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Abstract

The HIV-1 integrase, responsible for the chromosomal integration of the newly synthesized double-
stranded viral DNA into the host genomic DNA, represents a new and important target of potential
clinical relevance. For instance, two integrase inhibitors, raltegravir and elvitegravir, have been shown
to be promising in clinical trials, and the first has been recently made available for clinical practice.
As is the case for other antiviral drugs, drug resistance to integrase inhibitors occurs both in vitro
and/or in vivo through the selection of mutations within the HIV genome. Indeed, many integrase
mutations have already been associated with resistance to all the different integrase inhibitors tested
in in vitro and/or in vivo studies. Among them, about 40 substitutions have been specifically
associated with the development of resistance to raltegravir and/or elvitegravir; some of them were

also found in vivo in patients failing such integrase inhibitors.

The relevance of integrase mutations in clinical practice has yet to be defined, in light of the lack of
long-term follow-up of treated patients and the limited data about the prevalence of integrase inhibitor-
associated mutations in integrase inhibitor-naive patients (either untreated, or treated with antiretrovirals

not containing integrase inhibitors).

Therefore, by structural analysis elaboration and literature discussion, the aim of this review is to characterize
the conserved residues and regions of HIV-1 integrase and the prevalence of mutations associated with
integrase inhibitor resistance, by matching data originated from a well-defined cohort of HIV-1 B subtype-
infected individuals (untreated and antiretroviral-treated) and data originated from the public Los

Alamos Database available in the literature (all patients integrase inhibitor-naive by definition).

In integrase inhibitor-naive patients, 180 out of 288 HIV-1 integrase residues (62.5%) are conserved
(< 1% variability). Residues involved in protein stability, multimerization, DNA binding, catalytic activity,
and in the binding with the human cellular cofactor LEDGF/p75 are fully conserved. Some of these
residues clustered into large defined regions of consecutive invariant amino acids, suggesting that
consecutive residues in specific structural domains are required for the correct performance of HIV-1

integrase functions.

All primary signature mutations emerging in patients failing raltegravir (Y143R, Q148H/K/IR, N155H) or
elvitegravir (T66l, E92Q, S147G, Q148HIKIR, N155H), as well as secondary mutations (H51Y, T66A/K,
E138K, G140S/AIC, Y143C/H, K160N, R166S, E170A, S230R, D232N, R263K) were completely absent or
highly infrequent (< 0.5%) in integrase inhibitor-naive patients, either infected with HIV-1 B subtype
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Differently, other mutations (L74M, T97A, S119G/R, V151I, K156N, E157Q, G163KI/R, V165I, 1203M, T206S,
S230N) occurred as natural polymorphisms with a different prevalence according to different HIV-1

subtypelcirculating recombinant form/group.

In conclusion, the HIV-1 integrase in vivo is an enzyme requiring the full preservation of almost
two-thirds of its amino acids in the absence of specific integrase inhibitor pressure. Primary mutations
associated with resistance to integrase inhibitors clinically relevant today are absent or highly infrequent
in integrase inhibitor-naive patients. The characterization of the highly conserved residues (involved in
protein stability, multimerization, DNA binding, catalytic activity, LEDGF binding, and some with still
poorly understood function) could help in the rational design of new HIV-1 inhibitors with alternative
mechanisms of action and more favorable resistance profiles. (AIDS Rev. 2009;11:17-29)

Corresponding author: Francesca Ceccherini-Silberstein, ceccherini@med.uniroma2.it
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|ntroduction

In the last ten years, important progress has been
made in the development and clinical use of drugs for
treating HIV-1 infection. To date, nearly 25 antiretrovi-
ral drugs belonging to six drug classes have been li-
censed for the treatment of HIV-1. Most of them target
the viral enzymes reverse transcriptase and protease,
others the gp41, CCR5/gp120, and very recently the
integrase. The combined use of all these drugs and
the increased clinical experience has substantially im-
proved the clinical management of HIV-1 infection in
terms of delaying disease progression, prolonging sur-
vival, and improving quality of life’. Nevertheless, anti-
retroviral therapy can still fail to be fully suppressive
and new viral variants emerge, thus allowing HIV-1 to
become resistant to one or more drugs by accumulat-
ing mutations, either alone or in multiple and complex
patterns®'?. Understanding the mechanisms underly-
ing resistance development to both existing and novel
drugs is thus essential for a better clinical management
of resistant viruses, and to prevent further resistance
development and spread. 0] part 0

