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Abstract

Treatment of human immunodeficiency virus type 1 with protease inhibitors (PIs) is associated with the emergence of resistance-associated
mutations. Treatment-characterized datasets have been used to identify novel treatment-associated protease mutations. In this study, we utilized
two large reference laboratory databases (>115 000 viral sequences) to identify non-established resistance-associated protease mutations. We found
20 non-established protease mutations occurring in 82% of viruses with a PI resistance score of 4—7, 62% of viruses with a resistance score of 1-3,
and 35% of viruses with no predicted PI resistance. We correlated mutational prevalence to treatment duration in a treatment-characterized dataset
of 2161 patients undergoing non-suppressive PI therapy. In the non-suppressed dataset, 24 mutations became more prevalent and three mutations
became less prevalent after more than 48 months of non-suppressive PI-therapy. Longer durations of non-suppressive treatment correlated with
higher PI resistance scores. Mutations at eight non-established positions that were more common in viruses with the longest duration of non-
suppressive therapy were also more common in viruses with the highest PI resistance score. Covariation analysis of 3036 protease amino acid
substitutions identified 75 positive and nine negative correlations between resistance associated positions. Our findings support the utility of

reference laboratory datasets for surveillance of mutation prevalence and covariation.
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1. Introduction

HIV-1 protease is essential for cleavage of the viral
polyprotein precursor of the gag and pol viral proteins (Kohl
et al., 1988; Peng et al., 1989). Antiretroviral drugs (ARVs)
targeting the active site of HIV-1 protease potently inhibit viral
replication in infected individuals (Deeks et al., 1997; Palella et
al., 1998). However, incomplete suppression of viral replication
can select for mutations of one or more protease amino acid
residues, resulting in resistance to protease inhibitors (PIs)
(Condra et al., 1995; Hertogs et al., 2000; Tamalet et al.,
2003; Cheung et al., 2004). The prevalence of PI resistance
in tested patients was reported to be 50% or more in 1999
and subsequently declined to less than 30% from late 2003
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onwards (Tamalet et al., 2003; Kagan et al., 2004a; Pillay et al.,
2005). The prevalence of ARV resistance has been correlated to
ARV prescription utilization (Kagan et al., 2004a). Decreased
utilization of saquinavir, indinavir, nelfinavir and amprenavir
and increased utilization of lopinavit/ritonavir, other ritonavir-
boosted PI regimens, fos-amprenavir and atazanavir (source:
prescription utilization data acquired from NDCHEALTH®
http://www.ndchealth.com/products_services/products_services.
htm) may have contributed to this decline. PI resistance-
associated mutations have also been found in treatment-naive
patients, albeit at a much lower prevalence, likely the result of
transmission of drug-resistant virus (Weinstock et al., 2004;
Novak et al., 2005; Wensing et al., 2005).

Protease mutations conferring reduced susceptibility to all
commercially available PIs have been identified in the HIV-
1 patient population (Shafer et al., 2000; Hirsch et al., 2003;
Johnson et al., 2005a, b). Established HIV-1 mutations, associ-
ated with resistance to eight FDA-approved protease inhibitors,
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were defined for 21 protease positions in the International AIDS
Society-USA March—April 2005 expert panel list (Johnson et
al., 2005a). An additional nine positions newly defined for the
most recently introduced Pls, atazanavir (3) and tipranavir (6),
were added in the October—November 2005 IAS USA update
(Johnsonetal., 2005b). Accumulating evidence suggests that the
number of positions associated with PI treatment is even greater.
Wu et al. (2003) identified an additional 22 treatment-associated
protease positions and confirmed the association with treat-
ment of 23 previously identified positions. A further analysis
of mutational covariation also showed 99 positive, and 16 neg-
ative correlations between treatment-associated positions (Wu
et al., 2003). Analysis of an expanded treatment-characterized
dataset from 3178 Pl-experienced and 2689 Pl-naive patients
identified 38 treatment-associated protease positions (Rhee et
al., 2005). In another treatment-characterized data set of 705
PI-treated and 457 untreated patients, an additional 17 treatment-
associated PR mutations were identified; 14 were positively
and three were negatively associated with treatment (Svicher
et al., 2005). Other findings have indicated that the HIV-1 sub-
type B protease amino acid sequence is conserved at 68/99
(69%) positions in treatment-naive patients but only 45/99 (45%)
positions in treated patients, suggesting that there is treatment-
associated variability at more than half of the protease positions
(Ceccherini-Silberstein et al., 2004).

Reference laboratories performing HIV-1 drug resistance
testing typically do not obtain treatment data for tested patients.
However, these laboratories often accumulate significantly
larger datasets (>100000 samples) than is feasible in clinical
studies with available treatment histories. Analysis of a refer-
ence laboratory dataset comprising 40 000 protease sequences
obtained from 1999 to 2002 detected positive selective pres-
sure at 47 protease positions (Chen et al., 2004). In the present
study, we assessed the utility of using large reference laboratory
datasets (comprising roughly 115000 HIV-1 subtype B pro-
tease sequences) to identify PI-associated mutation positions,
using genotypic predictions of resistance to stratify our dataset
and we examined the correlation between mutational prevalence
and the duration of non-suppressive PI therapy in a treatment-
characterized dataset.

