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Abstract 

HIV-1 sensors and their signaling features have been an ongoing topic of intense research 

over the last decade, as these mechanisms fail to establish protective immunity against HIV-

1. Here, we discuss how HIV-1 infects dendritic cells (DCs) and which sensors play a role in 

recognizing viral DNA and RNA in these specialized immune cells. We will elaborate on the 

RNA helicase DDX3, which is crucial in translation initiation of HIV-1 mRNA, but also fulfills 

an important role as RNA sensor and inducer of antiviral immunity in DCs. As DDX3 is 

indispensable for HIV-1 replication, the virus cannot escape sensing by DDX3, which is an 

important aspect of its function. Last but not least, we will discuss how HIV-1 suppresses 

DDX3 sensing and how this impacts the viral load in HIV-1-infected individuals. 
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1. Introduction 

Type I interferon responses form the first line of defense during viral infections and are 

crucial in limiting human immunodeficiency virus 1 (HIV-1) replication in infected dendritic 

cells (DCs) and transmission of the virus to T cells [1–4], and should be followed by tailored 

adaptive immune responses against HIV-1 to efficiently combat infection [5–8]. However, a 

hallmark in HIV-1 infection is the lack of this protective immunity [1,9]. Although DCs can 

become productively infected by HIV-1, sensing of viral DNA or RNA is often circumvented or 

signaling by DNA and RNA sensors prematurely halted [10]. This evasion of antiviral 

responses underlies the observed immune dysfunction in HIV-1-infected individuals and 

leads to severe co-morbidities [5,11]. 

Antiviral type I immunity was first described in 1957 by Isaac and Lindenmann who observed 

the release of a soluble factor that showed interfering capacities against replication of 

influenza A virus and termed this factor ‘interferon’ (IFN) [12]. Since then, numerous 

discoveries regarding the antiviral capacities of IFN have been made and described [13,14]. 

The type I interferons IFNα and IFNβ are produced by DCs and other cells and are an 

important source of antiviral immunity [2–4]. The DC family roughly exists of two important 

groups, i.e. conventional DCs (cDCs; previously called myeloid DCs) and plasmacytoid DCs 

(pDCs) [15]. cDCs primarily reside in mucosal tissues and peripheral lymphoid organs [16], 

where they are among the first cells to be exposed to HIV-1 [17,18]. pDCs primarily circulate 

in the blood, but can also be found in peripheral lymphoid organs and are, under 

pathological conditions such as viral infection, recruited to mucosal sites [19].  In activated 

cDCs, IFNβ production precedes IFNα production [20–22], whereas pDCs predominantly and 

constitutively produce IFNα [11,12]. Thus, the early IFNβ production by cDCs (from here on 

referred to as DCs) forms the ‘first wave’ of type I IFN expression and as such antiviral 

defense [13,21–23]. Secreted IFNα/β proteins bind the heterodimeric transmembrane IFN 

receptor (IFNAR) [14], triggering signaling cascades that swiftly result in the expression of a 

plethora of interferon-stimulated genes (ISGs) that also exhibit antiviral properties [2–4,24]. 

Additionally, type I IFN responses provoke adaptive immune responses via induction of DC 

maturation [27] and T helper cell polarization [28]. 

DCs at mucosal sites sense and capture pathogens during infection. A variety of pattern 

recognition receptors (PRRs) on DCs recognizes pathogens via specific pattern-associated 
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molecular patterns (PAMPs). PRR triggering leads to upregulation of DC activation markers 

(DC maturation) and migration of DCs to lymph nodes, where they present antigens to naïve 

T cells and B cells [16,29]. Activation of and cooperation between different PRRs directs 

various signaling cascades that lead to type I IFN and/or cytokine expression [30–32]. 