The HIV-1 integrase represents a new and important
target of potential clinical relevarr@@ff@
two integrase inhibitors, raltegravir and elvitegravir, have
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genetic reservoir that can both initiate new virus pro-
duction and replicate through cellular mitosis. HIV-1
integrase is a 32 kDa protein of 288 amino acids,
comprising three functional domains: the N-terminal
domain (amino acids 1-49), the catalytic core domain
(amino acids 50-212), and the C-terminal domain (amino
acids 213-288)%. The N-terminal domain contains a
highly conserved zinc-binding H,,H,,C,,C,, motif222*
involved in the stabilization folding and proper multi-
merization of the integrase subunits?®?7. The catalytic
core domain, which plays a critical role in integrase
enzymatic activity, contains the catalytic Dg,D,,¢E s,
motif that is conserved in all retroviral integrase, as well
as in retro-transposons from plants, animals and fungi and
in some bacterial transposases?2428.29_ |t also contains
other functional domains and residues such as the nu-
clear localization signal, a critical sequence mediating the
nuclear import of the integrase in the context of the pre-
integration complex®’; the K, R, 4.K, 4, multimerization
motif at the dimer:dimer interface®'%; and several im-
portant residues (H12, L102, A128, A129, C130, W131,
W132, 1161, R166, Q168, E170, H171, T174, M178, Q214L)
bJJJQ@jth@Q CMI E}ﬁd and hydrophobic contacts
with the human lens epithelium-derived growth factor
75)) WhicHi8(@n essential cellular cofactor for HIV
integration, linking the integrase to chromatin®-37,
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Following reverse transcription, a multimer form of the
integrase enzyme catalyzes two reactions: the first is a
cleavage of two conserved nucleotides from the 3’ ends
of both long terminal repeat (LTR) strands of the viral
cDNA (3’ processing)*. This reaction takes place in
the cytoplasm within a nucleoprotein complex, referred
to as the pre-integration complex*. The pre-integration
complex is transported through the nuclear pore to the
nucleus where the second step (strand transfer) oc-
curs. This consists of the insertion and covalent ligation
of the viral cDNA into the host genome*?. Gap filling of
the interfaces between the viral and host genomic DNA
is then completed using the host DNA repair machinery
via a mechanism that is not yet fully understood**45.

Since there is no human homolog of this enzyme, the
HIV integrase represents a rational and important tar-
get for treating HIV infection and preventing AIDS. Al
integration steps can potentially be inhibited and each
step can be considered a possible drug target. Mul-
tiple integrase inhibitors have been in different phas-
es of development and can be divided into five classes:
(i) DNA-binding inhibitors, (ii) 3" processing inhibitors,
(iii) nuclear translocation/import inhibitors, (iv) strand
transfer inhibitors, and (v) gap repair inhibitors'-1°,

To date, the strand transfer inhibitors have been
the most successful class of integrase inhibitors, and the
development of two clinically relevant inhibitors (elvite-
gravir and raltegravir) is a remarkable therapeutic suc-
cess story'6-20,

As is the case for other antiviral drugs, drug resis-
tance to integrase inhibitors occurs both in vitro and/
or in vivo through the selection of mutations within the
HIV genome. So far, more than 60 integrase mutations
have already been associated with the resistance to all
different integrase inhibitors tested in in vitro and/or in
vivo studies®1217.1846-6488 However, in several cases
there is absolutely no phenotypic evidence that these
changes contribute to resistance, and in fact it is virtu-
ally certain that many of the changes cited are simply
polymorphisms that are cp-selected Withflru resis-
tance mutations. Most int l@sepiafm)it@ r&jﬂ
mutations are in the vicinity of the putative integrase
inhibitor binding pocket. Some rﬁ@ﬁ)ip
ated with a specific class of integrase inhibitors, others

5o

patients failing such integrase inhibitors®7.18:49.53,57-63
(Stanford HIV Drug Resistance Database, http://hivdb.
stanford.edu).

For instance, raltegravir failure was associated with
integrase mutations in three distinct non-overlapping
genetic pathways defined by two or more mutations
including: (i) a primary signature mutation at either
Q148H/K/R or N155H or Y143R; and (ii) one or more
minor mutations unique to each pathway®:17:49.56.57.60,63
Secondary mutations described in the Q148H/K/R
pathway include L74M, E138A/K, or G140A/S. Secondary
mutations described in the N155H pathway include
L74M, E92A/Q, T97A, Y143H/C, V151l, G163K/R or
D232N8174958.83 The most common mutation pattern was
Q148H + G140S, which in fact exhibited the greatest
loss of raltegravir susceptibility (> 1,000-fold) and high
replication capacity in vitro®®%,

Similarly, in patients failing elvitegravir, the muta-
tions 7661, E92Q, S147G, Q148R/H/K, and N155H have
been identified as “signature” resistance mutations,
while the mutations H51Y, T66A/K, L68I/V, ST19R/G,
E138K, G140S/C, E157Q, K160N, R166S, E170A,
S230R, and D232N have been found as secondary
mutations'®°.

Generally, all secondary mutations (for both ralte-
gravir and elvitegravir) had little if any effect on drug
susceptibility in vitro in the absence of a primary
“signature” mutation, thus suggesting rather a sec-
ondary role for viral fitness rescue and/or increasing
resistance18v49v51v52v55’57'59’64.

Although these first data are available regarding
specific mutations and pathways that confer integrase
inhibitor resistance, insufficient attention has been giv-
en so far as to how integrase inhibitor resistance and
cross-resistance are affected by the natural sequence
variation in the integrase gene.

The relevance of all integrase mutations in clinical prac-
tice has yet to be defined, in light of the lack of long-term
follow-up of treated patients, the limited data about the
Br valence of integrase, inhibitor-associated mutations
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variability in drug-naive versus antiretroviral-treated
patients with non integrase inhibitor drugs (i.e. reverse
transcriptase and protease inhibitors)88.

