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Human immunodeficiency virus type 1 (HIV-1) is the causative agent of acquired immu-
nodeficiency syndrome and its infection leads to the onset of several disorders such 
as the depletion of peripheral CD4+ T cells and immune activation. HIV-1 is recognized 
by innate immune sensors that then trigger the production of type I interferons (IFN-Is). 
IFN-Is are well-known cytokines eliciting broad anti-viral effects by inducing the expres-
sion of anti-viral genes called interferon-stimulated genes (ISGs). Extensive in vitro stud-
ies using cell culture systems have elucidated that certain ISGs such as APOBEC3G, 
tetherin, SAM domain and HD domain-containing protein 1, MX dynamin-like GTPase 2, 
guanylate-binding protein 5, and schlafen 11 exert robust anti-HIV-1 activity, suggesting 
that IFN-I responses triggered by HIV-1 infection are detrimental for viral replication and 
spread. However, recent studies using animal models have demonstrated that at both 
the acute and chronic phase of infection, the role of IFN-Is produced by HIV or SIV 
infection in viral replication, spread, and pathogenesis, may not be that straightforward. 
In this review, we describe the pluses and minuses of HIV-1 infection stimulated IFN-I 
responses on viral replication and pathogenesis, and further discuss the possibility for 
therapeutic approaches.

Keywords: type i interferon, human immunodeficiency virus type 1, innate immunity, intrinsic immunity, interferon-
stimulated gene, restriction factor, humanized mouse

HUMAN iMMUNODeFiCieNCY viRUS TYPe 1 (Hiv-1) 
ReCOGNiTiON FOR TYPe i iNTeRFeRON (iFN-i) PRODUCTiON

Human immunodeficiency virus type 1 infection in humans induces innate immune responses medi-
ated mainly by IFN-I, including IFN-α and IFN-β, and the roles of IFN-I in responding to HIV-1 
infection have been reviewed extensively (1–3). Upon HIV-1 infection into human immune cells, pat-
tern recognition receptors (PRRs) and cytosolic sensors are involved in the sensing of viral cDNA or  
RNA, respectively. After HIV-1 infects human cells, cDNA is synthesized by RNA reverse transcription. 
cDNA is then recognized by either IFN-γ inducible protein 16 (IFI16) or cyclic GMP-AMP (cGAMP) 
synthase (cGAS) (4–9). cGAS especially recognizes cDNA and subsequently produces cGAMP. IFI16 
and cGAMP both activate stimulator of interferon gene (STING; also known as transmembrane protein 
173). Activated STING in turn recruits and activates TANK binding kinase 1 which phosphorylates 
IFN regulatory factor 3 (IRF3). Finally, IFN-I is produced by IRF3 in the pathways highlighted on the 
left of Figure 1 (10–17).

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01823&domain=pdf&date_stamp=2018-01-15
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01823
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:ksato@virus.kyoto-u.ac.jp
https://doi.org/10.3389/fimmu.2017.01823
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01823/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01823/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01823/full
http://loop.frontiersin.org/people/48084
http://loop.frontiersin.org/people/38418


FiGURe 1 | Pattern recognition receptors (PRRs) for human immunodeficiency virus type 1 (HIV-1) recognition and the following pathway for triggering type I 
interferon (IFN-I) expression. Cellular actions are indicated in green (in italic) with arrows, and viral replication steps are indicated in red (in italic) with arrows. Cellular 
actions triggered by PRRs [IFN-γ inducible protein 16 (IFI16), cyclic GMP-AMP synthase (cGAS) and toll-like receptor 7 (TLR7)] are indicated in blue (in italic) with 
arrows. Cellular organelle, viral components, and sensor-related molecules are indicated in green, red, and blue, respectively. “P” with yellow circle indicates 
phosphorylation. The detail of each step is described in the main text.
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IFI16 is expressed in epithelial cells, fibroblasts, and endothe-
lial cells (4), as well as cells from hematopoietic lineages such 
as macrophages (5) and CD4+ T  cells (6). Contrastingly, the 
cGAS-STING pathway is not present in T  cells (6), but does 
play an important role in IFN-I production in myeloid lineages 
including macrophages (7) and monocyte-derived dendritic 
cells (MDDCs) (8, 9). As CD4+ T cells are more permissive to 
HIV-1 infection and replication than macrophages and MDDCs, 
this can probably be explained by the lack of cGAS expression in 
CD4+ T cells (5, 6).

HIV-1 single-stranded RNA can also be sensed by toll-like 
receptor 7 (TLR7), a PRR, when viruses are enclosed by endosomes 
(10, 11). Unlike IFI16 and cGAS, plasmacytoid dendritic cells 
(pDCs) express high levels of TLR7 (12, 13). TLR7 mediates another 
cascade ultimately resulting in either IRF7 homodimers translocat-
ing to the nucleus to bind to IRFBS, or the freeing of NFκB to 

activate the transcription of IFN-I genes via binding to the NFκB 
binding site (14).

iFN-STiMULATiNG GeNeS (iSGs): 
eFFeCTOR MOLeCULeS eXHiBiTiNG 
ANTi-viRAL eFFeCTS

Once IFN-I is produced, this protein binds to its receptor mol-
ecule that is expressed on the cell surface. IFN-I receptor (IFNAR) 
consists of two independent proteins, IFNAR1 (IFN-α/β receptor 
α chain) and IFNAR2 (IFN-α/β receptor β chain) (Figure  2). 
Binding of the ligand IFN-I to the IFN-I receptor induces the 
heterodimerization of IFNAR1 and IFNAR2, which leads to 
the autophosphorylation of Janus kinase (JAK) (Figure 2). The 
phosphorylated JAK then induces the heterodimerization of 
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FiGURe 2 | Type I interferons (IFN-I)-initiated signaling pathway leading to interferon-stimulated gene (ISG) expression. Cellular actions triggered by IFN-I [Janus 
kinase (JAK)/signal transducer and activator of transcription (STAT) pathway] are indicated in purple (in italic) with arrows. Cellular organelle and the cellular 
molecules related to JAK/STAT pathway are indicated in green and purple, respectively. The detail of each step is described in the main text. “P” with yellow circle 
indicates phosphorylation.

FiGURe 3 | Restriction factors (RFs) controlling human immunodeficiency virus type 1 (HIV-1) replication and viral antagonists. Viral replication steps are indicated in red 
(in italic) with arrows. The RFs inhibiting viral replication at respective step are indicated in cyan, while the viral accessory proteins counteracting the action of certain 
RFs are indicated in red. Cellular organelle and viral components are indicated in green and red, respectively. The detail of each step is described in the main text.
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signal transducer and activator of transcription 1 (STAT1) and 
STAT2 via phosphorylation (Figure 2). This cascade is known as 
the JAK/STAT pathway. The STAT1–STAT2 heterodimer recruits 
IFN regulatory factor 9 and forms the IFN-stimulated gene fac-
tor 3 (ISGF3) complex. After the entry of ISGF3 complex into 
the nucleus, this complex binds to the IFN-stimulated response 
element located in the promoter region of ISGs and initiates 
their transcription (Figure  2) (15). There are 17 subtypes of 
IFN-Is (16), and there have now been over 300 ISGs identified. 
In humans, however, is it not known in which tissues the different 
INF-α isoforms are expressed upon viral infection nor which cells 
express them. This is an intriguing issue and will no doubt be 
revealed in future investigations using techniques such as next 
generation sequencing.

ReSTRiCTiON FACTORS (RFs): iSGs 
POTeNTLY CONTROL Hiv-1 RePLiCATiON

Type I interferon treatment efficiently suppresses HIV-1 repli-
cation in in vitro cell cultures (17), meaning that certain ISGs 
potently control HIV-1 replication. Among the more than 

300 known ISGs, certain ones are known to exhibit robust 
anti-HIV-1 activity and these ISGs are referred to as “intrinsic 
immunity” or “RFs.” Although the types of RFs appear numer-
ous, the most well studied to date include SAM domain and HD 
domain-containing protein 1 (SAMHD1) and apolipoprotein 
B mRNA editing enzyme catalytic-like 3 (APOBEC3) (target-
ing HIV-1 reverse transcription), MX dynamin-like GTPase 2 
(MX2) (targeting nuclear entry), schlafen 11 (SLFN11) (targeting 
transcription), guanylate-binding protein 5 (GBP5) (targeting 
post-translational modification), and tetherin (targeting release) 
(Figure 3). In this section, we briefly summarize the restriction 
mechanisms employed by RFs that inhibit HIV-1 replication at 
multiple stages.

SAM Domain and HD Domain-Containing 
Protein 1
During the process of HIV-1 reverse transcription, viral reverse 
transcriptase requires deoxynucleoside triphosphates (dNTPs) 
as a substrate for the synthesis of viral cDNA (18, 19).  
SAMHD1 is a cytosolic enzyme with phosphohydrolase activity  
that enzymatically degrades (“hydrolyzes”) dNTPs (18–20). 
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Deoxyguanosine triphosphate in particular, binds to the allo-
steric site of SAMHD1 and activates SAMHD1’s hydrolytic 
activity (18).

SAM domain and HD domain-containing protein 1 is 
expressed in peripheral CD4+ leukocytes including myeloid cells 
[e.g., macrophages and dendritic cells (DCs)] and CD4+ T cells 
(19). The experiments in in vitro cell cultures demonstrate that 
SAMHD1 restricts HIV-1 infection in non-dividing cells such as 
macrophages (plus phorbol 12-myristate 13-acetate-stimulated 
macrophage-like THP-1 cell line), DCs, and resting CD4+ T cells 
by degrading dNTPs (18, 19).

In comparison with dividing (i.e., cycling and activated/
proliferating) cells, the level of intracellular dNTP is much lower 
in non-dividing cells (21). Previous studies have suggested that 
SAMHD1 plays a crucial role in maintaining a low pool of cel-
lular dNTPs in non-dividing cells, including resting CD4+ T cells, 
which may reduce the risk of retroviral insult without disrupting 
homeostasis in the non-dividing cell environment (21, 22). In 
dividing cells, including activated CD4+ T  cells, SAMHD1 is 
post-transcriptionally inactivated: cyclin-dependent kinases 
1 (CDK1) and CDK2 phosphorylate the threonine residue at 
position 592 of SAMHD1 (23). This phosphorylation impairs 
SAMHD1’s hydrolyzing activity and results in the loss of its 
anti-HIV-1 activity (23). CDKs, including CDK1 and CDK2, are 
key regulators of the cell cycle that activate cyclins during cell 
division (24). As dividing cells require a greater pool of dNTPs, 
SAMHD1’s enzymatic activity is inhibited by CDK1/2-mediated 
phosphorylation (25).

