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Definition
Aptamers are oligonucleotides or peptide molecules that bind speciﬁcally to a variety of targets, often
inhibiting protein–protein interactions.

1. Introduction
Aptamers are oligonucleotides or peptide molecules that bind speciﬁcally to a variety of targets, often
inhibiting protein–protein interactions. While usually in the range of a hundred nucleotides, the most
eﬀective size is found to be around forty nucleotides. The term “aptamer” was ﬁrst coined by the Szostak
lab in the year 1990 and is derived from the Latin word “aptus”, which means “to ﬁt”, and the Greek
expression “meros,” which means “part”

[1].

While natural aptamers exist in riboswitches, they are

commonly created through the SELEX process. The acronym “SELEX” stands for the systematic evolution
of ligands by exponential enrichment and was coined by the Gold lab
random sequence pools

(1013–1016

[2].

In SELEX, large libraries of

copies) of ssRNA/ssDNA are progressively screened and selected,

based on their ability to bind to the desired target, as well as their abilities to inhibit or activate various
processes.
In this regard, various aptamers with applications ranging from catalysis to cancer therapy have come
into existence. Their increased use and development have been noted for the detection and therapy of a
variety of diseases, including cancer, diabetes, auto-immune diseases, bacterial and viral infections
[3][4][5][6][7].

Of these, the diagnosis and therapy of viral infections via aptamers continue to generate

great interest, owing to their immediate societal impact. Although the past decade has seen signiﬁcant
improvement in the ﬁeld of immunology, pharmacology and microbiology, millions of people continue to
be diagnosed with, treated for, suﬀer, and die every year from viral infections, especially due to the
human immunodeﬁciency virus (HIV), hepatitis viruses, inﬂuenza viruses and herpes simplex virus (HSV),
both type-1 and type-2.
Addressing this problem, aptamers have shown substantial eﬃcacy in both diagnosis and treatment, with
minimal or no side eﬀects. In addition, aptamers do not encounter the issue of drug resistance that
traditional antiviral medications inevitably run into. Owing to these exceptional qualities, numerous
research papers on the diagnostic abilities, and both practical and potential therapeutic properties of
aptamers have come into existence over the past two decades.

2. Human Immunodeﬁciency Virus (HIV)
(HIV) is a member of the Retroviridae family, which causes acquired immunodeﬁciency syndrome (AIDS)
in humans, a lethal disease that kills millions of people worldwide. The structure of HIV has been studied
closely, and multiple treatment models have been presented in the past. However, with the advent of
aptamer technology, scientists are adopting a multifaceted approach to curing this life-threatening
disease that is safer than other alternatives. The molecular details of entry, including the added
information on the structure of the virus, play a key role in designing the perfect aptamers for prevention,
inhibition, and recovery from a viral infection. Here we brieﬂy discuss the various receptors, proteins and
organelles involved in viral infection, while highlighting those that have been used for the design of
aptamers.
2.1. HIV Structure and Entry
HIV structure, cell binding and host cell entry were described in detail in a 2012 report

[8].

HIV, like most

other viruses, typically consists of an outer envelope and inner core proteins. The envelope consists of an
outer lipid layer containing an envelope protein (Env) that is a heavily glycosylated trimer of the surface
glycoproteins, the gp120 and gp41 heterodimers

[9]

. These proteins are believed to be critical for host cell

binding during viral infection. Inside the lipid layer, a coat of matrix proteins termed “p17” is present
between the outer envelope and inner core

[10].

The inner core consists of the capsule protein “p24” that

encapsulates single-stranded HIV RNA, HIV-reverse transcriptase (HIV-RT), protease, ribonuclease, and
integrase [11].
HIV famously infects CD4+ lymphocytes; however, monocytes, macrophages, and dendritic cells (which
are also CD4+) have all been shown to get infected [11]. The process of virus-host binding involves the
viral proteins gp120 and gp41, and the host receptors CD4, CCR5 and CXCR4. HIV is attracted toward the
host cell; whether this is due to the negatively charged heparan sulfate proteoglycans on the host cell
surface has been a matter of debate

[8].

When in close range with host cells, HIV’s gp120 interacts with

the host’s CD4 receptor, which is followed by an intricate series of steps involving the restructuring of
viral gp120. Subsequently, in the host cell, CCR5/CXCR4 co-receptor binding occurs, which is thought to
elicit the membrane fusion potential of viral Env, resulting in the successful binding of the virus to the
host cell. The last step in the fusion process involves the hydrophobic gp41 fusion peptide that tethers
the viral and host membranes, forming a fusion pore

[12]

.

The formation of the fusion pore assists in the entry of viral RNA and HIV-RT into the infected cell. The
HIV-RT is responsible for the conversion of viral RNA into DNA that is consequently integrated into the
host genome

[13].

The viral genome consists of nine genes, of which gag, pol and env encode for the

structural proteins required for the formation of new virus particles. These genes are transcribed and
translated inside the host cell, resulting in the formation and eventual assembly of new virus particles
that egress from the host cell to infect other cells

[14]

. A schematic illustration of HIV entry and egress can

be seen in Figure 1.

