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Abstract

Purpose of review—HIV-1 infection is of global importance, and still incurs substantial
morbidity and mortality. Although major pharmacologic advances over the past two decades have
resulted in remarkable HIV-1 control, a cure is still forthcoming. One approach to a cure is to
exploit natural mechanisms by which the host restricts HIV-1. Herein, we review past and recent
discoveries of HIV-1 restriction factors, a diverse set of host proteins that limit HIV-1 replication
at multiple levels, including entry, reverse transcription, integration, translation of viral proteins
and packaging and release of virions.

Recent findings—Recent studies of intracellular HIV-1 restriction have offered unique
molecular insights into HIV-1 replication and biology. Most recently, studies have revealed
insights of how restriction factors drive HIV-1 evolution. Although HIV-1 restriction factors only
partially control the virus, their importance is underscored by their effect on HIV-1 evolution and
adaptation.

Summary—The list of host restriction factors that control HIV-1 infection is likely to expand
with future discoveries. A deeper understanding of the molecular mechanisms of regulation by
these factors will uncover new targets for therapeutic control of HIV-1 infection.
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Introduction

HIV-1 infects 37 million people worldwide, killing roughly 1 million people per year. Life-
saving antiretroviral therapy controls but does not eliminate the virus. Whereas an HIV-1
cure is necessary, a clearer understanding of the intracellular fate(s) of HIV-1 is essential
before a potent cure can be designed. Indeed, the host cell has several mechanisms by which
it can limit the burden of HIV-1, and an elucidation of these mechanisms offers keen insights
into HIV-1 biology. In that context, we have reviewed recent advances describing
intracellular genes that restrict HIV-1.
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Innate Immunity: sensing and restriction

IFITM

Innate immunity has received considerable attention recently for its role in host defense and
inflammation. As a simplification, shared molecular patterns on invading pathogens can be
recognized by intracellular sensors, triggering a downstream cascade of gene regulation in
processes that have been extensively reviewed elsewhere [1, 2]. Many of the upregulated
genes in innate immune cascades are devoted to ridding the host cell of the pathogen and/or
recruiting a targeted adaptive response. With regards to viruses, viral nucleic acids and
structural components are often recognized by pattern recognition receptors, whereas
downstream antiviral effector molecules target replication within the cell [3-5]. A hallmark
example of an innate immune pathway with potent antiviral effects is the type 1 interferon
pathway: upon sensing of viral nucleic acids, type 1 interferons are released. These in turn
trigger the transcription of hundreds of genes termed interferon-stimulated genes (ISGs),
many of which directly constrain viral replication [6].

HIV-1 is a retrovirus: productive infection of host cells requires that uncoated HIV-1 RNA is
reverse transcribed into a DNA provirus that is then integrated into the host cell’s genome.
Conceptually, we have divided our review into restriction that occurs prior to HIV-1
integration and restriction that occurs post-integration (Figure). This conceptual division is
to stress that pre-integration restriction necessarily occurs in cells that are not yet infected,
whereas restriction post-integration occurs in cells that are already infected. We have also
described the key adaptive measures that have evolved in HIV-1 to overcome restriction
(Table).

The interferon-induced transmembrane gene family (IFITM), comprising IFITM1, IFITM2,
and IFITM3, restrict a broad panoply of viruses from entering the host cell [7]. The IFITM
family are ISGs. IFITM1 was the first in this group to be discovered in an RNA silencing
screen of 1SGs that conferred resistance to Influenza A, West Nile, and dengue viruses [8].
IFITM1 is mostly found on the plasma membrane and has a role in blocking entry of HIV-1
virions [9]. In contrast, IFITM2 and -3 are largely localized to the late endosome and
lysosomes [10, 11]. The IFITM genes are thought to inhibit HIV-1 entry by changing the
composition and curvature of the plasma membrane, perhaps reducing its fluidity, thereby
interfering with a phenomenon known as hemifusion [12, 13]. Hemifusion is essential for
the incorporation of an HIV-1 virion into a target cell [14]. Intriguingly, although restriction
of HIV-1 entry occurs pre-integration, there are two reports suggesting a role post-
integration: Compton et al. found that the presence of IFITM3 in HIV-1 infected cells
decreased transmission of HIV-1 to target cells [15]. Moreover, time-lapse microscopy has
shown that IFITM3 functions by decreasing fusion between the infected and uninfected
target cell by affecting the virus membrane. Yu et al. confirmed that IFITMs were
incorporated into HIV-1 virions and interacted with the envelope protein Env to restrict
HIV-1 infection [16].