To overcome SAMHD1-mediated restriction, an accessory 
protein of human lentiviruses, viral protein X (Vpx), degrades 
SAMHD1 via the ubiquitin/proteasome-dependent pathway (22). 
The Q76A mutation in Vpx results in the loss of SAMHD1 
degradation ability suggesting that the glutamine at position 
76 is critical (22). Importantly, the vpx gene is not encoded by 
HIV-1 but HIV-2, another human lentivirus and causative agent 
of acquired immunodeficiency syndrome (AIDS) (26).

Human immunodeficiency virus type 1 and HIV-2 are evolu-
tionarily and phylogenetically distinct, and more intriguingly, 
Etienne et al. have shown evidence indicating that the lineage of 
primate lentiviruses, including HIV-1, lost the vpx gene during 
viral evolution (27). These observations raise an incongruous 
insight: although RFs such as APOBEC3 and tetherin (see below) 
can be degraded and antagonized by HIV-1 accessory proteins, 
HIV-1 does not possess any counterparts to counteract SAMHD1. 
Additionally, HIV-1 is able to replicate in macrophages that 
express SAMHD1 in its anti-viral state. Moreover, HIV-1 is more 
pathogenic than HIV-2 in spite of the absence of anti-SAMHD1 
factor(s) (26). These insights may imply that SAMHD1 is not 
critical for the restriction of HIV-1 replication. In this regard, 
a previous paper has revealed that the concentration of dNTP 
required for the reverse transcriptase of HIV-1 is clearly lower 
than that of HIV-2, and HIV-1 can efficiently reverse transcribe a 
single strand template with a lower level of dNTPs (21). Therefore, 
HIV-1 may have evolved to overcome SAMHD1-mediated anti-
viral activity by decreasing the requirement for a high-dNTP 
concentration.

In addition to the phosphohydrolase activity, SAMHD1 pos-
sesses ribonuclease (RNase) activity. Ryoo et al. have reported that 
RNase activity but not phosphohydrolase is required for exhibit-
ing an anti-HIV-1 effect (28). This is shown with the D137N 
mutant of SAMHD1, which possesses RNase activity but specifi-
cally loses phosphohydrolase activity and is still able to restrict 
HIV-1 infection. In contrast, the Q548A mutant of SAMHD1 that 
loses RNase activity but maintains phosphohydrolase activity is 
ineffective at restricting HIV-1 (28). Moreover, the phosphoryla-
tion of SAMHD1 at T592 negatively regulates its RNase activity 
in cells and impedes HIV-1 restriction (28), suggesting that the 
RNase activity of SAMHD1 is responsible for preventing HIV-1 
infection by directly degrading viral RNA (28).

Apolipoprotein B mRNA editing enzyme 
Catalytic-Like 3
Apolipoprotein B mRNA editing enzyme catalytic-like 3 fam-
ily proteins are cellular cytidine/cytosine deaminases and the 
human genome encodes seven APOBEC3 genes: APOBEC3A,  
B, C, D, F, G, and H. Some APOBEC3 family proteins, particularly 
APOBEC3D, APOBEC3F, APOBEC3G, and certain haplotypes 
of APOBEC3H (see below), are incorporated into released viral 
particles and enzymatically remove the amino group (-NH2) of 
the cytosine residue in the minus-stranded viral DNA during 
viral reverse transcription. This deamination converts cytosine 
to uracil, which results in guanine (G) to adenine (A) substitution 
in the plus-stranded viral DNA (this step is usually referred to 
as “APOBEC3-mediated G-to-A mutation”). The APOBEC3-
mediated G-to-A mutations can result in the insertion of pre-
mature termination mutations [e.g., if TGG codon is converted 
to TGA codon by APOGEC3, the codon encoding tryptophan 
(TGG) is converted to a stop codon (TGA)]. Also, multiple 
APOBEC3-mediated G-to-A mutations can lead to the accu-
mulation of non-synonymous mutations, which may produce 
defective viral proteins.

To overcome APOBEC3-mediated anti-viral action, an acces-
sory protein of HIV-1, viral infectivity factor (Vif), degrades 
anti-viral APOBEC3 proteins in virus-producing cells via the 
ubiquitin/proteasome-dependent pathway. The relationship 
between APOBEC3 and Vif has been well studied and reviewed 
previously [e.g., Ref. (29, 30)].

To elucidate the roles of endogenous APOBEC3 proteins 
in HIV-1 infection in  vivo, hematopoietic stem cell (HSC)-
transplanted “humanized” mouse models have been utilized. 
First, vif-deficient HIV-1 was incapable of replicating in human-
ized mice, indicating that Vif is a prerequisite for HIV-1 infection 
and replication in vivo (31). Also, some proviral DNA in infected 
humanized mice exhibited G-to-A hypermutations, further sug-
gesting that endogenous APOBEC3 protein(s) potently exhibit 
anti-HIV-1 activity in vivo (31).

Secondly, to elucidate which endogenous APOBEC3 protein(s) 
crucially affect HIV-1 replication in  vivo, two vif mutants 
have been utilized: one is designated “4A,” which is unable to 
antagonize APOBEC3D and APOBEC3F, while the other is desi-
gnated “5A,” which is unable to antagonize APOBEC3G (32).  
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As the replication efficacy of both 4A and 5A HIV-1 were signifi-
cantly lower than that of wild-type (i.e., vif-proficient) HIV-1, 
endogenous APOBEC3D, APOBEC3F, and APOBEC3G are 
deemed to be potent intrinsic RFs in humanized mice (32). 
On the other hand, it is intriguing that the viral RNA in the 
plasma of humanized mice infected with 4A HIV-1 had greater 
diversity compared with 5A and wild-type HIV-1 sequences 
(32). This observation suggests that the G-to-A mutation 
caused by APOBEC3D and APOBEC3F potently contributes 
toward viral diversification. In this regard, APOBEC3G prefers 
the GG-to-AG mutation, while APOBEC3D and APOBEC3F 
prefer a GA-to-AA mutation (33–35). Also, an experimental-
mathematical analysis has suggested that APOBEC3G-mediated 
substitution easily results in nonsense mutations (mainly 
because “TGG,” a codon encoding tryptophan, is converted to 
“TAG,” a stop codon), while the G-to-A mutations mediated by 
APOBEC3D and APOBEC3F (i.e., GA-to-AA mutation) lead 
only to missense mutations (33). Therefore, three endogenous 
APOBEC3 proteins, APOBEC3D, APOBEC3F, and APOBEC3G, 
possess the ability to suppress HIV-1 replication in vivo, while, 
at the same time, APOBEC3D and APOBEC3F may promote  
viral diversification.

Third, Nakano et  al. have recently addressed the anti-viral 
effect of APOBEC3H in  vivo (36). There are seven haplotypes 
within human APOBEC3H genes and APOBEC3H can be catego-
rized based on the protein expression status of three phenotypes: 
stable (haplotypes II, V, and VII), intermediate (haplotype I), and 
unstable (haplotypes III, IV, and VI) (37–39). From the retro-
virological point of view, only stable APOBEC3H exhibits anti-
HIV-1 activity (37–39). Interestingly, although almost all of the 
naturally occurring HIV-1 Vif proteins can antagonize anti-viral 
APOBEC3 proteins including APOBEC3D, APOBEC3F, and 
APOBEC3G, certain Vif proteins are incapable of counteracting 
stable (i.e., anti-viral) APOBEC3H and are called “hypo” Vif (37). 
On the other hand, the Vif proteins that can antagonize stable 
APOBEC3H are called “hyper” Vif (37). To investigate the impact 
of endogenous APOBEC3H in vivo, an “in vivo competition assay” 
was conducted: hyper and hypo HIV-1s were co-inoculated into 
humanized mice encoding stable or unstable APOBEC3H and 
the most efficiently replicating virus was determined by RT-PCR 
(36). In the humanized mice encoding stable APOBEC3H, hyper 
HIV-1 predominantly replicated, suggesting that Vif ’s ability to 
antagonize stable APOBEC3H is a prerequisite when the host 
is expressing stable APOBEC3H (36). On the other hand, since 
the type of virus that efficiently replicated in the humanized 
mice encoding unstable APOBEC3H (i.e., “hyper” or “hypo”) 
was stochastic, the selection pressure mediated by unstable 
APOBEC3H is relaxed (36). Moreover, hyper HIV-1 has emerged 
in the mice encoding stable APOBEC3H, originally infected with 
hypo HIV-1 (36). Altogether, these findings suggest that stable 
variants of APOBEC3H impose selective pressure on HIV-1. 
More importantly, the expression levels of these APOBEC3 genes 
are upregulated in the CD4+ T cells of humanized mice infected 
with HIV-1 (32, 36). As global transcriptome analyses have also 
indicated the upregulation of ISG expression levels (36), it can 
be said; IFN-I responses can be triggered by HIV-1 infection in 
humanized mice.

MX Dynamin-Like GTPase 2
The human genome encodes two IFN-inducible MX dynamin-
like guanosine triphosphate hydrolases (GTPases), MX1 and 
MX2 (also known as MXA and MXB, respectively), which are 
presumably created by gene duplication over the course of evolu-
tion (40, 41). In addition to MX2’s strong anti-HIV-1 activity 
(42–44), it has also been shown that MX1 can suppress a wide 
range of other pathogenic DNA and RNA viruses, not including 
HIV-1 (42, 44, 45).

It is well known that IFN-I stimulation strongly inhibits HIV-1 
infection during the early stages of viral replication (i.e., from entry 
to integration process) (46). To determine the IFN-I-responsive 
RF(s) restricting HIV-1 replication, comparative gene expression 
profiling (i.e., mRNA microarray) was conducted using human 
cells in the presence and the absence of IFN-I, and identified 
MX2 as the determining factor (42, 44). Subsequent investiga-
tions revealed that MX2 participates in blocking HIV-1 infection 
after reverse transcription (42–44). Since MX2 overexpression 
reduces the levels of nuclear viral DNA (e.g., 2-LTR circles) and 
more efficiently suppresses HIV-1 infection in non-dividing cells 
when compared with dividing cells (42, 44), MX2 presumably 
inhibits nuclear import of the viral complex. Moreover, MX2-
mediated anti-viral potency is dependent on the viral capsid 
protein, as N57S and G89V mutants in the HIV-1 capsid render 
resistance to MX2 (42). Furthermore, a previous study has sug-
gested that MX2-mediated restriction can be overcome by the 
depletion of cyclophilin A (CYPA), a peptidylprolyl isomerase 
(officially designated PPIA), and the treatment of cyclosporin A, 
a compound inhibiting CYPA (43). These findings suggest that 
CYPA is required for MX2-mediated anti-viral activity. CYPA 
is a well-known interaction partner of the HIV-1 capsid protein 
[reviewed in Ref. (47)]. Therefore, it is plausible that MX2 is 
closely associated with the viral complex composed of HIV-1 
capsid and lines of cellular proteins.