Figure 1. HIV entry and egress, as illustrated: Pictured are the important host receptors CD4, CCR5 and
CXCR5. The viral glycoproteins gp120 and gp41 play an important role in attachment and entry; viral RNA
is made and integrated into the host genome. After replication is facilitated, viral particles egress from
the host cell. CC BY 4.0 license.
In summary, gp120, gp41, viral Env, HIV-RT, CD4 receptor, CCR5 and CXCR4 co-receptors play a
signiﬁcant role in HIV infection. They remain potential targets for the development of aptamers in the
successful inhibition of HIV infection.

2.2. Aptamers in Anti-HIV Therapy
Owing to their conformational ﬂexibility, RNA oligonucleotides have been used conventionally in the
selection of aptamers for HIV therapy. However, multiple studies on DNA aptamers for the
therapy/inhibition of productive HIV infection have also been described. In recent years, the focus was
placed on developing aptamers for CD4, CCR5, gp120/gp41 and HIV-RT. Other notable aptamer targets
include HIV-gag, thrombin, human cyclin T1, P24 antigen, aspartyl protease and nucleolin.
Small interfering RNAs (siRNA) have gained a reputation for disrupting undesirable pathways, in turn
inhibiting viral infections. However, siRNAs innately lack the ability to target the desired site and need to
be transported via a molecular carrier. In 2011, Zhou et al. reported RNA aptamers targeting HIV’s viral
gp120

[15]

. By conjugating this 81-nucleotide-long aptamer to siRNA, their team was able to demonstrate

inhibitory action on HIV infections. The reported RNA aptamer had a dissociation rate constant (Kd) of
47.91 nM. Continuing this body of work, in 2013, the same group reported the in vivo delivery of the
same aptamer-siRNA chimera using a chemically synthesized sticky bridge

[16]

. The sticky bridge

facilitated the attachment of multiple siRNA chimeras to the same aptamer, as opposed to their previous
model. They further reported the construction of three Dicer substrate siRNAs (DsiRNAs—presently
available through IDT, Inc. 1710 Commercial Park, Coralville, Iowa 52241, USA) onto the sticky bridge that
facilitates the eﬀective delivery of three diﬀerent siRNAs to an infection site, thereby inhibiting multiple
mRNA nodes in the HIV transcription process. In 2015, they developed a new aptamer, through live-cell
SELEX and high-throughput next-generation sequencing, for the CCR5 co-receptor

[17]

. This aptamer,

when combined with siRNA chimeras, was able to eﬀectively block HIV entry and neutralize R5 virus
infection through internalization. These reports have been consolidated into a book chapter, published by
the group, that provides new insight into the development of next-generation therapeutics for HIV without
the obstacle of drug resistance. Interestingly, in 2011, Wheeler et al. reported a siRNA-based gene
knockdown mechanism to inhibit HIV infection in vitro and in tissue explants

[18].

However, they used a

CD4-binding aptamer, as opposed to a gp120-binding aptamer. Later in 2013, a clinical trial on
humanized mice revealed the eﬀectiveness of inhibiting transmission during sexual intercourse using the
developed aptamer-chimera vaginal gel

[19]

.

In 2012, Khati et al. showed signiﬁcant modiﬁcations to an earlier-reported gp120 RNA aptamer named
UCLA1, which was a shortened synthetic version of its predecessor [20]. This aptamer was reported to
tightly bind to the HIV gp120 (Kd = 0.15 nM) and elicited an IC50 (50% inhibitory concentration) in the
nanomolar range. The group reported the synergistic eﬀect of the aptamer alongside gp41- and CD40inhibiting antibodies. UCLA1-based protection against HIV-mediated cardiomyopathy (HIVCM) was
reported by

[21].

They suggested that UCLA1 protects cardiomyocytes from caspase-mediated apoptosis

directly by binding to HIV-1 and indirectly by preventing the infection of monocyte-derived macrophages.
In 2015, the group reported a whole viral SELEX against HIV-1 subtype C to generate aptamers against all
surface proteins of HIV

[22]

. The group not only isolated aptamers that bind to gp120 and gp41 but also

some aptamers that bound to neither but that were able to elicit an inhibitory action on the HIV infection.
Additional studies will need to be conducted to further understand the neutralizing properties of the
isolated aptamers.
In the last decades, many synthetic G-rich oligonucleotides have been identiﬁed as promising anti-HIV
candidate drugs

[23][24]

. Brieﬂy, guanine-rich sequences often form hierarchical structures called G-

quadruplexes which have unique target binding abilities (Figure 2).

Figure 2. G-Quadruplex aptamer detailed in a report by Virgilio et al.: Schematic representation of the
anti-HIV G-Quadruplex aptamers detailed in a report by Virgilio et al.

