (HCV), due to the common mode of transmission
of these viruses, is essential for understanding HIV-1 pathogenesis during mono- or co-infection
with HBV or HCV, as well as for HIV-1 cure strategies. In this review, we discuss the host TLR
response during HIV-1 infection and the innate immune evasion mechanisms adopted by HIV-1
for infection establishment. We also examine changes in the host TLR response during HIV-1 co-
infection with HBV or HCV; however, this type of study is extremely scarce. Moreover, we discuss
studies investigating TLR agonists as latency-reverting agents and immune stimulators towards new
strategies for curing HIV. This understanding will help develop a new strategy for curing HIV-1
mono-infection or co-infection with HBV or HCV.
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1. Introduction

Approximately 10% of human immunodeficiency virus (HIV)-infected individuals
have chronic hepatitis B virus (HBV) co-infection in highly endemic areas of HBV infec-
tion [1-3]. In addition, approximately 2.3 million individuals are co-infected with HIV and
the hepatitis C virus (HCV) worldwide [4]. However, specific molecular techniques are
important for the accurate detection of particular viral agents with high sensitivity and
high specificity [5,6]. During HIV co-infection, HBV infection shows an increased rate of
persistence, higher HBV DNA levels, lower rates of hepatitis B e antigen loss, increased
cirrhosis and liver-related mortality, and an increased risk of hepatocellular carcinoma
(HCC) [2]. In addition, HIV/HBV co-infection accelerates the progression of liver cirrhosis
and HCC compared to HIV or HBV mono-infected individuals [3,7]. Similarly, HIV co-
infection also has a detrimental effect on the natural history of HCV, resulting in higher
rates of HCV persistence following acute infection, higher viral loads, enhanced liver
fibrosis, and development of HCC compared to HCV mono-infection [4,8,9]. Therefore, a
proper understanding of the response of toll-like receptors (TLR) in HIV mono-infection
or HIV/HBV and HIV/HCV co-infection is critical for developing HIV cure strategies
in HIV mono-infection or HIV/HBV or HIV/HCV co-infection using TLR agonists as
latency-reversing agents.
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2. Toll-like Receptors

The innate immune system, a key component of host immunity, acts as the first line of
defense against invading pathogens, including viruses [10]. The innate immune system de-
tects pathogen-associated molecular patterns (PAMPs) or microbe-associated molecular pat-
terns (MAMPs) and damage-associated molecular patterns (DAMPs) via germline-encoded
pattern recognition receptors (PRRs) [11,12]. Toll-like receptors (TLRs) are key components
of innate immunity and are evolutionarily conserved germline-encoded receptors [10].
TLRs can activate the transcription factor nuclear factor kappa B (NF-«B) and interferon
regulatory factors (IRFs), which regulate the outcome of the innate immune response [13].
It is now becoming increasingly evident that TLRs are the most important family of PRRs
and are among the key players in determining the outcome of microbial infections, includ-
ing viruses [14-18]. Although TLRs play a vital role in early interactions with invading
pathogens by detecting microbial PAMPs [19,20], a dysregulated TLR response may en-
hance immune-mediated pathology instead of providing protection [12,21,22]. Therefore, a
proper understanding of TLR responses to pathogens, including viruses, is crucial.

TLRs are type I transmembrane proteins that contain a conserved N-terminal ectodomain
of leucine-rich repeats, a single transmembrane domain, and a cytosolic Toll/interleukin
(IL)-1 receptor (TIR) domain [10]. The TIR domain is common and identical among TLRs
and the involvement of ILs binds them together as a unified structure [23]. TLRs are
encoded by a large gene family containing 10 TLR members (TLR1-TLR10) in humans
and 12 TLR members (TLR1-TLR9 and TLR11-TLR13) in mice [13]. They are localized
on the cell surface or in intracellular compartments of the cell. TLRs localized on the
cell surface include TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, and TLRs localized in
intracellular compartments—including the endoplasmic reticulum, endosomes, lysosomes,
or endolysosomes—comprise TLR3, TLR7, TLRS, and TLR9 [24,25]. Different TLRs are
involved in recognizing various viral components. For example, TLR3, TLR7/8, and TLR9
are involved in the recognition of double-stranded viral RNA, single-stranded RNA, and
DNA, respectively [26-29]. In contrast, TLR1, TLR2, TLR4, TLR5, and TLR6 are involved in
the recognition of viral proteins [30].

3. Toll-like Receptors in Men and Women

Due to differences in sex, there may be a stronger or weaker immune response to
viral infections [31,32]. TLRs exist in various immune cells and liver parenchymal cells,
playing an important role in the host immune response [33]. The sex-related variability of
the host immune response based on TLR response in viral infections has been observed [34].
It has been reported that the sensing of viral RNA by TLRY is sex-biased, where greater
expression of TLRY is observed in female immune cells than in male immune cells [35,36].
TLR-mediated activation of pDCs in HIV-1 infection may induce higher immune activation
in women than in men [37]. The TLR9 rs187084 C allele was found to be involved in
spontaneous virus clearance in HCV infection in women, suggesting sex-specific effects of
the TLR response in natural immunity against HCV infection [38].

4. Human Immunodeficiency Virus, Hepatitis B Virus, and Hepatitis C Virus

HIV, the etiologic agent of acquired immunodeficiency syndrome (AIDS) [39], remains
one of the world’s most serious public health challenges. According to WHO estimates,
38.4 million [33.9-43.8 million] people live with HIV, and 650,000 people died of HIV-related
illnesses in 2021 globally [40]. HIV infections can be categorized into two subgroups, type 1
and type 2. HIV type 1 (HIV-1) is the most prevalent cause of AIDS globally and has a
higher virulence than HIV type 2 [41,42]. Therefore, most studies on pathogenesis and host
immune responses have focused on HIV-1.

HIV-1 is an enveloped virus with a 9.6 kb positive-sense RNA genome that codes for
three polyproteins (Gag, Pol, and Env) and six accessory proteins (Tat, Rev, Nef, Vpr, Vif,
and Vpu) [43]. The HIV-1 ssRNA can be recognized by different PRRs, such as TLR7/TLR8
and retinoic acid-inducible gene I (RIG-I)/melanoma differentiation-associated protein 5
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(MDADJ), and may induce a profound antiviral inflammatory response [44—46] (Figure 1).
HIV-1 replication intermediates, such as cDNA, ssDNA, DNA/RNA hybrids, and dsDNA,
can be recognized by different host innate immune receptors, including DDX41, cGAS, and
IFI16, thereby contributing to the antiviral response through the production of IFNs [47].
However, many reports have described the key role of innate immunity in the modulation
of susceptibility to HIV infection, and TLR activation represents the first line of defense
against invading pathogens [48-51]. However, TLR signaling may play a critical role in
the outcome of HIV-1 infection (Figure 1). The rate of progression of HIV infection may
vary among individuals [52]. Retained immune function and low levels of virological
parameters indicate non-progressive HIV disease, whereas the loss of immune function
and high levels of virus indicate rapid progression of the disease [53], suggesting a key role
of the immune response in determining the rates of disease progression.
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Figure 1. Activation of TLR signaling during HIV infection and the effect on viral replication are
indicated. The activation and suppression of signaling is indicated by arrows.

Due to the shared transmission routes of HBV and HCV, HIV/HBV or HIV/HCV
co-infections are commonly observed [3,54]. HBV is an enveloped, circular, and partially
double-stranded relaxed circular DNA (rcDNA) virus with a genome of approximately
3.2 kb that possesses four overlapping open reading frames that encode seven proteins,
including polymerase, core, precore, three envelope/surface proteins (large, middle, and
small), and X protein [55,56]. HCV is an enveloped, positive-sense, single-stranded RNA
virus with a genome size of ~10 kb that encodes a large polyprotein that is cleaved into
three structural (core, E1, and E2) and seven nonstructural proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) by host and viral proteases [57]. Although HBV can behave as a
stealth virus, several studies have reported the detection of HBV PAMPs using TLRs [56].
Notably, many reports have suggested a suppressed host TLR response in chronic HBV
infection, and activation of the TLR response using TLR agonists as immunomodulators
could improve HBV cure strategies [56]. HCV PAMPs are stronger inducers of the innate
immune response compared to HBV, and differential expression of TLRs has been reported
in HCV-infected patients [17,56,58,59]. Notably, a significant induction of intrahepatic TLR3,



Int. J. Mol. Sci. 2023, 24, 9624

4 0f 20

TLR7, and TLR8 mRNA was also observed in the livers of chronically infected tree shrews,
squirrel-like non-primate small mammals of the Tupaiidae family that were found to be
naturally susceptible to HCV infection [60-62]. Although further studies are warranted, it
has been reported that TLR3 and TLR7 play a protective role in HCV infection, and TLR
agonists show promise for their use in HCV infection as potential immunomodulators as
well as vaccine adjuvants in HCV vaccine development [17]. Activation of TLR signaling
by HBV and HCV viral PAMPs are depicted and reviewed in our recently published papers
and can be read for further information [17,56].

5. TLR Response to Human Immunodeficiency Virus (HIV) Infection

Early innate viral recognition by host surface TLRs is important for a rapid antiviral
response and for preventing infection. Although TLRs can be activated by viruses even
before host cells become infected, the antiviral immune response is much more compli-
cated where different cell types, including T cells, B cells, monocytes, NK cells, and neu-
trophils become involved, producing proinflammatory cytokines and chemokines for viral
clearance or possibly promoting infection upon TLR engagement [63—65]. PAMP/MAMP-
induced activation of TLR signaling suppresses the replication and spread of invading
pathogens/microbes by the production of antimicrobial molecules such as type I interferon
(IFN) and tumor necrosis factor (TNF)-x [66-68]. TLRs are important innate immune
receptors that mediate immune activation during HIV-1 infection [69-71]. Through their
specific ligands, TLRs initially activate the innate immune system, which helps shape the
adaptive immune system. Differential regulation of TLR pathways has been observed in
HIV-1 infection in monocytes, myeloid dendritic cells, and plasmacytoid dendritic cells,
which are dependent on both individual receptors and cell types [69].

In a recent study of HIV infection, TLR2 and TLR4 were found to be differentially
expressed [72]. In an earlier study, compared to healthy subjects, increased expression of
TLR2 mRNA has been reported in monocytes isolated from HIV-1-infected patients [71].
TLR2 and TLR4 are involved in the regulation of the expression of proinflammatory
cytokines in HIV-infected people. In ex vivo analysis, increased expression of TLR2 and
TLR4 mRNA was observed in myeloid dendritic cells (mDCs) [71]. It has been shown that
the triggering of TLR2 and TLR4 in response to productive HIV-1 infection of DCs and
viral spreading to CD4+ T cells exert contrasting effects, where HIV-1 transmission into
CD4+ T cells was increased by TLR2 stimulation but transmission to CD4+ T cells was
reduced upon TLR4 triggering [73]. Another study reported that soluble TLR2 played
a significant role in inhibiting cell-free HIV-1 infection, HIV-induced NF-«B activation,
and inflammation in infants breastfeeding from their HIV-infected mother [74]. Increased
expression of TLR6, TLR7, and TLR8 mRINA has been observed in chronic untreated HIV-1
infections [70]. TLR2, TLR3, and TLR4 mRNA expression was elevated in patients with
advanced disease [70], suggesting sensitization of TLR signaling during HIV infection
(Figure 2A). Prior addition of TLR3, TLR7, TLRS, and TLR9 agonists was shown to inhibit
HIV-1 infection in peripheral blood mononuclear cells (PBMCs) (Figure 2B); TLR8 and
TLR9 agonists were found to be more effective in blocking HIV-1 replication, along with
the activation of other antiviral sensors [75].

Henrick et al. showed that the HIV-1 structural proteins p17, p24, and gp41 acted
as viral PAMPs that initiated signaling through TLR2 and its heterodimers, resulting in
increased immune activation via the NF-«kB signaling pathway [76]. In an in vitro study
with monocyte-derived macrophages, it has been shown that activation of TLR3 with
poly (I:C), a synthetic ligand for TLR3, inhibits HIV replication by the induction of type I
interferon-inducible anti-HIV cellular proteins, including APOBEC3G and tetherin [77].
Moreover, TLR3 activation induces CC chemokines and several cellular miRNAs, such as
miRNA-28, -125b, -150, -223, and -382, which are known HIV restriction factors [77]. It has
been reported that TLR3 agonists, poly (I:C), and bacterial ribosomal RNA could potently
reactivate HIV in human microglial cells. Notably, Alvarez-Carbonell et al. reported a new
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mechanism of poly (I:C), where poly (I:C) did not activate NF-«B; instead virus induction
was mediated by IRF3 [78].
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Figure 2. An overview of differential TLR expression in HIV infection. (A) Increased expression of
TLRs in PBMCs obtained from patients with chronic HIV infection. (B) Induction of TLR responses
using TLR agonists for TLR3, 7, 8, and 9 inhibited HIV replication in PBMCs. (C) Induction of the
TLR7 response in macrophages by imiquimod, a TLR7 agonist, inhibited HIV replication by inhibiting
CD4 and CCRb5. (D) HIV-induced production of CXCL13 through TLR7 activation in monocytes.

It has been shown that TLR3 agonist poly (I:C) and CD40-targeting HIV-1 vaccine
of a string of five highly conserved CD4+ and CD8+ T cell epitope-rich regions of HIV-1
Gag, Nef, and Pol fused to the C-terminus of a recombinant anti-human CD40 antibody
(xCD40.HIV5pep) enhanced anti-HIV-1 immunity and reduced HIV-1 reservoirs in patients
with suppressive combined antiretroviral therapy [79]. It has been reported that HIV-1
infection results in dysregulation of the TLR4 response to lipopolysaccharide (LPS) ex
vivo [80]. Brenchley et al. demonstrated that microbial translocation was linked to increased
plasma levels of LPS, the TLR4 ligand, which has been reported in chronic HIV-1 infection
as well as in chronically SIV-infected rhesus macaques [81].