Guanosine triphosphate hydrolase activity is required for the 
anti-viral effect of MX1 (48). In contrast, the K131A and T151A 
mutants of MX2, which lose the ability of GTP binding and 
hydrolysis, respectively, still exhibit anti-HIV-1 activity that is 
comparable with wild-type MX2 (42), suggesting that the MX2’s 
enzymatic activity appears to be dispensable for its anti-viral 
effect. On the other hand, the deletion of the nuclear localization 
signal at the N-terminus of MX2 results in the loss of anti-viral 
activity (42). These observations suggest the importance of the 
nuclear localization signal for MX2 to exhibit anti-HIV-1 activity, 
although the functional importance of the subcellular localiza-
tion of MX2 remains unclear.

Schlafen 11
Schlafen 11 is also an ISG and potently inhibits HIV-1 produc-
tion (49). Since SLFN11 overexpression suppresses viral protein 
expression but not viral transcription, this RF restricts viral 
replication at a post-transcriptional stage (49). Interestingly, 
the protein expression of codon-optimized HIV-1 Gag as well 
as GFP does not affect SLFN11 overexpression or knockdown. 
Moreover, SLFN11 binds to tRNA and impairs protein expres-
sion based on codon usage (49). Altogether, SLFN11 restricts 
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HIV-1-biased translation in a codon-usage-dependent manner 
(49). Furthermore, a subsequent study has revealed that pri-
mate SLFN11 genes are under evolutionarily positive selection 
pressure and commonly possess the ability to impair viral 
production regardless of the virus or host target (50). However, 
it remains unclear how SLFN11 influences HIV-1 replication 
in vivo.

Guanylate-Binding Protein 5
Guanylate-binding protein 5 belongs to an IFN-inducible sub-
family of GTPases with host defense activity against intracellular 
bacteria and parasites (51). Krapp et  al. have recently demon-
strated that GBP5 suppresses HIV-1 infectivity by interfering 
with N-linked glycosylation of the viral envelope glycoprotein 
(Env) (52). The cysteine residue at position 583 is critical for its 
anti-viral activity; however, catalytically inactive mutants still 
demonstrate anti-viral activity, suggesting GBP5 exhibits an anti-
viral effect independent of its enzymatic activity (52).

Intriguingly, the nonsense mutations in the HIV-1 vpu gene 
(i.e., the deletion of initiation codon or the insertion of prema-
ture stop codons) increase Env expression and confer resistance 
to GBP5-mediated anti-viral activity (52). As described below, 
viral protein U (Vpu) is a crucial factor for the counteraction 
of tetherin-mediated restriction (53, 54). However, it should 
be noted that the initiation codons of the vpu gene in certain 
clinical HIV-1 isolates including HXB2 (55), BH8 (56), MAL 
(57), and Zr6 (58) are primarily deleted. Additionally, the 
expression of GBP5 gene is upregulated by HIV-1 replication 
in infected individuals (52). Therefore, it might be plausible 
to assume that conferring resistance to GBP5 is important for 
HIV-1 dissemination in certain tissues or organs in infected 
individuals, and that there is a “trade-off ” relationship between 
anti-tetherin activity (presence of Vpu) and GBP5 resistance 
(absence of Vpu).

Tetherin
The observation that the HIV-1 accessory protein, Vpu, is 
required for the efficient release of HIV-1 particles depend-
ing on cell type indicated the existence of an RF counteracted 
by Vpu (59–64). In 2008, Neil et  al. and Van Damme et  al. 
identified tetherin (also known as bone marrow stromal antigen 
2, CD317, and HM1.24) (53, 54). Tetherin is an IFN-I-inducible 
type II membrane protein that consists of an N-terminal 
cytoplasmic tail, a transmembrane domain, and an extracel-
lular domain with a glycosylphosphatidylinositol (GPI) 
modification at the C-terminus (65). Due to GPI anchoring, 
tetherin is mainly localized in cholesterol-enriched lipid rafts 
(65), where HIV-1 viruses bud from, and retains budding 
virions on the plasma membrane of virus-producing cells (66).  
To antagonize the tetherin-mediated anti-viral action, Vpu down-
regulates tetherin from the surface of HIV-1-producing cells  
(54, 67). Vpu is a multifunctional type I transmembrane pro-
tein [reviewed in Ref. (68)] and sequesters tetherin molecules 
from the cell surface to endosomal compartments through 
transmembrane domain-mediated interaction (69–72). 
Additionally, the DSGXXS motif in the cytoplasmic tail of Vpu 
interacts with BTRC1 (beta-transducin repeat containing E3 

ubiquitin protein ligase; also known as β-TrCP1 and Fbxw1), a 
subunit of E3 ubiquitin ligase. In this way, Vpu induces tetherin 
ubiquitination and enhances subcellular sorting of tetherin 
mediated by endosomal sorting complexes required for trans-
port machinery into lysosomal compartments for degradation 
(72). The requirement of BTRC1 for tetherin antagonization, 
however, remains controversial.

To reveal the importance of Vpu in the dynamics of HIV-1 
replication in vivo, Sato et al. (73) and Dave et al. (74) utilized 
HSC-transplanted humanized mouse models and demonstrated 
that Vpu strongly downregulates the expression level of tetherin 
on the surface of virus-producing cell in  vivo. The replication 
kinetics of vpu-deficient HIV-1 during the early phase of infec-
tion is clearly lower than that of wild-type HIV-1 in humanized 
mice (73, 74), suggesting that Vpu augments HIV-1 replication 
during the acute phase of infection.

In addition to the tetherin’s ability to impair viral release, it 
can also be an inducer of NFκB activation (75, 76). The molecu-
lar mechanism of tetherin-mediated NFκB activation has been 
well investigated in in vitro cell cultures (75–77). However, the 
importance of NFκB signaling triggered by tetherin in HIV-1 
replication in vivo remains unknown and needs to be addressed 
in future investigations.

iFN-i ReSPONSeS AND iMMUNiTY 
AGAiNST Hiv-1 iNFeCTiON

Acquired immunodeficiency syndrome is one of many sexu-
ally transmitted diseases and HIV-1 infection is accomplished 
via mucosal transmission (78). Notably, transmitter/founder 
viruses that are transferred from infected patients to nascent 
individuals are apparently resistant to IFN-I-mediated anti-
HIV-1 effects (79–81). These insights strongly suggest that RFs 
induced by IFN-I are involved in protecting infected individuals 
at many stages, from HIV-1 acquisition at the mucosal level (i.e., 
vagina and rectum), right through to limiting virus replication 
once infection has occurred. However, it remains unclear how 
transmitted/founder viruses exhibit such resistance to IFN-I (and 
presumably to the RFs induced by IFN-I).

The source of IFN-I in the acute phase of infection is 
thought to primarily be pDCs that reside in the mucosa  
(82, 83). In contrast, it is still unclear which cells are the 
primary sources of IFN-I during chronic infection. Almost all 
nucleated cells can produce IFN-Is in times of viral infection 
(84), pDCs being the largest producers (85, 86). IFN-Is can 
then act upon NK cells in an autocrine fashion (87–90) or else 
on macrophages (91). pDCs are found in the circulation but 
are also capable of dispersing into both lymphoid and most 
frequently, gut mucosal tissues (92–94). Similar to the other 
types of leukocytes, NK cells are activated by IFN-I and exhibit 
high cytotoxic activity (95). The NK  cells activated by both 
IFN-α and TNF-α can suppress HIV-1 viral replication via the 
secretion of CCL3/4/5, IFN-γ, TNF-α, and GM-CSF (96–99).  
It is also known that IL-12 secreted by DCs and/or macrophages 
in combination with IFN-, stimulates NK cells to secrete higher 
amounts of IFN-γ (90).
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As described above, the IFN-I responses induced by HIV-1 
infection are assumed to contribute to the building up of an anti-
viral environment in infected patients. However, it remains con-
troversial as to whether or not IFN-I responses are beneficial for 
infected patients. For instance, with increased IFN-I production 
in pDCs, there is an increase in RANTES (regulated on activation, 
normal T cell expressed and secreted; also known as MIP-1α), 
a CCR5 ligand, aiding in the recruitment of further target cells, 
which probably contributes to enhanced viral expansion (82). 
Additionally, the IFN-α produced by pDCs is both capable of 
inhibiting the proliferation of bystander CD4+ T cells (100), and 
promoting the apoptosis of uninfected bystander CD4+ T  cells 
residing in the lymphoid tissue of HIV-1-infected patients (101).

While IFN-β, a subtype of IFN-I, administered via the vagina 
was shown to protect against systemic infection of simian/HIV, 
a chimeric virus of SIV and HIV in rhesus macaque monkeys 
(102); the treatment of IFN-I for HIV-1-infected individuals was 
not successful [reviewed in Ref. (103)]. However, elite controllers, 
who are able to control HIV-1 infection without any treatment 
maintain higher pDC counts and IFN-α production compared 
with viremic patients and infected patients on combination 
anti-retroviral therapy (cART; previously called highly active 
anti-retroviral therapy) (104), suggesting that IFN-Is play 
pivotal roles in controlling HIV-1 infection in elite controllers.  
In consideration of why IFN-I treatment was not successful, most 
prior studies have used IFN-I subtype, IFN-α2, as standalone 
treatments, putative vaccine, or adjuvants for cART in patients 
(3). However, it has been recently suggested that IFN-α8 and 
IFN-α14, alternative types of IFN-I, may be better suited as these 
possess a higher affinity for the IFNAR and consequently result 
in a greater expression of certain RFs such as MX2, tetherin, and 
APOBEC3 (105, 106). The complicated effect of IFN-I responses 
subsequent to HIV-1 infection and recent observations in in vivo 
animal models are described in the following section.

eFFeCT OF iFN-i ON Hiv-1 iNFeCTiON  
IN VIVO

Investigations using HSC-transplanted humanized mouse models 
have recently suggested that the initial burst of IFN-I is extremely 
important in controlling the acute phase of HIV-1 infection to 
limit reservoir size and disease course (105, 107). However, 
a sustained IFN-I response is detrimental as it contributes to 
increased systemic inflammation (108). It has also been shown in 
humanized mice that NK cells possess the ability to inhibit HIV-1 
replication (109, 110).