[25]

(on the left) and an example of a

G-tetrad showing H-bonds (on the right). CC BY 4.0 license.
The ﬁrst G-quadruplex-forming oligonucleotide identiﬁed as a potent anti-HIV agent was the 8-mer
phosphorothioate TTGGGGTT (ISIS 5320)

[26]

, which exhibited the inhibition of HIV-1 at sub-micromolar

concentrations. ISIS 5320 forms a tetramolecular parallel-stranded G-quadruplex, which is able to bind the
V3 loop of the envelope glycoprotein gp120 and inhibit virus adsorption and cell fusion (Figure 1).
Following these studies, Hotoda and coworkers have investigated a large

number of G-rich

oligonucleotides, some of which oﬀer promising anti-HIV activity targeting HIV-1 entry through gp120
binding

[27]

. They selected the 6-mer d(5′TGGGAG3′), successively identiﬁed as “Hotoda’s sequence”

(Figure 2), as the lead sequence, which turned out to be active against HIV-1 at submicromolar
concentrations only when conjugated at the 5′-position with bulky aromatic moieties

[28]

. Subsequent

detailed studies on the 6-mer d(5′TGGGAG3′), chosen as a useful model system, better elucidated the
structure–activity relationships of G-quadruplex-forming oligonucleotides endowed with antiviral activity
[29][30][31]

.

In 2014, Romanucci et al. prepared a number of novel analogs bearing diﬀerent hydrophobic tails at the
5′-ends of Hotoda’s sequence for the inhibition of HIV

[32]

. According to the study, the developed

aptamers had low cytotoxicity, high anti-viral activity, good structural stability, and elevated resistance in
human serum. Later, this group reported the development of a biomolecular G-quadruplex, with an HEG
loop as an inversion of the polarity sites 3′-3′ or 5′-5′ and aromatic residues conjugated to 5′-end, which
possessed greater thermal stability than its predecessor

[33]

. However, no increase or decrease in anti-HIV

activity was reported. By chemically connecting the 3′- and/or 5′-ends of four d(5′TGGGAG3′) strands, thus
obtaining bunchy oligonucleotides, unimolecular G-quadruplex structures with interesting anti-HIV
properties were realized

[34][35]

. In 2012, Virgilio et al. gave a detailed report on the structure of the anti-

HIV G-quadruplex-forming oligonucleotide TGGGAG and its analogs using various biochemical and
structural studies

[25]

. They proposed the presence of an A tetrad in the G-quadruplex.

Although all the techniques and aptamers mentioned above are eﬀective in reducing HIV infections, they
do not elicit immunity in an individual who is being treated with them. In 2012, Burke et al. reported a
robust model to inhibit HIV infection, where HIV-RT-inhibiting RNA aptamers were produced intracellularly
by modiﬁed cells

[36]

. They showed that aptamers that bind to the HIV-RT region could potentially inhibit

productive replication and thus HIV infection (Figure 3). Using tertiary-stabilized hammerhead ribozymes
with enhanced self-cleavage activity, aptamers were ﬂanked into an expression cassette to be expressed

in an infected cell. This signiﬁcantly increased aptamer accumulation in viral and cellular compartments,
neutralizing any HIV-RT present in the cell.

Figure 3. Aptamer expression cassette: Expression cassette modeled after HIV-RT that can be produced
in intracellularly modiﬁed cells. Hammerhead ribozymes that are tertiary stabilized with self-cleavage
activity may be expressed in infected cells. CC BY 4.0 license.
In 2013, the group showed a high-throughput sequencing (HTS)-based SELEX process in which diﬀerent
populations of RNA were evaluated for their binding capacity to the HIV-1 virus

[37]

. HTS analysis was

used to reveal the structural and functional details of various converged motifs that may otherwise be
obscured by simpler consensus descriptions. HTS was used to distinguish 181 clusters determined to be
capable of forming a conserved UCAA element in a non-pseudoknot motif

[38]

. This was established by

screening 100 full-length and 60 truncated aptamer transcripts for their F1Pk and F2Pk pseudoknot
signature motifs. In 2014, this group reported a novel testing/screening model for RNA aptamers without
the necessity of serial passages of HIV in aptamer-expressing cell lines

[39]

. The expression cassette

mentioned earlier was used as a screening model, where a variety of aptamer sequences could be added
to the cassette and later inserted into the cell line to help them express the same. The aptamerexpressing cell lines could then be tested for HIV-RT inhibition to screen for the most suitable aptamers.
2.3. Aptamers in HIV Detection
Although non-conventional HIV-detection kits have not hit mainstream markets, they harbor an enormous
potential to reduce the burden on diagnostic labs and change the landscape of the patient population
visiting diagnostic labs if they become available. Aptamer technology represents one such way to
improve the diagnostic capability regarding HIV infections.
Multiple models currently exist for the detection of HIV infections, of which the optical and ﬂuorescent
models remain popular. Rahim et al.