There is evidence that certain HIV-1 variants may be resistant to the restriction of IFITM
proteins. In particular, transmitter/founder viruses have been found to be more resistant to
IFITM restriction than viruses isolated from later times during infection; the later viruses
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may gain sensitivity as a result of escape from concomitant neutralizing antibody responses
[17], although this in turn raises the question as to the relative relevance of IFITM as an /n
vivo restriction mechanism compared to antibody-driven selection.

TRIM5a and TRIM22

SAMHD1

Tripartite motif 5a (TRIM5a), the longest splicing isoform of TRIM5 gene, was identified
as a key molecule in old world monkeys that confers potent resistance against HIV-1 [18].
Among the large family of TRIM proteins consisting of over 70 family members in the
human genome, TRIM5, TRIM11, TRIM15, TRIM19, TRIM22, TRIM28, and TRIM31 all
have been described as having antiretroviral activity, although the human TRIM5a only
confers modest resistance to HIV-1 [19-22]. It is thought, then, that TRIM proteins are
required to prevent cross-species transmission of retroviruses [23].

TRIM proteins are multi-domain proteins defined by an N-terminal RING finger with E3
Ubiquitin ligase activity, one or two B-box domain(s), and a coiled-coil (RBCC) domain
[19]. Some of the TRIM genes, including TRIM5a., also possess a C-terminal PRY/SPRY
(SPla and the RYanodine Receptor) domain that is important for HIV-1 capsid recognition
[24]. TRIM5a acts at multiple levels to restrict HIV-1 replication. It specifically binds the
capsid (CA) lattice of HIV-1 and induces premature disassembly of viral particles,
accompanied by proteosomal-degradation of viral components such as integrase [25].
TRIM5a has also been found to promote autophagic degradation of retroviruses by
interacting with Atg8 proteins [26]. More recent studies show that TRIM5a inhibits HIV-1
infection by sensing the retrovirus capsid lattice, eliciting an innate immune response [27].
Interaction with the capsid lattice enhances TRIM5a RING-associated E3-Ub ligase, which
in turn promotes the synthesis of free Lys63-linked Ub chains that bind to the TAK1 kinase
complex. TAK1 ubiquitination leads to nuclear translocation of the transcription factors NF-
kB and AP-1 that result in type 1 IFN and other pro-inflammatory cytokines [28] [29],
broadly inducing an antiviral state.

Whereas the TRIM5a homolog in humans does not inhibit HIV-1 well, TRIM22, a human
paralog of TRIM5a, is involved in type | IFN-mediated restriction of HIV-1 replication [30,
31]. TRIM22 inhibits HIV-1 replication by interfering with Tat-and NF-xB-independent
LTR-driven transcription, and by preventing Sp1 binding to the HIV-1 promoter [32, 33].
TRIM22 may also interfere with virion assembly and release by preventing the trafficking
and budding of Gag proteins and Gag-containing virus particles [30].

Notably, because human TRIM5a has only modest activity against HIV-1, it does not drive
adaptation in the virus. However, several reports have suggested that HIV-1 could acquire
adaptive mutations in the capsid gene, among others, in the setting of an engineered
TRIM5a molecule that did have the capacity to restrict HIV-1 replication [34] [35].

