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Abstract

The retrovirus integrase (IN) is responsible for in-
tegration of the reverse transcribed linear cDNA into
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the host DNA genome. First, IN cleaves a dinucleotide
from the 3’ OH blunt ends of the viral DNA exposing
the highly conserved CA sequence in the recessed
ends. IN utilizes the 3’ OH ends to catalyze the
concerted integration of the two ends into opposite
strands of the cellular DNA producing 4 to 6 bp
staggered insertions, depending on the retrovirus
species. The staggered ends are repaired by host cell
machinery that results in a permanent copy of the
viral DNA in the cellular genome. Besides integration,
IN performs other functions in the replication cycle of
several studied retroviruses. The proper organization
of IN within the viral internal core is essential for the
correct maturation of the virus. IN plays a major role
in reverse transcription by interacting directly with
the reverse transcriptase and by binding to the viral
capsid protein and a cellular protein. Recruitment
of several other host proteins into the viral particle
are also promoted by IN. IN assists with the nuclear
transport of the preintegration complex across the
nuclear membrane. With several retroviruses, IN
specifically interacts with different host protein factors
that guide the preintegration complex to preferentially
integrate the viral genome into specific regions of the
host chromosomal target. Human gene therapy using
retrovirus vectors is directly affected by the interactions
of IN with these host factors. Inhibitors directed against
the human immunodeficiency virus (HIV) IN bind within
the active site of IN containing viral DNA ends thus
preventing integration and subsequent HIV/AIDS.

Key words: Retrovirus integrase; Integration; Host
factors; Atomic structure; Human immunodeficiency
virus integrase inhibitors

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: This review examines the multifunctional
properties of retrovirus integrase (IN) besides its
key function of integrating the viral DNA into host
chromosomes. IN has a major role in the maturation of
the virus, reverse transcription and nuclear transport of
the preintegration complex. IN binds to cellular cofactors
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for uncoating of the core and to other cellular proteins
that guide the preintegration complex to preferred regions
on the host genome for integration. Understanding
these IN functions has resulted in the production of
clinical IN strand transfer inhibitors to prevent human
immunodeficiency virus (HIV/AIDS) and development of
retrovirus vectors for human gene therapy.

Grandgenett DP, Pandey KK, Bera S, Aihara H. Multifunctional
facets of retrovirus integrase. World J Biol Chem 2015; 6(3):
83-94 Available from: URL: http://www.wjgnet.com/1949-8454/
full/v6/i3/83.htm DOL: http://dx.doi.org/10.4331/wjbc.v6.13.83

INTRODUCTION

Retroviruses are ubiquitous in nature and are found in
yeast to insects and to the animal and plant kingdoms.
In retroviruses, the single stranded viral RNA genome
is reverse transcribed by the viral reverse transcriptase
into a double strand DNA copy that is subsequently
integrated into the host genome. The integration
process that inserts the viral DNA into the host DNA
is mediated by the viral encoded integrase (IN).
Retroviruses are mobile elements that distinguish
themselves from other viruses because their DNA
genomes become an integral part of the host genome,
an essential requirement in their replication cycle.
There are slight variations in this integration process
in the above mentioned biological systems, some of
which are called Tyl/copia and Ty3/gypsy elements
or LTR retrotransposons. This review will focus on
IN found in alpharetroviruses, gammaretroviruses,
lentiviruses which includes human immunodeficiency
virus (HIV), and spumaviruses. The purpose of the
review will be to briefly highlight the most current
salient features of the many functional facets of the
retrovirus IN and identify critical papers and reviews
that provide in-depth information for a specific subject.

HIV is the most studied retrovirus with regards to
its biology, biochemistry and pathogenesis. A general
retrovirus replication cycle is depicted in Figure 1
along with location of steps for FDA approved HIV
drug therapies. Each step from the binding of the virus
particle to a cellular receptor to the release of a new
virus particle is described in the legend. In Figure 1,
IN plays a role in step 3: uncoating of the internalized
viral core, step 4: reverse transcription of the viral
RNA, step 5: nuclear transport of the preintegration
complex (PIC), step 6: integration of viral DNA into the
host genome, and step 13: maturation.