[40]

developed an aptamer for detection of the HIV trans-activator of

the transcription (HIV-tat) peptide, which was then immobilized onto a diamond surface. The diamond
surface formed part of a ﬁeld emission transistor (FET) that was used for the potentiometric detection of
HIV. The group showed that the detection range was in the picomolar range (1 pM to 1 μg/mL). The group
followed this up with a report on the diamond aptamer FET in real sample scenarios, with detection at
1nM and a higher standard of reliability than current conventions

[41]

.

In 2011, Liang et al. developed a direct visualization technique by conjugating ﬂuorescent beacons to HIVRT targeting aptamers
[43]

[42]

. Another ﬂuorescent-based detection technique was developed by Kim et al.

, in which double-stranded and dual-anchored BHQ1-attached aptamers were conjugated to reduced

graphene oxide nanosheets (Figure 4). Interferon-γ was detected in the low picomolar range using this
technique. This system was also tested for the detection of non-HIV targets, such as interleukin-2 and
tumor necrosis factor-α. This module was able to rapidly quantify HIV infection in serum samples derived
from HIV-infected individuals in less than 10 min.

Figure 4. Aptamer-based biosensor for HIV detection: Graphene/gold nanocluster glass carbon electrode
developed as a biosensor for the detection of HIV-DNA by Wang et al. They report the biosensor’s
potential for diagnostic analysis of human serum. CC BY 4.0 license.
In an ergonomic model, Niedzwiecki et al. demonstrated that by using nanopores that are smaller than
the largest aptamer-target conjugate, one can screen for successful aptamers and determine their Kd
values simultaneously

[44].

In this study, the authors report the label-free determination of Kd between

nucleocapsid protein 7 of HIV and the stem-loop 3 of an RNA aptamer. The nanopores were 6 nm in
diameter and were made of silicon nitride. In a separate study, an atomic-force microscope (AFM) was
used to carry out direct and label-free detection of gp120 HIV type-1 envelope glycoprotein as a target
protein

[45]

. The method used anti-gp120 aptamers immobilized on the AFM chip to count gp120/aptamer

complexes that formed on the chip surface. The detection limit was seen in the range of 0.8 nM to 8 pM.
However, the lowest detection limit of 30 aM was reported by Wang et al.

[46],

who used a graphene/gold

nanocluster modiﬁed glassy carbon electrode for the detection of HIV-DNA. They proposed that the
developed biosensor was promising for the diagnostic analysis of human serum (Figure 4).

References
1. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346, 818–822.
2. Irvine, D.; Tuerk, C.; Gold, L. Selexion. Systematic evolution of ligands by exponential enrichment with integrated
optimization by non-linear analysis. J. Mol. Biol. 1991, 222, 739–761.
3. Meng, H.-M.; Fu, T.; Zhang, X.-B.; Tan, W. Cell-SELEX-based aptamer-conjugated nanomaterials for cancer diagnosis
and therapy. Natl. Sci. Rev. 2015, 2, 71–84.
4. Silha, J.V.; Murphy, L.J. The effects of the insulin-like growth factor-I aptamer, NBI-31772, on glucose homeostasis in
the mouse. Can. J. Physiol. Pharmacol. 2005, 83, 557–563.
5. Nakamura, Y. Aptamer: Biology to applications. In Polydiacetylenes; Springer Science and Business Media LLC:
Berlin/Heidelberg, Germany, 2011; pp. 135–152.
6. Gedi, V.; Kim, Y.-P. Detection and characterization of cancer cells and pathogenic bacteria using aptamer-based nanoconjugates. Sensors 2014, 14, 18302–18327.
7. Zhu, Y.; Lü, Y.-H.; Yang, H.-Y.; Lin, J.-S.; Wang, Q.-Z. Recent progress of the aptamer-based antiviral drugs. Yao Xue