This “phase out” concept is further supported by the 
natural hosts of SIV (i.e., non-pathogenic infection); African 
green monkeys and sooty mangabeys, that demonstrate a 
decrease in the expression of ISGs and systemic activation 
just weeks after SIV infection (111, 112). These natural hosts 
of SIV also differ from HIV infection in humans (as well as 
pathogenic SIV infection in rhesus macaque monkeys) in 
that they have a lack of microbial translocation from the gut 
and very few memory CD4+ T  cells are infected [reviewed 
in Ref. (113)]. Therefore, the IFN-I response in humans is 
most likely also beneficial in the early stages of infection and 

would be of greater benefit if it remained confined to mucosal 
barriers and viral reservoirs. However, if the infection is 
never cleared, inflammation becomes systemic and the ongo-
ing production of IFN-Is becomes detrimental to the host  
(i.e., human) in the chronic phase.

Regarding this issue, Dallari et al. identified two SRC family 
kinases, FYN and LYN, that were constitutively activated in pDCs, 
potentially providing a useful target, as pDCs are deemed to be the 
most important IFN-I-producing cell in chronic infection (114). 
But are there other producer cells that also need to be targeted? 
And even if pDCs do turn out to be the primary producers during 
chronic infection, their scarcity and distribution in tissues makes 
them to difficult to access for ex vivo analyses. There is a real 
possibility that different cell subset(s) are producing IFN-I after 
peak viral load has been reached. It is also still unclear if pDCs 
are producing too much or too little IFN-I in HIV-1 patients in 
chronic infection. Certainly pDCs decrease from acute to chronic 
infection (in the non-pathogenic models of SIV) (115–118). It is 
also known that pDCs migrate from the blood to draining lymph 
nodes before apoptosis (119, 120), however, it is still unknown if 
the pDCs that migrate from the blood to the rectum or vagina 
continue to produce IFN-Is or also undergo apoptosis.

In addition to pDCs, DCs and macrophages potently produce 
IFN-Is after HIV-1 infection as described above. These cells 
reside at common sites of infection, such as the vagina and 
rectum (121, 122) and IFN-I expression is increased at these 
sites after SIV infection in rhesus macaques (123). Therefore, it 
is likely that not only pDCs but also myeloid cells such as DCs 
and macrophages contribute to IFN-I secretion at the port of 
viral entry (e.g., vaginal and rectal tissues).

To further reveal the significance of IFN-I responses in 
pathogenic HIV/SIV infection in vivo, Sandler et al. showed that 
by blocking IFNAR using an IFN-I antagonist immediately after 
SIV infection in rhesus macaque monkeys, SIV reservoir size was 
increased, anti-viral gene expression was decreased, and CD4+ 
T cell depletion was accelerated leading to a progression to AIDS 
(124). This study highlighted the importance of IFN-I responses 
and how crucial they are for control of SIV infection in the acute 
phase. Additionally in this study, IFN-α2a, a subtype of IFN-I, was 
administered from 1 week prior to infection in a different cohort 
of macaque monkeys resulting in the initial upregulation of ISGs 
and prevention of systemic infection (124). However, prolonged 
administration resulted in IFN-I desensitization, decreased anti-
viral ISG expression, increased SIV reservoir size, and the loss 
of CD4+ T  cell loss (124), suggesting IFN-I somewhat has the 
properties of a double-edged sword for/against pathogenic HIV/
SIV infection in vivo.

To directly elucidate the impact of IFN-I in HIV-1 infection 
in vivo, certain groups have utilized HSC-transplanted human-
ized mouse models. First, Zhen et al. showed that in a human-
ized mouse model of chronic HIV-1 infection, blocking IFNAR 
in combination with cART could accelerate viral suppression, 
reduce the viral reservoir, and further decrease T cell exhaus-
tion and HIV-1-driven immune activation while also restoring 
HIV-1-specific CD8+ T cell functions (125). Secondly, because 
the IFN-I response perseveres even under cART, Cheng et al. 
attempted to combine IFNAR blockade with cART, showing a 
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reduction in the HIV-1 reservoir in lymphoid tissues, demon-
strated by a delay in viral replication rebound following cART 
cessation (126). Thirdly, in another study by Cheng et al., IFNAR 
was blocked from weeks 6–10 post-infection (i.e., the chronic 
phase of infection) (127) resulting in increased viral replication 
correlating with elevated T cell activation, suggesting that IFN-Is 
suppress HIV-1 replication during the chronic phase but are not 
essential for HIV-1-induced aberrant immune activation (127). 
This study demonstrated that persistent IFN-I signaling during 
the chronic phase of infection may help to dampen HIV-1 viral 
replication although it also contributes to the depletion of CD4+ 
T cells (127).

FUTURe DiReCTiON

Here, we have described the positive and negative aspects of 
IFN-I responses once HIV-1 infection has occurred. Based on 
in vitro investigations using cell cultures, IFN-I quite efficiently 
suppresses HIV-1 replication (presumably inducing robust RFs) 
(Figure 3). In sharp contrast, the effect of IFN-I in the in vivo 
environment seems much more complicated than expected 
from previous knowledge around in  vitro analyses using cell 
cultures. Future deep and comprehensive investigations using 
animal models, particularly monkey models for SIV infection 
and humanized mouse models for HIV-1 infection, will be 
important to shed light on the true behavior of IFN-I for/against 
viral infections.

AUTHOR CONTRiBUTiONS

KS conceived the outline of the manuscript; all authors contrib-
uted to writing the manuscript.

ACKNOwLeDGMeNTS

We appreciate Ms. Naoko Misawa and Ms. Kotubu Misawa for 
their dedicated support.

FUNDiNG

This study was supported in part by CREST, JST (to KS); Japanese 
Initiative for Progress of Research on Infectious Disease for 
global Epidemic (J-PRIDE) 17fm0208006h0001, AMED (to 
KS), JSPS KAKENHI Grants-in-Aid for Scientific Research C 
15K07166 (to KS), Scientific Research B (Generative Research 
Fields) 16KT0111 (to KS), and Scientific Research on Innovative 
Areas 16H06429 (to KS), 16K21723 (to KS) and 17H05813 
(to  KS); Takeda Science Foundation (to KS); Salt Science 
Research Foundation (to KS); Smoking Research Foundation 
(to KS); Chube Ito Foundation (to KS); Fordays Self-Reliance 
Support in Japan (to KS); Mishima Kaiun Memorial Foundation 
(to KS); Tobemaki Foundation (to KS); Food Science Institute 
Foundation (Ryoushoku-kenkyukai) (to KS); JSPS Core-to-Core 
program, A. Advanced Research Networks (to YK); and Research 
on HIV/AIDS 16fk0410203h002, AMED (to YK).

ReFeReNCeS

1. Bosinger SE, Utay NS. Type I interferon: understanding its role in HIV patho-
genesis and therapy. Curr HIV/AIDS Rep (2015) 12(1):41–53. doi:10.1007/
s11904-014-0244-6 

2. Doyle T, Goujon C, Malim MH. HIV-1 and interferons: who’s interfering with 
whom? Nat Rev Microbiol (2015) 13(7):403–13. doi:10.1038/nrmicro3449 

3. Utay NS, Douek DC. Interferons and HIV infection: the good, the bad, and 
the ugly. Pathog Immun (2016) 1(1):107–16. doi:10.20411/pai.v1i1.125 

4. Wei W, Clarke CJ, Somers GR, Cresswell KS, Loveland KA, Trapani JA, et al. 
Expression of IFI 16 in epithelial cells and lymphoid tissues. Histochem Cell 
Biol (2003) 119(1):45–54. doi:10.1007/s00418-002-0485-0 

5. Jakobsen MR, Bak RO, Andersen A, Berg RK, Jensen SB, Tengchuan J, et al. 
IFI16 senses DNA forms of the lentiviral replication cycle and controls HIV-1 
replication. Proc Natl Acad Sci U S A (2013) 110(48):E4571–80. doi:10.1073/
pnas.1311669110 

6. Berg RK, Rahbek SH, Kofod-Olsen E, Holm CK, Melchjorsen J, Jensen DG, 
et al. T cells detect intracellular DNA but fail to induce type I IFN responses: 
implications for restriction of HIV replication. PLoS One (2014) 9(1):e84513. 
doi:10.1371/journal.pone.0084513 

7. Ma F, Li B, Liu SY, Iyer SS, Yu Y, Wu A, et al. Positive feedback regulation of 
type I IFN production by the IFN-inducible DNA sensor cGAS. J Immunol 
(2015) 194(4):1545–54. doi:10.4049/jimmunol.1402066 

8. Lahaye X, Satoh T, Gentili M, Cerboni S, Conrad C, Hurbain I, et  al. The 
capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA 
by the innate sensor cGAS in dendritic cells. Immunity (2013) 39(6):1132–42. 
doi:10.1016/j.immuni.2013.11.002 

9. Gao D, Wu J, Wu YT, Du F, Aroh C, Yan N, et al. Cyclic GMP-AMP synthase 
is an innate immune sensor of HIV and other retroviruses. Science (2013) 
341(6148):903–6. doi:10.1126/science.1240933 

10. Cohen KW, Dugast AS, Alter G, McElrath MJ, Stamatatos L. HIV-1 single- 
stranded RNA induces CXCL13 secretion in human monocytes via TLR7 
activation and plasmacytoid dendritic cell-derived type I IFN. J Immunol 
(2015) 194(6):2769–75. doi:10.4049/jimmunol.1400952 

11. Di Domizio J, Blum A, Gallagher-Gambarelli M, Molens JP, Chaperot L, 
Plumas J. TLR7 stimulation in human plasmacytoid dendritic cells leads to 
the induction of early IFN-inducible genes in the absence of type I IFN. Blood 
(2009) 114(9):1794–802. doi:10.1182/blood-2009-04-216770 

12. Lepelley A, Louis S, Sourisseau M, Law HK, Pothlichet J, Schilte C, et  al.  
Innate sensing of HIV-infected cells. PLoS Pathog (2011) 7(2):e1001284. 
doi:10.1371/journal.ppat.1001284 

13. Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva I, Kavanagh DG, 
et  al. Endocytosis of HIV-1 activates plasmacytoid dendritic cells via toll-
like receptor-viral RNA interactions. J Clin Invest (2005) 115(11):3265–75. 
doi:10.1172/JCI26032 

14. Yang CH, Murti A, Pfeffer SR, Basu L, Kim JG, Pfeffer LM. IFNalpha/beta 
promotes cell survival by activating NF-kappa B. Proc Natl Acad Sci U S A 
(2000) 97(25):13631–6. doi:10.1073/pnas.250477397 