IN DOMAIN ORGRANIZATION

The retrovirus IN is located at the C-terminal end
of the Pol protein that is part of a larger precursor
polyprotein (Gag-Pol) encapsulated within the virus
particle. The retrovirus IN was first identified and
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purified from an alpharetrovirus”’ and genetically
shown to be necessary for integration®>. The avian
retrovirus or Rous sarcoma virus (RSV) and HIV IN
proteins are 286 and 288 residues in length, res-
pectively, while the prototype foamy virus (PFV) IN
is 392 residues™® (Figure 2). RSV IN possesses three
structural domains comprising an N-terminal domain
(NTD) (residues 1-44) that contains a zinc-binding
HHCC motif, a catalytic core domain (CCD) (residues
58-213) and a C-terminal domain (CTD) (residues
222-268). HIV IN has similar size domains and linkers
as RSV IN. Both PFV and murine leukemia virus (MLV)
IN (408 residues) possess an additional N-terminal
extension domain (NED) (approximately 50 residues)
attached adjacent to the NTD of IN.

BIOLOGICAL FUNCTIONS OF IN

Role of IN in viral maturation

The retrovirus structural Gag proteins are approximately
80% of the total mass of the viral proteins. The reverse
transcriptase (RT) and IN are derived from a separate
Gag-Pol precursor polyprotein produced by translational
frameshifts. This precursor polyprotein accounts for
approximately 2% to 3% of the total viral protein
mass (Figure 3). Despite this lower level of IN in virus
particles, studies using site-directed mutagenesis of HIV
IN highly suggest that deletion and missense mutations
affect HIV assembly and release!”’. The mechanisms
associated with these defects are not well understood
but may include activation of the viral protease loca-
ted within Gag-Pol and dimerization of this precursor
polyprotein.

The recent discovery of inhibitors that do not
interact within the catalytic active site of HIV IN has
provided unforeseen information on a structural role
for IN in virus particle maturation. These inhibitors
called LEDGINS™ or ALLINIS (allosteric IN inhibitors)™
prevent interactions of IN with a cellular chromatin
binding protein lens epithelium-derived growth factor
(LEDGF/p75), a transcriptional cofactor that guides
the HIV PIC (Figure 1) to active transcription sites for
integration (see host factors). In addition to inhibiting
integration, significant structural defects are caused
by these inhibitors resulting in abnormal formation of
electron dense HIV virus cores thus producing non-
infectious particles upon egress!'®*? (Figure 1). Other
studies have shown that these inhibitors significantly
induce HIV IN monomers to produce inactive oligomers
in vitro™®****1 These results highly suggest that IN
plays a critical role in virus maturation (Figure 1).