2. Methods
2.1. Sequence determination and resistance analysis

HIV-1 RNA was extracted from clinical samples submit-
ted for reverse transcriptase and protease genotype determina-
tion by Quest Diagnostics Nichols Institute. Reverse transcrip-
tion, amplification, and dye terminator automated sequencing
using ABI Prism 3700 sequencing instruments (Applied Biosys-
tems, Foster City, CA) was performed as described previously
at the Nichols Institute, San Juan Capistrano, CA laboratory
(SJC; Kagan et al., 2004a), or using an ABI Prism 3100 or
3700 as previously described at the BC Centre for Excel-
lence in HIV/AIDS (Alexander et al., 1999). At the Nichols
Institute, Chantilly, VA, laboratory (CHA), the ViroSeq HIV-
1 genotyping system (Celera Diagnostics, Alameda, CA) was

used according to the manufacturer’s instructions and auto-
mated sequencing was performed on ABI 3100 sequencing
instruments (Applied Biosystems). Predicted resistance to PIs
(amprenavir, atazanavir, fosamprenavir, indinavir, lopinavir, nel-
finavir, ritonavir, saquinavir, tipranavir), nucleoside/nucleotide
reverse transcriptase inhibitors (NRTIs; abacavir, didanosine,
emtricitabine, lamivudine, stavudine, tenofovir, zalcitabine,
zidovudine), and non-nucleoside reverse transcriptase inhibitors
(NNRTIs; delavirdine, efavirenz, nevirapine) was determined
according to the Quest-Stanford rules-based interpretive sys-
tem (copyright 1997-2005, Quest Diagnostics Incorporated),
an updated version of the GART study algorithm (Baxter et
al., 2000; Merigan and Winters, Center for AIDS Research,
Stanford University, personal communication, June 2005). The
interpretive rules used in this laboratory-developed algorithm
are based on mutations the laboratory considered to be asso-
ciated with resistance to antiretroviral drugs based on cur-
rent clinical or laboratory-based studies. Mutation and resis-
tance data for these analyses were stored in a SQL Server
2000 relational database (Microsoft Corp. Redmond, WA). A
PI resistance score of 0—7 was established according to the
number of PIs to which a given virus sample showed geno-
typically predicted resistance. PIs with identical resistance
profiles according to the Quest-Stanford algorithm (ampre-
navir/fosamprenavir and ritonavir/indinavir) were counted only
once.

2.2. Viral loads and clinical monitoring

2.2.1. The BC Centre for Excellence in HIV/AIDS Drug
Treatment Program

In British Columbia, Canada, ARVs are provided centrally by
the BC Centre for Excellence Drug Treatment Program accord-
ing to guidelines established by the BC Therapeutic Guidelines
Committee (Hogg et al., 2001). This program distributes more
than 99% of the ARVs used in British Columbia. Individual drug
utilization records are retained. Routine clinical monitoring of
patients takes place at approximately 3-month intervals, at which
time plasma viral load testing (Roche Amplicor Monitor Assay)
and CD4 counts are performed; the data are stored in the Centre’s
Drug Treatment Program database. The Centre’s HIV genotypic
drug resistance database consists of over 25000 samples from
worldwide sources. For the purposes of this study, data were
restricted to a single sample per individual patient (the latest
available “on-therapy” genotype), from a period in which they
had been failing a PI-based regimen (with a plasma viral load
>500 copies) for the total number of months specified below. The
entire interval between tests with a viral load >500 copies/ml was
assumed to be spent with a detectable viral load. ARV regimen
changes were permitted when the viral load was >500 copies/ml
and patients were included in the study as long as they remained
on any PI. Data were available from individuals tested between
June 1996 and January 2006. Individuals were classified as hav-
ing failed PI-based therapy for a total of 1-4 months (n="787);
5-11 months (n=598); 12-23 months (n=416); 24-35
months (n=193); 3647 months (n=86) and >48 months
(n=81).
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2.3. Protease mutation analysis

The primary analysis utilized protease mutation data for HIV-
1 subtype B samples submitted for testing from January 2002 to
June 2005 at the SJIC (n=107 169) or the CHA (n=7853) lab-
oratory. SJC laboratory data from an additional 39 931 samples
tested from 1999 to 2001 were also available. Data were parti-
tioned into protease sequences with no genotypically predicted
resistance to any ARV (ARV-sensitive group) and sequences
with genotypically predicted resistance to one or more PI. We
used the y>-test for each position to identify mutated posi-
tions in the Pl-resistant group that were present at a statistically
higher frequency than in the ARV-sensitive group. To correct
for multiple comparisons, we utilized the Benjamini-Hochberg
correction (Benjamini and Hochberg, 1995) for 99 tests and a
false discovery rate (FDR) set to 0.01. For SJC to CHA inter-
laboratory comparisons we selected two time periods with avail-
able data from both laboratories: 2002-2003 and 2004—2005.
Changes in mutation prevalence in the smaller BC Centre dataset
of non-suppressed patients were assessed with the Fisher Exact
test.

2.4. Protease mutation covariation analysis

To analyze covariation between pairs of mutations, we
excluded positions with mixed amino acid assignments that
included the HIV-1 protease consensus B wild type amino acid.
Unmixed amino acid assignments were present in 98.6% of the
SJC and 97.7% of the CHA datasets. To identify covariation,
we calculated the binomial correlation coefficient ¢ for all pairs
of 44 positions identified during individual protease mutation
analysis (946 pairs). We utilized y>-tests to determine the sig-
nificance of these correlations corrected for 946 multiple com-
parisons (FDR=0.01). We defined a distance metric of 1 — ¢
and constructed a pairwise distance matrix from the dataset. We
utilized the Neighbor program version 3.64 in the PHYLIP phy-
logenetic analysis suite (Dr. J. Felsenstein, University of Wash-
ington, Dept. of Genome Sciences) to generate neighbor joining
trees with three randomizations of the input distance to con-

Table 1

struct dendrograms for the identification of clusters of protease
mutations. Dendrograms were rendered with TreeExplorer 2.12
(http://evolgen.biol.metro-u.ac.jp/TE/TE_man.html). To further
refine the pairwise correlations, we calculated binomial cor-
relation coefficients for 3036 pairs of 79 specific amino acid
substitutions at the same 44 positions identified (3081 pairs less
45 self-pairs for the same position but different amino acid sub-
stitution, which were assigned a value of ¢ =0).