TLR7 recognizes RNA viruses, including HIV [82]. An early study reported the
recognition of uridine-rich HIV-1 ssRNA by intracellular TLR7/8 [76]. It has been shown
that the TLR7 agonist GS-9620 can activate HIV replication in PBMCs obtained from
HIV-infected individuals on suppressive antiretroviral therapy [83]. Additionally, GS-9620
activated HIV-specific T cells and the antibody-mediated clearance of HIV-infected cells [83].
It was observed that imiquimod-based induction of TLR7 by macrophages could inhibit
HIV infection by decreasing the expression of viral entry cellular factors, such as CD4
and CCRS5 (Figure 2C) [84]. It has been reported that plasma CXCL13 levels increase with



Int. J. Mol. Sci. 2023, 24, 9624

6 of 20

HIV disease progression [85]. HIV-1 induces CXCL13 production upon TLR7 activation
(Figure 2D) [86]; however, the exact role of TLR7 in disease progression remains unknown.
Although genetic polymorphisms provide a compelling link to the disease [87], the exact
mechanism by which TLR polymorphisms affect HIV infection remains to be investigated.
However, the association of different TLRs, including TLR1, TLR2, TLR3, TLR4, TLRS,
TLR7, TLRS, and TLRY, in HIV infection has been observed [88,89]. TLR7 polymorphisms
influence the susceptibility and progression of HIV-1 infection in Chinese men who have
sex with men (MSM), suggesting an active role of TLR7 in HIV infection [82].

pDCs play an important role in host defense against viral infection, including HIV
through TLR7 and TLR9 signaling [90-92]. HIV-1 encodes multiple uridine-rich TLR7/8
ligands, activates pDCs through TLR7/8, and produces IFN-I [29,44,93,94]. TLR agonists
are reported to enhance HIV-specific T cell response, as well as inducing HIV-1 restriction
factors and IFN-a production by pDCs [92]. During HIV chronic infection, there is reduced
number of circulating pDCs, which is correlated with reduced CD4+ T cell counts in people
living with HIV-1 (PLWH) [95,96]. TLR7-driven IFN-I production in pDCs is higher in
women than in men, which could be due to the cell-intrinsic actions of estrogen and the
X-chromosome complement [97]. Upon TLR7 activation, compared to uninfected controls,
an increased expression of IFN-o and TNF-o by pDCs obtained from HIV-infected women
under antiretroviral therapy has been reported [98]. In a previous study, the expression of
TLR6 and TLR7 was found to be significantly correlated with plasma HIV-RNA load [70].

TLR8 recognizes RNA viruses including HIV [99,100]. The most frequent TLR8 poly-
morphism, TLR8 A1G (rs3764880), has been reported to confer protection against HIV
progression, suggesting the role of TLRS in infection [101]. Another study assessed TLR7
and eight gene polymorphisms associated with susceptibility to HIV-1 infection and found
that TLR8 polymorphisms could affect HIV-1 infection [102]. TLR7 IVS2-151-A and TLRS8
Met alleles affect plasma HIV viral loads [102].

Synthetic ligands of TLRS also boost T cell receptor signaling, resulting in increased
cytokine production and upregulation of surface activation markers, suggesting sensing of
HIV-1 by TLRS8 [100]. In addition, endosomal HIV-induced cytokine secretion from CD4+ T
cells in a TLR8-specific manner has also been reported [100].

In a phase I study, MGN1703, a TLR9 agonist administered for 24 weeks, was found to
be safe and to enhance innate as well as HIV-1-specific adaptive immunity in HIV-1+ indi-
viduals [103]. It has been reported that HIV-1 alone is a poor inducer of IFN-I response [104];
however, if supplemented with suboptimal levels of bacterial LPS, which may be due to
microbial translocation, it may trigger increased production of IFN-I and upregulation
of interferon-stimulated genes [105]. It has been reported that HIV infection can activate
cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS)
to produce cGAMP, activating STING and induce type I IFNs and other cytokines [106].
LPS, in association with TLR2 or TLR4, may synergistically enhance IFN-I production by
cGAMP, a secondary messenger of cGAS [105].

Until 2014, TLR10 remained without a defined ligand or function. Lee et al. first
demonstrated a functional role of TLR10 in detecting influenza virus infection [107]. A
role of TLR10 in HIV-1 infection has recently been described, whereby HIV-1 gp41 was
recognized as a TLR10 ligand, leading to the induction of IL-8 and NF-«kBo activation [108].
In vitro studies using TZMbl cells demonstrated that TLR10 overexpression could enhance
HIV-1 infection and proviral DNA integration [108]. The interaction between TLRs and
HIV-1 infection has been summarized in Table 1.
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Table 1. Interaction between TLRs and HIV-1 infection.
HIV-1 Infection System TLR Ligands Activation of TLR Effects on Host Response Outcome Reference
Monocyte-derived Increases production of
macrophage (MDM) HIV proteins TLR2, TLR4 . p . Promotes HIV-1 replication [71]
and PBMCs proinflammatory cytokines
Poly (I:C) Induces anti-HIV cellular
MDM YA TLR3 proteins APOBEC3G Inhibits HIV replication [77]
a TLR3 ligand .
and tetherin
TLR3, TLR7, TLR8 TLR3, TLR?, Induces type I and type II . ..
PBMCs and TLR9 agonists TLRS, TLR9 IFNss and ISGs Reduces viral replication [75]
T cells and TZMb]-2 cells I;I(I):fe-ilnztni;turzai TLR2 or TLR2/1 or Activates NF-«B Enhances proviral DNA 76]
(stably expressing TLR2) P and g b 4’1P ’ TLR2/6 heterodimers signaling pathway P
Microglial cells Poly (I:C) TLR3 Selective induction of IRF3 Reactivates HIV [78]
transcription
GS-9620, a Enhances HIV-specific Enhances cytokines-
PBMCs TLR7 agonist TLR7 cellular immunity mediated HIV replication (831
Imiquimod, a Reduces viral entry factors o ..
Macrophage TLR? agonist TLR7 such as CD4 and CCR5 Inhibits HIV replication [84]
Activation of IRF1, p38, ERK, . .
DCs Free HIV-1 TLR8 PI3K, and NF-«B pathways Enhances infection [109]
DCs and macrophages HIV ssRNA TLR7, TLRS Enhances immune activation _May inhibit [29,44]
and secretion of cytokines viral replication
Increases expression of IFN-«,
Macrophage CpG ODN 2216 TLR9 IRF-7, MyD88, and Inhibits HIV replication [110]
myxovirus resistance gene A
TZMbl cells HIV-1 gp4l TLR10 Induces IL-8 and Enhances HIV-1 infection ~ [108]

NF-kBox activation

TLR response in HBV infection may modulate HBV-specific T and B cell responses,
resulting in the termination of HBV infection [67]. Single nucleotide polymorphisms (SNPs)
of TLRs may play an important role in HBV and HCV infection; however, the mechanisms
remain to be fully understood [111]. The role of TLRs in HBV and HCV infection has
been reviewed in detail in recently published papers [17,56]. TLR response-related data
on HIV/HBYV or HIV/HCV co-infection are scarce. Increased expression of TLRs in innate
immune cells is observed in patients with a high HIV-1 load who are co-infected with
opportunistic pathogens. Increased expression of TLR2 and TLR4 has been reported in the
myeloid dendritic cells of HIV-1 patients co-infected with opportunistic infections (without
HAART). Increased expression of TLR4 has been reported in plasmacytoid dendritic cells
compared to both HIV-1 patients without opportunistic infections and healthy subjects [112].

6. Role of Interleukins and Other Cytokines in HIV-1 Infection

Virus infections can cause a proinflammatory response including expression of cy-
tokines and chemokines [113]. Cytokines, signaling polypeptides, play an important role in
immune activation, influencing viral pathogenesis [113,114]. HIV-1 infection may induce
differential expression of cytokines and influence clinical outcomes [115]. A decreased
secretion of Th1 cytokines such as IL-2 and antiviral IFN-y, and an increased secretion of
Th2 cytokines IL-4 and IL-10, and proinflammatory cytokines IL-1, IL-6, IL-8, and TNF-«
have been reported in HIV-1 infection [115]. An increased levels of serum IL-6 has been
reported in HIV chronic infection [116], and IL-6 was reported to enhance transcriptional
levels of HIV-1[117]. A previous study showed that HIV-1 Tat protein could activate TLR4
signaling and induce production of proinflammatory cytokines IL-6, IL-8, and TNF-«,
and immunosuppressive cytokine IL-10 [118-120]. An increased circulating IL-7 level has
been reported in HIV-1 infection, associating CD4+ T lymphopenia, and an increased IL-7
production was due to a homeostatic response to T cell depletion [121].
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HIV-1 Nef protein can cause an induction of IL-15 induction and enhance viral replica-
tion [122]. A significant increase in IL-15 level has been reported in HIV-1 infected patients
with viral loads >100,000 copies/ml compared to healthy subjects [123]. IL-15 has been
shown to regulate the susceptibility of CD4+ T cells in HIV infection, and an inverse correla-
tion between IL-15 levels and CD4+ T cell counts has been reported [123,124]. An increased
serum level of IL-18 has been reported in the advanced and late stages of the disease, which
significantly decreased after highly active antiretroviral therapy; however, in early stage
there was no increase in IL-18 in HIV-1 infected patients [125]. Different cytokines such as
IFN-alpha, IFN-beta, IL-10, IL-13, and IL-16 were reported to inhibit HIV-1 replication in T
cells and/or monocyte-derived macrophages (MDM) [115]. Dysregulation of cytokines in
HIV-1 infection is evident, and strategies targeting cytokines may open up new therapeutic
intervention [126], requiring further investigation.

7. Inhibition of Innate Inmune Response by HIV Infection

To infect susceptible hosts and ensure viral propagation towards establishing an
infection, many viruses have developed strategies to evade or inhibit signaling through
PRRs, including toll-like receptor pathways. HIV-1 can persistently infect humans and
subvert their innate and adaptive immune systems, as HIV-1 primarily infects the CD4+ T
lymphocytes and macrophages. The interaction between the trans-membrane domain
(TMD) of the HIV-1 envelope protein and the TLR2 TMD may induce a reduced secretion
of TNF-«, IL-6, and MCP-1 in macrophage [127]. It has been shown that HIV-1 gp120 can
suppress the TLR9-mediated induction of proinflammatory cytokines and the expression
of CD83, a marker of DC activation, resulting in a decreased ability of pDCs to secrete
antiviral and inflammatory factors [128].

Sterile-motif / histidine-aspartate domain-containing protein 1 (SAMHD1), a host re-
striction factor possessing dNTP triphosphohydrolase activity, has been reported to restrict
HIV-1 infection in monocyte-derived macrophages (MDMs) by reducing the intracellular
dNTP pool [129,130]. SAMHD1 was also reported to inhibit an efficient viral DNA synthesis
in non-cycling resting CD4+ T cells [131]. However, the HIV-1 accessory protein Vpx coun-
teracts this restriction by directing SAMHD1 toward proteasomal degradation [132,133]. In
addition, SAMHD1 suppresses the innate immune response to viral infections, including
HIV-1 infection, and inflammatory stimuli by inhibiting NF-«B activation and type I IFN
induction [134]. Moreover, HIV-1 capsids may inhibit viral DNA sensing via cGAS [135].

APOBEC3G, a cellular restriction factor, inhibits HIV-1 replication by inhibiting the
elongation of HIV-1 reverse transcripts [136]. However, the viral protein Vif helps evade
the host antiviral factor APOBEC3G by binding and inducing its degradation in virus-
producing cells [137-140]. The inhibition of HIV-1 release mediated by tetherin, a cellular
factor, can be antagonized by HIV-1 Vpu [141-144]. It has been shown that HIV-1 Vpr can
inhibit IRF3 and NF-«B nuclear transport by interacting with karyopherins [145].

However, different accessory proteins may induce differential IFN response, including a
potentiated type 1 IFN response by Vpr, and a suppressed IFN response by Vpu was observed
in HIV-1 infected CD4* T cells [47]. The antiviral mechanisms adopted by HIV-1 largely
depend on HIV-1 accessory proteins and their ability to degrade/inhibit/downregulate host
antiviral targets [47]. The inhibition of host response by HIV-1 proteins is summarized in
Table 2. For information on the inhibition/avoidance of innate immune response by HBV
or HCV infection, other recently published papers can be studied [17,56].

Table 2. Inhibition of host innate immune response by HIV-1.

HIV Protein Targeting Protein/Signaling Pathway Effects on Host Immunity Effects on Virus Reference
HIV-1 Env Binds TLR2 Inhibits secretion of - [127]
pro-inflammatory cytokines
Inhibits IRF3 and NF-xB Enhances virus

HIV-1 Vpr

Interacts with karyopherins

nuclear transport replication [145]
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Table 2. Cont.
HIV Protein Targeting Protein/Signaling Pathway Effects on Host Immunity Effects on Virus Reference
. Inhibits host antiviral Overcomes inhibition of )
HIV-1 Vif Degrades APOBEC3G activity of APOBEC3G virus replication [138,140,146,147]
Degrades/downregulates Inhibits host antiviral s . ) )
HIV-1 Vpu tetherin/BST-2 activity of tetherin Facilitates virus release [141,142,148]
HIV-1 Vpu Host restriction factors Inhibits ISGylaFlon of Enhances la}te—s'tage [149]
cellular machinery virus replication
HIV-1 Vpu Inhibits NF-kB activation Reduces expression of restriction May prqmoAte viral [150-152]
factors and IFNs release replication
HIV-1 Vpx SAMHD1 Degrades SAMHD1 Facilitates reverse [132,133]
transcription
HIV-1 Nef Activates IL-15 synthesis Modulates cytokine response Enhanges HIV_l [122]
replication
Inhibits host’s retroviral Promotes HIV-1
HIV-1 Nef SERINCS5 and SERINCS3 proteins restriction of SERINC5 infectivit [153,154]
and SERINC3 ey
HIV-1 Nef CD36, a scavenger receptor Downregulates CD36 expression Enhancier?fgfgé);tumstlc [155]
Acquires
1 AL .
HIV-1 Cellular 2’-O-methyltransferase Avoids innate 2'-O-methylation at [156]

immune recognition

multiple distinct sites of

HIV-1 RNA

8. Enhanced Pathogenesis of HIV/HBV or HIV/HCV Co-Infection

During HIV-1 infection, the immune system fails to completely eliminate the infecting
virus, and complete inhibition of viral replication by the immune system is achieved in
only a very small fraction of infected individuals [157]. Moreover, the elimination of viral
infection or the complete prevention of viral replication cannot be achieved with current
antiretroviral (ART) therapies [158]. Both reduction in the amount of virus persisting on an-
tiretroviral therapy and enhanced anti-HIV immune surveillance are critical for curing HIV
infection [159]. Different interventions, including the reversion of HIV latency by apoptosis-
promoting agents, non-histone deacetylase inhibitor compounds, and immunotherapies,
such as immune checkpoint inhibitors and TLR agonists, have been investigated to enhance
antiviral immunity in curing HIV infection [159].

HIV infection can disrupt the gut mucosal barrier, resulting in microbial translocation
and increased exposure to microbial products that act as TLR agonists [160]. Recent studies
suggest that TLR signaling is an underlying mechanism for persistent immune activation,
which is linked to progressive HIV-1 disease [161,162]. Further details on the immunopatho-
genesis of HIV-1 infection can be found in previously published reviews [163,164].