Reverse transcription requires IN functions

RT and IN are linked together covalently at the
C-terminal end of Gag-Pol precursor polyprotein (Figure
3). The processing of the precursor protein to RT and
IN by the viral protease in the virus particle is different
between RSV and HIV. For RSV, the Pol product from the
polyprotein is a 95 kDa polypeptide termed B that forms
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Figure 1 Overview of human immunodeficiency virus type 1 replication cycle. Steps in the viral replication cycle are numbered. The steps where FDA approved
drugs exist are marked in blue. (1) The trimeric envelope glycoprotein (gp120/gp41) of human immunodeficiency virus (HIV) binds to the CD4 receptor and CCR5 co-
receptors present on host cell surface. Maraviroc, a CCR5 receptor antagonist blocks the binding of viral gp120 to CCR5 and prevents the entry of virus into cells;
(2) Viral membrane fuses with cellular membrane allowing the entry of the virus into the cytoplasm. Enfuvirtide, a fusion inhibitor binds to gp41 and prevents the
formation of an entry pore for the capsid of the virus, thus blocking the entry of virus into the cytoplasm; (3) The virus undergoes uncoating of the core; (4) HIV RNA is
reverse-transcribed by reverse transcriptase into double stranded DNA within the core. Reverse-transcriptase inhibitors block the synthesis of viral DNA; (5) Integrase
(IN) cleaves two nucleotides adjacent to conserved CA nucleotides from both 3-ends of viral DNA (referred as 3'-processing in text) and forms the preintegration
complex (PIC). The PIC is transported into the nucleus through a cellular nuclear import pathway. IN strand transfer inhibitors (INSTIs) bind to the IN-DNA complex
after 3-processing rendering the cytoplasmic PIC defective for integration but not nuclear transport; (6) IN facilitates the joining of viral DNA to the host DNA (termed
strand transfer in text). Integrated viral DNA is referred to as “provirus”. A cellular protein, lens-epithelium derived growth factor (LEDGF/p75), preferentially targets the
integration of viral DNA within transcriptionally active regions. INSTIs block the joining of processed viral DNA ends into cellular DNA; (7) The viral DNA is transcribed
by cellular RNA pol Il into viral RNAs; (8) Full-length and alternatively spliced RNAs are transported out of nucleus; (9) Viral proteins are synthesized from the RNA
template; (10) Full-length viral RNA and newly synthesized proteins begin the assembly of new virus particles at the inner surface of cell membrane; (11) Immature
viral particles bud out of the membrane and released (12); and (13) Proteolytic processing of viral proteins results in the maturation of viral particle. Protease inhibitors
block the formation of mature proteins by inhibiting the proteolytic processing of the viral polyproteins.
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Figure 2 Domain organization of retroviral integrases. The domains (NED: N-terminal extension domain; NTD: N-terminal domain; CCD: Catalytic core domain;
and CTD: C-terminal domain) are depicted with different colors. The number of residues in each domain are indicated. The domains are separated by protein linkers
of various sizes. NTD contains the zinc binding HH-CC motif and the D-D-35-E motif in CCD binds Mg® which constitutes the active site. The CTD shows a topology
of SH3-like domain, a characteristic feature associated with protein-protein and protein-DNA interactions. The exact MLV domain sizes have not been determined
experimentally except for the CTD™. A short tail of disordered amino acids is located on the C-terminal end of each IN. IN: Integrase; HIV: Human immunodeficiency
virus; RSV: Rous sarcoma virus; MLV: Murine leukemia; PFV: Prototype foamy virus.
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Figure 3 Structural organization and proteolytic processing of reverse
transcriptase and integrase. A: The precursor Gag-Pol protein is processed by
the viral protease into an intermediate polyprotein. The avian polyprotein exists
as a dimer of the B subunit that is processed into the active o subunits (RT)
and integrase (IN). The o subunit contains the active polymerase and RNaseH
sites while (3 retains IN residues. RT does not possess integration capabilities; B:
Cleavage of the human immunodeficiency virus (HIV) polyprotein produces the
active dimeric RT and IN. The HIV p66 subunit possesses the polymerase and
RNaseH active sites. RT: Reverse transcriptase.

dimers (Figure 3). The viral protease cleaves the dimers
into active RT, termed of, which causes the release
and activation of the 32 kDa IN. The aff polypeptide
still contains a single copy of IN residues that facilitates
a processive mechanism for reverse transcription and
its associated RNaseH activity. In contrast, HIV IN is
released entirely from the polyprotein producing RT
(p66/p51) (Figure 3), similarly to MLV IN (not shown).

Site-specific mutations introduced into the cleaved
HIV IN result in reverse transcription defects but not
integration™. The exact mechanisms associated with
these RT defects are mostly unknown. HIV IN (Figure 3)
appears to have a physical interaction with RT (p66/p51)
that is necessary for normal viral DNA synthesis!'®*®. In
normal HIV infected cells, IN interacts with the major
structural viral capsid protein (CA) whose interactions
affect the normal uncoating process of the core and
thus reverse transcription. Following the above theme
that viral core uncoating affects reverse transcription,
recent results suggest that the cellular protein DYNLL1 is
required for early viral DNA synthesis and uncoating via
a physical interaction of DYNLL1 with HIV IN®Y. As these
authors suggested, IN-DYNLL1 interactions may be a
potential target for future inhibitors.

Role of IN in the preintegration complex, its nuclear
transport and in integration

Although IN has many roles in the retrovirus replication
cycle, IN is the catalytic component necessary for
concerted integration of the viral DNA ends into the
host genome (Figures 4 and 5). A pivotal study clearly
demonstrated that linear MLV DNA acts as the substrate
for integration in vivo®”. The high molecular weight PIC
containing a copy of the linear viral DNA was isolated
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Figure 4 Selection of cellular DNA target sites for integration. Left: IN within
the PIC is guided to host sites by several mechanisms including recognition
of weak palindromic sequences by IN, nuclear topography of the cellular host
DNA site, chromatin structure, and several kinds of associated histone tails.
Only IN (labeled), RT (blue circle) and LEDGF/p75 (gray cylinder) are identified
in the figure; Right: Cell proteins (BET and LEDGF/p75) influence the PIC to
preferentially insert the viral DNA into specific regions of the host genome. IN:
Integrase; PIC: Preintegration complex; HIV: Human immunodeficiency virus;
MLV: Murine leukemia virus.

from MLV infected cells (Figures 1 and 4). This complex
is capable of integrating the viral ends in a concerted
fashion into a target substrate in vitro. DNA sequence
analysis of the integrated viral DNA demonstrated that
IN inserted the 3’ OH ends into opposite strands of the
target DNA producing the 4 bp host site duplication
found associated with the integrated MLV provirus in
vivo or a 6 bp duplication with RSV (Figure 5). The host
site duplication for HIV is 5 bp.