Beside its obvious clinical relevance, the identification
and characterization of conserved regions/residues with-
in the HIV-1 integrase is of fundamental importance that
can help in the design of new therapeutic strategies aimed
at driving the virus to mutate at key amino acids that are
crucial for the maintenance of sufficient viral fitness.

Therefore, by structural analysis elaboration and
literature discussion, the aim of this review is to char-
acterize the conserved residues and regions of HIV-1
integrase and the prevalence of mutations associated
with integrase inhibitor resistance, by matching data
originated from a well-defined cohort of HIV-1 B sub-
type-infected individuals, untreated or antiretroviral-
treated®®, and data originated from the public Los
Alamos Database available in the literature®65-67 (all
patients integrase inhibitor-naive by definition).

HIV-1 integrase conservation

The HIV-1 integrase conservation in vivo, in the ab-
sence of integrase inhibitor pressure, was assessed
first by evaluating 448 HIV-1 B-subtype protein inte-
grase sequences derived from 134 drug-naive infected
individuals and 314 patients failing antiretroviral regi-
mens, all integrase inhibitor-naive, who were enrolled
in different clinical centers in ltaly or in the Pitie-Sal-
petriere Hospital in Paris, France®®.

The analysis of sequences showed that in integrase
inhibitor-naive patients, 187 out of 288 integrase resi-
dues (65%) were conserved (< 1% variability), and some
of these residues clustered into six large defined re-
gions of consecutive invariant amino acids (Fig. 1).

A detailed analysis of amino acid conservation shows
that residues required for successful HIV-1 integration
within the catalytic triad (D,,D.,E,.,) and the HHCC
zinc-binding site (H,,H,,C,,C,,) are fully conserved
(variability < 0.5%). The remées involved ip chemical
bond and hydrophobic con v@@tﬁt & uIE
tor LEDGF/p75 (H12, L102, A128, A129, C130, W131,

W132, 1161, R166, Q168, E170, TEZE)MJ 76, @24) ater ﬁ(}i}@{@

also fully conserved (variability < 0.25%). A single posi-

tion, H171, has a variabili y rg L[:
H171Y, known to mterfer\év iﬁér(je[v;trﬁa ’p W

integrase-LEDGF/p75 binding®, was extre are
(0.45%). The high conservation of all theg
lends support to the finding of the importance of these
sites for s
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These results confirm recently published data, where
the HIV-1 integrase gene diversity in group M, N, and
O viruses within the public Los Alamos Database was
evaluated®%. In the first study, analyzing 1,304 iso-
lates of HIV-1 group M, N, and O, 35% (101/288) amino
acid positions within integrase had > 1% variability
(therefore 65% residues conserved)®. Very similarly,
Rhee, et al., analyzing more than 1,500 published in-
tegrase sequences of group M, reported that 115 out
of 288 (39.9%) integrase amino acid positions had at
least one polymorphism with > 0.5% variability, and
202/288 residues (70%) were conserved with variabil-
ity < 1%°7. Interestingly, among the conserved residues
in HIV-1 B subtype integrase (Fig. 1), 180 residues out of
188 (96.5%) were conserved in the integrase sequences
belonging to all subtypes of group M, as well as the six
largest invariant regions®”. There were two single excep-
tions: in region Ill (K127-G134), the residue G134 was
high variable among group M (with variability > 25%);
in region IV (Q137-V150), the F139Y mutation occurred in
subtype A sequences (with variability of 8%)87.

Overall, this indicates that in the absence of inte-
grase inhibitor pressure and independent of both virus
origin and circulation, HIV-1 integrase amino acid vari-
ations (i.e. mutations) are indeed allowed (around 30%
of the sequence), but only in restricted and selected
regions of the protein.

All studies reported a very high conservation (vari-
ability < 0.5%) of the catalytic triad (Dg,D,,4E;s,) Of
the HHCC motif, as well as of all residues involved
in the binding with the cellular cofactor LEDGF/p75 (with
the exception of H171, where H171Y and H171Q muta-
tions were 1% prevalent), and of residues associated with
primary resistance to raltegravir and/or elvitegravirs®%7.

Another recent study®°, analyzing 243 HIV-1 clade B
integrase gene sequences within the Los Alamos Data-
base, reported only 36% of integrase residues conserved.
This is in apparent contrast with the other (our, Hack-
ett’'s and Rhee’s) data, since the lower conservation is

E sed upon highly stringent criteria of variability; a
lﬁartmmaay&Ebﬁ sequence out of 243 ana-

lyzed was considered as a polymorphism. Neverthe-
m ose data®, using conditions of
strmgency similar to ours and others (residues con-
th ity)nthe prevalence of conser-

vation rﬂur?qmngggvle%nlmllar to our results, both
ary resistance mutations as well as for those in-

@ M(ations impairing interaction with LEDGF/p75,
chromosome tethenng and HIV-1 replication (A128T,
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F1 L2 D3 G4 15 D6 K7 A8 Q9 H12 E13 K14 Y15
H16 S17 N18 W19 R20 A21 M22 A23 D25 F26 N27 P29 P30