15. Darnell  JE Jr, Kerr IM, Stark GR. JAK-STAT pathways and transcriptional 
activation in response to IFNs and other extracellular signaling proteins. 
Science (1994) 264(5164):1415–21. doi:10.1126/science.8197455 

16. Chelbi-Alix MK, Wietzerbin J. Interferon, a growing cytokine family: 50 
years of interferon research. Biochimie (2007) 89(6–7):713–8. doi:10.1016/j.
biochi.2007.05.001 

17. Poli G, Orenstein JM, Kinter A, Folks TM, Fauci AS. Interferon-alpha but 
not AZT suppresses HIV expression in chronically infected cell lines. Science 
(1989) 244(4904):575–7. doi:10.1126/science.2470148 

18. Goldstone DC, Ennis-Adeniran V, Hedden JJ, Groom HC, Rice GI, 
Christodoulou E, et al. HIV-1 restriction factor SAMHD1 is a deoxynucle-
oside triphosphate triphosphohydrolase. Nature (2011) 480(7377):379–82. 
doi:10.1038/nature10623 

19. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C, Segeral E, 
et al. SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 restriction 
factor counteracted by Vpx. Nature (2011) 474(7353):654–7. doi:10.1038/
nature10117 

20. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M, Srivastava S, 
et al. Vpx relieves inhibition of HIV-1 infection of macrophages mediated by the 
SAMHD1 protein. Nature (2011) 474(7353):658–61. doi:10.1038/nature10195 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/s11904-014-0244-6
https://doi.org/10.1007/s11904-014-0244-6
https://doi.org/10.1038/nrmicro3449
https://doi.org/10.20411/pai.v1i1.125
https://doi.org/10.1007/s00418-002-0485-0
https://doi.org/10.1073/pnas.1311669110
https://doi.org/10.1073/pnas.1311669110
https://doi.org/10.1371/journal.pone.0084513
https://doi.org/10.4049/jimmunol.1402066
https://doi.org/10.1016/j.immuni.2013.11.002
https://doi.org/10.1126/science.1240933
https://doi.org/10.4049/jimmunol.1400952
https://doi.org/10.1182/blood-2009-04-216770
https://doi.org/10.1371/journal.ppat.1001284
https://doi.org/10.1172/JCI26032
https://doi.org/10.1073/pnas.250477397
https://doi.org/10.1126/science.8197455
https://doi.org/10.1016/j.biochi.2007.05.001
https://doi.org/10.1016/j.biochi.2007.05.001
https://doi.org/10.1126/science.2470148
https://doi.org/10.1038/nature10623
https://doi.org/10.1038/nature10117
https://doi.org/10.1038/nature10117
https://doi.org/10.1038/nature10195


9

Soper et al. Type I IFN and HIV-1 Infection

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 1823

21. Amie SM, Noble E, Kim B. Intracellular nucleotide levels and the control 
of retroviral infections. Virology (2013) 436(2):247–54. doi:10.1016/j.virol. 
2012.11.010 

22. Baldauf HM, Pan X, Erikson E, Schmidt S, Daddacha W, Burggraf M, et al. 
SAMHD1 restricts HIV-1 infection in resting CD4(+) T cells. Nat Med (2012) 
18(11):1682–7. doi:10.1038/nm.2964 

23. Mlcochova P, Sutherland KA, Watters SA, Bertoli C, de Bruin RA, Rehwinkel J,  
et  al. G1-like state allows HIV-1 to bypass SAMHD1 restriction in macro-
phages. EMBO J (2017) 36(5):604–16. doi:10.15252/embj.201696025 

24. Satyanarayana A, Kaldis P. Mammalian cell-cycle regulation: several CDKs, 
numerous cyclins and diverse compensatory mechanisms. Oncogene (2009) 
28(33):2925–39. doi:10.1038/onc.2009.170 

25. Rice AP, Kimata JT. Subversion of cell cycle regulatory mechanisms by 
HIV. Cell Host Microbe (2015) 17(6):736–40. doi:10.1016/j.chom.2015. 
05.010 

26. Nyamweya S, Hegedus A, Jaye A, Rowland-Jones S, Flanagan KL, Macallan DC.  
Comparing HIV-1 and HIV-2 infection: lessons for viral immunopathoge-
nesis. Rev Med Virol (2013) 23(4):221–40. doi:10.1002/rmv.1739 

27. Etienne L, Hahn BH, Sharp PM, Matsen FA, Emerman M. Gene loss and adap-
tation to hominids underlie the ancient origin of HIV-1. Cell Host Microbe 
(2013) 14(1):85–92. doi:10.1016/j.chom.2013.06.002 

28. Ryoo J, Choi J, Oh C, Kim S, Seo M, Kim SY, et al. The ribonuclease activity 
of SAMHD1 is required for HIV-1 restriction. Nat Med (2014) 20(8):936–41. 
doi:10.1038/nm.3626 

29. Harris RS, Dudley JP. APOBECs and virus restriction. Virology (2015) 
47(9–480):131–45. doi:10.1016/j.virol.2015.03.012 

30. LaRue RS, Andresdottir V, Blanchard Y, Conticello SG, Derse D, Emerman M, 
et al. Guidelines for naming nonprimate APOBEC3 genes and proteins. J Virol 
(2009) 83(2):494–7. doi:10.1128/JVI.01976-08 

31. Sato K, Izumi T, Misawa N, Kobayashi T, Yamashita Y, Ohmichi M, et  al. 
Remarkable lethal G-to-A mutations in Vif-proficient HIV-1 provirus by indi-
vidual APOBEC3 proteins in humanized mice. J Virol (2010) 84(18):9546–56. 
doi:10.1128/JVI.00823-10 

32. Sato K, Takeuchi JS, Misawa N, Izumi T, Kobayashi T, Kimura Y, et  al. 
APOBEC3D and APOBEC3F potently promote HIV-1 diversification and 
evolution in humanized mouse model. PLoS Pathog (2014) 10(10):e1004453. 
doi:10.1371/journal.ppat.1004453 

33. Kobayashi T, Koizumi Y, Takeuchi JS, Misawa N, Kimura Y, Morita S, et al. 
Quantification of deaminase activity-dependent and -independent restriction 
of HIV-1 replication mediated by APOBEC3F and APOBEC3G through 
experimental-mathematical investigation. J Virol (2014) 88(10):5881–7. 
doi:10.1128/JVI.00062-14 

34. Refsland EW, Hultquist JF, Harris RS. Endogenous origins of HIV-1 G-to-A 
hypermutation and restriction in the nonpermissive T  cell line CEM2n.  
PLoS Pathog (2012) 8(7):e1002800. doi:10.1371/journal.ppat.1002800 

35. Liddament MT, Brown WL, Schumacher AJ, Harris RS. APOBEC3F proper-
ties and hypermutation preferences indicate activity against HIV-1 in vivo. 
Curr Biol (2004) 14(15):1385–91. doi:10.1016/j.cub.2004.06.050 

36. Nakano Y, Misawa N, Juarez-Fernandez G, Moriwaki M, Nakaoka S, Funo T,  
et  al. HIV-1 competition experiments in humanized mice show that 
APOBEC3H imposes selective pressure and promotes virus adaptation.  
PLoS Pathog (2017) 13(5):e1006348. doi:10.1371/journal.ppat.1006348 

37. Refsland EW, Hultquist JF, Luengas EM, Ikeda T, Shaban NM, Law EK, 
et  al. Natural polymorphisms in human APOBEC3H and HIV-1 Vif 
combine in primary T lymphocytes to affect viral G-to-A mutation levels 
and infectivity. PLoS Genet (2014) 10(11):e1004761. doi:10.1371/journal.
pgen.1004761 

38. Wang X, Abudu A, Son S, Dang Y, Venta PJ, Zheng YH. Analysis of human 
APOBEC3H haplotypes and anti-human immunodeficiency virus type 1 
activity. J Virol (2011) 85(7):3142–52. doi:10.1128/JVI.02049-10 

39. OhAinle M, Kerns JA, Li MM, Malik HS, Emerman M. Antiretroelement 
activity of APOBEC3H was lost twice in recent human evolution. Cell Host 
Microbe (2008) 4(3):249–59. doi:10.1016/j.chom.2008.07.005 

40. Aebi M, Fah J, Hurt N, Samuel CE, Thomis D, Bazzigher L, et  al. cDNA 
structures and regulation of two interferon-induced human Mx proteins.  
Mol Cell Biol (1989) 9(11):5062–72. doi:10.1128/MCB.9.11.5062 

41. Horisberger MA, Hochkeppel HK. An interferon-induced mouse protein 
involved in the mechanism of resistance to influenza viruses. Its purification 

to homogeneity and characterization by polyclonal antibodies. J Biol Chem 
(1985) 260(3):1730–3. 

42. Kane M, Yadav SS, Bitzegeio J, Kutluay SB, Zang T, Wilson SJ, et  al. MX2 
is an interferon-induced inhibitor of HIV-1 infection. Nature (2013) 
502(7472):563–6. doi:10.1038/nature12653 

43. Liu Z, Pan Q, Ding S, Qian J, Xu F, Zhou J, et al. The interferon-inducible MxB 
protein inhibits HIV-1 infection. Cell Host Microbe (2013) 14(4):398–410. 
doi:10.1016/j.chom.2013.08.015 

44. Goujon C, Moncorge O, Bauby H, Doyle T, Ward CC, Schaller T, et al. Human 
MX2 is an interferon-induced post-entry inhibitor of HIV-1 infection. Nature 
(2013) 502(7472):559–62. doi:10.1038/nature12542 

45. Gordien E, Rosmorduc O, Peltekian C, Garreau F, Brechot C, Kremsdorf D. 
Inhibition of hepatitis B virus replication by the interferon-inducible MxA 
protein. J Virol (2001) 75(6):2684–91. doi:10.1128/JVI.75.6.2684-2691.2001 

46. Goujon C, Malim MH. Characterization of the alpha interferon-induced 
postentry block to HIV-1 infection in primary human macrophages and 
T cells. J Virol (2010) 84(18):9254–66. doi:10.1128/JVI.00854-10 

47. Hilditch L, Towers GJ. A model for cofactor use during HIV-1 reverse 
transcription and nuclear entry. Curr Opin Virol (2014) 4:32–6. doi:10.1016/j.
coviro.2013.11.003 

48. Dick A, Graf L, Olal D, von der Malsburg A, Gao S, Kochs G, et al. Role of 
nucleotide binding and GTPase domain dimerization in dynamin-like myxo-
virus resistance protein A for GTPase activation and antiviral activity. J Biol 
Chem (2015) 290(20):12779–92. doi:10.1074/jbc.M115.650325 