There are numerous publications (many not in-
dicated here) describing the integration capabilities
of the PIC for MLV***! and later for HIVI***" at the
biochemical, genetic and inhibition of strand transfer by
IN inhibitors (Figure 1). The PIC is composed of linear
DNA, viral proteins IN, RT, CA, matrix (MA), viral protein
R (Vpr) and several cellular associated proteins (Figure
4). In the cytoplasm, IN cleaves a dinucleotide from the
3’ OH ends of blunt DNA before transport of the PIC into
the nucleus (Figure 5). HIV IN also appears to play a
role in the nudlear transport of the PIC along with other
viral and cellular proteins™®®®’, After transport, IN inserts
the 3’ OH recessed DNA ends into the cellular DNA
genome. As described later, the HIV IN strand transfer
inhibitors (STIs) interact within the active site of IN and
the 3’ processed LTR ends in the cytoplasmic PIC, thus
inactivating the complex preventing integration into
cellular DNA®”, The retrovirus PIC has provided major
insights into retrovirus integration but has a severe
limitation for providing sufficient quantities necessary
for biochemical studies.

IN interactions with host factors and cellular target site
selection

IN is the dominant factor for selection of weakly
conserved palindromic sequences at the target site
in vivo® 3 (Figure 4). Whole genomic sequencing of
DNA target sites demonstrates that HIV IN prefers
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Figure 5 Requirement for 3’ OH processing and strand transfer activities to facilitate concerted integration of viral DNA by integrase into target DNA. A:
The linear approximately 10 kb DNA with only the ends is shown. The U3 and U5 RSV DNA blunt ends with the underlined conserved CA dinucleotide on the catalytic
strand are indicated. The thin arrows indicate 3' OH processing of two nucleotides by IN producing the recessed substrate for strand transfer activity; B: Concerted
integration of the viral linear DNA ends by integrase (IN) into the target DNA is by a transesterification mechanism; C: The insertion of viral DNA into the target
produces a 6 bp stagger cut by RSV IN that is repaired by cellular proteins producing the integrated provirus. RSV: Rous sarcoma virus.

to integrate its viral DNA into active transcriptional
units®®! while MLV IN favors integration sites near the
promoter region of genes and not into transcriptional
units®?. Further studies demonstrated that RSV IN
essentially integrates its DNA into the host genome
at random sites® !, These results suggested that
HIV and MLV IN interact with specific host factors that
direct IN to preferred sites in the host genome.

Major studies have centered on the ability of
LEDGF/p75, a transcriptional co-activator, to guide the
HIV PIC to integrate its DNA into active transcriptional
sitesP**! (Figure 4). Besides LEDGF/p75, cellular
Nup153 is indispensable for the integration of HIV DNA
into the peripheral edge of the nuclear DNA suggesting
that nuclear topography is also an important for HIV
integration site selection*?, For MLV IN, recent studies
demonstrated that IN interacts with the chromatin BET
(bromo- and extra-terminal domain) proteins (BRD2,
BRD3 and BRD4) directing it to the promoter region of
genes™***! (Figure 4). To date, there are no reports
that have identified cellular proteins involved in host
site selection by avian retroviruses. In summary, IN
is capable of integrating its viral DNA into numerous
segments of the host genome but is preferentially
directed to specific regions by host factors.
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BIOCHEMICAL AND STRUCTURAL

PROPERTIES OF IN

Solution properties of IN
Biochemical and biophysical studies of retrovirus
IN has been extensive over the last 37 years. Most
studies have used recombinant RSV, HIV, MLV and
PFV IN. Only the avian retrovirus IN has been purified
from virus particles™*®. As stated above, IN cleaves
a dinucleotide from both 3’ OH blunt ends of the viral
DNA and subsequently inserts the recessed ends into
a target DNA by a transesterification reaction (Figure
5). The biochemistry of these reactions and other
structural properties of IN were recently reviewed™”’.
The subunit structure of IN is varied and highly
dependent on the purification process and different salt
requirements to maintain solubility for each expressed
recombinant IN. PFV IN is soluble (10-15 mg/mL) in 0.2
mol/L NaCl***! while RSV IN is highly soluble (30 mg/mL)
in 0.2 mol/L (NH4)2S04"°". PFV IN is monomeric!*”’
while RSV IN is a dimer in solution®>?!, Recombinant
HIV IN has been purified as a monomer, dimer and
tetramer'>**%, Recent studies suggest that the active
form of HIV IN is a monomer that is responsible for
assembly of the synaptic complex (SC) or intasome