V32 A33 K34 E35 136 V37 AS38 C40 D41 K42 C43 Q44 L45
K46 G47 E48 A49 H51 G52 Q53 V54 D55 C56 S57 P58 G59 160

| [wet Q62 L63 De4 Ces5 Tes He7 Les E69 G70 K71 | Iz2 173 L74
I [ A76 V77 H78 V79 A80 S81 G82 Y83 | 184 ES5 A86 ES7 V88 189 P90
Aol E92 T93 G94 Q95 E96 T97 A9 Y99 F100 L101 L102 K103 L104 A105
G106 R107 W108 P109 V110 Hi14 T115 D116 N117 G118 S119 N120
o F121 S123 T124 T125 V126 [K127 A128 A129 C130 W131 W132 A133 G134] 1135
IV Ki36[Q137 E138 F139 G140 141 P142 Y143 N144 P145 Q146 S147 Q148 G149 V150]
Vi51 E152 S153 N155 E157 L158 K159 Ki60 61 1162 G163 Q164
R166 D167 Q168 A169 E170 Hi71 L172 K173 Ti74 A175 V176 Q177 M178 A179 V180
Fi81 1182 H183 N184 F185 K186 R187 Ki88 G189 G190 91 G192 G193 Y194 S195

A196 G197 E198 R199 1200 V201 D202 1203 1204 A205 D207 1208 Q209 T210
K211 E212 L213 Q214 K215 Q216 1217 K219 1220 Q221 N222 F223 R224 V225
Y226 Y227 R228 D229 R231 D232 P233 L234 W235 K236 G237 P238 A239 K240
\ |L241 L242 W243 K244 G245 E246 G247 A248 V249 V250 1251 Q252 D253 N254 S255
Vi | 1257 K258 V259 V260 P261 R262 R263 K264 | A265 K266 1267 1268 R269 D270

Y271 G272 K273 Q274 M275 A276 G277 D278 D279 C280 V281 A282 S283 R284 Q285
D286 E287 D288

<1% 1.1-5% 51-10% 10.1-25% > 25%
e ——————(—

Figure 1. Conserved regions and residues of HIV-1 integrase in HIV-1-infected patients naive to integrase inhibitors. The amino acid se-
quence of HIV-1 integrase (288 amino acids) of clade B consensus (shown as a reference) is colored according to the frequency rate of
mutations observed in plasma samples from 448 integrase inhibitor-naive patients®. Residues associated with integrase inhibitor resistance
are underlined. Conserved regions of amino acids are boxed. The bar indicates the frequency rate of mutations (%) relative to the colors
used in the figure.

absent)3:50.70-74 Taken together, all these data confirm  (27/49), 74.9% (122/163), and 57.9% (44/76), respec-
the high conservation of specific amino acids residues, tively.
mandatory for the correct performance of integrase

functions. -terminal domain

No part of this pugl|cat|on may be
Functional elaboration of the HIV-1 In partlcular analyzing the N-terminal domain
integrase conserved residggﬁoduced or p @@@@?yqngaddutuon o the conserved HHCC

and regions motnc C,s). other invariant residues were
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tional elaboration within the three mtegr (T :ﬂjés Uib 4115 L@% 9, Y15-H16, N18-W19, E35-136, C43-Q44,
(N-terminal, catalytic core, and C-termina T:) § he high conservation of the zinc-binding
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function and/or virus replication. The HHCC is involved
also in the interaction with LEDGF/p75: the IN,,,,, mu
tant heavily alters this viral domain, reducing the affinity
for the cellular cofactor®. Previous reports showed that
HHCC mutants abolished viral infectivity’>"®. Indeed,
changes, such as H12N, H12A, H16A, and C40S, cause
replication-defective mutants and a strong diminution
of the activities of 3’ processing and of strand transfer of
this viral protein®37576,

Similarly, the high conservation of residues A33,
E35-136 is consistent with previous reports that showed
that catalytic activities (processing and integration) of
integrase with mutations such as V32G, A33L, K34A
were between 0-10% of wild-type activity’”. Moreover,
Lu, et al.”® showed that HIV-1,,,, is a virus failing to
replicate despite encoding catalytically competent in-
tegrase, supporting the fact that such mutation was
never found in vivo.

Catalytic core domain

In the catalytic core domain (50-212 amino acids),
the highest integrase conserved domain, the majority
of invariant residues (81/122, 66.4%) were scattered
throughout the sequence, either individually or in small
stretches of amino acids; the remaining 41 invariant
amino acids (33.6%) clustered into four large regions
of wide conservation, comprising 7-14 consecutive
invariant residues (Fig. 1). These invariant regions,
containing some functionally important residues, were:
I (W61-K71), Il (V75-Y83), Il (K127-A133) and the lon-
gest IV (Q137-V150). The | region contains the first
(D64) amino acid of the catalytic triad (Dg,D, sE;s,)-
The conserved D116 residue was within a short, high-
ly conserved region (H114-G118). Drelich, et al.7%80
proposed that mutations of conserved residues D64,
P109, D116, and E152 adversely affect integrase func-
tion in vitro, while mutation of a conserved T115 to
alanine causes a near complete loss of Mg?*-depen-
dent integration activity. In_our dataset, in ition to
the catalytic triad, also P1(& @uprafi res dﬂ@
highly conserved (0 and 0.45% of variability, respec-
tively).