3. Results

3.1. Prevalence of protease mutations in reference
laboratory datasets

In the SJC reference laboratory database, resistance to one or
more PlIs was predicted in 48.5% of the tested subtype B samples
in 1999. Predicted resistance subsequently declined to 41.6% in
2000 and 35.5% in 2001. Data were available from 2002 to
2005 for both the SJC and the CHA Quest Diagnostics laborato-
ries. The prevalence of PI resistance was 31.1% in the SJC and
34.2% in the CHA dataset in 2002, and declined to 16.1% and
21.4%, respectively, in the first half of 2005. For viruses with a
PI resistance score >0, we tabulated the statistically significant
(x?-test, FDR=0.01 to correct for 99 comparisons) protease
positions that were mutated at least 2x as frequently as in
ARV-sensitive viruses and grouped them according to preva-
lence (Table 1). For the laboratory datasets spanning the periods
2002-2003 and 2004-2005, we identified 3944 PI resistance-
associated positions (mean=41), 20-25 (51%—-57%) of which,
were not among the March—April 2005 established IAS-USA
PI resistance mutations (Johnson et al., 2005a) (Table 1). Muta-
tions at non-established positions were more commonly found
(43%—T75%) at lower prevalences (<4%) compared to those at
established positions (0%-21%; Fisher’s Exact test, p <0.005)
(Table 1).

The cumulative frequency of 20 non-established protease
mutations that were identified in both the SJC and CHA datasets
is plotted in Fig. 1. The prevalence of mutations at these posi-
tions was 34%—-36% in viruses identified as PI-susceptible, but

Prevalence of PI resistance-associated mutated positions in two reference laboratory datasets

Prevalence Positions with mutations, total (new)*

2002-2003 2004-2005

sict CHA® sict CHAP
<1% 2(2) 44) (1) 303
12% 2(2) 3(3) 4(4) 7(7)
2-4% 7(6) 7(6) 5(5) 9(5)
4-8% 9(5) 10(6) 10(6) 7(5)
>8% 19(5) 20(6) 22(7) 13(0)
Total 39(20) 44(25) 42(23) 39(20)
<4% establ. (new)* 5% (50%) 5% (52%) 0% (43%) 21% (75%)

2 The counts of mutated protease positions were grouped according to their prevalence in viruses with a PI resistance score of >0. New protease mutation counts
(in parentheses) are positions that are not listed as having established protease mutations in the March—April 2005 International AIDS Society USA published list of
resistance-associated mutations (Johnson et al., 2005a).

b gjC: Quest Diagnostics Nichols Institute, San Juan Capistrano, CA. CHA: Quest Diagnostics Nichols Institute, Chantilly, VA.

¢ Percent of IAS USA established mutations found at a prevalence of <4%, vs. new mutations (in parantheses) found at a prevalence of <4%.
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Fig. 1. Cumulative frequency of mutations at 20 non-established protease posi-
tions is greater in viruses with genotypically predicted PI resistance. The preva-
lence of viral sequences with an amino acid substitution at any of the 20 protease
residues (4, 11, 13, 23, 34, 43, 45, 55, 58, 62, 66, 74, 75, 76, 79, 95, 89, 91,
92, 95 as described in Table 2) is shown for two reference laboratory datasets
(SJC and CHA) over two time periods (2002-2003 and 2004-2005). RTI Only:
Reverse transcriptase inhibitor resistance, but no Protease Inhibitor resistance
was predicted for these sequences.

increased to 62% in viruses with PI resistance scores of 1-3 and
82% in viruses with Pl resistance scores of 4—7 (Fig. 1). With the
exceptions of positions 13 (mean and S.D.: 15.6% =+ 1.1%) and
62 (17.9% =+ 1.8%), mutations at these positions were uncom-
mon in PI-susceptible viruses (Table 2, no resistance or RTI
resistance only). Mutations at 14 of these 20 positions were >2 x
as frequent in viruses with a PI resistance score of 4—7 as in those
with a score of 1-3 PI (Table 2, underlined positions). In contrast,
little or no difference was observed between viruses with no pre-
dicted ARV resistance and predicted resistance to RTIs but not
PIs (Tables 2 and 3). At 8 of the 20 positions, the most common
amino acid substitution differed between Pl-resistant and PI-
susceptible virus (Table 2, underlined mutations). For example,
most (77%) Pl-resistant viruses had a threonine (K43T) at pro-
tease position 43, whereas only 6% of the PI-susceptible viruses
had the K43T mutation; most (88%) PI-susceptible viruses had
an arginine substitution (K43R) at this position (Table 2).

3.2. Prevalence of protease mutations during long term
non-suppressive PI therapy correlates with PI resistance
scores

Incomplete suppression of viral replication by reverse tran-
scriptase or protease inhibitors may lead to the accumulation
of resistance-associated mutations over a period of months or

Table 2
Amino acid substitutions at 20 non-established protease positions are more prevalent in Pl-resistant viruses®
Position®  Prevalence (mean == S.D.) PI-susceptible virus® Pl-resistant virus® Study!
No resistance (%) RTI only (%) 1-3 PI (%) 4-7 PI (%) Mutation Distribution Mutation Distribution

4 03+ 0.1 02 £ 0.1 03 +0.2 1.9 £ 0.5  T4S/PIN 0.55/0.13/0.12  T4P/S/A 0.47/0.34/0.15
11 02+ 0.1 02+0.1 0.5+£0.1 6.1 +12  VIIVA/L 0.40/0.20/0.19  VI1I/L 0.80/0.17 A,D

