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Multiple Genetic Pathways Involving Amino Acid Position 143 of
HIV-1 Integrase Are Preferentially Associated with Specific Secondary
Amino Acid Substitutions and Confer Resistance to Raltegravir and

Cross-Resistance to Elvitegravir

Wei Huang, Arne Frantzell, Signe Fransen, Christos J. Petropoulos

Monogram Biosciences, South San Francisco, California, USA

Y143C,R substitutions in HIV-1 integrase define one of three primary raltegravir (RAL) resistance pathways. Here we describe
clinical isolates with alternative substitutions at position 143 (Y143A, Y143G, Y143H, and Y143S [Y143A,G,H,S]) that emerge
less frequently, and we compare the genotypic and phenotypic profiles of these viruses to Y143C,R viruses to reconcile the pref-
erential selection of Y143C,R variants during RAL treatment. Integrase amino acid sequences and RAL susceptibility were char-
acterized in 117 patient isolates submitted for drug resistance testing and contained Y143 amino acid changes. The influence of
specific Y143 substitutions on RAL susceptibility and their preferential association with particular secondary substitutions were
further defined by evaluating the composition of patient virus populations along with a large panel of site-directed mutants. Our
observations demonstrate that the RAL resistance profiles of Y143A,G,H,S viruses and their association with specific secondary
substitutions are similar to the well-established Y143C profile but distinct from the Y143R profile. Y143R viruses differ from
Y143A,C,G,H,S viruses in that Y143R confers a greater reduction in RAL susceptibility as a single substitution, consistent with a
lower resistance barrier. Among Y143A,C,G,H,S viruses, the higher prevalence of Y143C viruses is the result of a lower genetic
barrier than that of the Y143A,G,S viruses and a lower resistance barrier than that of the Y143H viruses. In addition,
Y143A,C,G,H,S viruses require multiple secondary substitutions to develop large reductions in RAL susceptibility. Patient-de-
rived viruses containing Y143 substitutions exhibit cross-resistance to elvitegravir.

IV-1 integrase inhibitors act by blocking the integration of
viral double-stranded DNA into the host cell chromosomal
DNA. Different classes of integrase inhibitors have been described
and act by interfering with the 3" processing of viral DNA long
terminal repeats, preventing the strand transfer of viral DNA into
the host genome, or targeting integrase allosterically (1-6). Two
strand transfer inhibitors have progressed to clinical treatment
settings: raltegravir (RAL), approved by the FDA in 2007 for the
treatment of HIV-1 infection in antiretroviral (ARV) treatment-
experienced patients and in 2009 for the treatment of ARV-naive
patient populations (7—11); and elvitegravir (EVG) coformulated
with cobicistat, tenofovir disoproxil fumarate, and emtricitabine,
recently approved by the FDA in 2012 for the treatment of ARV
treatment-naive patients (12, 13). A third strand transfer inhibi-
tor, dolutegravir, is currently in phase III clinical evaluation (14).
Three major mutation pathways that confer RAL resistance
have been reported in patients failing RAL-containing treatment
regimens. Each of these pathways is defined by one or more sub-
stitutions at specific amino acid positions within the integrase
coding region: Y143C or R (here denoted Y143C,R), Q148H,K,R,
and N155H (8, 15-19). Cross-resistance between RAL and EVG
has been described for the viruses containing Q148H,K,R and
N155H substitutions (20-22). However, it has been reported that
viruses containing amino acid changes at position 143 retain sus-
ceptibility to EVG (23).

RAL-resistant viruses that contain amino acid substitutions at
position 143 emerge less frequently than viruses with substitu-
tions at position 148 or 155 (8, 16, 24). However, longitudinal
evaluations have demonstrated that RAL-resistant viruses with
substitutions at position 148 or 155 may be replaced by variants
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with Y143 substitutions upon continued RAL treatment (25-27).
In a majority of cases, Y143 substitutions comprise C and R, both
of which can confer significant reductions in RAL susceptibility
(17, 18, 25, 27). RAL-resistant viruses with Y143H substitutions
have also been reported, albeit much less frequently (27, 28).

Several studies have demonstrated significant associations be-
tween specific primary and secondary integrase inhibitor resis-
tance substitutions. For example, E92Q and G140A, S are associ-
ated with N155H and Q148H,K,R, respectively (16, 29), whereas
T97A is associated with Y143C,R (27, 30). In addition, L74I,M,
E92Q, E138K, V1511, G163R, 1203M, and S230R have been asso-
ciated with RAL treatment failure (31). G140S and T97A substi-
tutions rescue the catalytic defect conferred by Q148H and
Y143C,R substitutions, respectively (29, 30).