Continuous surveillance is critical for tracking viral diversity, as there is an increase
in recombinant viruses, resulting in co-infection and superinfection by divergent HIV
strains [41]. Individuals infected with HIV may show a higher tendency to develop chronic
HBYV infections [165]. Hepatocytes express CCR5 and CXCR4—two co-receptors for HIV
entry—and multiple cells in the liver can be infected with HIV, which is associated with
liver dysfunction [99,166,167]. HIV infection may induce increased levels of HBV DNA
in chronic HBV infection compared with HBV mono-infection [7]. HIV/HBYV co-infection
enhances HBV-related hepatotoxicity mediated by an immune response [2]. Higher liver-
related mortality was observed in HIV/HBYV co-infection with lower CD4+ T cell counts
than in HIV or HBV mono-infection [168]. An approximately five- to six-fold higher risk of
HCC has been reported in HBV /HIV co-infected individuals [169,170].

Increased liver fibrosis is observed in HIV-1/HCV co-infection; however, the underly-
ing mechanism is complex. HIV-1 enteropathy may cause increased microbial translocation
and systemic immune activation, which may promote liver fibrosis either by direct interac-
tion with Kupffer cells and hepatic stellate cells or indirectly via the induction of systemic
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immune activation and activation-induced apoptotic cell death [171]. Moreover, an in-
creased risk of liver fibrosis in HIV-1/HCV co-infection may be associated with reduced
CD4 + T cell counts, elevated lipopolysaccharide levels, and/or the depletion of hepatic
Kupffer cells [171]. Although oral direct-acting antivirals have become very effective and
can cure almost all treated patients infected with HCV, as there is no protective HCV
immunity, PLWH with high-risk behaviors may experience HCV reinfections [172].

It has been reported that HIV co-infection may increase profibrogenic cytokine pro-
duction with enhanced oxidative stress and hepatocyte apoptosis, which may be further
augmented by increased microbial translocation of HIV [173]. Another study reported that
HIV/HCV co-infection significantly increased epimorphin expression, which may result in
increased proliferation and invasion capabilities of hepatic stellate cells [174]. Epimorphin
induces the expression of profibrogenic tissue inhibitor of metalloproteinase 1 (TIMP1) in
an extracellular signal-regulated kinase (ERK)-dependent manner [174].

HCYV infection can induce transforming growth factor-betal (TGF-f31) expression in
hepatocytes, which has been reported to be further enhanced by HIV co-infection [175].
HIV-1 Tat could activate HCV replication by upregulating interferon gamma-induced
protein-10 (IP-10) production [176]. In addition, increased expression of IP-10 mRNA in
peripheral blood mononuclear cells has been reported in HIV-1/HCV co-infection. Higher
HCV RNA levels were found in the PBMCs of patients with HIV-1/HCV co-infection
than in those with HCV mono-infection [176]. Viral infections, including HIV, HBV, and
HCV, have been reported to cause the upregulation of programmed cell death protein
(PD-1) and its ligands PD-L1 and PD-L2, indicating that PD-1/PD-L1 are key players in
the pathogenic process of viruses [177]. Notably, the induction of anti-HBs titers in HBV
vaccines is influenced by HIV infection, with a high percentage (90% to 95%) of healthy
adults inducing protective anti-HBs titers after standard doses of HBV vaccines; however,
during HIV co-infection, only 17.5% to 71% could retain protective anti-HBs [178].

9. TLR Agonists and Antagonists in the Cure of HIV Infection

The presence of latent and persistent viral reservoirs in transcriptionally silent immune
cells remains a challenge to a successful HIV cure [179]. The persistent HIV-1 reservoir
is predominantly found in long-lived memory CD4+ T cells, where the provirus remains
transcriptionally silent and undetected by the host immune system [180,181]. Although
ART can suppress HIV-1 replication to undetectable levels, it cannot eliminate latent and
persistent viral reservoirs and the use of ART may result in multiple side effects including
the development of multidrug-resistant escape mutants [182]. Therefore, it is critical to
develop a strategy towards eliminating latently infected cells persisting in people with
HIV on ART and identifying an ideal latency-reversing agent (LRA) that can induce viral
reactivation, leading to immune cell recognition and the elimination of latently infected
cells, which may improve HIV cure strategies [183]. Notably, many studies have indicated
that TLR agonists are potential immunomodulators of the host immune response and
influence the outcome of chronic HBV and HCV infections, suggesting the merit of using
TLR agonists in curing chronic HIV-1 infection [17,56,183].

TLR agonists have the potential to reactivate latent HIV, induce immune activation, and
promote an antiviral response by improving HIV-specific cytotoxic CD8+ T cell immunity,
making TLR agonists unique LRA [179,183-186]. Pam3CSK4, a TLR1/2 agonist, has been
shown to induce viral reactivation in a Tat-dependent manner and in the absence of T
cell activation and/or proliferation [185]. TLR7 agonists have been reported to facilitate
the reduction of viral reservoirs in a subset of SIV-infected rhesus macaques [187]. In a
phase 1b study, vesatolimod, an oral TLR7 agonist, was found to be well tolerated, and
immune stimulation was observed, providing a rationale for future combination trials in
people living with HIV [188]. Dual TLR2/7 agonists have been shown to have a greater
ability to induce the production of soluble factors for the reactivation of latent HIV than
the combination of a single TLR2 and TLR7 agonist [189]. Another recent study of the
synthesized TLR7/TLR8 agonist 159 pyrido [3,2-d] pyrimidine and pyridine-2-amine-based
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derivatives reported a high potential for activating HIV-1 latent reservoirs in cell lines and
PBMCs of patients with persistent and durable virologic controls [182]. A previous study
showed that the TLR9 agonist MGN1703 enhanced HIV-1 transcription and cytotoxic NK
cell activation, which could contribute to HIV-1 eradication therapy [190].

The stimulation of TLR3, TLR4, TLR7, and TLR7/8 by the agonists poly (I:C), LPS, im-
iquimod, and ssRNA40, respectively, in PBMCs isolated from HIV-1-exposed seronegative
(ESN) individuals induced a robust release of immunological factors in ESN individuals
and showed a protective phenotype against HIV-1 [191]. The combination strategy using
TLR agonist-directed innate effector functions and broadly neutralizing antibodies (bNAbs)
may help enhance the elimination of HIV-1 infected cells [192,193]. Although there is hope
for the success of curing HIV-1 infection using TLR agonists, further research is required
to obtain clinical data and select the most suitable candidates for future use. Moreover,
studies on the use of TLR agonists in HBV /HIV or HCV /HIV co-infection are scarce. How-
ever, a study was initiated to investigate the effect of the oral TLR8 agonist Selgantolimod
on HBsAg in participants with both chronic HBV and HIV infections (ClinicalTrials.gov
Identifier: NCT05551273), which may provide new data.

TLRs may act as a double-edged sword, and its double-sided effects have been re-
ported in viral infections [21,194,195]. TLR ligand-induced chronic immune activation
due to HIV-1 infection or microbial translocation from the gut, resulting in the chronic
production of proinflammatory cytokines in HIV-1-infected individuals, may progress
the disease. An abnormal activation of TLR7 may stimulate HIV infection [196]; therefore,
the reduction or inhibition of chronic immune activation via TLR stimulation could be
investigated for a potential target in reducing HIV-related immunopathology [197]. CXCR4
acts as a co-receptor for CXCR4-tropic HIV entry to CD4+ T cell [198]. CXCR4 has recently
been shown to be involved in an additional regulatory function by directly inhibiting the
induction of TLR signaling and resulting in a direct influence on IFN-I levels [199,200].
An engagement of CXCR4 can be used for inhibiting pDC activation and the control of
TLR7-mediated IFN-I signaling [201,202]. Antibody-based treatment strategies, such as the
use of anti-CCRS5 antibodies targeting coreceptor CCR5, could be considered as alternative
approaches for curing HIV-1 infection [203]. Although much knowledge has been gathered,
further investigations are warranted for the clinical use of TLR agonists and antagonists in
the cure of HIV-1 infection. The role of TLR agonists and antagonists in the cure of HIV-1
infection has been summarized in Table 3.

Table 3. Immunomodulatory effects of TLR agonists and antagonists in the cure of chronic HIV

infection.
Compound (TLR . . . Reference/
Agonist or Antagonist) Sponsor Target TLR Clinical Phase Effects on Host Immunity Effects on Virus Clinical Trials.gov ID
Transcription factors NF«B, Enhan i
Pam3CSK4 - TLR1/2 - NFAT, and AP-1 cooperate to ances virus [185]
. . SN replication
induce viral reactivation
Vesatolimod } TLR7 Phase 1b Safe ar'\d well tolgrated;' No 51gn1f1capt effect [188]
enhances immune stimulation on plasma viral load
5-9620 Gilead Sciences TLR? Phase 2 No clinical data available No clinical NCT05281510
(Vesatolimod) data available
MGN1703 University . .. . No clinical
(Lefitolimod) of Aarhus TLR9 agonists Phase 2 No clinical data available data available NCT03837756
Enhances innate immunity;
increases transcription of
MGN1703 IFNARI; no concomitant Decreases integrated )
(Lefitolimod) TLR9 Phase 1b/2a general inflammatory response HIV-1 DNA [204]
in the intestines; reduction of
HIV-1 viral reservoir
Safe and well-tolerated;
enhances both innate and
University Phase 1 adaptive immunity; increases Enhances
MGN1703 of Aarhus TLR9 Phase 2 HIV-1-specific T cell responses; HIV-1 replication [103,190]

enhances cytotoxic NK
cell activation
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10. Conclusions

TLRs can produce redundant responses such as inflammatory or antiviral responses;
however, there are differences in outcomes, largely influenced by the roles of ligands and
tissue-dependent TLR expression [205-207]. The findings of different studies indicate that
TLRs are active participants and key regulators of the antiretroviral immune regulation.
However, the interaction between HIV-1 and the TLR system is full of complexity, and the
dual role of the TLR system affecting viral replication and immune cell functioning requires
detailed investigation to understand the specific roles of individual TLRs and their agonists
and antagonists in both HIV-1 pathogenesis and protection. Robust immune surveillance
is required for eradicating persistent HIV [208]. TLR agonists can be used in reactivating
latent HIV-1 reservoirs to make them visible to the immune system. Although further
studies are warranted, the use of TLR agonists and antagonists in treating HIV infection
may become promising with future research works; however, there are very limited data
for HIV/HBV or HIV/HCV co-infection, requiring further studies for their clinical use.

Author Contributions: Conceptualization, M.E.H.K., M.K. and K.T.-K.; writing—original draft
preparation, M.E.H K. and K.T.-K,; writing—review and editing, M.E.H.K., M.K. and K.T.-K,; All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the Japan Agency for Medical Research and
Development (AMED) and The Tokyo Metropolitan Government.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shire, N.J.; Sherman, K.E. Management of HBV /HIV-coinfected Patients. Semin. Liver Dis. 2005, 25 (Suppl. S1), 48-57. [CrossRef]
[PubMed]

2. Thio, C.L. Hepatitis B and human immunodeficiency virus coinfection. Hepatology 2009, 49, S138-5145. [CrossRef] [PubMed]

3.  Cheng, Z,; Lin, P; Cheng, N. HBV/HIV Coinfection: Impact on the Development and Clinical Treatment of Liver Diseases. Front.
Med. 2021, 8, 713981. [CrossRef]

4. Gobran, S.T; Ancuta, P.; Shoukry, N.H. A Tale of Two Viruses: Immunological Insights into HCV/HIV Coinfection. Front.
Immunol. 2021, 12, 726419. [CrossRef] [PubMed]

5. Behzadi, P; Ranjbar, R.; Alavian, S.M. Nucleic Acid-based approaches for detection of viral hepatitis. Jundishapur. ]. Microbiol.
2015, 8, €17449. [CrossRef] [PubMed]

6. Behzadi, P.; Behzadi, E.; Alavian, S.M. DNA microarray technology in HBV genotyping. Minerva Med. 2017, 108, 473-476.
[CrossRef] [PubMed]

7. Singh, K.P; Crane, M.; Audsley, J.; Avihingsanon, A.; Sasadeusz, J.; Lewin, S.R. HIV-hepatitis B virus coinfection: Epidemiology,
pathogenesis, and treatment. AIDS 2017, 31, 2035-2052. [CrossRef]

8.  Di Martino, V.; Rufat, P; Boyer, N.; Renard, P; Degos, F.; Martinot-Peignoux, M.; Matheron, S.; Le Moing, V.; Vachon, F;
Degott, C.; et al. The influence of human immunodeficiency virus coinfection on chronic hepatitis C in injection drug users: A
long-term retrospective cohort study. Hepatology 2001, 34, 1193-1199. [CrossRef]

9. Benhamou, Y.; Bochet, M.; Di Martino, V.; Charlotte, F.; Azria, F; Coutellier, A.; Vidaud, M.; Bricaire, F.; Opolon, P;
Katlama, C.; et al. Liver fibrosis progression in human immunodeficiency virus and hepatitis C virus coinfected patients. The
Multivirc Group. Hepatology 1999, 30, 1054-1058. [CrossRef]

10. Medzhitov, R.; Janeway, C., Jr. Innate immunity. N. Engl. ]. Med. 2000, 343, 338-344. [CrossRef]

11. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783-801. [CrossRef]

12.  Kumar, V.; Barrett, J.E. Toll-Like Receptors (TLRs) in Health and Disease: An Overview. In Handbook of Experimental Pharmacology;
Springer: Cham, Switzerland, 2022; Volume 276, pp. 1-21. [CrossRef]

13. Kawasaki, T.; Kawai, T. Toll-like receptor signaling pathways. Front. Immunol. 2014, 5, 461. [CrossRef]

14. Thompson, ].M.; Iwasaki, A. Toll-like receptors regulation of viral infection and disease. Adv. Drug Deliv. Rev. 2008, 60, 786-794.
[CrossRef]

15. Rahman, M.M.; McFadden, G. Modulation of NF-kappaB signalling by microbial pathogens. Nat. Rev. Microbiol. 2011, 9, 291-306.
[CrossRef]

16. Hayden, M.S.; Ghosh, S. NF-kappaB in immunobiology. Cell Res. 2011, 21, 223-244. [CrossRef]


https://doi.org/10.1055/s-2005-915646
https://www.ncbi.nlm.nih.gov/pubmed/16103981
https://doi.org/10.1002/hep.22883
https://www.ncbi.nlm.nih.gov/pubmed/19399813
https://doi.org/10.3389/fmed.2021.713981
https://doi.org/10.3389/fimmu.2021.726419
https://www.ncbi.nlm.nih.gov/pubmed/34456931
https://doi.org/10.5812/jjm.17449
https://www.ncbi.nlm.nih.gov/pubmed/25789132
https://doi.org/10.23736/S0026-4806.17.05059-5
https://www.ncbi.nlm.nih.gov/pubmed/28728341
https://doi.org/10.1097/QAD.0000000000001574
https://doi.org/10.1053/jhep.2001.29201
https://doi.org/10.1002/hep.510300409
https://doi.org/10.1056/NEJM200008033430506
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1007/164_2021_568
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1016/j.addr.2007.11.003
https://doi.org/10.1038/nrmicro2539
https://doi.org/10.1038/cr.2011.13

Int. . Mol. Sci. 2023, 24, 9624 13 of 20

17.