Through a distinct pattern of secreted cytokines, tailored to the invading microbes, DCs 

orchestrate pathogen-specific adaptive immune responses, led by the differentiation of 

specialized T helper cells [29,33]. DC maturation upon viral infection is a prerequisite for the 

induction of strong antiviral immune response [1,5]. Infection of DCs by HIV-1 is a 

controversial topic, which we will address in this review. We will further explore how HIV-1 

manipulates various viral sensors in DCs, with an emphasis on the newly uncovered role of 

the RNA helicase DDX3 as an HIV-1 sensor, which is actively interfered with by HIV-1, 

thereby allowing DC infection while evading DC maturation and antiviral immune responses. 

 

2. HIV-1 infection of dendritic cells 

Two opposing explanations for the lack of antiviral immune responses elicited by HIV-1 in 

DCs have been postulated: on the one hand, DCs are supposedly resistant to HIV-1 infection 

and therefore fail to sense HIV-1 PAMPs and elicit antiviral responses, while on the other 

hand, DCs become productively infected by HIV-1 but antiviral responses are possibly 

actively suppressed. Some studies have reported that DCs do not become infected upon 

engagement by HIV-1 [34–36]. To circumvent the resistance of DCs to infection by HIV-1, 

Manel et al. used HIV-1 pseudotyped with vesicular stomatitis virus protein G (VSV-G), which 

results in infection but not activation of monocyte-derived DCs (moDCs). Subsequently, the 

addition of HIV-2 protein Vpx also leads to maturation of moDCs infected with VSV-G-

pseudotyped HIV-1 [34]. Laguette et al. identified the restriction factor antagonized by Vpx 

as host factor SAM-domain and HD-domain containing protein 1 (SAMHD1) [35]. SAMHD1 

restricts HIV-1 infection in dendritic and myeloid cells by inhibiting reverse transcription of 

the viral genome via depletion of the cellular free dNTP pool [36]. Thus, these studies 

suggest that the presence of host protein SAMHD1 prevents HIV-1 infection of DCs and as 

such the activation of DCs and induction of antiviral immune responses. In stark contrast, 

other studies have provided ample evidence that DCs do become productively infected by 

HIV-1 [37–39]. Remarkably, even in response to productive HIV-1 infection, DCs do not 
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mature and are unable to subsequently induce adaptive immune responses, posing the 

hypothesis that HIV-1 actively avoids immune surveillance in DCs after infection [37–39]. 

Hertoghs et al. showed that interfering with SAMHD1, by addition of Vpx or by silencing 

expression of SAMHD1 via RNA interference, increases HIV-1 infection of moDCs, however 

without inducing DC maturation, suggesting that the evasion of DC maturation is not 

dependent on SAMHD1 [38]. 

To address the observed discrepancies, we took a closer look at the levels of HIV-1 infection 

obtained in these studies. Manel et al. reached infection levels of 88% when using VSV-G-

pseudotyped HIV-1 together with Vpx, which led to DC maturation [34]. The other studies in 

which no DC maturation was observed following infection reached infection rates of 18-39% 

(VSV-G-pseudotyped HIV-1) in the presence of Vpx [39,40]), 5-15% (VSV-G-pseudotyped HIV-

1 without Vpx [39,41]) or < 40% (natural HIV-1 with Vpx [38]). Recently, the host 

exonuclease TREX1 was shown to degrade viral cDNA in the cytoplasm, to prevent activation 

of HIV-1 sensor cGAS (discussed below) [42]. We speculate that high levels of infection are 

accompanied by a higher infection rate per cell, which leads to elevated intracellular levels 

of HIV-1 cDNA, exhausting the host TREX1 pool. As a result of TREX1 depletion, excess HIV-1 

cDNA remains present and thus triggers signaling downstream from cGAS, leading to 

antiviral responses and also DC maturation. 