During the inspection of viruses submitted for routine RAL
resistance testing, we have observed several substitutions at posi-
tion 143 other than Y143C or Y143R. To better understand the
influence of distinct resistance and genetic barriers of alternative
Y143 substitutions (Y143X) and RAL resistance-associated sec-
ondary substitutions on RAL susceptibility, we analyzed 117
Y143X patient virus populations and clones derived from a subset
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of these virus populations as well as a series of site-directed mu-
tants (SDMs) containing resistance-associated substitutions. We
also used patient isolates and SDMs to ascertain the impact of
Y143X resistance profiles on EVG susceptibility.

MATERIALS AND METHODS

Patient samples. One hundred seventeen HIV-1-positive patient samples
that were submitted to the Monogram Biosciences Clinical Reference
Laboratory for routine integrase inhibitor resistance testing and that con-
tained amino acid substitutions at position 143 of the HIV-1 integrase
coding region were selected for this study. Molecular clones (n = 20 to 48
per sample) were isolated from each of a subset of 23 patient virus popu-
lations that contained amino acid mixtures at integrase amino acid posi-
tion 143.

Site-directed mutagenesis. Single Y143A,C,G,H,R,S substitutions were
introduced into the integrase coding region of an HIV-1 resistance test vector
(RTV), as previously described (16, 32). Secondary substitutions L741, M,
T97A, G163R, and S230R were introduced into Y143A,C,G,H,R,S single-site
mutant vectors to create double-, triple-, or quadruple-site mutants.

Integrase inhibitor susceptibility assays. Susceptibilities of patient-
derived integrase samples and SDMs were assessed using the PhenoSense
Integrase assay (16). The C-terminal connection and RNase H domains of
the reverse transcriptase coding regions along with the integrase coding
regions (collectively referred to as RH/IN) of patient plasma viruses were
amplified and transferred into RTVs containing a luciferase reporter gene.
HEK293 cells were transfected with RTVs containing patient-derived
RH/IN sequences together with an amphotropic murine leukemia virus
envelope expression vector to generate pseudovirus stocks that were used
to infect fresh HEK293 cells in the presence and absence of integrase
inhibitors RAL (Merck Research Labs) and EVG (Gilead Sciences). Sus-
ceptibility to RAL or EVG was calculated by plotting the percent inhibi-
tion of virus replication (luciferase activity) at increasing drug concentra-
tions. Reductions in susceptibility were represented as the fold changes
(FC) in 50% effective concentrations (EC) of the test virus relative to the
EC;, of the reference virus. Validation studies have demonstrated that the
variation in FC measurements among multiple replicates is less than
2-fold (validation report on file). A Wilcoxon test was performed to com-
pare the number of secondary substitutions in Y143X viruses. Correlation
of FC values between RAL and EVG was evaluated with nonparametric
tests (Spearman’s rank correlation coefficient) using GraphPad Prism 5
(GraphPad, San Diego, CA).

Integrase-mediated RC. Integrase-mediated replication capacity
(RC) was determined and expressed as a percentage of viral infectivity
(luciferase activity) in the absence of drug relative to the wild-type refer-
ence strain. The selective advantage of mutant (resistant) and wild-type
(susceptible) variants was assessed by comparing the ratio of luciferase
activity of the mutant and wild-type variants in the absence of RAL and in
the presence of increasing concentrations of RAL.

Integrase DNA sequencing. The complete nucleotide sequences of
the integrase coding regions of patient virus populations, molecular
clones derived from patient viruses, and SDMs were determined using
conventional Sanger dye-dideoxy chain terminator chemistry (ABI, Fos-
ter City, CA). Differences in nucleotide and deduced amino acid se-
quences were recorded relative to the NL4-3 reference sequence. Valida-
tion studies have demonstrated that the detection of minor variants
ranges from 10 to 20% (validation report on file).

RESULTS

Identification of clinical isolates containing Y143A, G, H, or S
substitutions. We evaluated 117 HIV-1 clinical isolates contain-
ing substitutions at integrase amino acid position 143. Among
these samples, 77 displayed a single homogeneous substitution at
position 143, 17 displayed mixed amino acid substitutions at po-
sition 143, and 23 displayed a second primary substitution at ei-

4106 aac.asm.org

TABLE 1 Analysis of 117 pseudoviruses containing patient-derived
HIV-1 integrase sequences harboring Y143X substitutions

i;?ﬁii gz)rfoup Substitution(s) at primary positions as determined by:
samples® Population sequence” Clonal analysis®
Y143 (n = 77)

44 Y143R NP

23 Y143C NP

4 Y143S NP

3 Y143G NP

2 Y143H NP

1 Y143A NP
Y143 mixtures

(n=17)