13 14.8 £ 0.7 16.3 £ 0.9 272 £ 1.7 345 £33 113v 0.99 113V 0.97 A
23 0.1 £0.1 0.1 £0.1 1.0 £0.7 1.6 £ 02  L23F/1 0.70/0.21 L231 0.89 A,D
34 0.1 0.1 0.1 £0.1 124+02 7.1 £ 14 E34D/G/K  0.29/0.29/0.24  E34Q/D/K  0.68/0.10 A,B,C,D
43 1.8 £0.3 2.0 £ 0.6 37+£03 123 £ 1.4 K43R/T 0.88/0.06 K43T/R 0.77/0.14 A,B,C,D
45 1.0+ 0.2 1.0 £ 0.2 4.1+£08 23+02 K45R 0.98 K45R/Q 0.82/0.10 A,B,C
55 02 £0.1 04 £0.1 29+0.7 11.7 £ 24  KS55R 0.89 K55R 0.93 A,B,C,D
58 03 +02 0.5+0.2 37+£12 11.8+ 14 QSSE 0.90 Q58E 1.0 A,B,C,D
62 17.6 £ 2.0 182 £ 1.8 350+ 1.0 46.8 £ 3.5 162V 0.99 162V 1.0 A, C
66 0.04 £+ 0.03 0.1 £0.1 0.8 +£0.2 53+04 I66V/F/L 0.40/0.32/0.21 166F/V/L 0.51/0.35/0.11 A,B,D
74 0.5 £0.1 1.7+£02 9.2 £0.8 132 £ 0.8  T74S/A 0.55/0.29 T74S/P 0.64/0.20 A,B,C,D
75 02+ 0.1 0.2 £ 0.1 1.2 £ 0.6 05+03 V751 0.99 V751 1.0 A, D
76 0.01 £ 0.0 0.1 £0.1 09 +0.2 46 £05 L76V 0.81 L76V 0.99 A,D
79 04+ 0.1 0.5 £ 0.1 0.4 £+0.2 2.6 £08  P79S/D/A 0.42/0.18/0.15  P79A/S/D 0.37/0.23/0.15  A,D
85 0.1 £ 0.0 0.4 £ 0.1 3.1 +05 6.8+ 14 185V 0.83 185V 0.99 A, C
89 1.2 +£0.2 1.1 £0.3 3.0+ 0.6 113 £ 1.5 L8OM 0.85 L89V/M 0.55/0.28 A,D
91 0.2 £0.1 0.1 £0.1 0.7+ 0.2 38+ 1.0 TI91V/AL 0.48/0.20/0.12  T91S/A 0.62/0.25
92 09+ 0.1 09 £+ 0.1 2.0+ 04 58+ 1.8 Q92K/E/R  0.53/0.19/0.17  Q92K/R 0.76/0.18 A,B,C,D
95 0.01 £ 0.01 0.02 £+ 0.03 0.7 £ 0.1 37+0.8  C95F/G/S 0.45/0.27/0.14  C95F 0.86 A,B,C,D

4 Prevalences and amino acid distributions of 20 protease positions not included in the International AIDS Society-USA March-April 2005 listing (Johnson et al.,
2005a) that were significantly more common in viruses with a PI resistance score >0 in all Quest Diagnostics reference laboratory datasets (SJC and CHA for 20023
and 2004-5 time periods). Counts were tabulated for viruses with no predicted resistance to any ARV, predicted RTI but not PI resistance, and PI resistance scores

of 1-3 and 4-7.

b Fourteen positions that occurred at least 2x as frequently in viruses with a mutation score of 4-7 than in those with a mutation score of 1-3 (x>-test, p <0.0001

and lower 95% confidence interval of odds ratio >2) are underlined.

¢ Right hand panel: the proportion of non-wild-type-specific amino acid substitutions at each of these mutated positions in viruses with no predicted PI resistance or
with a PI resistance score >0. Only substitutions with a frequency of >0.1 are shown. Underlined postions: positions in PI-resistant virus at which the most frequent

amino acid substitution is different from that found in PI-susceptible virus.

d Non-IAS protease mutations (March—April 2005 list, Johnson et al., 2005a) that have been associated with PI treatment in recent studies. (A) Wu et al., 2003;
(B) Ceccherini-Silberstein et al., 2004; (C) Svicher et al., 2005; (D) Rhee et al., 2005.
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Table 3
Protease mutation prevalence in patients with incomplete suppression correlates with PI resistance score®
Position®  BC Centre for Excellence in HIV/AIDS Quest Diagnostics Nichols Institute
Months on PI therapy with a measurable viral load (n) (%) Prevalence (mean =+ S.D.) by PI resistance score (%)
14 (787) 5-11(598) 12-23(416) 24-35(193) 36-47(86) =>48(81) None RTI only 1-3PI 4-7PI