August 26, 2015 | Volume 6 | Issue 3 |



Grandgenett DP et a/. Retrovirus integrase possesses multiple functions

Figure 6 Prototype foamy virus intasome structure. The intasome consist of an integrase (IN) tetramer with two viral DNA ends. The 17/19 bp DNA interacts
extensively with the two inner monomers of IN. Among the inner monomers, the N-terminal extension domain, N-terminal domain, catalytic core domain (CCD) and
C-terminal domains are shown in blue, red, green and cyan, respectively. The DDE residues are identified as red amino acids. Among the outer protomers, only the
CCD (shown in purple) was resolved. The cartoon was redrawn from the PDB ID 30Y9 in Molsoft ICM-Browser. The Zn* and Mg** metal ions are shown with blue and

orange spheres, respectively.

capable of efficient concerted integration of two
oligonucleotides into a target substrate in vitro™. The
HIV IN monomer purified in the presence of EDTA
is converted into a tetramer in the presence of Zn**
without the formation of a dimer intermediate™**.
Studies have demonstrated that a tetramer of IN
is associated with HIV, PFV and RSV SC capable of
concerted integration®™****"!,

The oligomeric state of retrovirus IN play key roles
in virus maturation upon release of the virus particle,
enzymatic activities for 3" OH processing and concerted
integration of viral DNA and possibly for reverse
transcription in the cytoplasmic PIC.

Retroviral IN superfamily and PFV intasome structure

The retrovirus IN superfamily comprises proteins that
are involved in a variety of activities like replication
and repair of DNA, V(D)J recombination, and DNA
transposition. The DDE domain of retrovirus IN
(Figure 2) is highly conserved in proteins capable of
similar catalytic reactions including MuA transposase,
human RAG1 recombinase, the RNaseH domain on
the retrovirus RT (Figure 3) and other bacterial and
human endonucleases™*?. Structures of many of the
above protein have been resolved at the atomic level
in complex with DNA. However, among the retrovirus
INs only the four-domain PFV intasome (PFV IN-DNA
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complex) has been resolved (Figure 6).

The crystallographic study of the full-length PFV
IN with bound viral DNA revealed, for the first time,
the architecture of retrovirus intasome assembly and
atomic details of the IN-DNA interactions™”*” (Figure
6). The PFV intasome contains a tetramer of IN, which
consists of a dimer of the “inner” subunits that make
extensive protein-protein and protein-DNA interactions,
and a pair of the “outer” subunits that appear to play
structural roles. All four domains of the IN subunits
and the inter-domain linkers interact extensively
with DNA to bridge between the two viral DNA ends
and capture the target DNA. The engagement of the
viral DNA sequence and catalysis in trans is a feature
shared with related transposase systems!*®],

The determination of the atomic structure of the
PFV intasome greatly enhanced our understanding of
IN interactions with 3" OH recessed ends in the active
site and showing how a tetramer of IN catalyzes the
concerted integration reaction™”. Other structural
studies have shown how PFV IN is bound to the viral
DNA in its ground state prior to 3’ OH processing or
strand transfer’®?, Lastly, the PFV intasome in complex
with target DNA after insertion of the 3" OH ends
(strand transfer complex) demonstrated how severely
the target DNA is bent upon insertion of the viral DNA
ends'®®?,
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Figure 7 Chemical structure of strand transfer inhibitors. Conserved
metal chelating moiety similar to diketo acid is shown in blue and a conserved
halogenated benzyl group that interacts with the penultimate nucleotide of DNA
is shown in red.