SAMHD1 (Sterile alpha motif and histidine-aspartate domain containing protein 1) was
discovered in 2011 as a restriction factor by two independent groups using a mass
spectrometry pull-down approach to identify proteins that co-immunoprecipitated with the
viral protein x (Vpx) present in HIV-2, but not HIV-1 [36, 37]. SAMHDL. is expressed at
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high levels in myeloid-derived cells and in resting CD4+ T cells that are refractory to HIV-1
infection [36, 38, 39]. However, SAMHDL1 is inducible by type I IFN in monocytes, but not
in dendritic cells or resting CD4+ T cells [40]. SAMHD1 comprises three regions, the N-
terminus sterile alpha motif (residues 1-109), a catalytic histidine aspartate core domain
(residues 110-599), and the C-terminus (residues 600-626) [41]. The catalytic core domain
has 2”-deoxynucleoside 5’ -triphosphate triphosphohydrolase (ANTPase) activity that is
believed to restrict HIV-1 by diminishing the intracellular pool of available dNTP in immune
cells needed for cDNA synthesis during reverse transcription [42—44]. The anti-HIV-1
activity of SAMHDL1 is negatively modulated by phosphorylation at residue Thr-592, and the
phosphomimetic mutation T592E impairs dNTPase activity [45]. Indeed, dNTP levels are
elevated in SAMHD1-deficient cells, whereas reduced dNTPs lead to an attenuation of
reverse transcription [46-48].

Another feature of human SAMHD1 is that it exhibits metal-dependent 3°—5" exonuclease
activity against single-stranded DNAs and RNAs /n vitro, suggesting that it may bind to and
degrade HIV-1 RNA [49]. Ryoo and colleagues created several SAMHD1 mutants that
exclusively retained either their exonuclease activity or their dNTPase activity and showed
that the exonuclease alone was sufficient to partially restrict HIV-1 [50].

Restriction is overcome by Vpx in HIV-2 through interactions with the host Ub ligase
adaptor DCAF1 that promotes SAMHD1 degradation [36, 37]. Whether HIV-1 has evolved
adaptations to counter SAMHD1 is still not well understood, although recently Kyei et al.
reported that HIV-1 might neutralize SAMHD1 in macrophages in concert with the cell
cycle regulator cyclin L2 [51]. There is suggestive evidence for the clinical relevance of
SAMHDL1.: the gene is mutated in a subset of patients suffering from Aicardi-Goutieres
syndrome (AGS), and monocytes from patients with AGS appear exquisitely susceptible to
HIV-1 infection, in contrast to monocytes from healthy persons [52].

Apolipoprotein B editing complex 3 (APOBEC3) family members are cytidine deaminases
that include APOBEC3A-H [53, 54]. They are induced by Type | IFN and most play
important roles in control of multiple retroviruses through RNA binding or through
deamination of single-stranded DNA (ssDNA) [53]. APOBEC3 proteins are expressed
variably in CD4* and CD8* T cell subsets, B cells, and myeloid cells [55]. APOBEC3G
exerts a dominant antiviral effect in CD4* T cell subsets [56], and in macrophages and
primary CD4* T cells shows more potent restriction of HIV-1 than the combined effect of
APOBEC3F and APOBEC3DE [57]. The APOBEC3 family members restrict HIV-1 by
hypermutating its genome, resulting in premature stop codons and defective proviruses that
are incapable of propagating infection [58, 59]. APOBEC3G, for example, acts by
temporarily inhibiting the reverse transcription step and deaminating C—U on the minus
strand of the DNA, leading to a mismatch pairing of a G—A on the plus strand, thus causing
genomic mutations [60]. Hypermutation leads to HIV-1 restriction in at least two ways: i)
the host cell recognizes sSDNA as aberrant and degrades it [61]; and ii) proviral DNA is
integrated as a defective provirus that is no longer capable of producing infectious virions,
usually due to premature stop codons [62]. The restrictive activity of APOBEC3G depends
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on its encapsidation in the budding virion, mediated by the nucleocapsid domain of Gag
molecules: upon virion fusion with a target cell, the viral RNA, reverse transcriptase,
integrase, and APOBEC3G are released into the cytosol, allowing restriction to occur in the
target cell [63, 64]. In addition, APOBEC3F and -G may exert antiretroviral activities that
are independent of their deaminase functions by interfering with reverse transcription, either
terminating the synthesis of the minus-strand or preventing tRNA molecules from binding
HIV-1 nucleic acids.