6 Y143Y/C/H/R Y143Y,R

1 Y143Y/C/H/R Y143Y,C,R

1 Y143Y/C/H/R Y143Y,C,G,R

3 Y143C/R NP

3 Y143Y/C NP

2 Y143C/G Y143C,G

1 Y143H/R Y143H,R

Y143 and N155

(n=18)
4 Y143Y/C/H/R, N155N/H Y143R, N155H
4 Y143Y/C, N155N/H NP
2 Y143Y/C, N155H NP
2 Y143R, N155H NP
1 Y143H/R, N155H Y143H,R+N155H
1 Y143Y/C/S, N155N/H Y143C,S, N155H
1 Y143Y/C/D/G, N155N/H Y143C,G, N155H
1 Y143C,N155H NP
1 Y143H, N155H NP
1 Y143R/C/G, N155G Y143C,G,R+N155G
Y143 and Q148
(n=15)
2 Y143Y/C/H/R, Q148Q/H Y143R, Q148H
1 Y143Y/H, Q148H Y143H+Q148H, Q148H
1 Y143Y/C, Q148H NP
1 Y143Y/C/D/G, Q148Q/R Y143C,G, Q148R

“ One hundred seventeen patient-derived HIV-1 integrase sequences with Y143X
substitutions were grouped based upon the absence or presence of mixed substitutions
at position 143 or the presence of other RAL primary substitutions (Y143 and N155; or
Y143 and Q148). Numbers in boldface in this column indicate that Y143H and Y143D
substitutions predicted based on population sequences were not identified in clonal
analyses.

¥ IN population sequences containing predicted substitutions at positions 143, 148, and
155 are indicated. Substitutions in boldface in this column are present at positions 143
and 155 or 148 without mixtures at one or both positions, which suggests that these
viruses contain two linked primary substitutions.

“IN clonal sequences isolated from 23 samples (20 to 48 clones/each sample) predicted
to contain alternative substitution Y143D, H, G, or S were analyzed. NP, not
performed.

ther position 148 or position 155 in addition to position 143 (Ta-
ble 1). The majority of the 77 samples with single substitutions at
position 143 harbored either Y143R (n = 44) or Y143C (n = 23)
substitutions; however, 10 samples contained other substitutions:
Y143A (n=1),Y143G (n = 3), Y143H (n = 2),and Y143S (n =
4). Among the 17 samples with mixed amino acids at position 143
(wild-type and/or other RAL resistance-associated substitutions),
nearly one-half displayed mixtures of Y143Y/C/H/R (n = 8),
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while the remainder displayed mixtures including Y143C/R (n =
3), Y143Y/C (n = 3), Y143C/G (n = 2), and Y143H/R (n = 1)
(Table 1). Among the 23 samples displaying combinations of pri-
mary substitutions, the majority of samples were comprised of 143
and 155 (n = 18) variants while the remaining samples were com-
prised of 143 and 148 (n = 5) variants. Based on population se-
quencing, 13/23 samples were suggestive of mixed subpopulations
of distinct 143 and 148 variants or distinct 143 and 155 variants,
whereas the remaining 10 samples were more suggestive of direct
linkages among 143 and 148 or 143 and 155 substitutions, which
was confirmed by the analysis of molecular clones derived from a
subset of these virus populations (Table 1).

Based on derived amino acid sequences, 17/36 virus popula-
tions containing mixtures at position 143 were predicted to con-
tain Y143H (Y143Y/C/H/R, Y143Y/H, and Y143H/R). This nota-
bly contrasted with the representation of Y143H among the subset
of viruses lacking mixtures at position 143 (2.6%, 2/77) (Table 1).
To attempt to verify Y143H and other alternative substitutions, we
performed clonal analysis on 23 virus populations containing al-
ternative amino acid mixtures at position 143 based on the popu-
lation sequences (Table 1). The clonal analysis of 14 virus popu-
lations with predicted Y143Y/C/H/R mixtures demonstrated that
12 virus populations were comprised solely of Y143 and Y143R
variants, 1 population was comprised of Y143, Y143C, and Y143R
variants, and 1 population was comprised of Y143,Y143C, Y143G,
and Y143R variants. Notably, Y143H clones were identified only
in the three virus populations with predicted amino acid mixtures
Y143H/R (n = 2) and Y143Y/H (n = 1). These data indicate that
Y143H substitutions occur far less frequently in patient viruses
than predicted based on the amino acid sequences that are de-
duced from the nucleotide sequences of virus populations. Simi-
larly, Y143C variants were not identified in 12/14 virus popula-
tions with predicted Y143Y/C/H/R sequences, nor were Y143D
variants in two Y143Y/C/D/G sequences. Based on the genetic
code, both Y143H (CAC, CAT) and Y143C (TGC, TGT) substi-
tutions are predicted when Y143 (TAC, TAT) and Y143R (CGC,
CGT) variants are both present within a virus population, whereas
Y143D (GAC, GAT) substitutions are predicted when Y143 (TAC,
TAT) and Y143G (GGC, GGT) variants are both present in a virus
population. The presence of Y143G variants in four virus popula-
tions and Y143S variants in one virus population was confirmed
by clonal analysis (Table 1). Notably, one virus population con-
tained a previously unreported N155G substitution in addition to
Y143 substitutions. The ability of N155G to reduce RAL suscepti-
bility was confirmed by SDM (data not shown).