Interestingly, the KRK motif (K4 R,g/Kgq), impor-
tant for the integrase:inte e
dimer:dimer interface®, V\%ZPELTG cgﬂﬁg\/ dﬂgﬁf/
residues K186 and R187 were h|gh|y conse fLL@arl-
ability < 1%). The residue K188 had a 2. Z‘Qf/
in B-subtype dataset and 5% variability in the group M
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(K188R), which maintains the basic positive charge
character. A previous study showed that mutant substi-
tutions K186T and K188T define an integrase with absent
infectivity in lymphocytic cell lines C8166 and H9®',
confirming the necessity to maintain the basic positive
charge character in the region for stability of the en-
zyme structure and thus viral infectivity.

Another region within the catalytic core domain, the
non-canonical nuclear localization signal (1161-K173)%,
showed in both datasets (B-subtype and group M) an
overall high conservation, with a small exception of
variability at two residues associated with in vitro and/
or in vivo resistance to different integrase inhibitors
(G163 and V165), at residue D167 and at the above-
mentioned H171 (Fig. 1). However, the two mutations
V165A and R166A that abolish nuclear import, provirus
formation, and consequently virus replication®®76, were
absent (the residue R166 was highly conserved), sup-
porting the important role of this region that has been
proposed as mediator of pre-integration complex nu-
clear import; this function is required for productive
viral infection of dividing and non-dividing cell targets.

C-terminal domain

The C-terminal domain (213-288 amino acids), involved
in the binding with viral and cellular DNA, also con-
tained two large regions of consecutive invariant residues,
area V (L241-Q252) and area VI (1257-K264) (Fig. 1). Both
regions are almost overlapping with the known con-
served regions C (SWKGPAKLLWKGEGAVV??) and
N (?5VVPRRK?4), conserved in all retroviruses and es-
sential for HIV-1 replication®!. Indeed, the C region
(W235-V250) was fully conserved, with the only and
partial exception of the residue K240, which was rare-
ly mutated in K240R (1.5% variability in our dataset and
1% variability in Rhee’s dataset®”:%) without changing
the basic positive charge character. Other integrase
mutations, E246K and G247W, known to be associated

Lkém excessive RNA- sbhcmg phenotype, Gag protein
g} & Ehomna%/ patfidle production®, were com-

pletely absent. Indeed, these mutations, generated by
ET@IS because they overlap with one
of the four HI sphce Site donors (the 5' SS D2), activate

ﬁgmﬁfore decreasing the accu-
muI ation of nspllce hat encodes messages for

?p ag-Pol genes and serves as genome RNA
|t\p Ur %&ha% Eg into virions), reduces the production of viri-

ons (approximately 90%) and are lethal for virus infectiv-
he adenine
tal att site®,



Francesca Ceccherini-Silberstein, et al.:

On the other hand, in the VI conserved area (1257-K264),
there are several known important residues such as
V260, important for the integrase multimerization®,
and K258, R262, R263, and K264, implicated in DNA
binding*®. Cells infected with HIV-1 IN, . failed to
yield a detectable level of virus growth®®; triple mutant
INRogomosavikosse WAS NOt @ble to bind the DNA sub-
strate?. Other residues E246 and K273 implicated in
DNA binding® were fully conserved.

Finally, the known sequence Q (2"'KELQKQITK?'®), pre-
viously described as a region with notable concentration
of glutamine and basic residues in lentiviruses®', was
very variable in almost all positions in both B-subtype’s
and M-group’s dataset®067:68 although overall main-
taining the basic positive charge character.

Structural interpretation of the HIV-1
integrase conserved residues
and regions

Although full-length HIV-1 integrase has not been crys-
tallized, several NMR and crystal structures for indi-
vidual- or two-domain integrase fragments have been
solved®8789 providing insight into the mechanism of
host and viral DNA binding and multimerization of inte-
grase. The HIV-1 integrase 1EX4 PDB model, deposited
in the Protein Data Bank (PDB, http://www.rcsb.org/PDB/,
with a resolution of 2.80 A87), consisting of two chains,
A and B, and reporting the catalytic core domain and
C-terminal domain integrase fragments, was used to
rationalize our observations also in structural terms, by
coloring the integrase residues according to the muta-
tion frequency rate observed in 448 HIV-1 B subtype
integrase inhibitor-naive patients (Fig. 2). All the large
conserved regions, which are completely confirmed in
the HIV-1 M group®, are localized in the molecular
surface, suggesting that large areas of consecutive
residues, more than single residues, are involved in
protein stability, multimerization, DNA binding, cata-
lytic activity, and LEDGF mdmg The ondary
structure of these regions E
of B-sheets. In particular, regions | (61 71
V (241-252), and VI (257-264) rei
rated by random coiled Ioops Di erently region Ill
(127-133) is a well- deﬂn