HIV-1 has developed a significant adaptation to APOBEC3 restriction: the accessory protein
Vif triggers the degradation of APOBEC3 proteins through polyubiquitination and
proteasomal degradation [65-67]. Ubiquitination occurs by the recruitment of a Cullin 5-
based E3 ubiquitin ligase complex consisting of elongin B, elongin C, and Rbx-1. The in
vivorelevance of APOBECS3G is evident in recent reports showing that the HIV-1 latent
reservoir in patients treated with antiretrovirals contains a large number of APOBEC3G
hypermutated sequences [68, 69, 65]. Collectively, human studies suggest that the battle
between HIV-1 and APOBEC3 is not concluded: whereas the latent reservoir is largely
defective, there exist replication competent viruses that impede an HIV-1 cure. Similarly, Vif
efficiently blocks APOBEC3 genes, but is insufficient in terminating all hypermutation. The
latter point is promising for strategies aimed at enhancing inactivation of proviruses.

The IFN-inducible myxovirus resistance 2 (MX2/MXB) is a member of a family of
dynamin-like GTPases that includes human MX1/MXA, another well-known IFN-inducible
inhibitor of a broad range of viruses. In 2013, the anti-HIV-1 activity of MX2 was described
by three separate groups [70-72]. MX2 appears to act at a late post-entry step prior to
integration of proviral DNA, possibly through inhibition of nuclear import following reverse
transcription, or by inhibiting the uncoating of HIV-1 [70, 71, 73]. It has also been proposed
that MX2 could decrease integration of nascent viral DNA, leading to nuclear accumulation
of 2" LTR circles [70]. MX2 interacts with the HIV-1 capsid and may be dependent on
CypA: substitutions in the CypA binding loop at positions 86-88 and 92 disrupt the binding
of MX2 and capsid protein [74]. Similarly, treatment with cyclosporine, which blocks the
CypA interaction with capsid, reduces the restrictive ability of MX2 [72].

There is little /n vivo data to support the relevance of MX2 in HIV-1 restriction, although our
group has found strong evidence that interferon administration to HIV-1 infected persons led
to MX2 induction and proportional declines in plasma HIV-1 RNA in activated CD4+ T
cells (unpublished). In addition, mutations in the HIV-1 capsid protein and in integrase
confer resistance to MX2 [75]. It is yet to be understood how the potency of MX2 compares
with other interferon-inducible HIV-1 restriction factors in humans.

SLFN11 belongs to the Schlafen family of mouse and human proteins implicated in the
control of cell proliferation, immune responses, and the regulation of viral replication [76].
It has recently been identified as inducible by type 1 IFNs [77]. SLFN11 does not inhibit
reverse transcription, DNA integration, production and nuclear export of viral RNA, or
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budding or release of viral particles. Its role in inhibition is one of the first to be associated
with codon bias, inhibiting the expression of viral proteins. It binds to tRNAs, limiting their
availability, thereby leading to a decrease in protein synthesis [77]. SLFN11 was also
recently found to be significantly elevated in CD4+ T cells from elite HIV controllers as
compared to non-controllers and ART-suppressed individuals, suggesting that SLFN11 may
play a role in the suppression of HIV-1 in vivo [78]. However, it is not clear whether the
effects of SLFN11 are sufficiently robust to promote adaptation in HIV-1 /n vivo.

Recently, Tada et a/. reported that the membrane-associated RING-CH8 (MARCHS) E3
ubiquitin ligase, a gene that is highly expressed in terminally differentiated myeloid cells
such as macrophages and dendritic cells, possesses potent anti-HIV-1 activity /n vitro[79].
The antiviral effect of MARCHS8 was discovered serendipitously when the investigators
noted that the transduction efficiency of lentiviruses produced from MARCHS8-expressing
cells was several-fold lower than that of control lentiviruses. MARCHS blocks the
incorporation of HIV-1 envelope glycoprotein into virus particles, resulting in a substantial
reduction in the efficiency of virus entry, thus inhibiting its infectivity. Intriguingly, viruses
are normally released, but are rendered non-infectious in the presence of MARCHS. Neither
HIV-1 Vpr, Vpu nor Nef have detectable anti-MARCHS activity, suggesting that HIV-1
lacks a counter-mechanism that dampens the effects of MARCHS. Studies are ongoing to
determine the /in vivo relevance of MARCHS, and whether HIV-1 can indeed adapt
resistance to its effects.