HIV IN INHIBITORS

Strand transfer inhibitors and their interactions within
the active site of HIV IN

The requirement for integration of the viral DNA into
the host genome for replication renders IN as a natural
target for development of inhibitors. Numerous studies
in the 1990s to identify relevant HIV IN inhibitors
culminated with a study demonstrating that IN STI
prevent the integration of the viral DNA into the
cell genome resulting in inhibition of HIV replication
in cells’”). Further studies established that the STI
competed with target DNA binding to IN suggesting
a unique conformation of IN for the strand transfer
reaction®. The diketo acid pharmacophore of the STI
also bound to the divalent metal ion in the active site
of IN'**,
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Figure 8 Active site within prototype foamy virus intasome in apo (A)
and Raltegravir-bound state (B). Orange spheres indicate Mg*. Active sites
residues are labeled. Only the terminal 3’ adenosine (marked A1) is displayed in
its chemical form to show the displacement upon RAL binding. The diketo acid
group of Raltegravir (RAL) interacts with the metal ions. Adenine is T-stacked
against the RAL metal-chelating scaffold. The halobenzoyl group of RAL is
marked red. The figures were constructed from PDB entries 3L2R and 30YA,
respectively, in Molsoft ICM-Browser.

Crystallization studies of the four-domain PFV IN
intasome without (Figure 6) and with STIs demonstrated
the interactions of these inhibitors within the active site
of INP76%%%87] (see Figures 7 and 8 for brief description
of STIs and their mechanism). There are currently three
clinical STIs approved by the FDA for treatment of HIV/
AIDS (Figure 7). They are Raltegravir (RAL), Elvitegravir
(EVG) and Dolutegravir (DTG). The HIV IN STIs are
interfacial inhibitors whose mechanisms are similar to
other compounds that target bacterial DNA gyrase and
topoisomerase IV as well as anticancer drugs targeting
human topoisomerases'®®.. Interfacial inhibitors, like
the HIV STIs, bind to a site produced at the interface of
two (or more) molecules bound together resulting in a
functional complex. In the case of STIs, the interfaces
are formed by the viral terminal CA nucleotides and
specific IN residues in the PFV intasome™”®”! (Figure 8).
A recent book”™ and several reviews of HIV IN inhibitors
provide an extensive overview of the discovery of STIs
and their mechanisms™’7*73,

HIV and RSV synaptic complexes are kinetically
stabilized by STls

The atomic structures of the three-domain HIV and
RSV IN (Figure 2) in complex with viral DNA are
unknown. Crystallization of these INs in complex with
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Figure 9 Identification of strand transfer inhibitor-trapped Rous sarcoma virus synaptic complex by size-exclusion chromatography. A: Schematic of Rous
sarcoma virus (RSV) IN, 3' OH recessed ODN, and strand transfer inhibitor (STI) used to assemble STI-trapped synaptic complex (SC); B: MK-2048 and Dolutegravir
(DTG) efficiently produce trapped SC while Raltegravir had moderate efficiency. No trapped SC is produced in the absence of STI. Elution positions of STI-trapped SC

(red line), free IN and DNA are marked. Molecular weight markers are indicated.

their viral DNA substrates at high IN concentrations
has not been successful for numerous biochemical
reasons including aggregation of HIV IN and limited
stability of the complexes.

The HIV SC at low nM concentrations can be
physically trapped in the presence of HIV IN STIs as
analyzed by native agarose gel electrophoresis/*”!,
There are strong structural similarities in the CCD
between HIV, PFV and RSV IN (Figure 2)!7>1°%%767.76.77]
suggesting that under appropriate conditions the
highly soluble RSV IN could also be trapped in the
presence of the appropriate oligonucleotide (ODN)
substrate and STIs. Assembly of a trapped RSV SC
at high IN concentrations (1.5 mg/mL; 45 pmol/L) in
solution required the presence of 3" OH recessed viral
ODN ranging in sizes (16/18R to 18/20R) and DTG,
RAL or MK-2048"" (Figure 9). DTG and MK-2048 (an
investigational inhibitor) possess a significantly longer
dissociative half-life than RAL within an HIV IN-DNA
complex allowing these STIs to capture and stabilize
the IN-DNA complex”®7!, Without the STI presence,
the transient RSV SC produced in the concerted
integration pathway could not be isolated highly
suggesting the STI-trapped SC is kinetically stabilized.
Efforts are ongoing to resolve the atomic structure of
this kinetically stabilized STI-trapped SC and the RSV
strand transfer complex.