Within the large conserved region IHhere |s%ep e8|9ure
C130 that resulted crucial for maintaining t
structure of integrase. It has also been mQ) ic
HIV-1 nuclear import through affecting integrase mul-

Il (75-83),
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three hydrogen bonds with the contiguous amino acids
A133, G134 and 1135 (Artese A. personal observation),
providing structural explanation of the drastic desta-
bilizing effect onto the integrase catalytic core ob-
served by mutations occurring at these positions. In-
deed, it is reported that mutations at C130 residue
caused instability of the integrase protein, presumably by
de-structuring the catalytic core itself. Viruses with
mutations at this position proved (i) deficient for the
interaction with LEDGF/p75, (ii) replication defective,
(iii) blocking the reverse transcription in vivo, and (iv)
with an incorrect rearrangement of the integrase C-ter-
minal domain for productive interactions with reverse
transcriptase3390-92,

The largest conserved region (IV, residues 137-150)
contains the known flexible loop G140-G149, whose con-
formational flexibility is suggested to be important for
the catalytic step after the DNA binding®. It has been
reported that this loop becomes ordered upon DNA
binding and stabilizes the 5-end of the viral DNA%%,
Indeed, mutations reducing the flexibility of this region
impaired the catalytic activity without affecting the DNA
binding®®. Several important residues associated with
in vitro and/or in vivo resistance to raltegravir and/or
elvitegravir (E138, G140, Y143, Q146, S147, Q148) are
also located in this large conserved area.

The C-terminal domain, particularly involved in the
DNA-binding, has an overall SH3 fold%. Within this
domain, there are several known important amino
acids spanning the conserved area VI (257-264):
residue V260, crucial for the integrase multimeriza-
tion®, and residues K258, R262, R263, and K264, im-
plicated in the DNA binding*®%. In particular, we ob-
served that the conserved residue V260 establishes
two hydrogen bonds with another conserved residue
V249 (Artese A. personal observation), suggesting an
important role of both amino acids for the integrase
structure stabilization.

B‘V—1 integrase re stance mutations
|cation may

All primary signature reS|stance mutations found in

@fgq;l@@ engmegz r (Y143R, Q148H/K/R, N155H) 742
or ethegrawr(? Q, $147G, Q148H/K/R, N155H)1®

] ighly infrequent (< 0.5%)
inin egras«ﬁk%tﬁy?Fgg 6ﬁ

itor-naive patients, either infected with

tlar U;bj %subtype (antiretroviral-naive or -treated®068
ryp l); @Jbtypes/group N and O®%7 (Fig. 3). Indeed,

the T661 mutation was found only in two HIV-1 B

(el e et el e sV s
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Region | (W61-K71
Region Il (V75-Y83)

)

D167
T125 Region Il (K127-G134)
T124 S119 i -
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LQ137V75
W&1

Catalytic core domain

Region V (L241-Q252)
Region VI (1257-K264)

C-terminal domain

<1% 1.1-5% 5.1-10% 10.1-25% > 25%
e —— (]

Figure 2. Molecular surface representation of HIV-1 integrase. The X-ray crystallographic coordinates of HIV-1 integrase deposited in the
Protein Data Bank (PDB, http://www.rcsb.org/PDB/) with code 1EX4 with a resolution of 2.80 A8” were used to map residues in a three-
dimensional representation. Such a structure consists of two chains, A and B, presenting some deletions and mutations in the catalytic core
and the C-terminal domains, defined by a dashed black line. In particular, in the diffraction experiment, in both integrase chains the residues
F1-V54 and Y271-D288 were missing; amino acids D55 and P142-N144 were not located in chain A, while residues E138-G149 were not
located in chain B; such an aspect could explain the asymmetric shape of the integrase homodimer. PyMOL package was employed for
visualization and display (DeLano Scientific LLC, USA). The molecular surface representation was defined as solvent accessible surface
area according to the “Connolly” method'’® as implemented in PyMOL program.The residues are colored according to the mutation
frequency rate obtained in 448 integrase inhibitor-naive patients. All the conserved regions are located on the structure surface and highlighted
by labeling the first and the last residue by one-letter amino acid symbols. Also, the superficial amino acids polymorphic are shown.

Database®. Secondary rerQo&a&n@fnm&gnfgu bl&Q@t}L@r{&ym@ymbEthe exceptions of G163K/R

failing raltegravir- and/or elvitegravir-containing regi- > 10% prevalence only in subtype F, and E157Q with

mens, such as H51Y, TE6A/K| E d(@p@@?@lx/gr @ r@’[{%(:@@y ﬂgln subtype AG and D, respec-
K160N, R166S, E170A, 8230R 263K17.18,49,57-59 or tively®7), while L74M, T97A, S119G/R, and V151] were

other mutations known t @Wlhﬁm Wg% sp?gm%gmhwms with a frequency
in vitro to elvitegravir (Q K H11 1 125K -6%; N and S230N were remarkably
Q146P, S153Y)%1:5584 were also complet éﬁm dﬁfﬂrghéf 10%)50.65-68,

all datasets®0.65-68 (Flg 3). In contrast, som ;b tion T112| selected in vitro under pres-
mutations found in patients fa|||ng raltegravir- and/or  sure of MK-2048, a potent second integrase genera-
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Raltegravir-associated
mutations