Tetherin (Bone marrow stromal cell antigen-2 [BST-2]; CD317) is a restriction factor that
was first identified in a microarray screen aimed at finding 1SGs that are associated with the
plasma membrane in cells that were not permissive for HI\V-1 propagation [80]. Tetherin
consists of an N-terminal cytoplasmic tail, a transmembrane helix, a coiled-coil ectodomain,
and a C-terminal glycosylphosphatidylinositol (GPI) membrane anchor. It is localized in
lipid rafts at the plasma membrane, in the trans-Golgi network, and in early recycling
endosomes [81]. Tetherin inhibits the release of nascent HIV-1 particles by tethering the
budding virions at the cell surface [82]. Nascent virions anchored to the membrane are then
internalized and degraded in the lysosome. Interestingly, the topology of tetherin is unique;
when a mimic of tetherin was designed from unrelated proteins, HIV-1 was inhibited,
demonstrating that the topology of tetherin, not the sequence, is key to its restrictive
function.

Another proposed role of tetherin in infection is its role as a viral sensor. It has been
suggested that a budding virion could act as a pathogen-associated molecular pattern that is
sensed by tetherin. As tetherin binds budding virions, clustering of tetherin dimers promotes
the recruitment of TRAF2 and TRAF6, leading to activation of TAK1 and NF-xB and
upregulation of proinflammatory cytokines such as CXCL10, IL-6 and IFN-f [83, 84]. The
ability of tetherin to activate NF-xB requires multimerization [83].
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HIV-1 has evolved several viral proteins have evolved to antagonize tetherin: HIV-1 Vpu (in
groups M and N) and Nef (in group O) [85, 80, 86]. Indeed, the role of tetherin as a broad
antiretroviral is evident in that HIV-2 and SIV have evolved resistance to their host versions
of tetherin [87]. HIV-1 Vpu, a small transmembrane protein, interacts directly with tetherin
at the trans-Golgi network and targets it for proteasomal or lysosomal degradation [88, 89].
Deletion of Vpu results in tetherin-mediated retention of virions at the plasma membrane
[80]. In addition, Vpu also inhibits the activation of NF-xB by tetherin [84].

In a study structured to find constitutively expressed restriction factors that are suppressed
by Nef, Usami et al., discovered that SERINC3 and SERINC5 were both able to restrict
HIV-1 replication [90]. In Nef-deleted HIV-1 pseudotyped virus, the addition of SERINC5
significantly reduced infectivity. The amount of SERINC5 expression was directly
associated with a quantitative loss of fusion of HIV-1 Anef virions when co-expressed with a
chimeric B-lactamase-Vpr. To further support these effects, SERINC5 mRNA level was
inversely correlated with a requirement of Nef for HIV-1 replication in several cell lines
(Jurkat, 293T, MT4).

SERINCSs are cell surface proteins that function by incorporating serine into membrane
lipids, most notably in sphingolipids and phosphatidylserine [91]. The lipid composition of
the viral envelope is important for infectivity. Furthermore, SERINCS inhibits the
completion of reverse transcription of HIV-1 in the absence of Nef, which is an essential step
prior to provirus integration [90]. Although the importance of SERINC3/5 can be inferred
from their inhibition by Nef, more work is needed to understand the clinical relevance of
these genes in HIV-1 infected persons.

Clinical Implications of HIV-1 Restriction Factors

Studies of restriction factors offer insights into the key molecular determinants of HIV-1
replication, and collectively outline a roadmap of HIV-1 vulnerabilities that could be
targeted therapeutically. As an example, interferon alpha has been used to non-specifically
target HIV-1 in several small trials of HIV-1 infected persons, and has been as effective as a
single, modestly active antiretroviral drug [92]. Presumably, the actions of interferon alpha
are at least partially in inducing I1SGs that directly act on HIV-1 in the cells that are most
susceptible to infection, but it is certainly possible that interferon alpha also recruits cellular
immune responses. Although interferon alpha may not add benefit to HIV-1 infected patients
because of its side effects, it is compelling to consider that genes and pathways downstream
of interferon administration may be specifically targeted to produce similar effects on HIV-1
replication. We speculate that for HIV-1 infected patients who have suppressed viral
replication with antiretrovirals, it may be possible to silence integrated proviruses by
exploiting or mimicking the actions of post-integration restriction factors.