Patient-derived viruses containing Y143X substitutions dis-
play broad reductions in susceptibility to RAL. To define the
effects of different Y143X substitutions on RAL susceptibility, we
analyzed 77 viruses containing a single substitution at position
143 (without mixtures). Reductions in RAL susceptibility of these
viruses spanned a broad range, and large reductions (FC > 150)
were observed, regardless of the specific substitution at position
143 (Fig. 1). As a group, larger reductions in RAL susceptibility
were observed for viruses containing Y143R substitutions (me-
dian FC, >150; range, 13 to >150) than for viruses containing
Y143C substitutions (median FC, 100; range, 3.9 to >150) or
Y143A,G,H,S substitutions (median FC, 115; range, 42 to >150).

Secondary substitutions associated with specific Y143X sub-
stitutions. The broad variation in RAL susceptibility of viruses
containing specific Y143X substitutions indicates that other
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FIG 1 RAL susceptibility of 77 pseudoviruses containing patient-derived
HIV-1 integrase sequences with Y143X substitutions. Susceptibility was mea-
sured using the Phenosense Integrase assay and is expressed as the fold change
(FC) in the ECy, of patient-derived viruses relative to the wild-type reference
virus. Solid circles and diamonds depict the RAL susceptibility of viruses con-
taining Y143R and Y143C substitutions, respectively. Open triangle, open
squares, crosses, and filled squares depict viruses containing Y143A (n = 1),
Y143G (n = 3), Y143H (n = 2), and Y143S (n = 4), respectively. The median
FC for each virus group is indicated by a solid line. The highest RAL concen-
tration evaluated in these assays prevented exact quantitation of EC5, FC mea-
surements that exceeded the reference virus EC;,, 150-fold. Viruses with mix-
tures at position 143 were excluded.

amino acid changes in the integrase region also contribute to re-
ductions in RAL susceptibility. A number of the secondary substi-
tutions (L74I or M, E92Q, T97A, E138K, G140S or A, V1511,
G163R, 1203M, and S230R) have been associated with RAL resis-
tance based on phase III clinical trial data (31). Among the 77
viruses listed in Table 1 that lacked predicted amino acid mixtures
at position 143, 72 viruses contained at least one of following
substitutions: L741 or M, E92Q, T97A, E138K, G163R,1203M, and
S230R. As a group, Y143R viruses harbored fewer secondary sub-
stitutions (53 substitutions among 44 viruses) than did Y143C
viruses (53 substitutions among 23 viruses) or Y143A,G,H,S vi-
ruses (21 substitutions among 10 viruses). The average number of
secondary substitutions per virus was 1.2 for Y143R, 2.3 for
Y143C, and 2.1 for Y143A,G,H,S viruses (Table 2). T97A was the
most prevalent of all secondary substitutions irrespective of the
Y143R, Y143C, and Y143A,G,H,S substitutions (73%, 74%, and
80%, respectively). In contrast, S230R was preferentially identi-
fied in Y143C viruses (78%) and some Y143A,G,H,S viruses
(20%) but was not observed in any of the 44 Y143R viruses.
L741,M and G163R substitutions were less frequently observed
than T97A, and L741,M substitutions were more often observed in
Y143A,C,G,H,S viruses than Y143R viruses. £92Q, E138K, and
1203M were identified only in a small percentage (=10%) of virus
populations (Table 2).

Effects of Y143X and associated secondary substitutions on
RAL susceptibility. To further evaluate the impact of Y143X and
associated secondary substitutions on RAL susceptibility, we cre-
ated a large panel of SDM:s that included six distinct Y143X sub-
stitutions (Y143A,C,G,H,R,S) alone and in combination with
T97A, L741 or M, G163R, and S230R (Table 3). SDMs containing
Y 143X substitutions alone exhibited modest reductions (FC < 10)
in RAL susceptibility (FC for Y143A, 8.0; for Y143C, 4.4; for
Y143G, 6.2; for Y143H, 2.6; and for Y143S, 4.8), with the excep-
tion of Y143R, which was associated with a more notable reduc-
tion (FC = 19.6). The addition of T97A, the most common sec-
ondary substitution, further reduced RAL susceptibility relative to
the corresponding Y143X single-site mutant (Table 3). The dou-
ble-site mutant Y143R+T97A was associated with a larger reduc-
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TABLE 2 Frequency of the secondary substitutions among 77 viruses containing Y143R, Y143C, and Y143A,G,H,S"

Y143 substitution (no. of

No. (%) of samples with secondary substitution:

Avg no. of secondary

samples) L74M(I) E92Q T97A E138K G163R 1203M S230R substitutions per sample
Y143R (n = 44) 7 (16) 0 (0) 32(73) 3(7) 8 (18) 3(7) 0(0) 1.2
Y143C (n = 23) 10 (43) 2(9) 17 (74) 0(0) 5(22) 1(4) 18 (78) 2.3
Y143A/H/G/S (n = 10) 6 (60) 1(10) 8 (80) 0(0) 3 (33) 1(10) 2(20) 2.1
Total no. of substitutions 23 (30) 3 (4) 57 (74) 3(4) 16 (21) 5(6) 20 (26) 1.6

(n=77)

“ Bold font designates a high prevalence of secondary substitutions found in specific Y143X patient virus groups. Y143C and Y143A,H,G,S viruses contain more secondary

substitutions than do Y143R viruses (P < 0.001; Wilcoxon’s test).

tion in RAL susceptibility (FC = 70) than the other Y143X+T97A
double-site mutants (FC = 6.8 to 27.2). The addition of L74I,
L74M, G163R, or S230R substitutions also conferred larger reduc-
tions in RAL susceptibility than did single Y143X mutants. The
most notable reduction in RAL susceptibility by addition of a
secondary substitution to Y143X was conferred by S230R (FC =
3.9 to 39), except in the context of Y143R (FC = 24.2), in which it
was similar to that of Y143R alone (FC = 19.6). These data are
consistent with the observation that S230R was not identified in
any of the 44 Y143R patient viruses (Table 2). Since most viruses
contained more than one secondary substitution, we next exam-
ined each Y143X in the context of multiple secondary substitu-
tions. We observed larger reductions in RAL susceptibility when
L741 or M, G163R, and S230R were added to Y143X+T97A. The
combination containing Y143X, T97A, and S230R exhibited the
largest reductions in RAL susceptibility among triple-site mu-
tants, and addition of L74M or L74I to triple-site mutants further
decreased RAL susceptibility (Table 3). It is worth noting that L741
or M, T97A, G163R, and S230R alone resulted in little to no re-
duction in RAL susceptibility (FC = 1.2 to 1.6; data not shown).
Based on the data in Table 3, it is not surprising that Y143R-
resistant viruses, which exhibit larger reductions in RAL suscepti-
bility requiring fewer secondary substitutions, are more prevalent
than Y143A,C,G,H,S-resistant viruses, which exhibit more-mod-

est reductions in RAL susceptibility requiring more secondary
substitutions. However, it is not immediately obvious why Y143C
viruses are more prevalent than Y143A,G,S viruses since the latter
all exhibit similar or larger reductions in RAL susceptibility. To
explore this apparent discrepancy, we analyzed the replication ca-
pacity of Y143X mutants alone and in combination with the two
most common secondary substitutions, T97A and S230R (Fig. 2).
In the presence of RAL, the Y143R mutant exhibited the largest
replication advantage, followed by Y143A,G mutants. In the ab-
sence of RAL, the addition of T97A to Y143X substitutions equally
decreased the replication capacity of all Y143X mutants. In the
presence of RAL, the Y143R+T97A double-site mutant replicated
more efficiently than the other double-site mutants, followed by
the YI43A+T97A and Y143G+T97A double-site mutants; repli-
cation was also improved when S230R was combined with Y143X.
Notably, Y143R+S230R replicated least well among the double-
site mutants in the absence of drug, which again is consistent with
the observed absence of S230R in patient Y143R viruses studied
here. Similarly the Y143R+S230R+T97A triple-site mutant rep-
licated less efficiently than the other Y143X+S230R+T97A triple-
site mutants in the absence of RAL, and with an efficiency similar
to or lesser than that of all triple-site mutants in the presence of
RAL, excluding Y143H+S230R+T97A. It is important to note
that the Y143C mutants did not exhibit higher replication capacity
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TABLE 3 RAL susceptibility of viruses containing site-directed Y143X substitutions alone

and in combination with secondary substitutions®

SDMs Y143H Y143C Y1438 Y143G Y143A [ Y143R
Y 143X 2.6 4.4 4.8 6.2 8.0 19.6
Y143X+L74M 3.2 6.7 Al 11.1 15.3
Y143X+L74| 4.1 7.3 7.7 11.2 15.6
Y143X+G163R 2.7 8.2 9.5 14.8