18.

19.
20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Kayesh, M.E.H.; Kohara, M.; Tsukiyama-Kohara, K. Toll-like Receptor Response to Hepatitis C Virus Infection: A Recent Overview.
Int. ]. Mol. Sci. 2022, 23, 5475. [CrossRef]

Deeks, S.G.; Walker, B.D. Human immunodeficiency virus controllers: Mechanisms of durable virus control in the absence of
antiretroviral therapy. Immunity 2007, 27, 406-416. [CrossRef]

Janeway, C.A., Jr.; Medzhitov, R. Innate immune recognition. Annu. Rev. Immunol. 2002, 20, 197-216. [CrossRef]

Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: Critical proteins linking innate and acquired immunity. Nat. Immunol. 2001,
2, 675-680. [CrossRef]

Kayesh, M.E.H.; Kohara, M.; Tsukiyama-Kohara, K. An Overview of Recent Insights into the Response of TLR to SARS-CoV-2
Infection and the Potential of TLR Agonists as SARS-CoV-2 Vaccine Adjuvants. Viruses 2021, 13, 2302. [CrossRef]

Modhiran, N.; Watterson, D.; Muller, D.A.; Panetta, A.K.; Sester, D.P.; Liu, L.; Hume, D.A_; Stacey, K.J.; Young, PR. Dengue
virus NS1 protein activates cells via Toll-like receptor 4 and disrupts endothelial cell monolayer integrity. Sci. Transl. Med. 2015,
7,304ral42. [CrossRef]

Behzadi, P; Sameer, A.S.; Nissar, S.; Banday, M.Z.; Gajdacs, M.; Garcia-Perdomo, H.A.; Akhtar, K.; Pinheiro, M.; Magnusson, P.;
Sarshar, M.; et al. The Interleukin-1 (IL-1) Superfamily Cytokines and Their Single Nucleotide Polymorphisms (SNPs). J. Immunol.
Res. 2022, 2022, 2054431. [CrossRef]

O’Neill, L.A.; Golenbock, D.; Bowie, A.G. The history of Toll-like receptors—Redefining innate immunity. Nat. Rev. Immunol.
2013, 13, 453-460. [CrossRef]

Chaturvedi, A.; Pierce, S.K. How location governs toll-like receptor signaling. Traffic 2009, 10, 621-628. [CrossRef]

Kawai, T.; Akira, S. Toll-like receptor and RIG-I-like receptor signaling. Ann. N. Y. Acad. Sci. 2008, 1143, 1-20. [CrossRef]
Alexopoulou, L.; Holt, A.C.; Medzhitov, R.; Flavell, R.A. Recognition of double-stranded RNA and activation of NF-kappaB by
Toll-like receptor 3. Nature 2001, 413, 732-738. [CrossRef]

Diebold, S.S.; Kaisho, T.; Hemmi, H.; Akira, S.; Reis e Sousa, C. Innate antiviral responses by means of TLR7-mediated recognition
of single-stranded RNA. Science 2004, 303, 1529-1531. [CrossRef]

Heil, F; Hemmi, H.; Hochrein, H.; Ampenberger, F.; Kirschning, C.; Akira, S.; Lipford, G.; Wagner, H.; Bauer, S. Species-specific
recognition of single-stranded RNA via toll-like receptor 7 and 8. Science 2004, 303, 1526-1529. [CrossRef]

Prinz, M.; Heikenwalder, M.; Schwarz, P; Takeda, K.; Akira, S.; Aguzzi, A. Prion pathogenesis in the absence of Toll-like receptor
signalling. EMBO Rep. 2003, 4, 195-199. [CrossRef]

Jacobsen, H.; Klein, S.L. Sex Differences in Immunity to Viral Infections. Front. Immunol. 2021, 12, 720952. [CrossRef]

Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626-638. [CrossRef]

Redwan, E.M.; Aljadawi, A.A.; Uversky, V.N. Hepatitis C Virus Infection and Intrinsic Disorder in the Signaling Pathways
Induced by Toll-Like Receptors. Biology 2022, 11, 1091. [CrossRef]

Torcia, M.G.; Nencioni, L.; Clemente, A.M.; Civitelli, L.; Celestino, I.; Limongi, D.; Fadigati, G.; Perissi, E.; Cozzolino, F;
Garaci, E.; et al. Sex differences in the response to viral infections: TLR8 and TLR9 ligand stimulation induce higher IL10
production in males. PLoS ONE 2012, 7, 39853. [CrossRef]

Souyris, M.; Cenac, C.; Azar, P; Daviaud, D.; Canivet, A.; Grunenwald, S.; Pienkowski, C.; Chaumeil, J.; Mejia, J.E.; Guery, J.C.
TLRY7 escapes X chromosome inactivation in immune cells. Sci. Immunol. 2018, 3, eaap8855. [CrossRef]

Hagen, S.H.; Henseling, F.; Hennesen, ].; Savel, H.; Delahaye, S.; Richert, L.; Ziegler, S.M.; Altfeld, M. Heterogeneous Escape from
X Chromosome Inactivation Results in Sex Differences in Type I IFN Responses at the Single Human pDC Level. Cell Rep. 2020,
33, 108485. [CrossRef]

Meier, A.; Chang, J.J.; Chan, E.S,; Pollard, R.B.; Sidhu, H.K; Kulkarni, S.; Wen, T.F,; Lindsay, R.J.; Orellana, L.; Mildvan, D.; et al.
Sex differences in the Toll-like receptor-mediated response of plasmacytoid dendritic cells to HIV-1. Nat. Med. 2009, 15, 955-959.
[CrossRef]

Fischer, J.; Weber, A.N.R.; Bohm, S.; Dickhofer, S.; El Maadidi, S.; Deichsel, D.; Knop, V.; Klinker, H.; Moller, B.; Rasenack, J.; et al.
Sex-specific effects of TLR9 promoter variants on spontaneous clearance of HCV infection. Gut 2017, 66, 1829-1837. [CrossRef]
Clements, J.E.; Zink, M.C. Molecular biology and pathogenesis of animal lentivirus infections. Clin. Microbiol. Rev. 1996,
9,100-117. [CrossRef]

World Health Organization. HIV. Updated July 2022. Available online: https:/ /www.who.int/data/gho/data/themes/hiv-aids
(accessed on 12 October 2022).

Bbosa, N.; Kaleebu, P.; Ssemwanga, D. HIV subtype diversity worldwide. Curr. Opin. HIV AIDS 2019, 14, 153-160. [CrossRef]
Azevedo-Pereira, ].M.; Santos-Costa, Q.; Moniz-Pereira, ]. HIV-2 infection and chemokine receptors usage—Clues to reduced
virulence of HIV-2. Curr. HIV Res. 2005, 3, 3-16. [CrossRef]

German Advisory Committee Blood, Subgroup ‘Assessment of Pathogens Transmissible by Blood’. Human Immunodeficiency
Virus (HIV). Transfus. Med. Hemother. 2016, 43, 203-222. [CrossRef] [PubMed]

Meier, A.; Alter, G.; Frahm, N.; Sidhu, H.; Li, B.; Bagchi, A.; Teigen, N.; Streeck, H.; Stellbrink, H.].; Hellman, J.; et al. MyD88-
dependent immune activation mediated by human immunodeficiency virus type 1-encoded Toll-like receptor ligands. J. Virol.
2007, 81, 8180-8191. [CrossRef] [PubMed]

Towers, G.J.; Noursadeghi, M. Interactions between HIV-1 and the cell-autonomous innate immune system. Cell Host Microbe
2014, 16, 10-18. [CrossRef] [PubMed]


https://doi.org/10.3390/ijms23105475
https://doi.org/10.1016/j.immuni.2007.08.010
https://doi.org/10.1146/annurev.immunol.20.083001.084359
https://doi.org/10.1038/90609
https://doi.org/10.3390/v13112302
https://doi.org/10.1126/scitranslmed.aaa3863
https://doi.org/10.1155/2022/2054431
https://doi.org/10.1038/nri3446
https://doi.org/10.1111/j.1600-0854.2009.00899.x
https://doi.org/10.1196/annals.1443.020
https://doi.org/10.1038/35099560
https://doi.org/10.1126/science.1093616
https://doi.org/10.1126/science.1093620
https://doi.org/10.1038/sj.embor.embor731
https://doi.org/10.3389/fimmu.2021.720952
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.3390/biology11071091
https://doi.org/10.1371/journal.pone.0039853
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.1016/j.celrep.2020.108485
https://doi.org/10.1038/nm.2004
https://doi.org/10.1136/gutjnl-2015-310239
https://doi.org/10.1128/CMR.9.1.100
https://www.who.int/data/gho/data/themes/hiv-aids
https://doi.org/10.1097/COH.0000000000000534
https://doi.org/10.2174/1570162052773004
https://doi.org/10.1159/000445852
https://www.ncbi.nlm.nih.gov/pubmed/27403093
https://doi.org/10.1128/JVI.00421-07
https://www.ncbi.nlm.nih.gov/pubmed/17507480
https://doi.org/10.1016/j.chom.2014.06.009
https://www.ncbi.nlm.nih.gov/pubmed/25011104

Int. . Mol. Sci. 2023, 24, 9624 14 of 20

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wang, M.Q.; Huang, Y.L.; Huang, J.; Zheng, J.L.; Qian, G.X. 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. 2015, 14, 13799-13811.
[CrossRef] [PubMed]

Yin, X,; Langer, S.; Zhang, Z.; Herbert, KM.; Yoh, S.; Konig, R.; Chanda, S.K. Sensor Sensibility-HIV-1 and the Innate Immune
Response. Cells 2020, 9, 254. [CrossRef]

Scott-Algara, D.; Truong, L.X.; Versmisse, P.; David, A.; Luong, T.T.; Nguyen, N.V.; Theodorou, I.; Barre-Sinoussi, F.; Pancino, G.
Cutting edge: Increased NK cell activity in HIV-1-exposed but uninfected Vietnamese intravascular drug users. . Immunol. 2003,
171, 5663-5667. [CrossRef] [PubMed]

Montoya, C.J.; Velilla, P.A.; Chougnet, C.; Landay, A.L.; Rugeles, M.T. Increased IFN-gamma production by NK and CD3+/CD56+
cells in sexually HIV-1-exposed but uninfected individuals. Clin. Immunol. 2006, 120, 138-146. [CrossRef]

Kebba, A.; Stebbing, J.; Rowland, S.; Ingram, R.; Agaba, J.; Patterson, S.; Kaleebu, P.; Imami, N.; Gotch, F. Expression of the
common heat-shock protein receptor CD91 is increased on monocytes of exposed yet HIV-1-seronegative subjects. J. Leukoc. Biol.
2005, 78, 37-42. [CrossRef]

Browne, E.P. The Role of Toll-Like Receptors in Retroviral Infection. Microorganisms 2020, 8, 1787. [CrossRef]

Haynes, B.F,; Pantaleo, G.; Fauci, A.S. Toward an understanding of the correlates of protective immunity to HIV infection. Science
1996, 271, 324-328. [CrossRef]

Pantaleo, G.; Demarest, J.F.; Schacker, T.; Vaccarezza, M.; Cohen, O.].; Daucher, M.; Graziosi, C.; Schnittman, S.S.; Quinn, T.C.;
Shaw, G.M.; et al. The qualitative nature of the primary immune response to HIV infection is a prognosticator of disease
progression independent of the initial level of plasma viremia. Proc. Natl. Acad. Sci. USA 1997, 94, 254-258. [CrossRef]
Bodsworth, N.; Donovan, B.; Nightingale, B.N. The effect of concurrent human immunodeficiency virus infection on chronic
hepatitis B: A study of 150 homosexual men. J. Infect. Dis. 1989, 160, 577-582. [CrossRef]

Lee, WM. Hepatitis B virus infection. N. Engl. |. Med. 1997, 337, 1733-1745. [CrossRef] [PubMed]

Kayesh, M.E.H.; Kohara, M.; Tsukiyama-Kohara, K. Toll-Like Receptor Response to Hepatitis B Virus Infection and Potential of
TLR Agonists as Immunomodulators for Treating Chronic Hepatitis B: An Overview. Int. . Mol. Sci. 2021, 22, 10462. [CrossRef]
Moradpour, D.; Penin, F; Rice, C.M. Replication of hepatitis C virus. Nat. Rev. Microbiol. 2007, 5, 453-463. [CrossRef]

Sato, K.; Ishikawa, T.; Okumura, A.; Yamauchi, T.; Sato, S.; Ayada, M.; Matsumoto, E.; Hotta, N.; Oohashi, T.; Fukuzawa, Y.; et al.
Expression of Toll-like receptors in chronic hepatitis C virus infection. J. Gastroenterol. Hepatol. 2007, 22, 1627-1632. [CrossRef]
He, Q.; Graham, C.S.; Durante Mangoni, E.; Koziel, M.]. Differential expression of toll-like receptor mRNA in treatment non-
responders and sustained virologic responders at baseline in patients with chronic hepatitis C. Liver Int. 2006, 26, 1100-1110.
[CrossRef]

Kayesh, M.E.H.; Sanada, T.; Kohara, M.; Tsukiyama-Kohara, K. Tree Shrew as an Emerging Small Animal Model for Human Viral
Infection: A Recent Overview. Viruses 2021, 13, 1641. [CrossRef] [PubMed]

Kayesh, M.E.H.; Ezzikouri, S.; Sanada, T.; Chi, H.; Hayashi, Y.; Rebbani, K.; Kitab, B.; Matsuu, A.; Miyoshi, N.; Hishima, T.; et al.
Oxidative Stress and Immune Responses During Hepatitis C Virus Infection in Tupaia belangeri. Sci. Rep. 2017, 7, 9848. [CrossRef]
[PubMed]

Xie, Z.C.; Riezu-Boj, ].I; Lasarte, J.].; Guillen, J.; Su, ].H.; Civeira, M.P,; Prieto, J. Transmission of hepatitis C virus infection to tree
shrews. Virology 1998, 244, 513-520. [CrossRef]

Wu, J; Huang, S.; Zhao, X.; Chen, M.; Lin, Y.; Xia, Y,; Sun, C.; Yang, X.,; Wang, J.; Guo, Y,; et al. Poly(I:C) treatment leads to
interferon-dependent clearance of hepatitis B virus in a hydrodynamic injection mouse model. J. Virol. 2014, 88, 10421-10431.
[CrossRef] [PubMed]

Huang, L.R.; Wohlleber, D.; Reisinger, F.; Jenne, C.N.; Cheng, R.L.; Abdullah, Z.; Schildberg, F.A.; Odenthal, M.; Dienes, H.P,;
van Rooijen, N.; et al. Intrahepatic myeloid-cell aggregates enable local proliferation of CD8(+) T cells and successful immunother-
apy against chronic viral liver infection. Nat. Immunol. 2013, 14, 574-583. [CrossRef]