Elvitegravir-associated
mutations

In vitro: E92G, Q95K, H114Y, F121Y, T125K, Q146P, V1511, S153Y, ,
N155S, R263K

In vitro: , T1121, A128T, Q146K, S153A, N155S, K160D, , ,
V2491, C280Y

Mutations associated
with other integrase
inhibitors

<1% 1.1-10% >10%
[ s S—

Figure 3. Prevalence of mutations in positions associated with in vivo and/or in vitro resistance to integrase inhibitors. The prevalence of
integrase mutations associated with integrase inhibitor resistance by previous in vitro or in vivo studies® 217184664 (Stanford HIV Drug Re-
sistance Database, http://hivdb.stanford.edu), in integrase inhibitor-naive patients, either infected with HIV-1 B subtype (antiretroviral-naive
or -treated®®%), or non-B subtypes/group N and O%-%7 are reported. The amino acid sequence of HIV-1 integrase of clade B consensus is
shown as a reference. Primary and secondary mutations found in vivo in patients failing raltegravir®7,49.56-58.60-63 or elyjtegravir'®%° are shown.
Mutations known to be associated by themselves with > 10-fold decrease susceptibility are F121Y, Q148H/R/K, N155H for both raltegravir
and elvitegravir®’-52%658.59 ' Y143R only for raltegravir®, while T661, E92Q/G, Q146P, S147G and V151] mutations only for elvitegravir'848.57,59,
Mutations known to increase resistance in presence of primary mutations are L68V, E138K, G140A/S, V151l, for both raltegravir and
elvitegravir®™52%6.59; [ 74M, E92Q, T97A, E138A, Y143H only for raltegravir; H51Y, L68I, Q95K, T125K, Q146P, S153Y, M154l, E157Q, R263K
only for elvitegravir®°2%964, G140S + Q148H reduces raltegravir and elvitegravir susceptibility > 1,000-fold"8%2, Resistance mutations completely
absent (or found only in single isolates among all studies) are shown in black bold; mutations found with < 1% variability are shown in
black; mutations with 1.1-10% variability are shown in dark grey bold; mutations with > 10% variability are shown in grey.

first-generation compounds®, occurred in integrase in-  with in vitro resistance to integrase inhibitors (strand

hibitor-naive patients at a frequency of 7%50.65-68,
Additional mutations associated with in vitro resis-
tance to elvitegravir (M154l, that in the co-presence of
T66! primary mutation was associated with reduced
susceptibility to elvitegravir®?) or to other integrase in-
hibitors different than raltegravir or elvitegravir (172V,

transfer inhibitors as well as DNA binding inhibitors and
3’ processing inhibitors)®%52 M154| and V165I, oc-
curred at 6% frequency in untreated patients, reaching
21.3% (p < 0.001) and 13.4% (p = 0.022), respectively,
in antiretroviral-treated patients. Mutation M154L was
absent (0%) in antiretroviral-naive patients, and reached

V1651, V2011)° showed > f:]% variability (Fig. 3). EJ% in antiretroviral-tre%tgi patients (p = 0.003). Sim-
Taken together, all these @&rste@t Sh@U Iﬁ@nEh@d’\) rﬁﬂﬁiyn urred at 1.5% frequency in

all primary mutations associated with resistance to in-

tegrase inhibitors clinically relevql’r@qu@dr@j@@dw
highly infrequent in integrase inhibitor-naive patients.

However, for some seow%rhgg
[

sistance-associated mutations, Erencesi preva-

tor [N

untreated patients, reaching in antiretroviral-treated pa-

@EO@@]@W{] 5.7% (p = 0.048)%. All these

mutations within the Cos Alamos Database, that most-

qrafh@h Hrdsf- Mwﬁr?m Fmirggrizﬁﬁaive patients, were with a

frequency similar to what we observed in HIV-1 B sub-

lence between the distinct studies were ot@TVfﬁéso dﬁ_ﬁgﬁi@ﬁoviral—naive patients®0:67,
instance, four integrase mutations (184V, M154IL, Ib anisms of this observed difference on the

showed a significant increase of prevalence in HIV-1 B

prevalence of some integrase mutations between drug-
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pressure induced by protease inhibitors or in particular
reverse transcriptase inhibitors may select or induce
mutations also in different target regions within the
same gene. For instance, very recent observations by
us and by other groups indicate that there are some
associations between integrase and reverse transcriptase
resistance mutations in antiretroviral-failing patients®°7.%,
supporting the hypothesis of a tight physical interaction
between the viral integrase and reverse transcriptase,
and a potential co-evolution of some of their mutations®%°,
Further studies are required to elucidate this point with
potentially relevant implications in clinical practice.