Y143X+T97A 6.8 10.0 14.1 16.4

Y 143X+S230R 3.9 15.0 18.7

Y143X+T97A+L74M 9.9 15.2

Y143X+T97A+L74I 11.1

Y 143X+T97A+G163R 12.7

Y143X+T97A+S230R 13.0

Y143X%+T97A+S230R+L74M

Y143X%+T97A+S230R+74I

@ RAL susceptibility of pseudoviruses engineered by site-directed mutagenesis containing Y143X substitutions
alone or in combination with additional RAL resistance-associated secondary substitutions. Susceptibility was
measured using the PhenoSense Integrase assay and expressed as FC in ECy, relative to the wild-type reference
virus. RAL FC results are expressed as means of duplicates of each mutant. FC variation between duplicates of
each mutant was <1.5. FC values are color coded as follows: light yellow, >2 to <10; yellow, 10 to <20;

brown, 20 to <50; red, =50.
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FIG 2 Replication profiles of site-directed mutants carrying a specific Y143 substitution alone and in combination with secondary substitutions. The ratios of
mutant (MT) to wild-type (WT) replication (relative light units [RLU]) were assessed as single determinations in the absence of RAL (designated 1 on the x axis)
and in the presence of 10 serial 3-fold dilutions of RAL (0.000051 M to 1 wM, designated 2 to 11 on the x axis). (A) Y143X single-site mutants (A, C, G, H, R,
and S); (B) Y143X plus T97A double-site mutants; (C) Y143X plus S230R double-site mutants; (D) Y143X plus T97A and S230R triple-site mutants.

than the Y143A,G,S mutants in single, double, or triple combina-
tions, either in the absence or in the presence of RAL.

Nucleotide changes in Y143 codons that result in amino acid
substitutions Y143A, C, G, H, R, and S. To attempt to further
explain the high prevalence of Y143C substitutions, we next ana-
lyzed nucleotide differences in the codons for all Y143 substitu-
tions. The nucleotide changes required to transition from the
wild-type amino acid Y to either A, C, G, H, R, or S at position 143
were inspected and are summarized in Fig. 3. Y143C,H,S can
emerge from a single nucleotide change (transitions for Y143C,H;
transversion for Y143S), whereas Y143A,G,R require two nucleo-
tide changes. Both Y143C and Y143H can serve as intermediates
for Y143R, and all first and second nucleotide changes leading to
Y143R represent nucleotide transitions. Y143C is also intermedi-
ate for Y143G; however, in this case, the first change is a transition
and the second change is a transversion. Similarly, Y143S is inter-
mediate for Y143A, although in this case, both the first and second
nucleotide changes are transversions.

Y143X containing viruses exhibit cross-resistance to EVG. In
previous in vitro and in vivo studies, Y143C and Y143R virus pop-
ulations emerged in response to RAL exposure but not EVG ex-
posure (20, 33, 34). We therefore investigated the susceptibility of
patient viruses and a panel of Y143X SDMs with and without
various RAL resistance-associated secondary substitutions (Fig.
4). Among 77 viruses containing a single substitution at position
143 (no mixtures based on population sequences), EVG FC values
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varied from 1.96 to >150 (median FC = 20). The observed reduc-
tions in EVG susceptibility were notably smaller than the corre-
sponding reductions in RAL susceptibility, which ranged from
3.86 to >150 (median FC > 150). Reduced EVG susceptibility was
observed for almost all patient-derived viruses, regardless of the
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FIG 3 Nucleotide changes in Y143 codons that result in observed amino acid
substitutions. Single nucleotide changes within either of two possible Y143
codons (TAC or TAT) are sufficient to produce Y143H, Y143C, or Y143S
substitutions. Two nucleotide changes are required to produce Y143R, Y143G,
or Y143A substitutions. Transitions (purine to purine or pyrimidine to pyrim-
idine changes) and transversions (purine to pyrimidine or pyrimidine to pu-
rine) are indicated with thick or thin arrows, respectively. Nucleotides in-
volved in transversions are underlined.
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FIG 4 Comparison of RAL and EVG susceptibility of patient-derived viruses
and site-directed-mutants (SDMs) containing Y143X substitutions using the
PhenoSense Integrase assay and expressed as FC in ECs, relative to the wild-
type reference virus. (A) Correlation of RAL and EVG susceptibility among 77
patient viruses (see Fig. 1). (B) Correlation of RAL and EVG susceptibility of
SDMs containing Y143X substitutions alone or in combination with addi-
tional RAL resistance-associated secondary substitutions (see Table 3 and Fig.
5). Arrows indicate the highest RAL FC in EC,, that was measured in the assay.