4 0.6 0.3 0.2 1.6 1.2 3.7 03 £0.1 02 £0.1 03+£02 1.9 £05
10 13.9 15.7 25.2 39.4 57.0 69.1 84 £0.1 10.8 £ 0.8 365+ 1.7 869+ 1.1
11 0.8 0.0 0.5 0.5 1.2 49 02 +£0.1 02 +£0.1 05+0.1 6.1 £1.2
13 13.6 13.4 11.5 15.0 22.1 24.7 14.8 £ 0.7 163 +£ 0.9 272+ 1.7 345+33
16 4.5 35 3.6 4.7 2.3 9.9 42 +£03 3.6+ 04 37+05 6.1 £1.1
18 22 32 34 6.7 35 0.0 1.8 £0.2 20+£03 28 £0.6 37+£05
20 5.7 5.4 8.7 19.7 25.6 432 23+04 37+05 220+ 08 423 +3.6
23 0.0 0.0 0.0 1.0 0.0 0.0 0.1 £0.1 0.1 £0.1 1.0 £ 0.7 1.6 £ 0.2
24 0.1 0.8 1.9 3.6 35 8.6 0.03 £ 0.03 02 £0.1 24+05 127+09
30 1.1 5.4 4.6 52 7.0 0.0 0.02 +£0.02 0024002 256=+1.6 1.8 £ 0.6
32 0.4 0.2 22 3.1 35 7.4 0.03 £0.03 020+ 0.10 24+08 13.7+07
33 3.6 6.7 29 6.2 8.1 19.8 3.6 £0.2 39+ 04 86+0.8 346=£25
34 0.8 0.3 0.2 1.0 2.3 6.2 0.1 £0.1 0.1 £0.1 12+02 7.1+ 14
35 334 35.0 394 37.8 32.6 39.5 212 £2.7 203 £ 1.4 305 +£3.0 343 +1.8
36 26.4 26.4 30.8 38.9 37.2 58.0 140 £ 0.7 16.1 £ 1.3 323+ 1.0 447 +44
43 3.6 3.7 5.5 4.7 35 13.6 1.8 £ 0.3 20+ 0.6 37+£03 123414
45 1.9 2.0 2.6 3.1 1.2 1.2 1.0£0.2 1.0+ 0.2 4.1+£08 23+02
46 2.5 5.9 12.3 21.2 349 48.2 02+ 0.1 1.5 £0.5 208 £ 0.8 57437
47 0.3 0.0 14 1.6 35 3.7 0.03 £0.04 0.03 £0.03 1.7+05 106+14
48 0.4 0.3 2.9 7.3 16.3 21.0 0.02 £ 0.03 0.02 + 0.03 1.3 +£0.3 9.5+ 1.9
50 0.0 0.2 0.0 1.0 1.2 3.7 0.03 £0.03 0.03 £0.04 25+12 39+0.8
53 0.0 0.3 22 2.6 8.1 14.8 0.01 £0.02  0.03 + 0.03 1.1+£02 102+15
54 0.8 32 6.5 18.1 30.2 55.6 0.04 £005 038+£0.18 129+15 69.6%12
55 0.4 0.2 1.4 42 35 9.9 02+ 0.1 04 £+ 0.1 29+£07 11.7+24
58 0.5 1.3 1.9 3.1 5.8 7.4 03+02 0.5+02 37+12 118+ 14
60 7.0 79 6.7 10.4 17.4 9.9 82+0.8 82+ 0.5 89+1.1 148+12
61 4.3 4.2 53 5.7 8.1 9.9 40+04 39+02 4.1 £0.6 6.7+ 15
62 259 27.6 34.4 40.9 37.2 46.9 17.6 £ 2.0 182 £ 1.8 350 £ 1.0 468 £3.5
66 0.4 0.7 0.5 1.6 35 3.7 0.04 +£0.03  0.09 &+ 0.07 0.8 £0.2 53+04
71 14.4 18.2 28.6 37.3 53.5 51.9 79+ 12 9.3 £ 0.6 373 £39 77.0+24
72 13.6 17.2 16.8 14.0 22.1 18.5 125+ 1.0 130+ 1.2 171 £ 06 242 +33
73 1.1 2.7 6.3 12.4 16.3 24.7 0.02 £+ 0.02 0.1 £0.1 78 £04 232437
74 1.0 1.0 39 3.6 8.1 11.1 0.5+ 0.1 1.7+0.2 92+08 1324038
75 0.3 0.5 0.2 2.1 2.3 1.2 02+ 0.1 02+ 0.1 1.2 £ 0.6 05+03
76 0.3 0.2 0.5 1.0 0.0 0.0 0.01 £ 0.01 0.1 £0.09 09 +£0.2 46 £0.5
79 0.5 1.0 0.7 1.6 2.3 2.5 0.4 £+ 0.1 0.5+ 0.1 04 +£02 26 £0.8
82 33 5.4 12.3 19.7 37.2 46.9 1.5+03 1.8+03 174 +£22 599 +20
84 0.5 2.3 4.6 9.3 15.1 19.8 0.01 £0.01 0.05 £ 0.06 21+04 385+23
85 0.3 0.8 22 2.6 8.1 14.8 0.1 £0.0 04 £ 0.1 3.1+05 6.8+ 14
88 0.6 22 53 7.3 8.1 2.5 0.05 £+ 0.03 1.1 £03 227 £ 1.1 5.0+ 0.6
89 5.0 2.5 3.6 0.5 2.3 7.4 1.2+02 1.1 +£03 30+£06 113+15
90 2.7 5.4 13.7 30.6 43.0 43.2 0.01 £0.01 001 £0.02 414+3.1 667 +22
91 0.4 0.3 0.5 0.0 35 7.4 02+ 0.1 0.1 £0.1 0.7 +£0.2 38+ 1.0
92 29 2.7 4.1 3.6 35 6.2 09 £0.1 09 £0.1 20+04 58+ 1.8
93 39.5 43.7 45.9 48.2 48.8 53.1 232 +£2.0 222+ 19 409+12 453+12
95 0.1 0.0 0.2 2.1 35 3.7 0.0l £0.01 0.02 £ 0.03 0.7 £ 0.1 37+£0.8

2 The prevalence of mutations at 46 protease positions found in patients with non-suppressive PI therapy (n: number of patients in each group) for 1-4 to >48
months compared to the frequency of mutations in two Quest Diagnostics Nichols Institute databases (San Juan Capistrano, CA, and Chantilly, VA) during two time

periods (2002-2003 and 2004-2005).

b Twenty four positions that were mutated more frequently at >48 compared to 1-4 months of non-suppressive therapy (Fisher Exact test, and corrected for 46
multiple comparisons with a Benjamini-Hochberg false discovery rate of 0.1) are underlined.

years (Barbour et al., 2002; Kantor et al., 2004). The prevalence
of protease mutations for a cohort of patients (BC Centre for
Excellence in HIV/AIDS, as described in Section 2) undergoing
PI therapy with incomplete suppression of viral replication for
1->48 months was tabulated for 46 protease positions, including
21 IAS-USA resistance-associated positions (March/April 2005

listing; Johnson et al., 2005a) and 25 non-established positions
(Table 3). The mutation prevalence at 24 positions was greater
after >48 months compared to 1-4 months of non-suppressive
therapy (Table 3; Fisher Exact test and corrected for 46 multiple
comparisons with a Benjamini-Hochberg false discovery rate of
0.1) including eight non-established positions (34,43, 55, 58, 62,
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74,85 and 91; 13, 93 and 95 were also significant before correc-
tion for multiple comparisons). To examine whether mutations
observed after long term non-suppressive PI therapy existed at
baseline or were likely selected by PI therapy, we tabulated the
amino acid substitution frequencies at several polymorphic posi-
tions identified in the reference laboratory dataset (Table 2) in
the non-suppressed >48 month treatment group and in the 1-4
month group. For position 34, E34Q comprised 80% of the non-
synonymous substitutions in the >48 month group but only 17%
in the 1-4 month group, where other substitutions (A/D/G/K/L)
predominated. Likewise, K43T was seen in 64% of the patients
in the >48 month group but in only 7% of the 1-4 month
group, where K43R comprised 79% of the non-synononymous
substitutions. At other non-polymorphic positions (Table 2)
the dominant amino acid substitution was the same as
that shown for the larger reference laboratory dataset (not
shown).
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Fig. 2. Neighbor joining analysis of 44 protease positions in PI-resistant viruses.
The binomial correlation coefficient ¢ was calculated for all 946 possible pair-
wise combinations and a distance of 1 —¢ was used to construct a distance matrix
for the Neighbor program in PHYLIP 3.64. The resulting unrooted neighbor join-
ing tree shows the clustering and covariation of mutated protease positions in
Pl-resistant virus.