Xue Bao Acta Pharm. Sin. 2013, 48, 447–456.
8. Wilen, C.B.; Tilton, J.C.; Doms, R.W. HIV: Cell binding and entry. Cold Spring Harb. Perspect. Med. 2012, 2, a006866.
9. Chan, D.C.; Fass, D.; Berger, J.M.; Kim, P.S. Core structure of gp41 from the HIV envelope glycoprotein. Cell 1997, 89,
263–273.
10. Bugatti, A.; Giagulli, C.; Urbinati, C.; Caccuri, F.; Chiodelli, P.; Oreste, P.; Fiorentini, S.; Orro, A.; Milanesi, L.; D’Ursi, P.;
et al. Molecular interaction studies of HIV-1 matrix protein p17 and heparin: Identification of the heparin-binding motif
of p17 as a target for the development of multitarget antagonists. J. Biol. Chem. 2012, 288, 1150–1161.
11. Cunningham, A.L.; Donaghy, H.; Harman, A.N.; Kim, M.; Turville, S.G. Manipulation of dendritic cell function by viruses.
Curr. Opin. Microbiol. 2010, 13, 524–529.
12. Huang, C.; Tang, M.; Zhang, M.; Majeed, S.; Montabana, E.; Stanfield, R.L.; Dimitrov, D.S.; Korber, B.; Sodroski, J.;
Wilson, I.A.; et al. Structure of a V3-containing HIV-1 gp120 core. Science 2005, 310, 1025–1028.
13. Huang, C.; Lam, S.N.; Acharya, P.; Tang, M.; Xiang, S.; Hussan, S.S.; Stanfield, R.L.; Robinson, J.; Sodroski, J.; Wilson,
I.A.; et al. Structures of the CCR5 N terminus and of a tyrosine-sulfated antibody with HIV-1 gp120 and CD4. Science
2007, 317, 1930–1934.
14. Mushahwar, I.K. Human immunodeficiency viruses: Molecular virology, pathogenesis, diagnosis and treatment.
Perspect. Med Virol. 2006, 13, 75–87.
15. Zhou, J.; Shu, Y.; Guo, P.; Smith, D.D.; Rossi, J.J. Dual functional RNA nanoparticles containing phi29 motor pRNA and
anti-gp120 aptamer for cell-type specific delivery and HIV-1 inhibition. Methods 2011, 54, 284–294.
16. Zhou, J.; Neff, C.P.; Swiderski, P.; Li, H.; Smith, D.D.; Aboellail, T.; Remling-Mulder, L.; Akkina, R.; Rossi, J.J. Functional
in vivo delivery of multiplexed anti-HIV-1 siRNAs via a chemically synthesized aptamer with a sticky bridge. Mol. Ther.
2013, 21, 192–200.
17. Zhou, J.; Rossi, J.J. Aptamer-targeted RNAi for HIV-1 therapy. Methods Mol. Biol. 2011, 721, 355–371.
18. Wheeler, L.A.; Trifonova, R.; Vrbanac, V.; Basar, E.; McKernan, S.; Xu, Z.; Seung, E.; Deruaz, M.; Dudek, T.; Einarsson,
J.I.; et al. Inhibition of HIV transmission in human cervicovaginal explants and humanized mice using CD4 aptamersiRNA chimeras. J. Clin. Investig. 2011, 121, 2401–2412.
19. Wheeler, L.A.; Vrbanac, V.; Trifonova, R.; Brehm, M.A.; Gilboa-Geffen, A.; Tanno, S.; Greiner, D.L.; Luster, A.D.; Tager,
A.M.; Lieberman, J. Durable knockdown and protection from HIV transmission in humanized mice treated with gelformulated CD4 aptamer-siRNA chimeras. Mol. Ther. 2013, 21, 1378–1389.
20. Mufhandu, H.T.; Gray, E.S.; Madiga, M.C.; Tumba, N.; Alexandre, K.B.; Khoza, T.; Wibmer, C.K.; Moore, P.L.; Morris, L.;