specific amino acid substitution at position 143 (Fig. 4A). The
median EVG FCs for Y143R viruses (n = 44), Y143C viruses (n =
23), and Y143A,G,H,S viruses (n = 10) were 20, 14, and 27, re-
spectively. A pairwise comparison of the RAL and EVG FC values
for each virus clearly illustrates the ability of Y143X viruses that
emerge under RAL selective pressure to confer a degree of cross-
resistance to EVG, and measurements of EVG and RAL suscepti-
bility for this patient virus population were highly correlated
(R? = 0.833, P < 0.001) (Fig. 4A). These observations from pa-
tient-derived viruses are supported by the reductions in EVG sus-
ceptibility that were observed in the evaluation of a panel of iso-
genic viruses containing specific Y143X substitutions with and
without secondary substitutions L74M, L741, T97A, G163R, and
S230R (Fig. 4B and 5). The impact on EVG susceptibility of each
Y143X substitution alone and in the presence of specific secondary
substitutions correlated strongly with the impact each profile had
on RAL susceptibility (R* = 0.949, P < 0.001), although the mag-
nitudes of reductions in EVG susceptibility were lower than in
RAL susceptibility. Some single Y143X substitutions conferred
subtle but reproducible decreases in EVG susceptibility (Y143A
FC = 2.5, Y143C FC = 1.5, Y143G FC = 2.1, Y143H FC = 1.4,
Y143S FC = 1.7, Y143R FC = 2.9). The incremental addition of
RAL resistance-associated secondary substitutions further re-
duced EVG susceptibility to 10- to 20-fold or higher (Fig. 5).

DISCUSSION

Y143C,R substitutions represent one of three major resistance
pathways for RAL. In this study, we have surveyed and categorized
viruses containing amino acid substitutions at position 143 of
HIV-1 integrase and associated secondary substitutions using pa-
tient samples submitted for routine RAL resistance testing. In ad-
dition to the more prevalent and well-documented Y143C and R
viruses, this survey identified viruses containing Y143A, G, H, and
S substitutions, which also confer reduced susceptibility to RAL.
The analysis of patient-derived viruses and a series of SDMs dem-
onstrated that the RAL resistance profiles conferred by these alter-
native substitutions are similar to those of Y143C viruses, which
exhibit more modest reductions in RAL susceptibility than do

100
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M Y143X+S230R
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FIG 5 EVG susceptibility of pseudoviruses engineered by site-directed mutagenesis (SDMs) containing Y143X substitutions alone or in combination with
additional RAL resistance-associated secondary substitutions. Susceptibility was measured using the PhenoSense Integrase assay and expressed as FC in EC5,
relative to the wild-type reference virus. EVG FC results are expressed as the means of duplicates of each mutant. The FC variation between duplicates of each

mutant was <1.5.
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Y143R viruses, which display notably larger reductions in RAL
susceptibility.

Analysis of integrase sequences of 77 patient samples bearing a
homogeneous substitution at amino acid position 143 identified
Y143R substitutions in 44 samples (57%), Y143C substitutions in
23 samples (30%), and Y143A, G, H, or S substitutions in 10
samples (13% in total: A, 1 sample [1%]; H, 2 samples [3%]; G, 4
samples [5%]; S, 3 samples [4%]). Based on the analyses of mo-
lecular clones derived from virus populations with predicted
mixed amino acid substitutions at position 143, we demonstrate
that mixtures of Y143 (TAC or TAT) and Y143R (CGC or CGT)
variants result in the overestimation of Y143H (CAC or CAT) and
Y143C (TGC or TGT) variants. Similarly, the sequences derived
from mixed populations of Y143 plus Y143G (GGC or GGT) vari-
ants predicted Y143D (GAC or GAT) variants that were not de-
tected upon clonal inspection. The extremely low replication ca-
pacity of a Y143D SDM (0.7%, data not shown) is consistent with
the observed absence of this substitution in the patient viruses
studied here.

Based on the evaluation of viruses containing SDMs at amino acid
position 143 of HIV-1 integrase, Y143R conferred larger reductions
in RAL susceptibility (FC = 19.6) than did Y143A,C,G,H,S (FC = 2.6
to 8.0), consistent with a lower resistance barrier for Y143R substitu-
tions. Correspondingly larger reductions in RAL susceptibility were
observed in patient-derived viruses containing different substitutions
at position 143, suggesting that additional integrase substitutions
contribute to larger reductions in RAL susceptibility. As a group, we
observed more secondary substitutions in Y143A,C,G,H,S viruses
than in Y143R viruses, which implied that Y143A,C,G,H,S viruses
require more secondary substitutions to develop these larger reduc-
tions in RAL susceptibility than do Y143R viruses. The most com-
monly observed secondary substitution was T97A, which was identi-
fied at high frequency in all Y143X viruses irrespective of the
particular amino acid substitution (Y143R, 73%; Y143C, 74%;
Y143A,G,H,S, 80%). In contrast, S230R was observed preferentially
in Y143C viruses (78%) relative to Y143A,G,H,S viruses and was
never identified in Y143R viruses. These observed associations be-
tween Y143X substitutions and secondary substitutions are consis-
tent with RAL susceptibility profiles and the replicative abilities of
the SDM panel. For example, while the addition of S230R to
Y143A,C,G,H,S conferred further reductions in RAL susceptibility,
along with an improved replication advantage relative to the wild-
type parental virus in the presence of RAL, the same was not observed
for Y143R. Although the introduction of the T97A to each of the
Y143X SDM viruses did not improve their replication advantage rel-
ative to the wild type, this substitution did confer further reductions
in RAL susceptibility compared to the corresponding single-site mu-
tant. Notably, the observed RAL susceptibilities and replication ad-
vantages of the Y143C+T97A+S230R and Y143R+T97A SDMs
were consistent with the high representation of these profiles in the
viruses studied here. Although comparable reductions in RAL sus-
ceptibility and improvements in replication advantage generally were
also observed for Y143A,G,S variants, the underrepresentation of
these profiles in the viruses studied here prompted the investigation
of additional factors.