 

3. Sensing of HIV-1 in dendritic cells  

3.1. HIV-1 ssRNA 

DCs that are productively infected by HIV-1 can potentially encounter various HIV-1 PAMPs 

[30,41–43]. The viral particle contains two strands of genomic single stranded (ss) RNA that 

can be recognized by PRRs of the RIG-I-like receptor (RLR) family, such as retinoic acid-

inducible gene I (RIG-I) or melanoma-differentiation-associated protein 5 (MDA5), both 

localized within the cytoplasm [46,47]. RIG-I recognizes uncapped 5’ppp ssRNA and short 

double stranded (ds) RNA, whereas MDA5 recognizes long dsRNA [48–50]. Triggering of RIG-I 

or MDA5 leads to multimerization of either of the RLRs and subsequently engagement of the 

downstream adaptor MAVS, a mitochondrial membrane protein [51]. MAVS engagement by 

RLRs results in multimerization of MAVS, recruitment of adaptor protein TRAF3, 

serine/threonine kinases TANK-binding kinase 1 (TBK1) and IκB kinase ε (IKKε), and 
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ultimately the activation of transcription factors interferon regulatory factor 3 (IRF3) and 

nuclear factor κB (NF-κB), leading to type I IFN and cytokine transcription, respectively 

[51,52]. IRF3 is indispensable for the first production of type I IFN (IFNB and IFNA4 genes), 

which then initiate transcription of IRF7, creating a positive feedback loop resulting in 

transcription of IFNA-encoding genes, and, to a lesser extent, IFNB genes [22,53]. Triggering 

of human peripheral blood mononuclear cells (PBMCs) and monocyte-derived macrophages 

with HIV-1 ssRNA-derived oligos induces RIG-I-dependent signaling and type I IFN production 

[54]. Surprisingly, treatment of PBMCs with purified genomic HIV-1 RNA also results in RIG-I 

activation [54], although genomic HIV-1 RNA contains a 5’ cap (see below), while RIG-I is 

thought to recognize uncapped 5’ ppp ssRNA [50]. However, during HIV-1 infection of 

moDCs, RIG-I and MDA5 are not involved in IFNβ expression [55]. These differences might 

reflect the use of different cells types, or, more likely, the route by which the HIV-1 RNAs 

were delivered into the cells. Lipofectamin vesicles filled with HIV-1 ssRNA-derived oligos are 

likely to deliver huge amounts into the cytoplasm, thereby leading to RIG-I/MDA5-

dependent IFNβ production, while during actual infection only a limited amount of HIV-1 

ssRNAs are delivered to the cytoplasm, additionally bound to viral reverse transcriptase, 

resulting in no or minimal exposure to RIG-I/MDA5 [32,56]. Thus, it remains to be 

determined decisively whether RLR triggering by HIV-1 ssRNA contributes to antiviral 

immunity during infection. 

 

3.2. HIV-1 reverse transcription products 

After entry of the virus particles into the host cell, reverse transcription of the HIV-1 ssRNAs 

occurs in the cytoplasm. The generated viral cDNAs are transported to the nucleus for 

integration within the host genome, however, when present in large enough amounts, cDNA 

is sensed by DNA sensor cGAS, as mentioned above [40], leading to antiviral responses, 

especially when host exonuclease TREX1 is compromised [42,57]. Upon encountering viral 

DNA, cGAS synthesizes the second messenger 2'3'-cGAMP, which in turn triggers  adaptor 

STING [58–60]. Like MAVS downstream of RLR signaling, STING serves as a platform for 

sequential activation of TBK1/IKKε and IRF3 and NF-κB, leading to type I IFN and cytokine 

production [61]. During the reverse transcription process, besides cDNA, also ssDNA and 

dsDNA products are generated [62]. Recognition of HIV-1-derived ssDNA by another DNA 
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sensor IFI16 - that belongs to the AIM2-like receptor (ALR) family - leads to STING-mediated 

signaling and type I IFN responses in human macrophages [63]. However, other studies with 

macrophages from ALR-/- mice (that lack IFI16 as one of the ALRs) show normal type I IFN 

responses in response to either transfection with DNA or infection with VSV-G-pseudotyped 

HIV-1 [64]. It is unclear what the exact ligand or second messenger is that bridges IFI16 and 

STING triggering. It was reported that both cGAS and IFI16 are required for STING activation 

in keratinocytes when transfected with DNA; cGAS interacts with IFI16 in a DNA-dependent 

manner, while also IFI16 cooperates with 2’3’-cGAMP to trigger STING via interactions 

between IFI16 and STING [65]. Thus, although it is clear that cGAS and/or IFI16 have the 

potential to sense HIV-1 cDNA and ssDNA, it remains to be determined to what extent this 

contributes to antiviral immunity during HIV-1 infection as TREX1 activity prevents 

accumulation of these reverse transcription products. 