Hatton, A.A.; Guerra, FE. Scratching the Surface Takes a Toll: Immune Recognition of Viral Proteins by Surface Toll-like Receptors.
Viruses 2022, 15, 52. [CrossRef] [PubMed]

Li, C.; Kuang, W.D.; Qu, D.; Wang, ].H. Toll-interacting protein inhibits HIV-1 infection and regulates viral latency. Biochem.
Biophys. Res. Commun. 2016, 475, 161-168. [CrossRef]

Ma, Z.; Zhang, E.; Yang, D.; Lu, M. Contribution of Toll-like receptors to the control of hepatitis B virus infection by initiating
antiviral innate responses and promoting specific adaptive immune responses. Cell Mol. Immunol. 2015, 12, 273-282. [CrossRef]
[PubMed]

Zhang, E.; Ma, Z.; Lu, M. Contribution of T- and B-cell intrinsic toll-like receptors to the adaptive immune response in viral
infectious diseases. Cell Mol. Life Sci. 2022, 79, 547. [CrossRef]

Chang, ].J.; Lacas, A.; Lindsay, R.]J.; Doyle, E.H.; Axten, K.L.; Pereyra, F.; Rosenberg, E.S.; Walker, B.D.; Allen, T.M.; Altfeld, M.
Differential regulation of toll-like receptor pathways in acute and chronic HIV-1 infection. AIDS 2012, 26, 533-541. [CrossRef]
Lester, R.T.; Yao, X.D.; Ball, T.B.; McKinnon, L.R.; Kaul, R.; Wachihi, C.; Jaoko, W.; Plummer, F.A.; Rosenthal, K.L. Toll-like receptor
expression and responsiveness are increased in viraemic HIV-1 infection. AIDS 2008, 22, 685-694. [CrossRef]

Hernandez, ].C.; Stevenson, M.; Latz, E.; Urcuqui-Inchima, S. HIV type 1 infection up-regulates TLR2 and TLR4 expression and
function in vivo and in vitro. AIDS Res. Hum. Retrovir. 2012, 28, 1313-1328. [CrossRef]


https://doi.org/10.4238/2015.October.28.42
https://www.ncbi.nlm.nih.gov/pubmed/26535695
https://doi.org/10.3390/cells9010254
https://doi.org/10.4049/jimmunol.171.11.5663
https://www.ncbi.nlm.nih.gov/pubmed/14634071
https://doi.org/10.1016/j.clim.2006.02.008
https://doi.org/10.1189/jlb.0105049
https://doi.org/10.3390/microorganisms8111787
https://doi.org/10.1126/science.271.5247.324
https://doi.org/10.1073/pnas.94.1.254
https://doi.org/10.1093/infdis/160.4.577
https://doi.org/10.1056/NEJM199712113372406
https://www.ncbi.nlm.nih.gov/pubmed/9392700
https://doi.org/10.3390/ijms221910462
https://doi.org/10.1038/nrmicro1645
https://doi.org/10.1111/j.1440-1746.2006.04783.x
https://doi.org/10.1111/j.1478-3231.2006.01357.x
https://doi.org/10.3390/v13081641
https://www.ncbi.nlm.nih.gov/pubmed/34452505
https://doi.org/10.1038/s41598-017-10329-7
https://www.ncbi.nlm.nih.gov/pubmed/28852124
https://doi.org/10.1006/viro.1998.9127
https://doi.org/10.1128/JVI.00996-14
https://www.ncbi.nlm.nih.gov/pubmed/24920792
https://doi.org/10.1038/ni.2573
https://doi.org/10.3390/v15010052
https://www.ncbi.nlm.nih.gov/pubmed/36680092
https://doi.org/10.1016/j.bbrc.2016.05.065
https://doi.org/10.1038/cmi.2014.112
https://www.ncbi.nlm.nih.gov/pubmed/25418467
https://doi.org/10.1007/s00018-022-04582-x
https://doi.org/10.1097/QAD.0b013e32834f3167
https://doi.org/10.1097/QAD.0b013e3282f4de35
https://doi.org/10.1089/aid.2011.0297

Int. . Mol. Sci. 2023, 24, 9624 15 of 20

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Tarasova, O.; Biziukova, N.; Shemshura, A.; Filimonov, D.; Kireev, D.; Pokrovskaya, A.; Poroikov, V.V. Identification of Molecular
Mechanisms Involved in Viral Infection Progression Based on Text Mining: Case Study for HIV Infection. Int. J. Mol. Sci. 2023,
24, 1465. [CrossRef]

Thibault, S.; Fromentin, R.; Tardif, M.R.; Tremblay, M.]. TLR2 and TLR4 triggering exerts contrasting effects with regard to HIV-1
infection of human dendritic cells and subsequent virus transfer to CD4+ T cells. Retrovirology 2009, 6, 42. [CrossRef] [PubMed]
Henrick, B.M.; Nag, K.; Yao, X.D.; Drannik, A.G.; Aldrovandi, G.M.; Rosenthal, K.L. Milk matters: Soluble Toll-like receptor 2
(sTLR2) in breast milk significantly inhibits HIV-1 infection and inflammation. PLoS ONE 2012, 7, e40138. [CrossRef] [PubMed]
Buitendijk, M.; Eszterhas, S.K.; Howell, A.L. Toll-like receptor agonists are potent inhibitors of human immunodeficiency
virus-type 1 replication in peripheral blood mononuclear cells. AIDS Res. Hum. Retrovir. 2014, 30, 457-467. [CrossRef] [PubMed]
Henrick, B.M.; Yao, X.D.; Rosenthal, K.L.; The INFANT Study Team. HIV-1 Structural Proteins Serve as PAMPs for TLR2
Heterodimers Significantly Increasing Infection and Innate Immune Activation. Front. Immunol. 2015, 6, 426. [CrossRef]

Zhou, Y.; Wang, X.; Liu, M.; Hu, Q.; Song, L.; Ye, L.; Zhou, D.; Ho, W. A critical function of toll-like receptor-3 in the induction of
anti-human immunodeficiency virus activities in macrophages. Immunology 2010, 131, 40-49. [CrossRef]

Alvarez-Carbonell, D.; Garcia-Mesa, Y.; Milne, S.; Das, B.; Dobrowolski, C.; Rojas, R.; Karn, J. Toll-like receptor 3 activation
selectively reverses HIV latency in microglial cells. Retrovirology 2017, 14, 9. [CrossRef]

Cheng, L.; Wang, Q.; Li, G.; Banga, R.; Ma, J.; Yu, H,; Yasui, F; Zhang, Z.; Pantaleo, G.; Perreau, M.; et al. TLR3 agonist and
CD40-targeting vaccination induces immune responses and reduces HIV-1 reservoirs. J. Clin. Investig. 2018, 128, 4387-4396.
[CrossRef]

Lester, R.T.; Yao, X.D.; Ball, T.B.; McKinnon, L.R.; Omange, W.R.; Kaul, R.; Wachihi, C.; Jaoko, W.; Rosenthal, K.L.; Plummer, FA.
HIV-1 RNA dysregulates the natural TLR response to subclinical endotoxemia in Kenyan female sex-workers. PLoS ONE 2009,
4, e5644. [CrossRef]

Brenchley, ].M.; Price, D.A.; Schacker, T.W.; Asher, T.E.; Silvestri, G.; Rao, S.; Kazzaz, Z.; Bornstein, E.; Lambotte, O.;
Altmann, D.; et al. Microbial translocation is a cause of systemic immune activation in chronic HIV infection. Nat. Med. 2006,
12,1365-1371. [CrossRef]

Zhang, T.; Zhu, J.; Su, B.; Cao, L.; Li, Z.; Wei, H.; Huang, X.; Zheng, K.; Li, A.; Chen, N; et al. Effects of TLR7 Polymorphisms on
the Susceptibility and Progression of HIV-1 Infection in Chinese MSM Population. Front. Immunol. 2020, 11, 589010. [CrossRef]
Tsai, A.; Irrinki, A.; Kaur, J.; Cihlar, T.; Kukolj, G.; Sloan, D.D.; Murry, ].P. Toll-Like Receptor 7 Agonist GS-9620 Induces HIV
Expression and HIV-Specific Inmunity in Cells from HIV-Infected Individuals on Suppressive Antiretroviral Therapy. J. Virol.
2017, 91, e02166-16. [CrossRef] [PubMed]

Meng, F.Z.; Liu, ].B.; Wang, X.; Wang, P.; Hu, WH.; Hou, W.; Ho, W.Z. TLR7 Activation of Macrophages by Imiquimod Inhibits
HIV Infection through Modulation of Viral Entry Cellular Factors. Biology 2021, 10, 661. [CrossRef] [PubMed]

Mehraj, V.; Ramendra, R.; Isnard, S.; Dupuy, EP.; Lebouche, B.; Costiniuk, C.; Thomas, R.; Szabo, J.; Baril, ].G.; Trottier, B.; et al.
CXCL13 as a Biomarker of Immune Activation during Early and Chronic HIV Infection. Front. Immunol. 2019, 10, 289. [CrossRef]
[PubMed]

Cohen, KW.; Dugast, A.S.; Alter, G.; McElrath, M.].; Stamatatos, L. HIV-1 single-stranded RNA induces CXCL13 secretion in
human monocytes via TLR7 activation and plasmacytoid dendritic cell-derived type I IEN. J. Immunol. 2015, 194, 2769-2775.
[CrossRef] [PubMed]

Hennessy, E.J.; Parker, A.E.; O'Neill, L.A. Targeting Toll-like receptors: Emerging therapeutics? Nat. Rev. Drug. Discov. 2010,
9,293-307. [CrossRef]

Rozman, M.; Zidovec-Lepej, S.; Jambrosic, K.; Babic, M.; Drmic Hofman, I. Role of TLRs in HIV-1 Infection and Potential of TLR
Agonists in HIV-1 Vaccine Development and Treatment Strategies. Pathogens 2023, 12, 92. [CrossRef]

Yadav, S.; Verma, V.; Singh Dhanda, R.; Yadav, M. Insights into the toll-like receptors in sexually transmitted infections. Scand. J.
Immunol. 2021, 93, €12954. [CrossRef]

Ito, T.; Wang, Y.H.; Liu, Y.J. Plasmacytoid dendritic cell precursors/type I interferon-producing cells sense viral infection by
Toll-like receptor (TLR) 7 and TLR9. Springer Semin. Immunopathol. 2005, 26, 221-229. [CrossRef]

Mand], J.N.; Barry, A.P; Vanderford, T.H.; Kozyr, N.; Chavan, R.; Klucking, S.; Barrat, FJ.; Coffman, R.L.; Staprans, S.I;
Feinberg, M.B. Divergent TLR7 and TLRY signaling and type I interferon production distinguish pathogenic and nonpathogenic
AIDS virus infections. Nat. Med. 2008, 14, 1077-1087. [CrossRef]

Jimenez-Leon, M.R.; Gasca-Capote, C.; Tarancon-Diez, L.; Dominguez-Molina, B.; Lopez-Verdugo, M.; Ritraj, R.; Gallego, I.;
Alvarez-Rios, A.L; Vitalle, ].; Bachiller, S.; et al. Toll-like receptor agonists enhance HIV-specific T cell response mediated by
plasmacytoid dendritic cells in diverse HIV-1 disease progression phenotypes. EBioMedicine 2023, 91, 104549. [CrossRef]
Sandgren, K.J.; Smed-Sorensen, A.; Forsell, M.N.; Soldemo, M.; Adams, W.C.; Liang, E; Perbeck, L.; Koup, R.A.; Wyatt, R.T,;
Karlsson Hedestam, G.B.; et al. Human plasmacytoid dendritic cells efficiently capture HIV-1 envelope glycoproteins via CD4 for
antigen presentation. J. Immunol. 2013, 191, 60-69. [CrossRef] [PubMed]

Beignon, A.S.; McKenna, K.; Skoberne, M.; Manches, O.; DaSilva, I.; Kavanagh, D.G.; Larsson, M.; Gorelick, R.J.; Lifson, ].D.;
Bhardwaj, N. Endocytosis of HIV-1 activates plasmacytoid dendritic cells via Toll-like receptor-viral RNA interactions. J. Clin.
Investig. 2005, 115, 3265-3275. [CrossRef] [PubMed]


https://doi.org/10.3390/ijms24021465
https://doi.org/10.1186/1742-4690-6-42
https://www.ncbi.nlm.nih.gov/pubmed/19419540
https://doi.org/10.1371/journal.pone.0040138
https://www.ncbi.nlm.nih.gov/pubmed/22792230
https://doi.org/10.1089/aid.2013.0199
https://www.ncbi.nlm.nih.gov/pubmed/24328502
https://doi.org/10.3389/fimmu.2015.00426
https://doi.org/10.1111/j.1365-2567.2010.03270.x
https://doi.org/10.1186/s12977-017-0335-8
https://doi.org/10.1172/JCI99005
https://doi.org/10.1371/journal.pone.0005644
https://doi.org/10.1038/nm1511
https://doi.org/10.3389/fimmu.2020.589010
https://doi.org/10.1128/JVI.02166-16
https://www.ncbi.nlm.nih.gov/pubmed/28179531
https://doi.org/10.3390/biology10070661
https://www.ncbi.nlm.nih.gov/pubmed/34356516
https://doi.org/10.3389/fimmu.2019.00289
https://www.ncbi.nlm.nih.gov/pubmed/30846990
https://doi.org/10.4049/jimmunol.1400952
https://www.ncbi.nlm.nih.gov/pubmed/25667414
https://doi.org/10.1038/nrd3203
https://doi.org/10.3390/pathogens12010092
https://doi.org/10.1111/sji.12954
https://doi.org/10.1007/s00281-004-0180-4
https://doi.org/10.1038/nm.1871
https://doi.org/10.1016/j.ebiom.2023.104549
https://doi.org/10.4049/jimmunol.1202489
https://www.ncbi.nlm.nih.gov/pubmed/23729440
https://doi.org/10.1172/JCI26032
https://www.ncbi.nlm.nih.gov/pubmed/16224540

Int. . Mol. Sci. 2023, 24, 9624 16 of 20

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Barron, M.A ; Blyveis, N.; Palmer, B.E.; MaWhinney, S.; Wilson, C.C. Influence of plasma viremia on defects in number and
immunophenotype of blood dendritic cell subsets in human immunodeficiency virus 1-infected individuals. J. Infect. Dis. 2003,
187,26-37. [CrossRef]

Donaghy, H.; Pozniak, A.; Gazzard, B.; Qazi, N.; Gilmour, J.; Gotch, E; Patterson, S. Loss of blood CD11¢(+) myeloid and CD11c¢(-)
plasmacytoid dendritic cells in patients with HIV-1 infection correlates with HIV-1 RNA virus load. Blood 2001, 98, 2574-2576.
[CrossRef]