Another approach to HIV-1 treatment follows from its adaptation to host restriction factors
by the use of accessory proteins. Since these genes appear to be essential for the virus to
circumvent host innate immunity, enzymatic inhibition of the activities of these accessory
proteins may restore the ability of the host to control HIV-1 using its suite of restriction
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factors. Indeed, there has been a push of small molecules into clinical trials that have been
demonstrated to have high potency activity against HI\V-1 accessory proteins [93,94].

Conclusion

To address the challenge of an HIV-1 cure, a better understanding is required of how HIV-1
persists despite host cell restriction. Presently, the science of restriction factors is moving
from the bench to the bedside as we explore which restriction factors are active in HIV-1
infected persons, and what measures can be used to enhance restriction. Future HIV-1 cure
trials may indeed exploit HIV-1 restriction or, alternatively, target the adaptive means by
which HIV-1 evades restriction.
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Figure 1. Inhibition of HIV replication by known host restriction factors
HIV-1 is inhibited by multiple restriction factors (blue) throughout its life cycle. IFITM

proteins alter plasma membrane fluidity, inhibiting HIV-1 entry. TRIM5a prevents
appropriate uncoating of the capsid. SAMHD inhibits cDNA synthesis by limiting the
amount of free 2”-deoxynucleoside 5’ -triphosphates (ANTPs) and possibly by its
exonuclease activity (dashed lines). APOBEC3 proteins interfere with reverse transcription
leading to uracilation of single-stranded DNA (ssDNA), a mechanism known as
hypermutation. MX2 interferes with nuclear import, limiting the integration of proviral
DNA. SLFN11 inhibits the translation of essential proteins needed to form HIV-1 virions.
MARCHS inhibits the incorporation of Env proteins. TRIM22 inhibits the production and
incorporation of Gag proteins and inhibits LTR-dependent transcription. Tetherin,
SERINC3/5, and TRIM22 prevent the virion from successfully budding. Dashed lines
indicate proposed mechanisms. The pink circle denotes reverse transcriptase and the green
circle denotes integrase, both packaged with the virion.

Curr HIV/AIDS Rep. Author manuscript; available in PMC 2018 June 01.



Page 15

Soliman et al.

uonepelfap pue uoiejAuign s} sajowold pue adeINs syl 01 ULIBYIa) Jo Buidlgell sHqiyul ndA [o8] utlBylL

Juswiredwod 91Aoopus ue ojul suislold ayy Bunnguisiapas pue suoLiIA oul uoneiodioour sy Buisessdsp Aq G/£ONIYIS SiqIyul JaN [06] S/£DN1H3S

dooj Bulpuiqg ZXIAl Yim uondelaiul apeAs 03 sareinw pisded [v2lexn
uolrepelfap [ewososiold pue uoireuinbignAjod su 01 Buipes] Ag D39OdY SHAIyul JIA [29] £D390dV
uolyepelBap pue uomelAulgn sy 0) Buipes| asebi £3 ue Bunniobal Ag TAHINWS sHaiyul xdA [oe] TAHINVS

wsIueyos |\ uoseng T-A|H | sioieH uoipiissy

Author Manuscript

"UOIIOLISaI 113Y) 9peAs 01 shojdwia T-AIH 1ey ABarens sandepe Jofew syl YIm paisl| aJe SI019.) UONILISaY

0SS T-A|H JO SWSIURYDS
T9|gelL

Author Manuscript Author Manuscript Author Manuscript

Curr HIV/AIDS Rep. Author manuscript; available in PMC 2018 June 01.



	Abstract
	Introduction
	Innate Immunity: sensing and restriction
	IFITM
	TRIM5α and TRIM22
	SAMHD1
	APOBEC3
	MX2
	SLFN11
	MARCH8
	Tetherin
	SERINC3/5

	Clinical Implications of HIV-1 Restriction Factors
	Conclusion
	References
	Figure 1
	Table 1