 

3.3. HIV-1 transcripts 

After integration of HIV-1 in the host genome, transcription of the provirus proceeds as part 

of the cellular transcription machinery. Transcription is initiated by recruitment of RNA 

polymerase II (RNAPII) and transcription factors to the HIV-1 long terminal repeat (LTR), 

which is dependent on activation of endosomal Toll-like receptor 8 (TLR8) signaling by HIV-1 

ssRNA [66,67] (Figure 1). Subsequent transcription elongation by RNAPII requires activation 

of DC-SIGN signaling by the viral envelope protein gp120: TLR8-induced NF-κB becomes 

phosphorylated at Ser276 of the p65 subunit in a manner that is dependent on activation of 

the serine/threonine kinase Raf-1 in response to DC-SIGN ligation [32]. Phosphorylation of 

p65 enables recruitment of transcription elongation factor pTEF-b to the HIV-1 LTR. 

Phosphorylation of Ser2 residues within the C-terminal repeat domain of RNAPII by pTEF-b is 

mandatory for the generation of full-length HIV-1 transcripts that encode all viral proteins 

(Figure 1) [32]. When RNAPII initiates transcription of the viral genome but the elongation 

signal is lacking, transcription is halted after 58 nucleotides, thereby generating ‘abortive 

HIV-1 transcripts’ [32,68]. Similar to host transcripts, HIV-1 transcripts undergo post-

transcriptional modifications that are vital in the generation of stable and mature messenger 

RNA (mRNA) able to undergo translation during protein synthesis and thus generation of 

novel virus particles. The capping process, where a 7-methylguanylate residue (m7GTP) is 
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added to the 5’ end of a transcript, is initiated before the completion of transcription, as the 

nascent pre-mRNA is being synthesized, thus both abortive and full-length viral transcripts 

become capped [69–71]. The polyadenylation process, which is the addition of a poly(A) tail 

to the 3’ of a transcript, starts when the polyadenylation signal sequence AAUAAA is 

recognized in newly made pre-mRNA by a multi-protein complex that cleaves the RNA, 

thereby terminating transcription, and enabling polyadenylate polymerase to build the 

poly(A) tail [72]. This means that full-length but not abortive viral transcripts are provided 

with a poly(A) tail. Spliced viral transcripts also contain both the 5’ cap and 3’ poly(A) tail, as 

RNA splicing occurs after complete synthesis of the mRNA [69–71]. Several members of the 

host DEAD box helicase (DDX) family have been shown to interact with HIV-1 transcripts, in 

different capacities, such as co-factors in nuclear export of viral mRNAs (DDX1, DDX3, DDX5, 

DDX17, DDX21 and DDX56) or in translational control during de novo synthesis of viral 

proteins (DDX3) [73–75]. Very recently, DDX3 has also been identified as an HIV-1 sensor 

that induces antiviral immune responses when it binds to abortive HIV-1 RNA but not viral 

mRNAs [55]. This creates a paradox for DDX3 as on the one hand, DDX3 is crucial for the de 

novo synthesis of viral proteins and thus propagation of the virus, while on the other hand, it 

can induce host responses that are detrimental for the propagation of HIV-1. Below we will 

discuss both roles of DDX3, in HIV-1 translation and sensing, and clarify how HIV-1 

circumvents the antiviral responses induced by DDX3 for its own advantage. 