Mutations at position 30, associated with nelfinavir resis-
tance (Patick et al., 1998), were found in 4.6%—7.0% of patients
with incomplete suppression after 5-47 months, but in none
of the patients with >48 months of non-suppressive PI ther-
apy (Table 3). However, mutations at position 90 (L90M), seen
more often in heavily Pl-experienced patients, was found in
43.2% of patients after >48 months of non-suppressive therapy
(Table 3). In the reference laboratory dataset, the prevalence
of the position 30 mutation was highest in patients with a PI
resistance score of 1-3 (Table 3: 25.6%), but this mutation was
much less frequent in those with a PI resistance score of 4—7
(Table 3: 1.8%) and position 90 mutations were seen in 66.7%
of patients with a score of 4-7 (Table 3). Mutations at posi-
tions 88 and 45, which are often seen together with the D30N
mutation (Fig. 2 and Svicher et al., 2005), were also less com-
mon in patients with >48 months of non-suppressive PI therapy
(Table 3).

Mutations at position 76 were very uncommon in the non-
suppressed patients but appeared in 4.6% of the reference lab-
oratory samples with a PI resistance score of 4-7 (Table 3).
The L76V mutation has become more prevalent in PI-resistant
viruses in the Quest Diagnostics (SJC) database since 2001
(1999-2000: 0.48%; 2001: 1.7%; 2005: 2.8%) and is thought
to be selected by lopinavir during therapy failure of salvage
therapy (Mueller et al., 2004).

The mutation prevalences of both established and non-
established protease mutations correlated with the PI resis-
tance scores seen in the Quest Diagnostics reference labora-
tory datasets (Table 4). Mutation prevalences in virus from
patients after 1-4 months of non-suppressive therapy corre-
lated best with those of PlI-susceptible virus (Table 4). Con-
versely, mutation prevalences in samples from patients with
3647 and >48 months of non-suppressive treatment corre-
lated best with those of viruses with PI resistance scores
of 4-7. For intermediate durations of non-suppressive treat-
ment (5-35 months), mutation prevalence correlated best
with prevalences in viruses with PI resistance scores of 1-3
(Table 4).

Table 4

Correlation of non-suppressive treatment duration with PI resistance score®P

Non-suppressive PI PI resistance score

therapy (months)

RTI only 1-3 PI 4-7PI1
1-4 0.83 0.75 0.59
5-11 0.78 0.85 0.65
12-23 0.68 0.89 0.78
24-35 0.61 0.86 0.77
3647 0.48 0.81 0.84
>48 0.50 0.67 0.92

2 Spearman correlation coefficients were calculated for mutation prevalences
at 46 protease positions in the non-suppressed dataset vs. the mean mutation
prevalence at these positions in the Quest Diagnostics reference laboratory
datasets shown in Table 3, for viruses with RTI resistance only and for resistance
scores of 1-3 and 4-7 Pls.

b Bold, boxed coefficients represent the best correlations for each resistance
score group.
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3.3. Covariation of protease mutations and neighbor
joining clusters

Covariation of protease mutations has been previously
reported (Hoffman et al., 2003; Wu et al., 2003; Kagan et al.,
2004b; Svicher et al., 2005). We performed a clustering anal-
ysis of 44 PI resistance-associated mutations in the reference
laboratory datasets that were also identified in the BC Centre
for Excellence non-suppressive therapy dataset (Table 3) by
calculating the binomial correlation coefficient ¢ for all 946
possible pairs of positions and then constructing unrooted neigh-
bor joining trees based on the pairwise distances (d=1— ¢),
where branch lengths are proportional to the degree of co-
mutation (Fig. 2; data shown for SJC 2005 dataset). A number
of non-established mutations could be placed into clusters with
known PI resistance-associated mutations. The tightest asso-
ciation was between nelfinavir resistance-associated positions
30+88 (SJC: d=0.21; CHA: d=0.23) in a cluster that included
residue 45, followed by the amprenavir resistance-associated
positions 32 +47 (SJC: d=0.36; CHA: d=0.30). A large clus-
ter of resistance-related protease mutations included residues
((54 + 82) + 10) in both the SJC and CHA datasets has also been
described previously (Wu et al., 2003). Mutations at position 55
were associated with position 46 in the cluster ((55 +46) +24)
in both Quest Diagnostics SIC and CHA datasets. An asso-
ciation between K55R and M46I/L has been observed previ-
ously (Morgan et al., 2003). Positions 35 and 36 were the third
most strongly associated pair (SJC: d=0.42; CHA: d=0.43)
and clustered with residues 20 and 62 in both datasets. To
further define the associations between protease positions in
resistant virus, we calculated the correlations between 79 spe-
cific amino acid substitutions and 3036 mutation pairs. Common
substitutions at polymorphic positions (e.g., M46I and M46L)
were analyzed separately (Fig. 3). Substitution-specific asso-
ciations that were not observed when the amino acid infor-
mation was omitted (Fig. 2) included I54M associated with
147V +V32I, an amprenavir resistance-related mutation clus-
ter (Maguire et al., 2002). 154V, in contrast, clustered more
closely with V82A (d=0.57) in a cluster that included 1241
and M46L (Fig. 3). M46I clustered with K55R (d=0.76),
and L76V appeared to cluster with both M46I and K55R
(Fig. 3). Table 5 shows 75/3036 statistically significant posi-
tive mutation associations (FDR=0.01, ¢>0.15) and 9/3036
negative associations (FDR =0.01, ¢ < —0.15; Table 5). Amino
acid substitution-specific associations included V111 + (one or
more of K20I, A71V, G738, 184V, L89V) versus VI11L +TI1S,
L33F + (one or more of E34Q, K43T, M46L, F53L, 154M, K55R,
T74P, V82A, 184V) versus L331+M36I, 154M + 147V + V32]
versus 154V +V82A and I66F +L89V versus 166V + C95F
(Fig. 3 and Table 5). Negative associations between specific
amino acid substitutions (bottom of Table 5) primarily involved
the nelfinavir-related mutations D30N + N88D and L90M, as
reported previously (Sugiura et al., 2002), and were also
noted between D30N and/or N88D and L10I, 154V, V82A,
and 184V. The L241 mutation was also negatively associated
with L90M, in agreement with a previous report (Wu et al.,
2003).
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Fig. 3. Neighbor joining analysis of 79 protease amino acid substitutions at
44 positions in PI-resistant viruses. Covariation was analyzed as described for
Fig. 2, with the addition of the specific amino acid substitutions occurring at
each of the 44 variant positions in PI-resistant virus.
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Table 5