49. Li M, Kao E, Gao X, Sandig H, Limmer K, Pavon-Eternod M, et al. Codon-
usage-based inhibition of HIV protein synthesis by human schlafen 11. Nature 
(2012) 491(7422):125–8. doi:10.1038/nature11433 

50. Stabell AC, Hawkins J, Li M, Gao X, David M, Press WH, et al. Non-human 
primate schlafen11 inhibits production of both host and viral proteins.  
PLoS Pathog (2016) 12(12):e1006066. doi:10.1371/journal.ppat.1006066 

51. Kim BH, Shenoy AR, Kumar P, Bradfield CJ, MacMicking JD. IFN-inducible 
GTPases in host cell defense. Cell Host Microbe (2012) 12(4):432–44. 
doi:10.1016/j.chom.2012.09.007 

52. Krapp C, Hotter D, Gawanbacht A, McLaren PJ, Kluge SF, Sturzel CM, et al. 
Guanylate binding protein (GBP) 5 is an interferon-inducible inhibitor of 
HIV-1 infectivity. Cell Host Microbe (2016) 19(4):504–14. doi:10.1016/j.
chom.2016.02.019 

53. Neil SJ, Zang T, Bieniasz PD. Tetherin inhibits retrovirus release and is 
antagonized by HIV-1 Vpu. Nature (2008) 451(7177):425–30. doi:10.1038/
nature06553 

54. Van Damme N, Goff D, Katsura C, Jorgenson RL, Mitchell R, Johnson MC, 
et  al. 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(4):245–52. doi:10.1016/j.chom.2008.03.001 

55. Ratner L, Haseltine W, Patarca R, Livak KJ, Starcich B, Josephs SF, et  al. 
Complete nucleotide sequence of the AIDS virus, HTLV-III. Nature (1985) 
313(6000):277–84. doi:10.1038/313277a0 

56. Ratner L, Fisher A, Jagodzinski LL, Mitsuya H, Liou RS, Gallo RC, et  al. 
Complete nucleotide sequences of functional clones of the AIDS virus. AIDS 
Res Hum Retroviruses (1987) 3(1):57–69. doi:10.1089/aid.1987.3.57 

57. Alizon M, Wain-Hobson S, Montagnier L, Sonigo P. Genetic variability of 
the AIDS virus: nucleotide sequence analysis of two isolates from African 
patients. Cell (1986) 46(1):63–74. doi:10.1016/0092-8674(86)90860-3 

58. Srinivasan A, Anand R, York D, Ranganathan P, Feorino P, Schochetman G, 
et al. Molecular characterization of human immunodeficiency virus from Zaire: 
nucleotide sequence analysis identifies conserved and variable domains in 
the envelope gene. Gene (1987) 52(1):71–82. doi:10.1016/0378-1119(87) 
90396-9 

59. Neil SJ, Eastman SW, Jouvenet N, Bieniasz PD. HIV-1 Vpu promotes 
release and prevents endocytosis of nascent retrovirus particles from the 
plasma membrane. PLoS Pathog (2006) 2(5):e39. doi:10.1371/journal.ppat. 
0020039 

60. Varthakavi V, Smith RM, Bour SP, Strebel K, Spearman P. Viral protein 
U counteracts a human host cell restriction that inhibits HIV-1 particle 
production. Proc Natl Acad Sci U S A (2003) 100(25):15154–9. doi:10.1073/
pnas.2433165100 

61. Gottlinger HG, Dorfman T, Cohen EA, Haseltine WA. Vpu protein of human 
immunodeficiency virus type 1 enhances the release of capsids produced 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.virol.
2012.11.010
https://doi.org/10.1016/j.virol.
2012.11.010
https://doi.org/10.1038/nm.2964
https://doi.org/10.15252/embj.201696025
https://doi.org/10.1038/onc.2009.170
https://doi.org/10.1016/j.chom.2015.
05.010
https://doi.org/10.1016/j.chom.2015.
05.010
https://doi.org/10.1002/rmv.1739
https://doi.org/10.1016/j.chom.2013.06.002
https://doi.org/10.1038/nm.3626
https://doi.org/10.1016/j.virol.2015.03.012
https://doi.org/10.1128/JVI.01976-08
https://doi.org/10.1128/JVI.00823-10
https://doi.org/10.1371/journal.ppat.1004453
https://doi.org/10.1128/JVI.00062-14
https://doi.org/10.1371/journal.ppat.1002800
https://doi.org/10.1016/j.cub.2004.06.050
https://doi.org/10.1371/journal.ppat.1006348
https://doi.org/10.1371/journal.pgen.1004761
https://doi.org/10.1371/journal.pgen.1004761
https://doi.org/10.1128/JVI.02049-10
https://doi.org/10.1016/j.chom.2008.07.005
https://doi.org/10.1128/MCB.9.11.5062
https://doi.org/10.1038/nature12653
https://doi.org/10.1016/j.chom.2013.08.015
https://doi.org/10.1038/nature12542
https://doi.org/10.1128/JVI.75.6.2684-2691.2001
https://doi.org/10.1128/JVI.00854-10
https://doi.org/10.1016/j.coviro.2013.11.003
https://doi.org/10.1016/j.coviro.2013.11.003
https://doi.org/10.1074/jbc.M115.650325
https://doi.org/10.1038/nature11433
https://doi.org/10.1371/journal.ppat.1006066
https://doi.org/10.1016/j.chom.2012.09.007
https://doi.org/10.1016/j.chom.2016.02.019
https://doi.org/10.1016/j.chom.2016.02.019
https://doi.org/10.1038/nature06553
https://doi.org/10.1038/nature06553
https://doi.org/10.1016/j.chom.2008.03.001
https://doi.org/10.1038/313277a0
https://doi.org/10.1089/aid.1987.3.57
https://doi.org/10.1016/0092-8674(86)90860-3
https://doi.org/10.1016/0378-1119(87)
90396-9
https://doi.org/10.1016/0378-1119(87)
90396-9
https://doi.org/10.1371/journal.ppat.
0020039
https://doi.org/10.1371/journal.ppat.
0020039
https://doi.org/10.1073/pnas.2433165100
https://doi.org/10.1073/pnas.2433165100


10

Soper et al. Type I IFN and HIV-1 Infection

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 1823

by gag gene constructs of widely divergent retroviruses. Proc Natl Acad Sci  
U S A (1993) 90(15):7381–5. doi:10.1073/pnas.90.15.7381 

62. Klimkait T, Strebel K, Hoggan MD, Martin MA, Orenstein JM. The human 
immunodeficiency virus type 1-specific protein Vpu is required for efficient 
virus maturation and release. J Virol (1990) 64(2):621–9. 

63. Strebel K, Klimkait T, Maldarelli F, Martin MA. Molecular and biochemical 
analyses of human immunodeficiency virus type 1 Vpu protein. J Virol (1989) 
63(9):3784–91. 

64. Terwilliger EF, Cohen EA, Lu YC, Sodroski JG, Haseltine WA. Functional role 
of human immunodeficiency virus type 1 Vpu. Proc Natl Acad Sci U S A (1989) 
86(13):5163–7. doi:10.1073/pnas.86.13.5163 

65. Kupzig S, Korolchuk V, Rollason R, Sugden A, Wilde A, Banting G. BST-2/
HM1.24 is a raft-associated apical membrane protein with an unusual topol-
ogy. Traffic (2003) 4(10):694–709. doi:10.1034/j.1600-0854.2003.00129.x 

66. Perez-Caballero D, Zang T, Ebrahimi A, McNatt MW, Gregory DA, Johnson MC,  
et  al. Tetherin inhibits HIV-1 release by directly tethering virions to cells.  
Cell (2009) 139(3):499–511. doi:10.1016/j.cell.2009.08.039 

67. Sato K, Yamamoto SP, Misawa N, Yoshida T, Miyazawa T, Koyanagi Y.  
Comparative study on the effect of human BST-2/tetherin on HIV-1 release 
in cells of various species. Retrovirology (2009) 6:53. doi:10.1186/1742- 
4690-6-53 

68. Soper A, Juarez-Fernandez G, Aso H, Moriwaki M, Yamada E, Nakano Y,  
et  al. Various plus unique: viral protein U as a plurifunctional protein for 
HIV-1 replication. Exp Biol Med (Maywood) (2017) 242(8):850–8. doi:10.1177/ 
1535370217697384 

69. Kobayashi T, Ode H, Yoshida T, Sato K, Gee P, Yamamoto SP, et al. Identification 
of amino acids in the human tetherin transmembrane domain responsible 
for HIV-1 Vpu interaction and susceptibility. J Virol (2011) 85(2):932–45. 
doi:10.1128/JVI.01668-10 

70. Vigan R, Neil SJ. Determinants of tetherin antagonism in the transmembrane 
domain of the human immunodeficiency virus type 1 Vpu protein. J Virol 
(2010) 84(24):12958–70. doi:10.1128/JVI.01699-10 

71. Iwabu Y, Fujita H, Kinomoto M, Kaneko K, Ishizaka Y, Tanaka Y, et al. HIV-1 
accessory protein Vpu internalizes cell-surface BST-2/tetherin through trans-
membrane interactions leading to lysosomes. J Biol Chem (2009) 284(50): 
35060–72. doi:10.1074/jbc.M109.058305 

72. Janvier K, Pelchen-Matthews A, Renaud JB, Caillet M, Marsh M, Berlioz-Torrent C.  
The ESCRT-0 component HRS is required for HIV-1 Vpu-mediated BST-2/teth-
erin down-regulation. PLoS Pathog (2011) 7(2):e1001265. doi:10.1371/ 
journal.ppat.1001265 

73. Sato K, Misawa N, Fukuhara M, Iwami S, An DS, Ito M, et al. Vpu augments the 
initial burst phase of HIV-1 propagation and downregulates BST2 and CD4 
in humanized mice. J Virol (2012) 86(9):5000–13. doi:10.1128/JVI.07062-11 

74. Dave VP, Hajjar F, Dieng MM, Haddad E, Cohen EA. Efficient BST2 antag-
onism by Vpu is critical for early HIV-1 dissemination in humanized mice. 
Retrovirology (2013) 10:128. doi:10.1186/1742-4690-10-128 

75. Galao RP, Le Tortorec A, Pickering S, Kueck T, Neil SJ. Innate sensing of HIV-1 
assembly by tetherin induces NFκB-dependent proinflammatory responses. 
Cell Host Microbe (2012) 12(5):633–44. doi:10.1016/j.chom.2012.10.007 