 

4. DDX3 during HIV-1 infection 

4.1. DDX3 plays an essential role in HIV-1 translation initiation 

Eukaryotic translation is comprised of three main steps: initiation, elongation and 

termination. All these steps are complex processes and tightly regulated. Translation 

initiation typically starts when the 5’ cap is recognized by the pre-formed eukaryotic 

initiation factor 4F complex (eIF4F; consisting of  eIF4G, eIF4E and eIF4A), which precedes 

loading of the 43S ribosomal pre-initiation complex onto the mRNA to complete assembly of 

the translation initiation complex [76,77]. Within this complex, eIF4E binds the 5’ cap 

structure, while eIF4G serves as a scaffold protein to which both poly(A) binding protein 

(PABP) and 43S ribosomes attach, while eIF4A is an RNA helicase, which aids ribosomal 

scanning by resolving interfering secondary structures along the mRNA. The interactions 
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between eIF4F at the 5’ cap and PABP at the 3’ poly(A) tail are important for the 

circularization of the mRNA to enable ribosomal scanning during translation [77]. The pre-

formation of eIF4F is the rate-limiting step in eukaryotic translation initiation, while the TAR 

stem-loop structure at the 5’ of all HIV-1 transcripts poses a barrier for the binding of eIF4F 

[78]. HIV-1 overcomes both of these restraints by recruiting DDX3 to its 5’ cap: the abundant 

expression of DDX3 allows higher translation rates, as seen in cancer [79], while the ATP-

dependent RNA helicase activity of DDX3 unwinds the TAR RNA motif, thereby removing the 

barrier for binding of other translation initiation factors [73,75,80]. In fact, DDX3 has been 

shown to interact with both scaffold protein eIF4G as well as PABP, setting the stage for 

successful loading of the 43S pre-initiation complex, which then commences scanning along 

the mRNA in search of the start codon [75,80] (Figure 1). Thus, DDX3 is essential for 

translation and de novo synthesis of viral proteins and virus propagation. 

 

4.2 DDX3 functions as a sensor for abortive HIV-1 transcripts 

DDX3 can bind to the 5’ cap of mature viral mRNAs that possess poly(A) tails [74,75], but also 

to the abortive RNAs that are generated when transcription is initiated but does not reach 

the elongation stage, as described above [55]. Due to the absence of the poly(A) tail, these 

abortive transcripts are unable to load PABP at their 3’ ends and hence no mRNA 

circularization and 43S ribosome recruitment occurs. Instead, these abortive RNA/DDX3 

complexes were shown to localize together with mitochondria and associate with the 

mitochondrial membrane protein MAVS, which serves as an signaling scaffold upon RIG-

I/MDA5 triggering, as described above [55] (Figure 1). Vice versa, HIV-1 mRNA/DDX3 

complexes that are assembled in translation units are not detected in association with 

MAVS, likely because the presence of the bulky protein complexes prevents direct 

interactions. It remains to be determined how DDX3 and MAVS interact; while RIG-I and 

MDA5 interact via their CARD domains with the CARD domain of MAVS [51], DDX3 lacks such 

a CARD domain. Biochemical studies have suggested that the N-terminal domain of DDX3 

could be involved in interacting with the CARD domain of MAVS [81]. 

Despite that MAVS is a well-known inducer of type I IFN and cytokine responses and abortive 

RNA/DDX3 complexes associate with MAVS during HIV-1 infection of DCs, no antiviral 

responses are detected [55]. Molecular studies reveal that the downstream effectors of 
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MAVS, i.e. TRAF3 and IRF3 do not become associated with MAVS, thereby effectively 

‘blocking’ transduction of the signal that would lead to IRF3-mediated type I IFN expression 

[55]. Further molecular analyses find that MAVS becomes actively associated with the 

serine/threonine kinase Polo-like kinase 1 (PLK1) after HIV-1 infection of DCs [55] (Figure 2). 

Previously, it has been reported that dual interactions between PLK1 and MAVS interfere 

with binding of TRAF3 to MAVS [82]. Vitour et al. showed that PLK1 first anchors to MAVS via 

interactions between the phosphopeptide docking site within its Polo-box domain (PBD) and 

the phosphorylated Thr234 residue of MAVS, which enables further associations between 

PLK1 and MAVS at a region within the C-terminal domain of MAVS [82]. This latter 

interaction is responsible for the impediment of the recruitment of TRAF3 to MAVS as TRAF3 

associates with the C-terminal TRAF-interacting motif (TIM) between amino acids 455-460 of 

MAVS [83]. When PLK1 expression in DCs is silenced by RNA interference, HIV-1 infection 

results in association of TRAF3 with DDX3/MAVS complexes, TBK1/IKKε activation and IRF3-

directed type I IFN responses that lower the infection rate of the infected cells [55]. 