Khati, M. UCLA1, a synthetic derivative of a gp120 RNA aptamer, inhibits entry of human immunodeficiency virus type
1 subtype C. J. Virol. 2012, 86, 4989–4999.
21. Lopes de Campos, W.R.; Chirwa, N.; London, G.; Rotherham, L.S.; Morris, L.; Mayosi, B.M.; Khati, M. HIV-1 subtype C
unproductively infects human cardiomyocytes in vitro and induces apoptosis mitigated by an anti-gp120 aptamer.
PLoS ONE 2014, 9, e110930.
22. London, G.M.; Mayosi, B.M.; Khati, M. Isolation and characterization of 2′-F-RNA aptamers against whole HIV-1 subtype
C envelope pseudovirus. Biochem. Biophys. Res. Commun. 2015, 456, 428–433.
23. Musumeci, D.; Riccardi, C.; Montesarchio, D. G-quadruplex forming oligonucleotides as anti-HIV agents. Molecules
2015, 20, 17511–17532.
24. Métifiot, M.; Amrane, S.; Litvak, S.; Andreola, M. G-quadruplexes in viruses: Function and potential therapeutic
applications. Nucleic Acids Res. 2014, 42, 12352–12366.
25. Virgilio, A.; Esposito, V.; Citarella, G.; Mayol, L.; Galeone, A. Structural investigations on the anti-HIV G-quadruplexforming oligonucleotide TGGGAG and its analogues: Evidence for the presence of an A-tetrad. ChemBioChem 2012,
13, 2219–2224.
26. Wyatt, J.R.; Vickers, T.A.; Roberson, J.L.; Buckheit, R.W.; Klimkait, T.; DeBaets, E.; Davis, P.W.; Rayner, B.; Imbach, J.L.;
Ecker, D.J. Combinatorially selected guanosine-quartet structure is a potent inhibitor of human immunodeficiency virus
envelope-mediated cell fusion. Proc. Natl. Acad. Sci. USA 1994, 91, 1356–1360.
27. Koizumi, M.; Koga, R.; Hotoda, H.; Momota, K.; Ohmine, T.; Furukawa, H.; Agatsuma, T.; Nishigaki, T.; Abe, K.; Kosaka,
T.; et al. Biologically active oligodeoxyribonucleotides—IX.1 synthesis and anti-HIV-1 activity of
hexadeoxyribonucleotides, TGGGAG, bearing 3′- and 5′-end-modification. Bioorganic Med. Chem. 1997, 5, 2235–2243.
28. Hotoda, H.; Koizumi, M.; Koga, R.; Kaneko, M.; Momota, K.; Ohmine, T.; Furukawa, H.; Agatsuma, T.; Nishigaki, T.;
Sone, J.; et al. Biologically active oligodeoxyribonucleotides. 5. 5′-end-substituted d(TGGGAG) possesses anti-human
immunodeficiency virus type 1 activity by forming a G-quadruplex structure. J. Med. Chem. 1998, 41, 3655–3663.
29. D’Onofrio, J.; Petraccone, L.; Erra, E.; Martino, L.; di Fabio, G.; de Napoli, L.; Giancola, C.; Montesarchio, D. 5′-modified
G-quadruplex forming oligonucleotides endowed with anti-HIV activity: Synthesis and biophysical properties.
Bioconjugate Chem. 2007, 18, 1194–1204.
30. D’Onofrio, J.; Petraccone, L.; Martino, L.; Fabio, G.D.; Iadonisi, A.; Balzarini, J.; Giancola, C.; Montesarchio, D. Synthesis,
biophysical characterization, and anti-HIV activity of glyco-conjugated G-quadruplex-forming oligonucleotides.
Bioconjugate Chem. 2008, 19, 607–616.
31. Fabio, G.D.; D’Onofrio, J.; Chiapparelli, M.; Hoorelbeke, B.; Montesarchio, D.; Balzarini, J.; Napoli, L.D. Discovery of