Guery, J.C. Sex Differences in Primary HIV Infection: Revisiting the Role of TLR7-Driven Type 1 IFN Production by Plasmacytoid
Dendritic Cells in Women. Front. Immunol. 2021, 12, 729233. [CrossRef] [PubMed]

Abbas, F; Cenac, C.; Youness, A.; Azar, P.,; Delobel, P.; Guery, J.C. HIV-1 infection enhances innate function and TLR7 expression
in female plasmacytoid dendritic cells. Life Sci. Alliance 2022, 5, €202201452. [CrossRef]

Crane, M.; Visvanathan, K.; Lewin, S.R. HIV Infection and TLR Signalling in the Liver. Gastroenterol. Res. Pract. 2012, 2012, 473925.
[CrossRef]

Meas, H.Z.; Haug, M.; Beckwith, M.S.; Louet, C.; Ryan, L.; Hu, Z.; Landskron, J.; Nordbo, S.A.; Tasken, K.; Yin, H.; et al. Sensing
of HIV-1 by TLRS activates human T cells and reverses latency. Nat. Commun. 2020, 11, 147. [CrossRef]

Oh, D.Y; Taube, S.; Hamouda, O.; Kucherer, C.; Poggensee, G.; Jessen, H.; Eckert, ].K.; Neumann, K.; Storek, A.; Pouliot, M.; et al.
A functional toll-like receptor 8 variant is associated with HIV disease restriction. J. Infect. Dis. 2008, 198, 701-709. [CrossRef]
Zaidane, I.; Ouladlahsen, A.; Bensghir, R.; Chihab, H.; Jadid, FZ.; Fihry, R.E.; Baba, H.; Filali, KM.E.; Oudghiri, M.;
Wakrim, L.; et al. An assessment of toll-like receptor 7 and 8 gene polymorphisms with susceptibility to HIV-1 infection, AIDS
development and response to antiretroviral therapy. Immunol. Lett. 2020, 227, 88-95. [CrossRef]

Vibholm, L.K.; Konrad, C.V.; Schleimann, M.H.; Frattari, G.; Winckelmann, A.; Klastrup, V.; Jensen, N.M.; Jensen, S.S.; Schmidt, M.;
Wittig, B.; et al. Effects of 24-week Toll-like receptor 9 agonist treatment in HIV type 1+ individuals. AIDS 2019, 33, 1315-1325.
[CrossRef] [PubMed]

Cingoz, O.; Goff, S.P. HIV-1 Is a Poor Inducer of Innate Immune Responses. mBio 2019, 10, €02834-18. [CrossRef] [PubMed]
Siddiqui, M.A.; Yamashita, M. Toll-Like Receptor (TLR) Signaling Enables Cyclic GMP-AMP Synthase (cGAS) Sensing of HIV-1
Infection in Macrophages. mBio 2021, 12, e0281721. [CrossRef] [PubMed]

Gao, D.; Wu, J.; Wu, Y.T,; Du, E; Aroh, C.; Yan, N.; Sun, L.; Chen, Z.J. Cyclic GMP-AMP synthase is an innate immune sensor of
HIV and other Retrovir. Science 2013, 341, 903-906. [CrossRef]

Lee, SM.; Kok, K.H.; Jaume, M.; Cheung, TK.; Yip, T.F; Lai, ].C.; Guan, Y.; Webster, R.G.; Jin, D.Y; Peiris, ].S. Toll-like receptor 10
is involved in induction of innate immune responses to influenza virus infection. Proc. Natl. Acad. Sci. USA 2014, 111, 3793-3798.
[CrossRef]

Henrick, B.M.; Yao, X.D.; Zahoor, M.A.; Abimiku, A.; Osawe, S.; Rosenthal, K.L. TLR10 Senses HIV-1 Proteins and Significantly
Enhances HIV-1 Infection. Front. Immunol. 2019, 10, 482. [CrossRef]

Ellegard, R.; Crisci, E.; Burgener, A.; Sjowall, C.; Birse, K.; Westmacott, G.; Hinkula, J.; Lifson, ].D.; Larsson, M. Complement
opsonization of HIV-1 results in decreased antiviral and inflammatory responses in immature dendritic cells via CR3. J. Immunol.
2014, 193, 4590-4601. [CrossRef]

Cen, P; Ye, L,; Su, Q.J.; Wang, X.; Li, ].L.; Lin, X.Q.; Liang, H.; Ho, W.Z. Methamphetamine inhibits Toll-like receptor 9-mediated
anti-HIV activity in macrophages. AIDS Res. Hum. Retrovir. 2013, 29, 1129-1137. [CrossRef]

Xu, Y.; Xue, W.; Gao, H.; Cui, J.; Zhao, L.; You, C. Association of toll-like receptors single nucleotide polymorphisms with HBV
and HCV infection: Research status. Peer] 2022, 10, e13335. [CrossRef]

Hernandez, J.C.; Arteaga, J.; Paul, S.; Kumar, A.; Latz, E.; Urcuqui-Inchima, S. Up-regulation of TLR2 and TLR4 in dendkritic cells
in response to HIV type 1 and coinfection with opportunistic pathogens. AIDS Res. Hum. Retrovir. 2011, 27, 1099-1109. [CrossRef]
Mogensen, T.H.; Paludan, S.R. Molecular pathways in virus-induced cytokine production. Microbiol. Mol. Biol. Rev. 2001,
65, 131-150. [CrossRef] [PubMed]

Catalfamo, M.; Le Saout, C.; Lane, H.C. The role of cytokines in the pathogenesis and treatment of HIV infection. Cytokine Growth
Factor Rev. 2012, 23, 207-214. [CrossRef]

Kedzierska, K.; Crowe, S.M. Cytokines and HIV-1: Interactions and clinical implications. Antivir Chem. Chemother. 2001,
12, 133-150. [CrossRef]

Borges, A.H.; O’Connor, J.L.; Phillips, A.N.; Ronsholt, EE,; Pett, S.; Vjecha, M.].; French, M.A.; Lundgren, ].D.; Insight, S.;
Groups, E.S.; et al. Factors Associated with Plasma IL-6 Levels during HIV Infection. J. Infect. Dis. 2015, 212, 585-595. [CrossRef]
Rollenhagen, C.; Asin, S.N. Enhanced HIV-1 replication in ex vivo ectocervical tissues from post-menopausal women correlates
with increased inflammatory responses. Mucosal. Immunol. 2011, 4, 671-681. [CrossRef]

Ben Haij, N.; Leghmari, K.; Planes, R.; Thieblemont, N.; Bahraoui, E. HIV-1 Tat protein binds to TLR4-MD2 and signals to induce
TNF-alpha and IL-10. Retrovirology 2013, 10, 123. [CrossRef]

Ben Haij, N.; Planes, R.; Leghmari, K.; Serrero, M.; Delobel, P.; Izopet, ].; BenMohamed, L.; Bahraoui, E. HIV-1 Tat Protein Induces
Production of Proinflammatory Cytokines by Human Dendritic Cells and Monocytes/Macrophages through Engagement of
TLR4-MD2-CD14 Complex and Activation of NF-kappaB Pathway. PLoS ONE 2015, 10, €0129425. [CrossRef]

Planes, R.; Ben Haij, N.; Leghmari, K.; Serrero, M.; BenMohamed, L.; Bahraoui, E. HIV-1 Tat Protein Activates both the MyD88
and TRIF Pathways to Induce Tumor Necrosis Factor Alpha and Interleukin-10 in Human Monocytes. J. Virol. 2016, 90, 5886-5898.
[CrossRef]


https://doi.org/10.1086/345957
https://doi.org/10.1182/blood.V98.8.2574
https://doi.org/10.3389/fimmu.2021.729233
https://www.ncbi.nlm.nih.gov/pubmed/34512664
https://doi.org/10.26508/lsa.202201452
https://doi.org/10.1155/2012/473925
https://doi.org/10.1038/s41467-019-13837-4
https://doi.org/10.1086/590431
https://doi.org/10.1016/j.imlet.2020.08.008
https://doi.org/10.1097/QAD.0000000000002213
https://www.ncbi.nlm.nih.gov/pubmed/30932955
https://doi.org/10.1128/mBio.02834-18
https://www.ncbi.nlm.nih.gov/pubmed/30755516
https://doi.org/10.1128/mBio.02817-21
https://www.ncbi.nlm.nih.gov/pubmed/34844429
https://doi.org/10.1126/science.1240933
https://doi.org/10.1073/pnas.1324266111
https://doi.org/10.3389/fimmu.2019.00482
https://doi.org/10.4049/jimmunol.1401781
https://doi.org/10.1089/aid.2012.0264
https://doi.org/10.7717/peerj.13335
https://doi.org/10.1089/aid.2010.0302
https://doi.org/10.1128/MMBR.65.1.131-150.2001
https://www.ncbi.nlm.nih.gov/pubmed/11238989
https://doi.org/10.1016/j.cytogfr.2012.05.007
https://doi.org/10.1177/095632020101200301
https://doi.org/10.1093/infdis/jiv123
https://doi.org/10.1038/mi.2011.34
https://doi.org/10.1186/1742-4690-10-123
https://doi.org/10.1371/journal.pone.0129425
https://doi.org/10.1128/JVI.00262-16

Int. . Mol. Sci. 2023, 24, 9624 17 of 20

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Napolitano, L.A.; Grant, RM.; Deeks, S.G.; Schmidt, D.; De Rosa, S.C.; Herzenberg, L.A.; Herndier, B.G.; Andersson, J.;
McCune, ].M. Increased production of IL-7 accompanies HIV-1-mediated T-cell depletion: Implications for T-cell homeostasis.
Nat. Med. 2001, 7, 73-79. [CrossRef] [PubMed]

Quaranta, M.G.; Camponeschi, B.; Straface, E.; Malorni, W.; Viora, M. Induction of interleukin-15 production by HIV-1 nef protein:
A role in the proliferation of uninfected cells. Exp. Cell Res. 1999, 250, 112-121. [CrossRef] [PubMed]

Swaminathan, S.; Qiu, J.; Rupert, A.W.; Hu, Z.; Higgins, J.; Dewar, R.L.; Stevens, R.; Rehm, C.A.; Metcalf, ].A.; Sherman, B.T.; et al.
Interleukin-15 (IL-15) Strongly Correlates with Increasing HIV-1 Viremia and Markers of Inflammation. PLoS ONE 2016, 11,
e0167091. [CrossRef]

Manganaro, L.; Hong, P.; Hernandez, M.M.; Argyle, D.; Mulder, L.C.F,; Potla, U.; Diaz-Griffero, F; Lee, B.; Fernandez-Sesma, A.;
Simon, V. IL-15 regulates susceptibility of CD4(+) T cells to HIV infection. Proc. Natl. Acad Sci. USA 2018, 115, E9659-E9667 .
[CrossRef]

Torre, D.; Pugliese, A. Interleukin-18: A proinflammatory cytokine in HIV-1 infection. Curr. HIV Res. 2006, 4, 423-430. [CrossRef]
[PubMed]

Al-Harthi, L.; Roebuck, K.A.; Landay, A. Induction of HIV-1 replication by type 1-like cytokines, interleukin (IL)-12 and IL-15:
Effect on viral transcriptional activation, cellular proliferation, and endogenous cytokine production. J. Clin. Immunol. 1998,
18, 124-131. [CrossRef] [PubMed]

Reuven, EM.; Ali, M,; Rotem, E.; Schwarzer, R.; Gramatica, A.; Futerman, A.H.; Shai, Y. The HIV-1 envelope transmembrane
domain binds TLR2 through a distinct dimerization motif and inhibits TLR2-mediated responses. PLoS Pathog. 2014, 10, e1004248.
[CrossRef]

Martinelli, E.; Cicala, C.; Van Ryk, D.; Goode, D.J.; Macleod, K.; Arthos, J.; Fauci, A.S. HIV-1 gp120 inhibits TLR9-mediated
activation and IFN-alpha secretion in plasmacytoid dendritic cells. Proc. Natl. Acad. Sci. USA 2007, 104, 3396-3401. [CrossRef]
[PubMed]

Hollenbaugh, J.A.; Gee, P; Baker, J.; Daly, M.B.; Amie, S.M.; Tate, ].; Kasai, N.; Kanemura, Y.; Kim, D.H.; Ward, B.M.; et al. Host
factor SAMHDL1 restricts DNA viruses in non-dividing myeloid cells. PLoS Pathog. 2013, 9, €1003481. [CrossRef]

Lahouassa, H.; Daddacha, W.; Hofmann, H.; Ayinde, D.; Logue, E.C.; Dragin, L.; Bloch, N.; Maudet, C.; Bertrand, M.;
Gramberg, T.; et al. SAMHDI1 restricts the replication of human immunodeficiency virus type 1 by depleting the intracellular
pool of deoxynucleoside triphosphates. Nat. Immunol. 2012, 13, 223-228. [CrossRef]

Descours, B.; Cribier, A.; Chable-Bessia, C.; Ayinde, D.; Rice, G.; Crow, Y.; Yatim, A.; Schwartz, O.; Laguette, N.; Benkirane, M.
SAMHDL1 restricts HIV-1 reverse transcription in quiescent CD4(+) T-cells. Retrovirology 2012, 9, 87. [CrossRef]

Hrecka, K.; Hao, C.; Gierszewska, M.; Swanson, S.K.; Kesik-Brodacka, M.; Srivastava, S.; Florens, L.; Washburn, M.P.; Skowronski, J.
Vpx relieves inhibition of HIV-1 infection of macrophages mediated by the SAMHDI protein. Nature 2011, 474, 658-661. [CrossRef]
Laguette, N.; Sobhian, B.; Casartelli, N.; Ringeard, M.; Chable-Bessia, C.; Segeral, E.; Yatim, A.; Emiliani, S.; Schwartz, O.;
Benkirane, M. SAMHDI is the dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature 2011,
474, 654-657. [CrossRef]

Chen, S.; Bonifati, S.; Qin, Z.; St Gelais, C.; Kodigepalli, K.M.; Barrett, B.S.; Kim, S.H.; Antonucci, ].M.; Ladner, K.]J.; Buzovetsky, O.; et al.
SAMHDI1 suppresses innate immune responses to viral infections and inflammatory stimuli by inhibiting the NF-kappaB and
interferon pathways. Proc. Natl. Acad Sci. USA 2018, 115, E3798-E3807. [CrossRef] [PubMed]

Wang, W.; Li, Y.,; Zhang, Z.; Wei, W. Human immunodeficiency virus-1 core: The Trojan horse in virus-host interaction. Front.
Microbiol. 2022, 13, 1002476. [CrossRef] [PubMed]

Bishop, K.N.; Verma, M.; Kim, E.Y.; Wolinsky, S.M.; Malim, M.H. APOBEC3G inhibits elongation of HIV-1 reverse transcripts.
PLoS Pathog. 2008, 4, €1000231. [CrossRef] [PubMed]