Gringhuis et al. also identified a dual MAVS mutant that contains Gln198Lys (Q198K) and 

Ser409Phe (S409F) amino acid substitutions, which is resistant to binding by PLK1 (Figure 2). 

In fact, both mutations are independently sufficient to impede inhibition of TRAF3 

recruitment to MAVS by PLK1 [55]. The Gln198Lys substitution likely interferes with the 

docking of the PLK1-PBD to MAVS at phosphorylated Thr234, which crucially precedes 

association of PLK1 with the C-terminus of MAVS, the actual conformation that shields the C-

terminal TIM of MAVS from TRAF3 (unpublished data). While PLK1 is able to dock to the 

single Ser409Phe MAVS mutant (unpublished data), this substitution likely blocks the 

association of PLK1 with the C-terminal domain of MAVS, leaving the C-terminal TIM 

available to be bound by TRAF3 [83]. However, both mutations are often found together as 

they are encoded by two single nucleotide polymorphisms (rs7262903 and rs7269320) that 

are naturally almost 96% linked [55]. The dual mutations leave MAVS functionally intact, i.e. 

RIG-I/MDA5 triggering leads to type I IFN responses in DCs expressing the dual MAVS 

mutant, while PLK1 is no longer able to interfere with DDX3 signaling downstream of MAVS 

during HIV-1 infection, hence leading to recruitment of TRAF3 by MAVS, IRF3 activation and 

ultimately antiviral type I IFN responses in DCs [55] (Figure 2). Silencing of DDX3 expression 

in DCs expressing the dual MAVS mutant completely attenuates type I IFN responses after 
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HIV-1 infection, which shows that DDX3 can functions as a sensor to induce immune 

responses directed against HIV-1 [55]. Within the men-who-have-sex-with-men (MSM) 

cohort from the Amsterdam Cohort Studies (ACS), in which untreated HIV-1-infected 

individuals are monitored over dozens of years, the presence of the dual MAVS mutant was 

established in three persons. Statistical analyses show that these persons have a significant 

lower plasma viral load at set point as well as a delayed increment of viral load in plasma 

during chronic HIV-1 infection, compared with the persons carrying wild-type alleles for 

MAVS [55]. Whether type I IFN responses are beneficial for host or virus is a continuing topic 

of debate: type I IFN responses especially are important to limit viral spread, however, might 

also create more T cell activation and therefore more HIV-1 target cells during infection 

[84,85]. These in vivo results imply that early antiviral responses during infection, whether 

induced via DDX3 or otherwise, are beneficial in host control of viral replication. Thus, DDX3 

acts as an HIV-1 sensor that couples sensing of abortive RNAs to the induction of antiviral 

immune responses that oppose viral propagation, however HIV-1 actively interferes with the 

signaling downstream of DDX3 via induction of PLK1 binding to MAVS. 

 

4.3 HIV-1-induced DC-SIGN signaling actively interferes with DDX3 as an HIV-1 sensor 

Before PLK1 can interact with MAVS, it must undergo conformational changes, since PLK1 

resides in an inactive state due to intramolecular interactions between its kinase and PBD 

domains [82,86]. The phosphorylation of PLK1 at Thr210 is required to overcome these 

inhibitory interactions [86]. The study by Gringhuis et al. shows that the activation of PLK1 is 

induced via DC-SIGN signaling [55] (Figure 2). As mentioned above, binding of the HIV-1 

envelope protein gp120 to DC-SIGN triggers activation of the serine/threonine kinase Raf-1, 

which is essential to viral transcription elongation. Raf-1 triggers activation of 

serine/threonine kinase MST1, mostly known as a component of the Hippo signaling 

pathway involved in multiple cellular processes such as morphogenesis, cell proliferation and 

apoptosis [87]. While MST1 is directly involved in phosphorylation of p65 during control of 

viral transcription elongation (unpublished data and [55]), it also is a known effector of PLK1 