novel anti-HIV active G-quadruplex-forming oligonucleotides. Chem. Commun. 2011, 47, 2363–2365.
32. Romanucci, V.; Gaglione, M.; Messere, A.; Potenza, N.; Zarrelli, A.; Noppen, S.; Liekens, S.; Balzarini, J.; di Fabio, G.
Hairpin oligonucleotides forming G-quadruplexes: New aptamers with anti-HIV activity. Eur. J. Med. Chem. 2014, 89,
51–58.
33. Romanucci, V.; Milardi, D.; Campagna, T.; Gaglione, M.; Messere, A.; D’Urso, A.; Crisafi, E.; la Rosa, C.; Zarrelli, A.;
Balzarini, J.; et al. Synthesis, biophysical characterization and anti-HIV activity of d(TG 3AG) quadruplexes bearing
hydrophobic tails at the 5′-end. Bioorg. Med. Chem. 2014, 22, 960–966.
34. D’Atri, V.; Oliviero, G.; Amato, J.; Borbone, N.; D’Errico, S.; Mayol, L.; Piccialli, V.; Haider, S.; Hoorelbeke, B.; Balzarini,
J.; et al. New anti-HIV aptamers based on tetra-end-linked DNA G-quadruplexes: Effect of the base sequence on antiHIV activity. Chem. Commun. 2012, 48, 9516–9518.
35. Nici, F.; Oliviero, G.; Falanga, A.P.; D’Errico, S.; Marzano, M.; Musumeci, D.; Montesarchio, D.; Noppen, S.;
Pannecouque, C.; Piccialli, G. Anti-HIV activity of new higher order G-quadruplex aptamers obtained from tetra-endlinked oligonucleotides. Org. Biomol. Chem. 2018, 16, 2349–2355.
36. Lange, M.J.; Sharma, T.K.; Whatley, A.S.; Landon, L.A.; Tempesta, M.A.; Johnson, M.C.; Burke, D.H. Robust suppression
of HIV replication by intracellularly expressed reverse transcriptase aptamers is independent of ribozyme processing.
Mol. Ther. 2012, 20, 2304–2314.
37. Ditzler, M.A.; Bose, D.; Shkriabai, N.; Marchand, B.; Sarafianos, S.G.; Kvaratskhelia, M.; Burke, D.H. Broad-spectrum
aptamer inhibitors of HIV reverse transcriptase closely mimic natural substrates. Nucleic Acids Res. 2011, 39, 8237–
8247.
38. Whatley, A.S.; Ditzler, M.A.; Lange, M.J.; Biondi, E.; Sawyer, A.W.; Chang, J.L.; Franken, J.D.; Burke, D.H. Potent
inhibition of HIV-1 reverse transcriptase and replication by nonpseudoknot, “UCAA-motif” RNA aptamers. Mol. Ther.
Nucl. Acids 2013, 2, e71.
39. Lange, M.J.; Burke, D.H. Screening inhibitory potential of anti-HIV RT RNA aptamers. Methods Mol. Biol. 2014, 1103,
11–29.
40. Ruslinda, A.R.; Wang, X.; Ishii, Y.; Ishiyama, Y.; Tanabe, K.; Kawarada, H. Human immunodeficiency virus transactivator of transcription peptide detection via ribonucleic acid aptamer on aminated diamond biosensor. Appl. Phys.
Lett. 2011, 99, 123702.
41. Ruslinda, A.R.; Tanabe, K.; Ibori, S.; Wang, X.; Kawarada, H. Effects of diamond-FET-based RNA aptamer sensing for
detection of real sample of HIV-1 tat protein. Biosens Bioelectron. 2013, 40, 277–282.
42. Liang, Y.; Zhang, Z.; Wei, H.; Hu, Q.; Deng, J.; Guo, D.; Cui, Z.; Zhang, X.-E. Aptamer beacons for visualization of
endogenous protein HIV-1 reverse transcriptase in living cells. Biosens. Bioelectron. 2011, 28, 270–276.
43. Kim, M.-G.; Shon, Y.; Lee, J.; Byun, Y.; Choi, B.-S.; Kim, Y.B.; Oh, Y.-K. Double stranded aptamer-anchored reduced
graphene oxide as target-specific nano detector. Biomaterials 2014, 35, 2999–3004.
44. Niedzwiecki, D.J.; Iyer, R.; Borer, P.N.; Movileanu, L. Sampling a biomarker of the human immunodeficiency virus
across a synthetic nanopore. ACS Nano 2013, 7, 3341–3350.
45. Ivanov, Y.D.; Bukharina, N.S.; Pleshakova, T.O.; Frantsuzov, P.A.; Andreeva, E.Y.; Kaysheva, A.L.; Zgoda, V.G.; Izotov,
A.A.; Pavlova, T.I.; Ziborov, V.S.; et al. Atomic force microscopy fishing and mass spectrometry identification of gp120
on immobilized aptamers. Int. J. Nanomed. 2014, 9, 4659–4670.
46. Wang, Y.; Bai, X.; Wen, W.; Zhang, X.; Wang, S. Ultrasensitive electrochemical biosensor for HIV gene detection based
on graphene stabilized gold nanoclusters with exonuclease amplification. ACS Appl. Mater. Interfaces 2015, 7, 18872–
18879.
47. Ferreira-Bravo, I.A.; Cozens, C.; Holliger, P.; DeStefano, J.J. Selection of 2′-deoxy-2′-fluoroarabinonucleotide (FANA)
aptamers that bind HIV-1 reverse transcriptase with picomolar affinity. Nucleic Acids Res. 2015, 43, 9587–9599.
48. Esposito, V.; Pirone, L.; Mayol, L.; Pedone, E.; Virgilio, A.; Galeone, A. Exploring the binding of d(GGGT)4 to the HIV-1
integrase: An approach to investigate G-quadruplex aptamer/target protein interactions. Biochimie 2016, 127, 19–22.
49. Mufhandu, H.T.; Alexandre, K.B.; Gray, E.S.; Morris, L.; Khati, M. UCLA1 aptamer inhibition of human immunodeficiency
virus type 1 subtype C primary isolates in macrophages and selection of resistance. Biochem. Biophys. Rep. 2016, 7,
408–414.
50. Lange, M.J.; Nguyen, P.D.M.; Callaway, M.K.; Johnson, M.C.; Burke, D.H. RNA-protein interactions govern antiviral
specificity and encapsidation of broad spectrum anti-HIV reverse transcriptase aptamers. Nucleic Acids Res. 2017, 45,
6087–6097.
51. Prokofjeva, M.; Tsvetkov, V.; Basmanov, D.; Varizhuk, A.; Lagarkova, M.; Smirnov, I.; Prusakov, K.; Klinov, D.;
Prassolov, V.; Pozmogova, G.; et al. Anti-HIV activities of intramolecular G4 and non-G4 oligonucleotides. Nucleic Acid
Ther. 2017, 27, 56–66.
52. Yamaoki, Y.; Nagata, T.; Mashima, T.; Katahira, M. Development of an RNA aptamer that acquires binding capacity
against HIV-1 tat protein: Via G-quadruplex formation in response to potassium ions. Chem. Commun. 2017, 53, 7056–
7059.
53. Métifiot, M.; Amrane, S.; Mergny, J.-L.; Andreola, M.-L. Anticancer molecule AS1411 exhibits low nanomolar antiviral
activity against HIV-1. Biochimie 2015, 118, 173–175.