76. Sauter D, Hotter D, Van Driessche B, Sturzel CM, Kluge SF, Wildum S, 
et  al. Differential regulation of NF-κB-mediated proviral and antiviral host 
gene expression by primate lentiviral Nef and Vpu proteins. Cell Rep (2015) 
10(4):586–99. doi:10.1016/j.celrep.2014.12.047 

77. Tokarev A, Suarez M, Kwan W, Fitzpatrick K, Singh R, Guatelli J. Stimulation 
of NF-kappaB activity by the HIV restriction factor BST2. J Virol (2013) 
87(4):2046–57. doi:10.1128/JVI.02272-12 

78. Morrow G, Vachot L, Vagenas P, Robbiani M. Current concepts of HIV 
transmission. Curr HIV/AIDS Rep (2007) 4(1):29–35. doi:10.1007/s11904- 
007-0005-x 

79. Iyer SS, Bibollet-Ruche F, Sherrill-Mix S, Learn GH, Plenderleith L, Smith AG, 
et al. Resistance to type 1 interferons is a major determinant of HIV-1 trans-
mission fitness. Proc Natl Acad Sci U S A (2017) 114(4):E590–9. doi:10.1073/
pnas.1620144114 

80. Fenton-May AE, Dibben O, Emmerich T, Ding H, Pfafferott K, Aasa- 
Chapman MM, et al. Relative resistance of HIV-1 founder viruses to control by 
interferon-alpha. Retrovirology (2013) 10:146. doi:10.1186/1742-4690-10-146 

81. Parrish NF, Gao F, Li H, Giorgi EE, Barbian HJ, Parrish EH, et al. Phenotypic 
properties of transmitted founder HIV-1. Proc Natl Acad Sci U S A (2013) 
110(17):6626–33. doi:10.1073/pnas.1304288110 

82. O’Brien M, Manches O, Bhardwaj N. Plasmacytoid dendritic cells in HIV infec-
tion. Adv Exp Med Biol (2013) 762:71–107. doi:10.1007/978-1-4614-4433-6_3 

83. O’Brien M, Manches O, Sabado RL, Baranda SJ, Wang Y, Marie I, et  al. 
Spatiotemporal trafficking of HIV in human plasmacytoid dendritic cells 
defines a persistently IFN-alpha-producing and partially matured pheno-
type. J Clin Invest (2011) 121(3):1088–101. doi:10.1172/JCI44960 

84. Goodbourn S, Didcock L, Randall RE. Interferons: cell signalling, immune 
modulation, antiviral response and virus countermeasures. J Gen Virol 
(2000) 81(Pt 10):2341–64. doi:10.1099/0022-1317-81-10-2341 

85. Siegal FP, Kadowaki N, Shodell M, Fitzgerald-Bocarsly PA, Shah K, Ho S, 
et al. The nature of the principal type 1 interferon-producing cells in human 
blood. Science (1999) 284(5421):1835–7. doi:10.1126/science.284.5421.1835 

86. Fitzgerald-Bocarsly P. Human natural interferon-alpha producing cells. 
Pharmacol Ther (1993) 60(1):39–62. doi:10.1016/0163-7258(93)90021-5 

87. Tomescu C, Tebas P, Montaner LJ. IFN-alpha augments natural killer- 
mediated antibody-dependent cellular cytotoxicity of HIV-1-infected autolo-
gous CD4+ T cells regardless of major histocompatibility complex class 1 down-
regulation. AIDS (2017) 31(5):613–22. doi:10.1097/QAD.0000000000001380 

88. Tomescu C, Mavilio D, Montaner LJ. Lysis of HIV-1-infected autologous 
CD4+ primary T  cells by interferon-alpha-activated NK  cells requires 
NKp46 and NKG2D. AIDS (2015) 29(14):1767–73. doi:10.1097/QAD. 
0000000000000777 

89. Portales P, Reynes J, Pinet V, Rouzier-Panis R, Baillat V, Clot J, et  al. 
Interferon-alpha restores HIV-induced alteration of natural killer cell 
perforin expression in  vivo. AIDS (2003) 17(4):495–504. doi:10.1097/01.
aids.0000050816.06065.b1 

90. Hunter CA, Gabriel KE, Radzanowski T, Neyer LE, Remington JS. Type I 
interferons enhance production of IFN-gamma by NK cells. Immunol Lett 
(1997) 59(1):1–5. doi:10.1016/S0165-2478(97)00091-6 

91. Akiyama H, Ramirez NP, Gibson G, Kline C, Watkins S, Ambrose Z, et al. 
Interferon-inducible CD169/Siglec1 attenuates anti-HIV-1 effects of IFN-
alpha. J Virol (2017) 91(21):e00972-17. doi:10.1128/JVI.00972-17 

92. Lehmann C, Jung N, Forster K, Koch N, Leifeld L, Fischer J, et  al. 
Longitudinal analysis of distribution and function of plasmacytoid dendritic 
cells in peripheral blood and gut mucosa of HIV infected patients. J Infect 
Dis (2014) 209(6):940–9. doi:10.1093/infdis/jit612 

93. Li H, Gillis J, Johnson RP, Reeves RK. Multi-functional plasmacytoid den-
dritic cells redistribute to gut tissues during simian immunodeficiency virus 
infection. Immunology (2013) 140(2):244–9. doi:10.1111/imm.12132 

94. Barratt-Boyes SM, Wijewardana V, Brown KN. In acute pathogenic 
SIV infection plasmacytoid dendritic cells are depleted from blood and 
lymph nodes despite mobilization. J Med Primatol (2010) 39(4):235–42. 
doi:10.1111/j.1600-0684.2010.00428.x 

95. Markova AA, Mihm U, Schlaphoff V, Lunemann S, Filmann N, Bremer B,  
et al. PEG-IFN alpha but not ribavirin alters NK cell phenotype and func-
tion in patients with chronic hepatitis C. PLoS One (2014) 9(4):e94512. 
doi:10.1371/journal.pone.0094512 

96. Cooper MA, Fehniger TA, Fuchs A, Colonna M, Caligiuri MA. NK  cell 
and DC interactions. Trends Immunol (2004) 25(1):47–52. doi:10.1016/j.
it.2003.10.012 

97. Cerwenka A, Lanier LL. Natural killer cells, viruses and cancer. Nat Rev 
Immunol (2001) 1(1):41–9. doi:10.1038/35095564 

98. Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA, Ghayur T, 
et al. Human natural killer cells: a unique innate immunoregulatory role for 
the CD56(bright) subset. Blood (2001) 97(10):3146–51. doi:10.1182/blood.
V97.10.3146 

99. Trinchieri G. Biology of natural killer cells. Adv Immunol (1989) 47:187–376. 
doi:10.1016/S0065-2776(08)60664-1 

100. Lehmann C, Lafferty M, Garzino-Demo A, Jung N, Hartmann P, Fatkenheuer G,  
et al. Plasmacytoid dendritic cells accumulate and secrete interferon alpha in 
lymph nodes of HIV-1 patients. PLoS One (2010) 5(6):e11110. doi:10.1371/
journal.pone.0011110 

101. Herbeuval JP, Nilsson J, Boasso A, Hardy AW, Kruhlak MJ, Anderson SA, 
et  al. Differential expression of IFN-alpha and TRAIL/DR5 in lymphoid 
tissue of progressor versus nonprogressor HIV-1-infected patients. Proc Natl 
Acad Sci U S A (2006) 103(18):7000–5. doi:10.1073/pnas.0600363103 

102. Veazey RS, Pilch-Cooper HA, Hope TJ, Alter G, Carias AM, Sips M, et al. 
Prevention of SHIV transmission by topical IFN-beta treatment. Mucosal 
Immunol (2016) 9(6):1528–36. doi:10.1038/mi.2015.146 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.90.15.7381
https://doi.org/10.1073/pnas.86.13.5163
https://doi.org/10.1034/j.1600-0854.2003.00129.x
https://doi.org/10.1016/j.cell.2009.08.039
https://doi.org/10.1186/1742-
4690-6-53
https://doi.org/10.1186/1742-
4690-6-53
https://doi.org/10.1177/
1535370217697384
https://doi.org/10.1177/
1535370217697384
https://doi.org/10.1128/JVI.01668-10
https://doi.org/10.1128/JVI.01699-10
https://doi.org/10.1074/jbc.M109.058305
https://doi.org/10.1371/
journal.ppat.1001265
https://doi.org/10.1371/
journal.ppat.1001265
https://doi.org/10.1128/JVI.07062-11
https://doi.org/10.1186/1742-4690-10-128
https://doi.org/10.1016/j.chom.2012.10.007
https://doi.org/10.1016/j.celrep.2014.12.047
https://doi.org/10.1128/JVI.02272-12
https://doi.org/10.1007/s11904-007-0005-x
https://doi.org/10.1007/s11904-007-0005-x
https://doi.org/10.1073/pnas.1620144114
https://doi.org/10.1073/pnas.1620144114
https://doi.org/10.1186/1742-4690-10-146
https://doi.org/10.1073/pnas.1304288110
https://doi.org/10.1007/978-1-4614-4433-6_3
https://doi.org/10.1172/JCI44960
https://doi.org/10.1099/0022-1317-81-10-2341
https://doi.org/10.1126/science.284.5421.1835
https://doi.org/10.1016/0163-7258(93)90021-5
https://doi.org/10.1097/QAD.0000000000001380
https://doi.org/10.1097/QAD.
0000000000000777
https://doi.org/10.1097/QAD.
0000000000000777
https://doi.org/10.1097/01.aids.0000050816.06065.b1
https://doi.org/10.1097/01.aids.0000050816.06065.b1
https://doi.org/10.1016/S0165-2478(97)00091-6
https://doi.org/10.1128/JVI.00972-17
https://doi.org/10.1093/infdis/jit612
https://doi.org/10.1111/imm.12132
https://doi.org/10.1111/j.1600-0684.2010.00428.x
https://doi.org/10.1371/journal.pone.0094512
https://doi.org/10.1016/j.it.2003.10.012
https://doi.org/10.1016/j.it.2003.10.012
https://doi.org/10.1038/35095564
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.1016/S0065-2776(08)60664-1
https://doi.org/10.1371/journal.pone.0011110
https://doi.org/10.1371/journal.pone.0011110
https://doi.org/10.1073/pnas.0600363103
https://doi.org/10.1038/mi.2015.146