[88]. During HIV-1 infection, PLK1 becomes activated via phosphorylation of Thr120 by 

MST1, allowing its association with MAVS. When either Raf-1 or MST1 expression in DCs is 

silenced by RNA interference, PLK1 association with MAVS is attenuated during HIV-1 
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infection, leading to TRAF3 recruitment to DDX3/MAVS complexes and subsequent IRF3-

directed type I IFN responses [55]. Thus, HIV-1 not only exploits DC-SIGN signaling to boost 

its transcription, but also evades the induction of antiviral immune responses when DDX3 

senses its abortive transcript products.  

 

5. Conclusions 

HIV-1 infection is characterized by a lack of protective immunity, allowing the virus to 

propagate indefinitely and completely undermine the host immune system. In the last 

decade, several host proteins have been identified that sense viral DNA or RNA PAMPs and 

could potentially mount the required antiviral immune responses [34,47,54,89]. These 

mechanisms seem to exist in parallel. However, these studies have in common that host 

processes, either constitutively active or actively induced by HIV-1, prevent or prematurely 

halt signaling by these HIV-1 sensors [10]. Activation of DNA sensors cGAS and IFI16 requires 

exhaustion or depletion of host exonuclease TREX1, since otherwise the detected PAMPs, 

HIV-1 cDNA and HIV-1 dsDNA, respectively, are removed from the cell before its sensors can 

be triggered [42]. Similarly, downstream signaling of DDX3 or RIG-I/MDA5, after sensing of 

HIV-1 abortive transcripts or HIV-1 ssRNA, respectively, is attenuated at the level of MAVS 

activation when the host serine/threonine kinase PLK1 is activated by HIV-1-induced 

signaling and prevents association between downstream effectors and MAVS [55]. 

Elucidation of the cellular processes involved in blocking HIV-1 sensors gives us specific 

targets for therapeutic approaches that aim to undermine these evasion mechanisms and 

thereby induce antiviral responses that could control or even eliminate viral propagation. 

However, targeting of host proteins is not without its dangers. For example, TREX1 plays a 

vital role in DNA repair and proofreading for DNA polymerase, as is evident also by a variety 

of immune disorders, such as Aicardi–Goutières syndrome, chilblain lupus erythematosus 

and retinal vasculopathy with cerebral leukodystrophy, which are attributed to mutations 

within the TREX gene that cause dysfunction of the protein [90]. Similarly, PLK1 is involved in 

vital cellular processes, such as driving cell cycle progression [91]. Overexpression of PLK1 is 

often associated with tumor cell growth [92]. However, to prevent PLK1-mediated inhibition 

of signaling downstream of DDX3 during HIV-1 infection, its activation would need to be 

inhibited, which might not have such detrimental effects on cellular functions, establishing 
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PLK1 as a very interesting target for therapeutic intervention during HIV-1 infection. Both 

time as well as place would be important to maximize the beneficial and minimize the 

negative side effects of therapeutic treatment. The data from the MSM cohort, consisting of 

HIV-1-infected individuals, strongly suggest that early antiviral responses during infection are 

beneficial in host control of viral replication, also during the clinical latency stage [55]. 

Furthermore, localized vaginal application of type I IFN shortly before HIV-1 exposure 

decreases viral replication in humanized mice [93]. Combined, these studies suggest that 

topical therapeutic targeting could be beneficial during the process of sexual transmission of 

the virus. HIV-1 sensor DDX3 itself is also an interesting target that might potentially 

function as a strong adjuvant in anti-HIV-1 vaccine design. Thus, the accumulated knowledge 

on HIV-1 sensors acquired in the last decade has provided promise but not a definite answer 

for the design of new therapeutics to boost antiviral immunity and towards an HIV-1 vaccine. 
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Figure 1. The dual role of DDX3 in sensing abortive HIV-1 RNA and HIV-1 translation. 