54. Catuogno, S.; Esposito, C.L.; de Franciscis, V. A trojan horse for human immunodeficiency virus. Chem. Biol. 2015, 22,
313–314.
55. Duclair, S.; Gautam, A.; Ellington, A.; Prasad, V.R. High-affinity RNA aptamers against the HIV-1 protease inhibit both
in vitro protease activity and late events of viral replication. Mol. Ther. Nucl. Acids 2015, 4, e228.
56. Takahashi, M.; Burnett, J.C.; Rossi, J.J. Aptamer–siRNA chimeras for HIV. Adv. Exp. Med. Biol. 2015, 848, 211–234.
57. Sánchez-Luque, F.J.; Stich, M.; Manrubia, S.; Briones, C.; Berzal-Herranz, A. Efficient HIV-1 inhibition by a 16 nt-long
RNA aptamer designed by combining in vitro selection and in silico optimisation strategies. Sci. Rep. 2014, 4,
srep06242.
58. Zhao, N.; Pei, S.-N.; Parekh, P.; Salazar, E.; Zu, Y. Blocking interaction of viral gp120 and CD4-expressing T cells by
single-stranded DNA aptamers. Int. J. Biochem. Cell Biol. 2014, 51, 10–18.
59. Shiang, Y.-C.; Ou, C.-M.; Chen, S.-J.; Ou, T.-Y.; Lin, H.-J.; Huang, C.-C.; Chang, H.-T. Highly efficient inhibition of human
immunodeficiency virus type 1 reverse transcriptase by aptamers functionalized gold nanoparticles. Nanoscale 2013,
5, 2756–2764.
60. Xu, L.; Cai, L.; Chen, X.; Jiang, X.; Chong, H.; Zheng, B.; Wang, K.; He, J.; Chen, W.; Zhang, T.; et al. DNA duplexes with
hydrophobic modifications inhibit fusion between HIV-1 and cell membranes. Antimicrob. Agents Chemother. 2013,
57, 4963–4970.
61. Zhan, S.B.; Zhang, X.G.; Li, H.X.; Zeng, Y. A novel SELEX method for screening of HIV-1 P24 antigen. Zhonghua Shi Yan
He Lin Chuang Bing Du Xue Za Zhi 2013, 27, 218–220.
62. Possik, E.J.; Bou Sleiman, M.S.; Ghattas, I.R.; Smith, C.A. Randomized codon mutagenesis reveals that the HIV rev
arginine-rich motif is robust to substitutions and that double substitution of two critical residues alters specificity. J.
Mol. Recognit. 2013, 26, 286–296.
63. Magbanua, E.; Zivkovic, T.; Hansen, B.; Beschorner, N.; Meyer, C.; Lorenzen, I.; Grötzinger, J.; Hauber, J.; Torda, A.E.;
Mayer, G.; et al. D(GGGT)4 and r(GGGU)4 are both HIV-1 inhibitors and interleukin-6 receptor aptamers. RNA Biology
2013, 10, 216–227.
64. Zhu, Q.; Shibata, T.; Kabashima, T.; Kai, M. Inhibition of HIV-1 protease expression in T cells owing to DNA aptamermediated specific delivery of siRNA. Eur. J. Med. Chem. 2012, 56, 396–399.
65. Scheideman, E.H.; Marlatt, S.A.; Xie, Y.; Hu, Y.; Sutton, R.E.; Dimaio, D. Transmembrane protein aptamers that inhibit
CCR5 expression and HIV coreceptor function. J. Virol. 2012, 86, 10281–10292.
66. Um, H.-J.; Kim, M.; Lee, S.-H.; Kim, Y.-H. Preventing the formation of positive transcription elongation factor b by
human cyclin T1-binding RNA aptamer for anti-HIV transcription. AIDS 2012, 26, 1599–1605.
67. Lai, Y.-T.; DeStefano, J.J. A primer-free method that selects high-affinity single-stranded DNA aptamers using
thermostable RNA ligase. Anal. Biochem. 2011, 414, 246–253.
68. Faure-Perraud, A.; Métifiot, M.; Reigadas, S.; Recordon-Pinson, P.; Parissi, V.; Ventura, M.; Andréola, M.-L. The guaninequadruplex aptamer 93del inhibits HIV-1 replication ex vivo by interfering with viral entry, reverse transcription and
integration. Antivir. Ther. 2011, 16, 383–394.
69. Zhou, J.; Satheesan, S.; Li, H.; Weinberg, M.S.; Morris, K.V.; Burnett, J.C.; Rossi, J.J. Cell-specific RNA aptamer against
human CCR5 specifically targets HIV-1 susceptible cells and inhibits HIV-1 infectivity. Chem. Biol. 2015, 22, 379–390.
70. Neff, C.P.; Zhou, J.; Remling, L.; Kuruvilla, J.; Zhang, J.; Li, H.; Smith, D.D.; Swiderski, P.; Rossi, J.J.; Akkina, R. An
aptamer-siRNA chimera suppresses HIV-1 viral loads and protects from helper CD4+ T cell decline in humanized mice.
Sci. Transl. Med. 2011, 3, 66ra6.
71. Ramalingam, D.; Duclair, S.; Datta, S.A.K.; Ellington, A.; Rein, A.; Prasad, V.R. RNA aptamers directed to human
immunodeficiency virus type 1 gag polyprotein bind to the matrix and nucleocapsid domains and inhibit virus
production. J. Virol. 2011, 85, 305–314.

Keywords
aptamers;SELEX;diagnosis;therapy;viruses;HIV

Retrieved from https://encyclopedia.pub/16095