11

Soper et al. Type I IFN and HIV-1 Infection

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 1823

103. Longo DL, Steis RG, Lane HC, Lotze MT, Rosenberg SA, Preble O, et  al. 
Malignancies in the AIDS patient: natural history, treatment strategies, and 
preliminary results. Ann N Y Acad Sci (1984) 437:421–30. doi:10.1111/j. 
1749-6632.1984.tb37163.x 

104. Machmach K, Leal M, Gras C, Viciana P, Genebat M, Franco E, et  al. 
Plasmacytoid dendritic cells reduce HIV production in elite controllers. 
J Virol (2012) 86(8):4245–52. doi:10.1128/JVI.07114-11 

105. Lavender KJ, Gibbert K, Peterson KE, Van Dis E, Francois S, Woods T, et al. 
Interferon alpha subtype-specific suppression of HIV-1 infection in  vivo. 
J Virol (2016) 90(13):6001–13. doi:10.1128/JVI.00451-16 

106. Harper MS, Guo K, Gibbert K, Lee EJ, Dillon SM, Barrett BS, et al. Interferon-
alpha subtypes in an ex vivo model of acute HIV-1 infection: expression, 
potency and effector mechanisms. PLoS Pathog (2015) 11(11):e1005254. 
doi:10.1371/journal.ppat.1005254 

107. Abraham S, Choi JG, Ortega NM, Zhang J, Shankar P, Swamy NM. Gene 
therapy with plasmids encoding IFN-beta or IFN-alpha14 confers long-term 
resistance to HIV-1 in humanized mice. Oncotarget (2016) 7(48):78412–20. 
doi:10.18632/oncotarget.12512 

108. Harris LD, Tabb B, Sodora DL, Paiardini M, Klatt NR, Douek DC, et  al. 
Downregulation of robust acute type I interferon responses distinguishes 
nonpathogenic simian immunodeficiency virus (SIV) infection of natural 
hosts from pathogenic SIV infection of rhesus macaques. J Virol (2010) 
84(15):7886–91. doi:10.1128/JVI.02612-09 

109. Seay K, Church C, Zheng JH, Deneroff K, Ochsenbauer C, Kappes JC, et al. 
In vivo activation of human NK cells by treatment with an interleukin-15 
superagonist potently inhibits acute in vivo HIV-1 infection in humanized 
mice. J Virol (2015) 89(12):6264–74. doi:10.1128/JVI.00563-15 

110. Johansson SE, Brauner H, Hinkula J, Wahren B, Berg L, Johansson MH. 
Accumulation and activation of natural killer cells in local intraperitoneal 
HIV-1/MuLV infection results in early control of virus infected cells.  
Cell Immunol (2011) 272(1):71–8. doi:10.1016/j.cellimm.2011.09.005 

111. Vanderford TH, Slichter C, Rogers KA, Lawson BO, Obaede R, Else J, et al. 
Treatment of SIV-infected sooty mangabeys with a type-I IFN agonist results 
in decreased virus replication without inducing hyperimmune activation. 
Blood (2012) 119(24):5750–7. doi:10.1182/blood-2012-02-411496 

112. Jacquelin B, Mayau V, Targat B, Liovat AS, Kunkel D, Petitjean G, et  al. 
Nonpathogenic SIV infection of African green monkeys induces a strong but 
rapidly controlled type I IFN response. J Clin Invest (2009) 119(12):3544–55. 
doi:10.1172/JCI40093 

113. Klatt NR, Silvestri G, Hirsch V. Nonpathogenic simian immunodeficiency 
virus infections. Cold Spring Harb Perspect Med (2012) 2(1):a007153. 
doi:10.1101/cshperspect.a007153 

114. Dallari S, Macal M, Loureiro ME, Jo Y, Swanson L, Hesser C, et  al. SRC 
family kinases FYN and LYN are constitutively activated and mediate plas-
macytoid dendritic cell responses. Nat Commun (2017) 8:14830. doi:10.1038/
ncomms14830 

115. Diop OM, Ploquin MJ, Mortara L, Faye A, Jacquelin B, Kunkel D, et  al. 
Plasmacytoid dendritic cell dynamics and alpha interferon production 
during simian immunodeficiency virus infection with a nonpathogenic 
outcome. J Virol (2008) 82(11):5145–52. doi:10.1128/JVI.02433-07 

116. Malleret B, Karlsson I, Maneglier B, Brochard P, Delache B, Andrieu T, 
et  al. Effect of SIVmac infection on plasmacytoid and CD1c+ myeloid 
dendritic cells in cynomolgus macaques. Immunology (2008) 124(2):223–33. 
doi:10.1111/j.1365-2567.2007.02758.x 

117. Brown KN, Trichel A, Barratt-Boyes SM. Parallel loss of myeloid and plas-
macytoid dendritic cells from blood and lymphoid tissue in simian AIDS. 
J Immunol (2007) 178(11):6958–67. doi:10.4049/jimmunol.178.11.6958 

118. Reeves RK, Fultz PN. Disparate effects of acute and chronic infection 
with SIVmac239 or SHIV-89.6P on macaque plasmacytoid dendritic cells. 
Virology (2007) 365(2):356–68. doi:10.1016/j.virol.2007.03.055 

119. Brown KN, Wijewardana V, Liu X, Barratt-Boyes SM. Rapid influx and 
death of plasmacytoid dendritic cells in lymph nodes mediate depletion 
in acute simian immunodeficiency virus infection. PLoS Pathog (2009) 
5(5):e1000413. doi:10.1371/journal.ppat.1000413 

120. Malleret B, Maneglier B, Karlsson I, Lebon P, Nascimbeni M, Perie L, et al. 
Primary infection with simian immunodeficiency virus: plasmacytoid 
dendritic cell homing to lymph nodes, type I interferon, and immune 
suppression. Blood (2008) 112(12):4598–608. doi:10.1182/blood-2008-06- 
162651 

121. Wang Y, Abel K, Lantz K, Krieg AM, McChesney MB, Miller CJ. The toll-like 
receptor 7 (TLR7) agonist, imiquimod, and the TLR9 agonist, CpG ODN, 
induce antiviral cytokines and chemokines but do not prevent vaginal 
transmission of simian immunodeficiency virus when applied intravaginally 
to rhesus macaques. J Virol (2005) 79(22):14355–70. doi:10.1128/JVI.79.22. 
14355-14370.2005 

122. Miller CJ, Li Q, Abel K, Kim EY, Ma ZM, Wietgrefe S, et  al. Propagation 
and dissemination of infection after vaginal transmission of simian 
immunodeficiency virus. J Virol (2005) 79(14):9217–27. doi:10.1128/
JVI.79.14.9217-9227.2005 

123. Abel K, Rocke DM, Chohan B, Fritts L, Miller CJ. Temporal and anatomic 
relationship between virus replication and cytokine gene expression 
after vaginal simian immunodeficiency virus infection. J Virol (2005) 
79(19):12164–72. doi:10.1128/JVI.79.19.12164-12172.2005 

124. Sandler NG, Bosinger SE, Estes JD, Zhu RT, Tharp GK, Boritz E, et  al. 
Type I interferon responses in rhesus macaques prevent SIV infection and 
slow disease progression. Nature (2014) 511(7511):601–5. doi:10.1038/
nature13554 

125. Zhen A, Rezek V, Youn C, Lam B, Chang N, Rick J, et  al. Targeting type 
I interferon-mediated activation restores immune function in chronic HIV 
infection. J Clin Invest (2017) 127(1):260–8. doi:10.1172/JCI89488 

126. Cheng L, Ma J, Li J, Li D, Li G, Li F, et al. Blocking type I interferon signaling 
enhances T cell recovery and reduces HIV-1 reservoirs. J Clin Invest (2017) 
127(1):269–79. doi:10.1172/JCI90745 

127. Cheng L, Yu H, Li G, Li F, Ma J, Li J, et al. Type I interferons suppress viral rep-
lication but contribute to T cell depletion and dysfunction during chronic HIV-1 
infection. JCI Insight (2017) 2(12):94366. doi:10.1172/jci.insight.94366 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Soper, Kimura, Nagaoka, Konno, Yamamoto, Koyanagi and Sato. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/j.
1749-6632.1984.tb37163.x
https://doi.org/10.1111/j.
1749-6632.1984.tb37163.x
https://doi.org/10.1128/JVI.07114-11
https://doi.org/10.1128/JVI.00451-16
https://doi.org/10.1371/journal.ppat.1005254
https://doi.org/10.18632/oncotarget.12512
https://doi.org/10.1128/JVI.02612-09
https://doi.org/10.1128/JVI.00563-15
https://doi.org/10.1016/j.cellimm.2011.09.005
https://doi.org/10.1182/blood-2012-02-411496
https://doi.org/10.1172/JCI40093
https://doi.org/10.1101/cshperspect.a007153
https://doi.org/10.1038/ncomms14830
https://doi.org/10.1038/ncomms14830
https://doi.org/10.1128/JVI.02433-07
https://doi.org/10.1111/j.1365-2567.2007.02758.x
https://doi.org/10.4049/jimmunol.178.11.6958
https://doi.org/10.1016/j.virol.2007.03.055
https://doi.org/10.1371/journal.ppat.1000413
https://doi.org/10.1182/blood-2008-06-
162651
https://doi.org/10.1182/blood-2008-06-
162651
https://doi.org/10.1128/JVI.79.22.
14355-14370.2005
https://doi.org/10.1128/JVI.79.22.
14355-14370.2005
https://doi.org/10.1128/JVI.79.14.9217-9227.2005
https://doi.org/10.1128/JVI.79.14.9217-9227.2005
https://doi.org/10.1128/JVI.79.19.12164-12172.2005
https://doi.org/10.1038/nature13554
https://doi.org/10.1038/nature13554
https://doi.org/10.1172/JCI89488
https://doi.org/10.1172/JCI90745
https://doi.org/10.1172/jci.insight.94366
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Type I Interferon Responses by HIV-1 Infection: Association with Disease Progression and Control
	Human Immunodeficiency Virus Type 1 (HIV-1) Recognition for Type I Interferon (IFN-I) Production
	IFN-Stimulating Genes (ISGs): Effector Molecules Exhibiting Anti-Viral Effects
	Restriction Factors (RFs): ISGs Potently Control HIV-1 Replication
	SAM Domain and HD Domain-Containing Protein 1
	Apolipoprotein B mRNA Editing Enzyme Catalytic-Like 3
	MX Dynamin-Like GTPase 2
	Schlafen 11
	Guanylate-Binding Protein 5
	Tetherin

	IFN-I Responses and Immunity Against HIV-1 Infection
	Effect of IFN-I on HIV-1 Infection In Vivo
	Future Direction
	Author Contributions
	Acknowledgments
	Funding
	References