Pairwise correlations between protease amino acid substitutions in Pl-resistant virus®

Pos 1 Pos 2 1) ORP Pos 1 Pos 2 ) ORP
L10F M461 0.17 1.6 E35D M361 0.51 2.0
L10F 184V 0.26 2.1 E35D 162V 0.18 1.3
L101 L1241 0.18 1.9 M36l 162V 0.23 1.3
L10I 154V 0.20 14 K43T T74P 0.17 42
L10I V82A 0.21 1.4 K43T V82A 0.24 2.3
V111 K201 0.19 4.0 K45R N88D 0.18 3.8
V111 A71V 0.15 2.0 M46l 147V 0.20 2.1
V111 G73S 0.17 34 M461 K55R 0.24 2.1
V111 184V 0.17 2.7 M46l L76V 0.21 29
V111 L89V 0.18 5.1 M461 184V 0.19 1.5
VI1IL T91S 0.21 18 M46L 154V 0.20 1.8
113V K20T 0.18 2.0 M46L V82A 0.31 23
113V L33F 0.26 1.7 147V 154M 0.33 6.7
113V N88D 0.18 1.7 G48V T74S 0.16 39
113V L89V 0.21 2.3 G48V V82A 0.21 2.7
K201 M361 0.18 1.8 F53L V82A 0.17 2.0
K201 L89V 0.16 32 154M L89V 0.21 52
K201 LoOM 0.16 1.5 154V K55R 0.15 1.7
K20R E35D 0.40 2.3 154V A71V 0.17 1.3
K20R M361 0.44 2.4 154V V82A 0.43 2.0
K20R 162V 0.16 1.4 154V V82T 0.16 22
K20R V82A 0.18 1.7 QS8E V82A 0.15 1.7
L241 M46L 0.22 34 D60E Q61E 0.18 3.6
L241 154V 0.24 24 166F L89V 0.20 7.8
L241 K55R 0.15 29 166V CI95F 0.31 19
L241 V82A 0.29 2.7 AT1V G73S 0.25 1.8
D30N N88D 0.82 7.1 AT1V V82A 0.20 1.4
V321 L33F 0.17 2.0 I72L G73S 0.19 3.8
V321 M46l 0.22 2.0 G73S LoOM 0.25 1.6
V321 147v 0.63 8.5 P79D T91A 0.16 32
V321 154M 0.26 4.6 184V T91S 0.18 32
V321 166F 0.18 53 LIOM 193L 0.17 1.2
V321 L89V 0.16 3.1

L33F E34Q 0.21 3.1

L33F K43T 0.20 24 L10I D30N —0.18 0.34
L33F M46L 0.17 1.9 L101 N88D —0.16 0.43
L33F F53L 0.16 22 L241 LoOM —0.29 <0.012°¢
L33F 154M 0.22 29 D30N 154V —0.17 0.29
L33F K55R 0.18 2.1 D30N V82A —0.19 0.19
L33F T74P 0.19 2.9 D30N 184V —0.17 0.13
L33F V82A 0.29 1.9 D30N LoOM —0.31 0.24
L33F 184V 0.18 1.6 V82A N88D —0.17 0.30
L331 M361 0.18 2.4 N88D LoOM —0.23 0.47

4 A total of 3036 specific amino acid substitutions at 44 protease positions in 2436 PI-resistant viral sequences from the Quest Diagnostics Nichols Institute, San
Juan Capistrano, reference laboratory in 2005 were analyzed for pairwise associations by calculating the binomial correlation coefficient, ¢. The top 75 significant
positions (x? analysis with an FDR =0.01 to correct for 3036 comparisons) and —0.15 < ¢ <0.15 are shown. Negative associations between mutations are shown in

the lower right-hand part of the table.

b OR: odds ratio between the frequency of occurrence of the respective mutation in viruses with a mutation score >0 and antiretroviral-sensitive viruses.
¢ No cases of L24I occurred together with L9OM in the 2005 dataset; therefore the OR is estimated for the detection of a single case of L241 + LOOM.

4. Discussion

In this work, we analyzed HIV-1 subtype B protease
sequences in two independent reference laboratory datasets over
two time periods, 2002-2003 and 2004-2005. The overall num-
ber of protease positions associated with PI resistance was found
to be between 39 and 44 and was not dependent on the time
period or the laboratory. These values fall within a proposed
upper limit of protease variation in treated patients of approxi-
mately 55% of the protein (Ceccerini-Silberstein et al., 2004).
The prevalence of mutations at 20 protease positions not used for

genotypic predictions of PI resistance was generally low when
compared to established mutations, but increased for higher PI
resistance scores and for eight positions, a different amino acid
substitution bias was seen in viruses with predicted PI resistance
compared to PI-sensitive viruses. These data suggest that these
mutations are selected in PI-resistant virus and may contribute
to resistance or play a compensatory role.

Recent studies of several hundred to a few thousand PI-treated
and Pl-naive patients have identified mutations at 17-22 posi-
tions not considered as established resistance-associated posi-
tions at the time (Wu et al., 2003; Ceccherini-Silberstein et al.,
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2004; Rhee et al., 2005; Svicher et al., 2005). In this study we
applied rules-based genotypic predictions to stratify large refer-
ence laboratory datasets according to the presence or absence of
predicted PI resistance. Eighteen of 20 non-established protease
positions identified by our approach were also previously identi-
fied in treatment-association studies cited above. The cumulative
prevalence of mutations at these positions was highest in viruses
with a PI resistance score of 4-7, suggesting that they are more
prevalent in heavily PI-experienced patients.