Yu, X.; Yu, Y,; Liu, B.; Luo, K.; Kong, W.; Mao, P;; Yu, X.F. Induction of APOBEC3G ubiquitination and degradation by an HIV-1
Vif-Cul5-SCF complex. Science 2003, 302, 1056-1060. [CrossRef]

Sheehy, A.M.; Gaddis, N.C.; Malim, M.H. The antiretroviral enzyme APOBEC3G is degraded by the proteasome in response to
HIV-1 Vif. Nat. Med. 2003, 9, 1404. [CrossRef] [PubMed]

Guo, F; Cen, S.; Niu, M.; Saadatmand, J.; Kleiman, L. Inhibition of tRNA(3)(Lys)-primed reverse transcription by human
APOBEC3G during human immunodeficiency virus type 1 replication. J. Virol. 2006, 80, 11710-11722. [CrossRef]

Kobayashi, M.; Takaori-Kondo, A.; Miyauchi, Y.; Iwai, K.; Uchiyama, T. Ubiquitination of APOBEC3G by an HIV-1 Vif-Cullin5-
Elongin B-Elongin C complex is essential for Vif function. J. Biol. Chem. 2005, 280, 18573-18578. [CrossRef]

Neil, S.J.; Zang, T.; Bieniasz, P.D. Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu. Nature 2008, 451, 425-430.
[CrossRef]

Van Damme, N.; Goff, D.; Katsura, C.; Jorgenson, R.L.; Mitchell, R.; Johnson, M.C.; Stephens, E.B.; Guatelli, ]. The interferon-
induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein. Cell Host
Microbe 2008, 3, 245-252. [CrossRef]

Mangeat, B.; Gers-Huber, G.; Lehmann, M.; Zufferey, M.; Luban, J.; Piguet, V. HIV-1 Vpu neutralizes the antiviral factor
Tetherin/BST-2 by binding it and directing its beta-TrCP2-dependent degradation. PLoS Pathog. 2009, 5, €1000574. [CrossRef]
Dube, M.; Roy, B.B.; Guiot-Guillain, P.; Binette, J.; Mercier, J.; Chiasson, A.; Cohen, E.A. Antagonism of tetherin restriction of
HIV-1 release by Vpu involves binding and sequestration of the restriction factor in a perinuclear compartment. PLoS Pathog.
2010, 6, €1000856. [CrossRef] [PubMed]


https://doi.org/10.1038/83381
https://www.ncbi.nlm.nih.gov/pubmed/11135619
https://doi.org/10.1006/excr.1999.4494
https://www.ncbi.nlm.nih.gov/pubmed/10388525
https://doi.org/10.1371/journal.pone.0167091
https://doi.org/10.1073/pnas.1806695115
https://doi.org/10.2174/157016206778559993
https://www.ncbi.nlm.nih.gov/pubmed/17073617
https://doi.org/10.1023/A:1023246800353
https://www.ncbi.nlm.nih.gov/pubmed/9533656
https://doi.org/10.1371/journal.ppat.1004248
https://doi.org/10.1073/pnas.0611353104
https://www.ncbi.nlm.nih.gov/pubmed/17360657
https://doi.org/10.1371/journal.ppat.1003481
https://doi.org/10.1038/ni.2236
https://doi.org/10.1186/1742-4690-9-87
https://doi.org/10.1038/nature10195
https://doi.org/10.1038/nature10117
https://doi.org/10.1073/pnas.1801213115
https://www.ncbi.nlm.nih.gov/pubmed/29610295
https://doi.org/10.3389/fmicb.2022.1002476
https://www.ncbi.nlm.nih.gov/pubmed/36106078
https://doi.org/10.1371/journal.ppat.1000231
https://www.ncbi.nlm.nih.gov/pubmed/19057663
https://doi.org/10.1126/science.1089591
https://doi.org/10.1038/nm945
https://www.ncbi.nlm.nih.gov/pubmed/14528300
https://doi.org/10.1128/JVI.01038-06
https://doi.org/10.1074/jbc.C500082200
https://doi.org/10.1038/nature06553
https://doi.org/10.1016/j.chom.2008.03.001
https://doi.org/10.1371/journal.ppat.1000574
https://doi.org/10.1371/journal.ppat.1000856
https://www.ncbi.nlm.nih.gov/pubmed/20386718

Int. . Mol. Sci. 2023, 24, 9624 18 of 20

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Khan, H.; Sumner, R.P; Rasaiyaah, J.; Tan, C.P; Rodriguez-Plata, M.T.; Van Tulleken, C.; Fink, D.; Zuliani-Alvarez, L.; Thorne, L.;
Stirling, D.; et al. HIV-1 Vpr antagonizes innate immune activation by targeting karyopherin-mediated NF-kappaB/IRF3 nuclear
transport. eLife 2020, 9, e60821. [CrossRef] [PubMed]

Marin, M.; Rose, K.M.; Kozak, S.L.; Kabat, D. HIV-1 Vif protein binds the editing enzyme APOBEC3G and induces its degradation.
Nat. Med. 2003, 9, 1398-1403. [CrossRef]

Zhang, H.; Yang, B.; Pomerantz, R.J.; Zhang, C.; Arunachalam, S.C.; Gao, L. The cytidine deaminase CEM15 induces hypermuta-
tion in newly synthesized HIV-1 DNA. Nature 2003, 424, 94-98. [CrossRef] [PubMed]

Arias, ].F; Heyer, L.N.; von Bredow, B.; Weisgrau, K.L.; Moldt, B.; Burton, D.R.; Rakasz, E.G.; Evans, D.T. Tetherin antagonism
by Vpu protects HIV-infected cells from antibody-dependent cell-mediated cytotoxicity. Proc. Natl. Acad Sci. USA 2014,
111, 6425-6430. [CrossRef]

Jain, P; Boso, G.; Langer, S.; Soonthornvacharin, S.; De Jesus, P.D.; Nguyen, Q.; Olivieri, K.C.; Portillo, A.J.; Yoh, S.M.;
Pache, L.; et al. Large-Scale Arrayed Analysis of Protein Degradation Reveals Cellular Targets for HIV-1 Vpu. Cell Rep.
2018, 22, 2493-2503. [CrossRef]

Langer, S.; Hammer, C.; Hopfensperger, K.; Klein, L.; Hotter, D.; De Jesus, P.D.; Herbert, K.M.; Pache, L.; Smith, N.; van der
Merwe, J.A.; et al. HIV-1 Vpu is a potent transcriptional suppressor of NF-kappaB-elicited antiviral immune responses. eLife 2019,
8, €41930. [CrossRef] [PubMed]

Manganaro, L.; de Castro, E.; Maestre, A.M.; Olivieri, K.; Garcia-Sastre, A.; Fernandez-Sesma, A.; Simon, V. HIV Vpu Interferes
with NF-kappaB Activity but Not with Interferon Regulatory Factor 3. J. Virol. 2015, 89, 9781-9790. [CrossRef]

Bour, S.; Perrin, C.; Akari, H.; Strebel, K. The human immunodeficiency virus type 1 Vpu protein inhibits NF-kappa B activation
by interfering with beta TrCP-mediated degradation of Ikappa B. J. Biol. Chem. 2001, 276, 15920-15928. [CrossRef]

Rosa, A.; Chande, A.; Ziglio, S.; De Sanctis, V.; Bertorelli, R.; Goh, S.L.; McCauley, S.M.; Nowosielska, A.; Antonarakis, S.E.;
Luban, J.; et al. HIV-1 Nef promotes infection by excluding SERINC5 from virion incorporation. Nature 2015, 526, 212-217.
[CrossRef] [PubMed]

Usami, Y.; Wu, Y.; Gottlinger, H.G. SERINC3 and SERINCS5 restrict HIV-1 infectivity and are counteracted by Nef. Nature 2015,
526,218-223. [CrossRef] [PubMed]

Olivetta, E.; Tirelli, V.; Chiozzini, C.; Scazzocchio, B.; Romano, I.; Arenaccio, C.; Sanchez, M. HIV-1 Nef impairs key functional
activities in human macrophages through CD36 downregulation. PLoS ONE 2014, 9, €93699. [CrossRef] [PubMed]

Ringeard, M.; Marchand, V.; Decroly, E.; Motorin, Y.; Bennasser, Y. FTSJ3 is an RNA 2'-O-methyltransferase recruited by HIV to
avoid innate immune sensing. Nature 2019, 565, 500-504. [CrossRef]

Mellors, ].W.; Rinaldo, C.R., Jr.; Gupta, P.; White, R.M.; Todd, J.A.; Kingsley, L.A. Prognosis in HIV-1 infection predicted by the
quantity of virus in plasma. Science 1996, 272, 1167-1170. [CrossRef]

Sadowski, I.; Hashemi, F.B. Strategies to eradicate HIV from infected patients: Elimination of latent provirus reservoirs. Cell Mol.
Life Sci. 2019, 76, 3583-3600. [CrossRef]

Rasmussen, T.A.; Anderson, J.L.; Wightman, F; Lewin, S.R. Cancer therapies in HIV cure research. Curr. Opin. HIV AIDS 2017,
12, 96-104. [CrossRef]

Yu, X,; Li, Z.; Zhou, Z.; Kilby, ].M.; Jiang, W. Microbial TLR Agonists and Humoral Immunopathogenesis in HIV Disease.
Epidemiology 2013, 3, 120. [CrossRef]

Meier, A.; Altfeld, M. Toll-like receptor signaling in HIV-1 infection: A potential target for therapy? Expert Rev. Anti. Infect. Ther.
2007, 5, 323-326. [CrossRef]

Baenziger, S.; Heikenwalder, M.; Johansen, P.; Schlaepfer, E.; Hofer, U.; Miller, R.C.; Diemand, S.; Honda, K.; Kundig, T.M,;
Aguzzi, A,; et al. Triggering TLR7 in mice induces immune activation and lymphoid system disruption, resembling HIV-mediated
pathology. Blood 2009, 113, 377-388. [CrossRef]

Mogensen, T.H.; Melchjorsen, J.; Larsen, C.S.; Paludan, S.R. Innate immune recognition and activation during HIV infection.
Retrovirology 2010, 7, 54. [CrossRef] [PubMed]

Douek, D.C.; Roederer, M.; Koup, R.A. Emerging concepts in the immunopathogenesis of AIDS. Annu. Rev. Med. 2009, 60, 471-484.
[CrossRef] [PubMed]

Koblin, B.A.; Taylor, P.E.; Rubinstein, P.; Stevens, C.E. Effect of duration of hepatitis B virus infection on the association between
human immunodeficiency virus type-1 and hepatitis B viral replication. Hepatology 1992, 15, 590-592. [CrossRef] [PubMed]
Vlahakis, S.R.; Villasis-Keever, A.; Gomez, T.S.; Bren, G.D.; Paya, C.V. Human immunodeficiency virus-induced apoptosis of
human hepatocytes via CXCR4. |. Infect. Dis. 2003, 188, 1455-1460. [CrossRef]

Yoong, K.F,; Afford, S.C.; Jones, R.; Aujla, P; Qin, S.; Price, K.; Hubscher, S.G.; Adams, D.H. Expression and function of CXC and
CC chemokines in human malignant liver tumors: A role for human monokine induced by gamma-interferon in lymphocyte
recruitment to hepatocellular carcinoma. Hepatology 1999, 30, 100-111. [CrossRef]

Thio, C.L.; Seaberg, E.C.; Skolasky, R., Jr.; Phair, ].; Visscher, B.; Munoz, A.; Thomas, D.L.; Multicenter, A.C.S. HIV-1, hepatitis B
virus, and risk of liver-related mortality in the Multicenter Cohort Study (MACS). Lancet 2002, 360, 1921-1926. [CrossRef]
Robbins, H.A; Shiels, M.S.; Pfeiffer, R M.; Engels, E.A. Epidemiologic contributions to recent cancer trends among HIV-infected
people in the United States. AIDS 2014, 28, 881-890. [CrossRef]

Shiels, M.S.; Engels, E.A. Evolving epidemiology of HIV-associated malignancies. Curr. Opin. HIV AIDS 2017, 12, 6-11. [CrossRef]


https://doi.org/10.7554/eLife.60821
https://www.ncbi.nlm.nih.gov/pubmed/33300875
https://doi.org/10.1038/nm946
https://doi.org/10.1038/nature01707
https://www.ncbi.nlm.nih.gov/pubmed/12808465
https://doi.org/10.1073/pnas.1321507111
https://doi.org/10.1016/j.celrep.2018.01.091
https://doi.org/10.7554/eLife.41930
https://www.ncbi.nlm.nih.gov/pubmed/30717826
https://doi.org/10.1128/JVI.01596-15
https://doi.org/10.1074/jbc.M010533200
https://doi.org/10.1038/nature15399
https://www.ncbi.nlm.nih.gov/pubmed/26416734
https://doi.org/10.1038/nature15400
https://www.ncbi.nlm.nih.gov/pubmed/26416733
https://doi.org/10.1371/journal.pone.0093699
https://www.ncbi.nlm.nih.gov/pubmed/24705461
https://doi.org/10.1038/s41586-018-0841-4
https://doi.org/10.1126/science.272.5265.1167
https://doi.org/10.1007/s00018-019-03156-8
https://doi.org/10.1097/COH.0000000000000328
https://doi.org/10.4172/2161-1165.1000120
https://doi.org/10.1586/14787210.5.3.323
https://doi.org/10.1182/blood-2008-04-151712
https://doi.org/10.1186/1742-4690-7-54
https://www.ncbi.nlm.nih.gov/pubmed/20569472
https://doi.org/10.1146/annurev.med.60.041807.123549
https://www.ncbi.nlm.nih.gov/pubmed/18947296
https://doi.org/10.1002/hep.1840150406
https://www.ncbi.nlm.nih.gov/pubmed/1551635
https://doi.org/10.1086/379738
https://doi.org/10.1002/hep.510300147
https://doi.org/10.1016/S0140-6736(02)11913-1
https://doi.org/10.1097/QAD.0000000000000163
https://doi.org/10.1097/COH.0000000000000327

Int. . Mol. Sci. 2023, 24, 9624 19 of 20

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Page, E.E.; Nelson, M.; Kelleher, P. HIV and hepatitis C coinfection: Pathogenesis and microbial translocation. Curr. Opin. HIV
AIDS 2011, 6, 472-477. [CrossRef]

Soriano, V.; Moreno-Torres, V.; Mendoza, C.; Corral, O.; Barreiro, P. Viral hepatitis in persons living with HIV in the post-COVID
era. AIDS Rev. 2023, 25, 1-13. [CrossRef]

Lin, W.; Weinberg, E.M.; Chung, R.T. Pathogenesis of accelerated fibrosis in HIV/HCV co-infection. J. Infect. Dis. 2013, 207
(Suppl. S1), S13-518. [CrossRef] [PubMed]