So far, in patients failing raltegravir-containing regi-
mens, three main different pathways of raltegravir re-
sistance have been generally associated with virologic
failure, each involving one signature primary mutation
at positions N155 or Q148 or Y143, plus one or more
secondary mutations (L74M, E92A/Q, T97A, E138A/K,
G140S/A, V1511, G163R/K, D232N) important for viral
fitness rescue and/or increasing resistance'7:49,5354.56-63,
However, recent analyses suggest that in addition to
these common resistance profiles, there are other path-
ways associated with raltegravir resistance in vivo, involv-
ing E92Q or E157Q or T97A+G163R mutations®73,

The existence of distinct integrase resistance profiles
is similar to what has been described for other antiret-
roviral classes, such as nonnucleoside reverse tran-
scriptase inhibitors, nucleoside reverse transcriptase
inhibitors, or protease inhibitors. However, it is un-
known what the determinants of the evolution toward
these different profiles are. The potential role of natu-
ral occurring polymorphisms in HIV-1 integrase may
have clinical and virologic implications for integrase
inhibitors, and in clinical practice has yet to be estab-
lished.

It is possible that preexisting integrase mutations,
both occurring as natural polymorphisms and/or ac-
quired/selected by previous virologic failures with
antiviral regimens different from integrase inhibitors,
may influence the integrase, genetic path to de-
velop resistance, and cou%\l
rier” and thus accelerate treatment failure to integrase
inhibitors.

In this context, HIV-1 group and subtype differences

fedlieliHe €3brerid bap)
reproduced or paototezike

resistance to raltegravir and/or elvitegravir, such as
L74M, T97A, E157Q, as well as other integrase in-
hibitor resistance mutations (V1651, V201l, T206S) oc-
curred as natural polymorphisms (> 1%) and occurred
differently according to different HIV-1 subtype/circu-
lating recombinant form/group®. Similarly, Rhee, et al.,
by analyzing more than 1,500 published integrase se-
quences of group M, showed that some secondary mu-
tations associated with resistance to raltegravir and/or
elvitegravir, such as L74M, T97A, V1511, E157Q, G163K/R,
and S230N, occurred differently according to differ-
ent HIV-1 subtypes/circulating recombinant form®”. In
some cases, the prevalence was > 10% in specific
subtypes (T97A only in subtype A; V1511 and S230N
only in subtype B; G163K/R only in subtype F). The
mutation E157Q occurred in about 2-4% of integrase
inhibitor-naive patients with subtype B, AG, and D. In
addition, the comparison of integrase amino acid se-
guences between subtype B and CRF02-AG showed
that 13 positions (K/R14, V/I31, L/I101, T/V112, T/A124,
T/A125, G/N134, 1/V135, K/T136, V/1201, T/S206, L/1234,
S/G283) differed between the HIV-1 integrase of these
two subtypes'?.

The significance of all the polymorphic residues to
the current generation of integrase inhibitors is not yet
well known. However, a recent study showed that the
contribution of integrase polymorphisms to raltegravir
and elvitegravir phenotypic susceptibility was minimal
not only in subtype B, but also in all non-B subtypes
tested'"s. Similarly, preliminary results showed that
HIV-1 subtype did not affect the response to raltegravir
in phase Il clinical trials'”%3. However, more clinical
trials including patients infected with non-B subtype
HIV-1 are required to further elucidate the efficacy of
raltegravir and elvitegravir on non-B subtypes.

Interestingly in this context, recent studies showed
also promising results for the efficacy of integrase in-
hibitors in HIV-2. Despite a 40% heterogeneity between
the HIV-1 and HIV-2 integrase genes, phenotypic sus-

ptibility to raltegravir and elvitegravir in HIV-2 is

i@atu fiad dfm-@)ﬁ‘b&nd virologic and immuno-
logic response to a HAART regimen containing ralte-
patients experiencing immuno
virologic failure to several previous antiretroviral lines

may also have an impact | }1 eﬁ?sr{ hak IE( r r‘k 1% Meryrrecently, it has been also
WFT%%MOF '@d 0 ?{ﬁe V\{fggr gﬁihgﬁ m Iasn%/FQI(OZ share similar integrase

to integrase inhibitors, as has been described for pro-
tease inhibitors, nucleoside reverse transcriptase in-
hibitors, and nonnucleoside reverse transcr@fsfi

itors'%-111 Hackett, et al., by analyzing 1,304 sequences

RioP

Uigg'bit r resistance pathways. Indeed both N155H and

b$< er(utations were observed in HIV-2-infected
patients failing a raltegravir-containing regimen6.117,
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and fusion inhibitors'8, and therefore the so far short- 11

term immunologic and virologic efficacy of an integrase
inhibitor-containing regimen also in heavily pretreated

HIV-2-infected patients is really promising and clini- 13
cally relevant. 14,
In conclusion, the HIV-1 integrase in vivo is an en- 45

zyme requiring the full preservation of almost two-thirds

of its amino acids in the absence of specific integrase ©
inhibitor pressure. It will be interesting to evaluate in

future the minimal degree of conservation of the inte- "
grase under the specific pressure of integrase in- 5

hibitors. The characterization of the highly conserved
residues (involved in protein stability, multimerization, 4
DNA-binding, catalytic activity, LEDGF-binding, and

some with still poorly understood function) could help  2o0.

in the rational design of new HIV-1 inhibitors with alter-

native mechanisms of action and more favorable resis- 2"

tance profiles. 22.
23.
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