Binding of HIV-1 to CD4 and co-receptor CXCR5 on the surface of a dendritic cell allows viral 

entry through fusion. After reverse transcription of the two single stranded (ss) viral RNA 

genomes in the cytoplasm, the virus is integrated into the host genome within the nucleus. 

DC-SIGN-mediated endocytosis and subsequent activation of endosomal TLR8 signaling by 

HIV-1 ssRNA provides the signals required for recruitment of host factors, including RNA 

polymerase II (RNAP2) and p50-p65 NF-κB dimers. Transcription initiation commences as 

soon as the C-terminal domain (CTD) repeats of RNAP2 are phosphorylated on Ser2. In the 

absence of phosphorylation of Ser5 within the CTD repeats of RNAP2, transcription is halted 
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after scanning of the first 58 viral nucleotides, resulting in abortive HIV-1 RNA fragments that 

passively translocate into the cytoplasm. Triggering of DC-SIGN signaling by HIV-1 envelope 

protein gp120 leads to the consecutive activation of the serine/threonine kinases Raf-1 and 

MST1, leading to phosphorylation of the p65 unit of TLR8-induced NF-κB at Ser276. This 

phosphorylated site functions as a docking site for the transcription elongation factor pTEF-

b, which in turn phosporylates Ser2 residues within the CTD repeats of RNAP2, allowing 

transcription elongation beyond the first 58 viral nucleotides and generation of full-length 

viral transcripts containing 3’ poly(A) tails, which are processed (splicing) before they are 

actively transported to the cytoplasm. Within the cytoplasm, both abortive HIV-1 RNA as 

well as complete viral transcripts are bound by RNA helicase DDX3 via recognition of the 5’ 

cap. Binding of eukaryotic initiation factor eIF4G to DDX3 and poly(A) binding protein (PABP) 

to the poly(A) tail of completed transcripts as well as DDX3 allows ribosome recruitment and 

circulization of the transcripts after which ribosomal scanning results in translation and the 

de novo synthesis of viral proteins. The absence of a poly(A) tail prevents DDX3/abortive HIV-

1 RNA complexes to enter the translation cyclus, however allows association between DDX3 

and the mitochondrial membrane protein MAVS, which could potentially result in HIV-1 

sensing and the induction of antiviral responses (see Figure 2). 
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Figure 2. DDX3-MAVS signaling during HIV-1 infection. HIV-1 infection of dendritic cells 

results in the generation of abortive HIV-1 RNA that translocate to the cytoplasm, where 

they are ‘cap’tured by RNA helicase DDX3 and subsequently these complexes associate with 

miochondrial membrane protein MAVS (see Figure 1). In cells that express wild-type MAVS 

(Q198, S409) protein, MAVS is then bound by activated serine/threonine kinase PLK1, which 

interferes with signaling downstream of MAVS and efficiently blocks immune activaton of 

dendritic cells in response to HIV-1. Activation of PLK1 occurs when triggering of DC-SIGN 

signaling by HIV-1 envelope protein gp120 leads to the consecutive activation of the 

serine/threonine kinases Raf-1 and MST1; phosphorylation of PLK1 by MST1 results in an 
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open conformation of PLK1 that allows its interactions with other proteins. In cells that 

express the dual MAVS (K198, F409) mutant, activated PLK1 is unable to bind to MAVS. 

Instead, MAVS is able to interact with adaptor protein TRAF3. TRAF3 functions as a scaffold 

for the serine/threonine kinases TBK1 and IKKε, which results in phosphorylation of MAVS 

and in turn binding of transcription factor IRF3 to phosphorylated MAVS. The close proximity 

of IRF3 with TBK1/IKKe result in phosphorylation and activation of IRF3, which activates  

transcription of IFNB. Synthesis and cellular release of IFNβ triggers IFNα/βR signaling on the 

dendritic cell surface. Subsequent intracellular signaling results in transcription of a plethora 

of interferon-stimulated genes (ISGs) and ultimately activation of antiviral immune 

responses. 
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