Shi, L.; Qin, E.; Zhou, J.; Zhao, J.; Nie, W,; Jiang, T.; Chen, W.; Wu, D.; Huang, L.; Liu, L.; et al. HIV and HCV Co-Culture Promotes
Profibrogenic Gene Expression through an Epimorphin-Mediated ERK Signaling Pathway in Hepatic Stellate Cells. PLoS ONE
2016, 11, e0158386. [CrossRef] [PubMed]

Lin, W.; Weinberg, E.M.; Tai, A.W.; Peng, L.F.; Brockman, M.A.; Kim, K.A.; Kim, S.S.; Borges, C.B.; Shao, R.X.; Chung, R.T. HIV
increases HCV replication in a TGF-betal-dependent manner. Gastroenterology 2008, 134, 803-811. [CrossRef] [PubMed]

Qu, J.; Zhang, Q.; Li, Y,; Liu, W.; Chen, L.; Zhu, Y.; Wu, ]. The Tat protein of human immunodeficiency virus-1 enhances hepatitis
C virus replication through interferon gamma-inducible protein-10. BMC Immunol. 2012, 13, 15. [CrossRef]

Schonrich, G.; Raftery, M.J]. The PD-1/PD-L1 Axis and Virus Infections: A Delicate Balance. Front. Cell. Infect. Microbiol. 2019,
9, 207. [CrossRef]

Sun, H.Y.; Sheng, W.H.; Tsai, M.S.; Lee, K.Y; Chang, S.Y.; Hung, C.C. Hepatitis B virus coinfection in human immunodeficiency
virus-infected patients: A review. World J. Gastroenterol. 2014, 20, 14598-14614. [CrossRef]

Martinsen, ].T.; Gunst, ].D.; Hojen, ].E; Tolstrup, M.; Sogaard, O.S. The Use of Toll-Like Receptor Agonists in HIV-1 Cure Strategies.
Front. Immunol. 2020, 11, 1112. [CrossRef]

Chun, TW.,; Carruth, L.; Finzi, D.; Shen, X.; DiGiuseppe, J.A.; Taylor, H.; Hermankova, M.; Chadwick, K.; Margolick, J.;
Quinn, T.C.; et al. Quantification of latent tissue reservoirs and total body viral load in HIV-1 infection. Nature 1997, 387, 183-188.
[CrossRef]

Rodari, A.; Darcis, G.; Van Lint, C.M. The Current Status of Latency Reversing Agents for HIV-1 Remission. Annu. Rev. Virol.
2021, 8, 491-514. [CrossRef]

Li, Y.; Wang, Z.; Hou, Y,; Liu, X.; Hong, J.; Shi, X.; Huang, X.; Zhang, T.; Liao, X.; Zhang, L. Novel TLR7/8 agonists promote
activation of HIV-1 latent reservoirs and human T and NK cells. Front. Microbiol. 2023, 14, 1033448. [CrossRef]

Tanaka, K.; Kim, Y.; Roche, M.; Lewin, S.R. The role of latency reversal in HIV cure strategies. |. Med. Primatol. 2022, 51, 278-283.
[CrossRef]

Macedo, A.B.; Novis, C.L.; Bosque, A. Targeting Cellular and Tissue HIV Reservoirs with Toll-Like Receptor Agonists. Front.
Immunol. 2019, 10, 2450. [CrossRef] [PubMed]

Novis, C.L.; Archin, N.M.; Buzon, M.J.; Verdin, E.; Round, J.L.; Lichterfeld, M.; Margolis, D.M.; Planelles, V.; Bosque, A.
Reactivation of latent HIV-1 in central memory CD4(+) T cells through TLR-1/2 stimulation. Retrovirology 2013, 10, 119. [CrossRef]
Winckelmann, A.A.; Munk-Petersen, L.V.; Rasmussen, T.A.; Melchjorsen, J.; Hjelholt, T.J.; Montefiori, D.; Ostergaard, L.;
Sogaard, O.S.; Tolstrup, M. Administration of a Toll-like receptor 9 agonist decreases the proviral reservoir in virologically
suppressed HIV-infected patients. PLoS ONE 2013, 8, e62074. [CrossRef] [PubMed]

Lim, S.Y.; Osuna, C.E.; Hraber, P.T.; Hesselgesser, J.; Gerold, ].M.; Barnes, T.L.; Sanisetty, S.; Seaman, M.S.; Lewis, M.G,;
Geleziunas, R.; et al. TLR7 agonists induce transient viremia and reduce the viral reservoir in SIV-infected rhesus macaques on
antiretroviral therapy. Sci. Transl. Med. 2018, 10, eaao4521. [CrossRef] [PubMed]

Riddler, S.A.; Para, M.; Benson, C.A.; Mills, A.; Ramgopal, M.; DeJesus, E.; Brinson, C.; Cyktor, J.; Jacobs, ]J.; Koontz, D.; et al.
Vesatolimod, a Toll-like Receptor 7 Agonist, Induces Immune Activation in Virally Suppressed Adults Living with Human
Immunodeficiency Virus-1. Clin. Infect. Dis. 2021, 72, e815-e824. [CrossRef] [PubMed]

Macedo, A.B.; Novis, C.L.; De Assis, C.M.; Sorensen, E.S.; Moszczynski, P.; Huang, S.H.; Ren, Y.; Spivak, A.M.; Jones, R.B,;
Planelles, V.; et al. Dual TLR2 and TLR7 agonists as HIV latency-reversing agents. JCI Insight 2018, 3, €122673. [CrossRef]
Vibholm, L.; Schleimann, M.H.; Hojen, J.E;; Benfield, T.; Offersen, R.; Rasmussen, K.; Olesen, R.; Dige, A.; Agnholt, J.; Grau, J.; et al.
Short-Course Toll-Like Receptor 9 Agonist Treatment Impacts Innate Immunity and Plasma Viremia in Individuals with Human
Immunodeficiency Virus Infection. Clin. Infect. Dis. 2017, 64, 1686-1695. [CrossRef]

Biasin, M.; Piacentini, L.; Lo Caputo, S.; Naddeo, V.; Pierotti, P.; Borelli, M.; Trabattoni, D.; Mazzotta, F.; Shearer, G.M.; Clerici, M.
TLR activation pathways in HIV-1-exposed seronegative individuals. J. Immunol. 2010, 184, 2710-2717. [CrossRef]

Hvilsom, C.T.; Sogaard, O.S. TLR-Agonist Mediated Enhancement of Antibody-Dependent Effector Functions as Strategy for an
HIV-1 Cure. Front. Immunol. 2021, 12, 704617. [CrossRef]

Board, N.L.; Moskovljevic, M.; Wu, E; Siliciano, R.F; Siliciano, ].D. Engaging innate immunity in HIV-1 cure strategies. Nat. Rev.
Immunol. 2022, 22, 499-512. [CrossRef]

Liu, ZM.; Yang, M.H.; Yu, K,; Lian, Z.X.; Deng, S.L. Toll-like receptor (TLRs) agonists and antagonists for COVID-19 treatments.
Front. Pharmacol. 2022, 13, 989664. [CrossRef] [PubMed]

Perales-Linares, R.; Navas-Martin, S. Toll-like receptor 3 in viral pathogenesis: Friend or foe? Immunology 2013, 140, 153-167.
[CrossRef] [PubMed]

Zheng, H.; Wu, P; Bonnet, P.A. Recent Advances on Small-Molecule Antagonists Targeting TLR7. Molecules 2023, 28, 634.
[CrossRef]

Chang, J.J.; Altfeld, M. TLR-mediated immune activation in HIV. Blood 2009, 113, 269-270. [CrossRef]


https://doi.org/10.1097/COH.0b013e32834bbc71
https://doi.org/10.24875/AIDSRev.M23000061
https://doi.org/10.1093/infdis/jis926
https://www.ncbi.nlm.nih.gov/pubmed/23390300
https://doi.org/10.1371/journal.pone.0158386
https://www.ncbi.nlm.nih.gov/pubmed/27362846
https://doi.org/10.1053/j.gastro.2008.01.005
https://www.ncbi.nlm.nih.gov/pubmed/18325393
https://doi.org/10.1186/1471-2172-13-15
https://doi.org/10.3389/fcimb.2019.00207
https://doi.org/10.3748/wjg.v20.i40.14598
https://doi.org/10.3389/fimmu.2020.01112
https://doi.org/10.1038/387183a0
https://doi.org/10.1146/annurev-virology-091919-103029
https://doi.org/10.3389/fmicb.2023.1033448
https://doi.org/10.1111/jmp.12613
https://doi.org/10.3389/fimmu.2019.02450
https://www.ncbi.nlm.nih.gov/pubmed/31681325
https://doi.org/10.1186/1742-4690-10-119
https://doi.org/10.1371/journal.pone.0062074
https://www.ncbi.nlm.nih.gov/pubmed/23637967
https://doi.org/10.1126/scitranslmed.aao4521
https://www.ncbi.nlm.nih.gov/pubmed/29720451
https://doi.org/10.1093/cid/ciaa1534
https://www.ncbi.nlm.nih.gov/pubmed/33043969
https://doi.org/10.1172/jci.insight.122673
https://doi.org/10.1093/cid/cix201
https://doi.org/10.4049/jimmunol.0902463
https://doi.org/10.3389/fimmu.2021.704617
https://doi.org/10.1038/s41577-021-00649-1
https://doi.org/10.3389/fphar.2022.989664
https://www.ncbi.nlm.nih.gov/pubmed/36188605
https://doi.org/10.1111/imm.12143
https://www.ncbi.nlm.nih.gov/pubmed/23909285
https://doi.org/10.3390/molecules28020634
https://doi.org/10.1182/blood-2008-10-184598

Int. . Mol. Sci. 2023, 24, 9624 20 0f 20

198.

199.
200.

201.

202.

203.

204.

205.

206.

207.

208.

Feng, Y,; Broder, C.C.; Kennedy, PE.; Berger, E.A. HIV-1 entry cofactor: Functional cDNA cloning of a seven-transmembrane, G
protein-coupled receptor. Science 1996, 272, 872-877. [CrossRef]

McHugh, J. Hitting the right spot on CXCR4. Nat. Rev. Rheumatol. 2019, 15, 514. [CrossRef] [PubMed]

Caspar, B.; Cocchiara, P.; Melet, A.; Van Emelen, K.; Van der Aa, A.; Milligan, G.; Herbeuval, J].P. CXCR4 as a novel target in
immunology: Moving away from typical antagonists. Future Drug Discov. 2022, 4, FDD77. [CrossRef]

Smith, N.; Pietrancosta, N.; Davidson, S.; Dutrieux, J.; Chauveau, L.; Cutolo, P.; Dy, M.; Scott-Algara, D.; Manoury, B,;
Zirafi, O.; et al. Natural amines inhibit activation of human plasmacytoid dendritic cells through CXCR4 engagement. Nat.
Commun. 2017, 8, 14253. [CrossRef]

Smith, N.; Rodero, M.P.; Bekaddour, N.; Bondet, V.; Ruiz-Blanco, Y.B.; Harms, M.; Mayer, B.; Bader-Meunier, B.; Quartier, P,;
Bodemer, C.; et al. Control of TLR7-mediated type I IFN signaling in pDCs through CXCR4 engagement-A new target for lupus
treatment. Sci. Adv. 2019, 5, eaav9019. [CrossRef]

Siracusano, G.; Lopalco, L. Immunotherapy with Cell-Based Biological Drugs to Cure HIV-1 Infection. Cells 2021, 11, 77. [CrossRef]
[PubMed]

Krarup, A.R.; Abdel-Mohsen, M.; Schleimann, M.H.; Vibholm, L.; Engen, P.A ; Dige, A.; Wittig, B.; Schmidt, M.; Green, S.J.;
Nagqib, A.; et al. The TLR9 agonist MGN1703 triggers a potent type I interferon response in the sigmoid colon. Mucosal. Immunol.
2018, 11, 449-461. [CrossRef] [PubMed]

Dowling, D.; Hamilton, C.M.; O’'Neill, S.M. A comparative analysis of cytokine responses, cell surface marker expression and
MAPKs in DCs matured with LPS compared with a panel of TLR ligands. Cytokine 2008, 41, 254-262. [CrossRef] [PubMed]
Deifl, S.; Kitzmuller, C.; Steinberger, P.; Himly, M.; Jahn-Schmid, B.; Fischer, G.E; Zlabinger, G.J.; Bohle, B. Differential activation
of dendritic cells by toll-like receptors causes diverse differentiation of naive CD4+ T cells from allergic patients. Allergy 2014,
69, 1602-1609. [CrossRef] [PubMed]

Ioannidis, I; Ye, E; McNally, B.; Willette, M.; Flano, E. Toll-like receptor expression and induction of type I and type III interferons
in primary airway epithelial cells. J. Virol. 2013, 87, 3261-3270. [CrossRef] [PubMed]

Shan, L.; Deng, K.; Shroff, N.S.; Durand, C.M.; Rabi, S.A.; Yang, H.C.; Zhang, H.; Margolick, J.B.; Blankson, J.N.; Siliciano, R.F.
Stimulation of HIV-1-specific cytolytic T lymphocytes facilitates elimination of latent viral reservoir after virus reactivation.
Immunity 2012, 36, 491-501. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.272.5263.872
https://doi.org/10.1038/s41584-019-0287-6
https://www.ncbi.nlm.nih.gov/pubmed/31371800
https://doi.org/10.4155/fdd-2022-0007
https://doi.org/10.1038/ncomms14253
https://doi.org/10.1126/sciadv.aav9019
https://doi.org/10.3390/cells11010077
https://www.ncbi.nlm.nih.gov/pubmed/35011639
https://doi.org/10.1038/mi.2017.59
https://www.ncbi.nlm.nih.gov/pubmed/28766555
https://doi.org/10.1016/j.cyto.2007.11.020
https://www.ncbi.nlm.nih.gov/pubmed/18221884
https://doi.org/10.1111/all.12501
https://www.ncbi.nlm.nih.gov/pubmed/25093709
https://doi.org/10.1128/JVI.01956-12
https://www.ncbi.nlm.nih.gov/pubmed/23302870
https://doi.org/10.1016/j.immuni.2012.01.014
https://www.ncbi.nlm.nih.gov/pubmed/22406268

	Introduction 
	Toll-like Receptors 
	Toll-like Receptors in Men and Women 
	Human Immunodeficiency Virus, Hepatitis B Virus, and Hepatitis C Virus 
	TLR Response to Human Immunodeficiency Virus (HIV) Infection 
	Role of Interleukins and Other Cytokines in HIV-1 Infection 
	Inhibition of Innate Immune Response by HIV Infection 
	Enhanced Pathogenesis of HIV/HBV or HIV/HCV Co-Infection 
	TLR Agonists and Antagonists in the Cure of HIV Infection 
	Conclusions 
	References