The emergence of all of the Y143C, H, and S substitutions
requires only a single nucleotide change to either of two wild-type
tyrosine codons; however, both Y143C and Y143H substitutions
are the result of transition events (i.e., lower genetic barrier), while
Y143S substitutions require transversion events (i.e., higher ge-
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netic barrier). Taken together with the fact that the Y143H substi-
tution confers more-modest reductions in RAL susceptibility than
do Y143C and Y143S, it seems reasonable that Y143C would
emerge more often than either Y143H or Y143S. Likewise, al-
though the emergence of Y143A, G, or R requires two nucleotide
changes, Y143R emerges as a result of two nucleotide transitions
(i.e., lower genetic barrier), while Y143G is produced from a tran-
sition followed by a transversion and Y143A arises from two trans-
version events (i.e., higher genetic barrier). Taken together with
the facts that Y143R confers larger reductions in RAL susceptibil-
ity than does Y143A or Y143G and, furthermore, that both Y143C
and Y143H serve as intermediates on the path to Y143R, it again
seems reasonable that Y143R would emerge more often than ei-
ther Y143A or Y143G because this substitution can more easily
overcome both resistance and genetic barriers. The impact of ge-
netic barriers on resistance development observed in our study is
consistent with the reported observation of other laboratories (see
the recent review by Gotte et al. [35]).

Although the high prevalence of Y143R can be reasonably ex-
plained based on a more favorable selective advantage (greatest
reduction in RAL susceptibility) combined with multiple path-
ways with lower genetic barriers than other observed Y143X sub-
stitutions, these factors alone appear insufficient to explain the
high prevalence of Y143C. In this case, it appears that a strong and
preferential association of Y143C with S230R, which when linked
confers significant reductions in RAL susceptibility, coupled with
the fact that Y143C also serves as an intermediate for Y143R, pro-
vides additional explanation for the apparent overrepresentation
of Y143C variants. Thus, the emergence of Y143C variants may
give rise to viruses that exhibit large reductions in RAL suscepti-
bility either by acquiring additional secondary substitutions, most
often T97A and S230R, or by serving as intermediates on the path
to Y143R and Y143R+T97A variants.

In contrast to reports citing that HIV-1 isolates harboring
Y143X substitutions retain susceptibility to EVG, the detailed
evaluation of pseudoviruses containing patient virus-derived in-
tegrase sequences along with SDMs reported here unambiguously
and incontrovertibly demonstrates the ability of Y143X viruses to
confer reduced susceptibility (i.e., cross-resistance) to EVG, albeit
to a lesser degree than RAL. This is consistent with the intasome
structure analyses that showed that Y143 substitutions affect RAL
susceptibility to a much greater extent than EVG (36). Our study
also reveals that RAL-selected secondary substitutions play a crit-
ical role in EVG cross-resistance among Y143X viruses.

In summary, the high prevalence of Y143R viruses can be ex-
plained by the following observations: (i) this substitution alone
confers larger reductions in RAL susceptibility than do other sin-
gle substitutions (Y143A, C, G, H, and S), and (ii) it requires fewer
secondary substitutions (typically T97A alone) to establish a high
level of resistance to RAL. Although Y143A, G, and S all confer
similar or larger reductions in RAL susceptibility than Y143C, the
high representation of Y143C viruses is likely a consequence of
several factors that include (i) the need for only a single nucleotide
transition to convert either of two Y143 codons to Y143C codons,
(ii) a strong and preferential association with S230R, which con-
fers larger reductions in RAL susceptibility than any other second-
ary substitution alone, and (c) the fact that Y143C codons serve as
intermediates in pathways that convert wild-type Y143 codons to
the strongly selected Y143R codons. In conclusion, the dispropor-
tionate representation of various amino acid substitutions at po-
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sition 143 (Y143R > C > A, G, H, and S) of HIV-1 integrase is a
reflection of the combined effects of differential selective advan-
tages for HIV-1 replication in the face of RAL drug pressure and
genetic barriers. The Y143X RAL resistance pathway distinctly il-
lustrates the influence and importance of both resistance and ge-
netic barriers on the emergence of drug-resistant HIV-1 variants
under antiretroviral drug pressure.
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