The mutation prevalence at both established and non-
established positions also increased with the duration of non-
suppressive PI therapy. Emerging mutations that become more
prevalent with increased duration of non-suppressive PI ther-
apy may have a compensatory role that, over time, improves
the fitness of the viral protease in the face of continued selec-
tive pressure from protease inhibitors (Resch et al., 2005). In
some cases, novel mutations may take on new roles and con-
tribute to the loss of susceptibility to newly introduced PIs. For
example, I13V + L33F has been associated with tipranavir resis-
tance (Doyon et al., 2005) and may be expected to increase in
frequency once the use of this PI becomes more widespread.
Indeed, the latest IAS-USA chart (October—November, 2005;
Johnson et al., 2005b) has categorized several of the non-
established mutations identified in the reference laboratory
databases or the non-suppressed cohort as associated with resis-
tance to the new PIs atazanavir (85 and 93) or tipranavir (13, 16,
35,43, 58 and 74).

The L76V mutation, which has become more prevalent in
the reference laboratory datasets in patients with a PI resistance
index of 4-7, was rarely seen in the non-suppressed dataset.
This mutation has been reported to be selected by lopinavir
(LPV/r) during therapy failure of salvage therapy and was very
uncommon in clinical datasets prior to 2001 when lopinavir
was introduced into clinical use (Mueller et al., 2004). Ther-
apy data was not available for the reference laboratory data,
thus we could not assess whether the lower prevalence of L76V
in the non-supressed dataset may reflect differing patterns of
lopinavir usage. In general, however, the mutation prevalence
in patients with the longest duration of non-suppressive therapy
(=48 months) correlated with the prevalence in patients with
the highest PI resistance scores (4—7) in the reference laboratory
datasets. Continuation of PI regimens without viral suppression,
therefore, is likely to lead to the continued accumulation of pro-
tease mutations.

To further elucidate the possible roles of the non-established
mutations reported in the reference laboratory datasets and the
BC Centre clinical dataset, we analyzed the co-mutation rates
and clustering between 44 protease positions identified in the
non-suppressed patients without or with the consideration of
specific amino acid substitutions. Other approaches, including
mutual information (Hoffman et al., 2003) and binomial corre-
lations, have been used to detect mutation covariation (Wu et
al., 2003; Rhee et al., 2005; Svicher et al., 2005). We expanded
on this approach by adding neighbor joining analysis to better
group the mutations into clusters. Neighbor joining cluster anal-
ysis typically employs a distance table derived from a nucleotide
or protein sequence alignment, in which each sequence is a tax-

onomic unit (Saitou and Nei, 1987). A neighbor joining analysis
of the 2436 PI-resistant sequences in the SJC 2005 dataset would
require 2 965 830 calculated distances between sequence pairs;
such an analysis would be computationally intensive and the
resulting dendrogram (with 2436 nodes) would be difficult to
visualize. Rather than consider each sequence individually, we
employed a variation of this approach by treating the protease
positions of interest as taxonomic units, and utilized binomial
correlations between the positions to measure distances. Thus,
for 44 positions, only 946 distance calculations were necessary
and the cluster relationships between these positions could be
visualized in a dendrogram with 44 nodes (or 79 nodes when
specific amino acid substitutions were taken into consideration).
In earlier work (Kagan et al., 2004b) we showed that another
distance-based method, the Fitch-Margoliash tree-building algo-
rithm (Fitch and Margoliash, 1967), could be applied to these
data to yield similar results; however, this method is much more
computationally intensive. The co-mutation associations and
clusters described in our reference laboratory datasets closely
matched those uncovered in treatment association studies. The
strongest associations were between D30N + N88D (nelfinavir
resistance) and 147V + V32l (amprenavir resistance). A num-
ber of non-established mutations also showed evidence of co-
mutation, such as 166V + C95F and I66F + L89V. We also con-
firmed a number of negative associations between specific pairs
of mutations including D30N+L90M and L24I1+L90M. In
patients failing nelfinavir therapy, the D30N and L90M muta-
tions rarely appear together on the same viral clone and the
D30N + L90M double mutant is severely impaired (Sugiura et
al., 2002). In clinical datasets, the low prevalence of this dou-
ble mutant likely reflects that individuals tend to switch from
failing regimens based on nelfinavir alone. In the BC Centre
dataset described here, only one patient remained on nelfinavir
after 48 months of non-suppressive therapy. The lower replica-
tive capacity of the D30N mutant (Martinez-Picado et al., 1999;
Devereux et al., 2001) would likely promote the disappear-
ance of D30N in this highly treatment-experienced group. The
structural basis for the apparent antagonism between L.241 and
L90M is not known. However, in the crystal structure of HIV-1
protease bound to saquinavir, there are van der Waals interac-
tions between the side chain of L90 and L24 and D25, and the
L90M mutation appears to cause a repositioning of residues
24-29 (Hong et al., 2000). The L24] mutation may introduce
further structural perturbations within this context and further
investigation will be required to better understand these interac-
tions.

The underlying structural basis for co-variation of some pro-
tease mutations has been described in detail (Wu et al., 2003;
Rhee et al., 2005; Svicher et al., 2005). For example, posi-
tively associated positions 46 and 55 are both flap residues
positioned only 3.8 A apart, as are negatively associated posi-
tions 24 and 90 (Wu et al., 2003). Likewise, the N88D and
K45R mutations may create favorable charge interactions in the
D30N nelfinavir-resistant mutant, thus playing a compensatory
role (Svicher et al., 2005). Further biochemical and structural
analysis will be needed to understand many more of these inter-
actions.
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5. Conclusions

In summary, we have utilized large reference laboratory
datasets to identify non-established PI resistance-associated
mutations and correlated increases in mutational prevalence and
PI resistance scores with longer durations of non-suppressive PI
therapy. Large reference laboratory datasets, although lacking
specific PI treatment histories, can corroborate results derived
from studies with available treatment histories. Genotypically-
based PI resistance scores may also serve as a useful marker
for non-suppressive PI treatment duration. We have also pre-
sented a novel adaptation of neighbor joining trees to represent
mutational covariation and clustering in large datasets. These
techniques contribute to the continued surveillance of resistance-
associated mutation patterns and refinement of resistance pre-
diction algorithms as new data on the contributions of these
mutations to resistance become available.
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