Clinical results using HIV IN STis and drug resistance

The previously described three clinical STIs (Figure 7)
are the newest class of inhibitors to treat HIV/AIDS
that must be used in combinational drug therapy with
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reverse transcriptase, protease and entry inhibitors.
RAL and EVG were FDA approved for clinical use in
2007 and 2012, respectively, while DTG was approved
in 2013. IN STIs are superior to other regimens in
first-line therapies™®". All three IN STIs have a high
safety record and display strong efficacy™..

HIV has a high mutational rate, approximately 3
x 107 mutations/base pair per cycle®!. Thus, like
with RT and protease inhibitors, the use of IN STIs
has resulted in the emergence of drug-resistant viral
strains that causes a loss of drug effectiveness. Both
RAL and EVG possess a low genetic barrier giving rise
to drug-resistant IN mutants (G140S/Q148H, N155S,
Q148K, F121Y, T66I/S153Y) in tissue culture as well
as in treated patients”*®!. In contrast, DTG has a
high genetic barrier and to date significant resistant
IN mutants have been nearly absent in treatment-
naive patients®®®*®!, The higher genetic barrier of
DTG in patients may be due to its longer dissociative
half-life from the HIV IN-DNA complex suggesting
that DTG extended binding may be a significant factor
for prevention of drug-resistance®’; also shown to
be a factor in producing kinetically stabilized RSV SC
(Figure 9). HIV carrying the rare signature IN R263K
mutation (others are H51Y and E138K) observed with
DTG apparently cannot co-exist in combination with
many of the above classical IN resistance mutations®”,
HIV is apparently unable to compensate for these
mutations which induce a fitness cost that prevents
the virus from evading inhibitor pressure.

Taken these demonstrated properties of DTG,
investigators have slightly modified its structure to
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formulate a long-acting injectable nanoparticle (200
nm) suitable for clinical administration on a quarterly
basis'®, In these preclinical studies, GSK744 provided
high-level protection against repeated simian/human
immunodeficiency virus challenge in rhesus macaques.
This study suggests that GSK744 in combination
with a similar injectable RT inhibitor could decrease
adherence problems associated with pre-exposure
prophylaxis.

RETROVIRAL VECTORS

Human gene therapy

Retroviruses are natural vectors for transfer of genetic
information between cells. For example, the insertion of
an oncogene derived from one cell by a retrovirus into
another cell occurs naturally®. Numerous commercial
and investigative retroviral vectors have been de-
veloped to accomplish a wide variety of experimental
protocols as well as the study of human diseases™.
This permanent transfer of genetic information by
retroviruses has led to an explosion of ideas for human
gene therapies using gammaretroviral (MLV) and
lentiviral (HIV) vectors.

The selection of DNA target sites by IN in cells is
highly influenced by the interactions of IN with host
cofactors and nuclear import properties of the PIC
(Figure 4, see above). The selective property of MLV IN
to preferentially integrate its viral DNA in the promoter
regions of genes had placed a hold on human gene
therapy using MLV vectors to treat SCID-X1 (x-linked
severe combined immunodeficiency) in boys, which
was successful® . Insertional mutagenesis lead to
T-cell acute lymphoblastic leukemia in 5 of the 20
patients caused by transactivation of LMO2 or CCND2
proto-oncogenes®>*, Recently, a highly modified self-
inactivating (SIN) MLV vector with deleted viral U3
enhancer sequences provided the same efficacy as
the original MLV vectors and with no leukemogenesis
produced after 33 mo'®!. Future observations of
these patients using this modified MLV vector will
determine further use of this kind of SIN vector. SIN
HIV vectors have been used in human trials and have
the advantage that they can effectively transfect
resting cells due to their nuclear import properties®°®.
Finally, SIN avian retrovirus vectors have been de-
veloped but have not been used in human gene
therapy™”.. Consistent with the observation that avian
retroviruses integrate randomly into cellular DNAP**,
genome-wide analysis of integration sites by a SIN
avian retrovirus vector in human hematopoietic
stem/progenitor cells demonstrated that integration
is random and not near hotspots containing proto-
oncogenes like LMO2®,

CONCLUSION

This review has outlined the multiple functions that
the retrovirus IN has in the life cycle of retroviruses
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besides the key function of DNA integration. The
development of the three clinical STIs (Figure 7)
directed against HIV IN has provided a strong premise
for supporting basic scientific research”!. The future
development of advanced STIs for pre-exposure
prophylaxis, the search for new IN inhibitors and the
discovery other IN functions are currently underway.
The potential utilization of retrovirus vectors for human
gene therapy only adds to this future spectrum for
scientific investigation of the retrovirus IN.
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