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Rupintrivir (formerly AG7088) is an irreversible inhibitor of the human rhinovirus (HRV) 3C protease
that has been demonstrated to have in vitro activity against all HRVs tested, consistent with its interaction
with a strictly conserved subset of amino acids in the 3C protease. The potential for resistance was studied
following in vitro serial passage of HRV serotypes 14, 2, 39, and Hanks in the presence of increasing
rupintrivir concentrations. HRV variants with reduced susceptibilities to rupintrivir (sevenfold for HRV
14) or with no significant reductions in susceptibility but genotypic changes (HRV 2, 39, and Hanks) were
initially isolated following 14 to 40 cumulative days in culture (three to six passages). Sequence analysis
of the 3C protease identified one to three substitutions in diverse patterns but with common features
(T129T/A, T131T/A, and T143P/S in HRV 14; N165T in HRV 2; N130N/K and L136L/F in HRV 39; T130A
in HRV Hanks). Notably, three of the four HRV variants contained a substitution at residue 130 (residue
129 in HRV 14). Continued selection in the presence of escalating concentrations of rupintrivir (40 to 72
days) resulted in the accumulation of additional mutations (A121A/V and Y139Y/H in HRV 14, E3E/G and
A103A/V in HRV 2, S105T in HRV 39), with only minimal further reductions in susceptibility (up to
fivefold). The ability of specific substitutions to confer resistance was examined by susceptibility testing
of HRV 14 variants constructed to contain 3C protease mutations. In summary, the slow accumulation of
multiple amino acid substitutions with only minimal to moderate reductions in susceptibility highlight the
advantages of 3C protease as an antiviral target.

Human rhinoviruses (HRVs), which are members of the
family Picornaviridae, comprise over 100 different serotypes
and are the predominant cause of the common cold. Although
HRV infections are generally mild and self-limiting, they can
also be associated with more serious illnesses, specifically, ex-
acerbation of disease in individuals with underlying respiratory
disorders (1, 2, 3, 5, 6, 18, 26, 29). Although no effective
antiviral therapies have been approved for the treatment of
HRV infections, chemotherapeutic approaches that utilize an-
tiviral agents directed toward viral attachment, capsid uncoat-
ing, and 3C protease have been well studied (reviewed in
reference 22). Our research efforts have focused on the inhi-
bition of the picornavirus 3C protease, an enzyme absolutely
required for viral replication (15, 21).

Rupintrivir (formerly AG7088) is a novel, irreversible in-
hibitor of 3C protease that was discovered by using struc-
ture-based drug design methodologies and was formulated
for intranasal delivery in human clinical trials (8–11, 13, 19).
Parallel efforts to identify a 3C protease inhibitor that was
orally bioavailable led to the discovery of compound 1 (7,
24). Similar to rupintrivir, compound 1 is an irreversible
inhibitor that incorporates a Michael acceptor moiety that
forms a covalent bond with the 3C protease active-site cys-
teine (7). In vitro, both compounds have demonstrated po-
tent and broad-spectrum activities against all HRV sero-
types, HRV clinical isolates, and enteroviruses tested (4, 14,

23, 24). Clinical studies subsequently showed that rupintrivir
treatment was able to moderate the severity of illness and
reduce the viral load in a human experimental HRV chal-
lenge trial (13), thus providing a proof of concept for the
mechanism of 3C protease inhibition. In subsequent natural
infection studies, rupintrivir was not able to significantly
affect virus replication or disease severity, and the further
clinical development of rupintrivir, along with that of com-
pound 1, was terminated (unpublished data).

Previous crystallographic studies of rupintrivir bound to
the HRV serotype 2 3C protease identified an extensive set
of interactions, including close binding between the inhibi-
tor and side chains of 14 amino acids of 3C protease (19).
Recently, sequence analyses of 3C proteases from 38 HRV
serotypes and clinical isolates demonstrated the complete
conservation of 13 of these 14 amino acids (4, 19, 20). This
finding is consistent with the broad-spectrum activity dem-
onstrated by rupintrivir against all laboratory strains of
HRV (48 of 48) and clinical HRV isolates (23 of 23) tested
to date (14, 23).

As an extension of these studies, we investigated the po-
tential for the development of resistance by performing in
vitro serial passage of HRV serotypes 14, 2, 39, and Hanks
in the presence of increasing concentrations of rupintrivir.
HRV variants emerged slowly during serial passage, con-
tained multiple mutations in diverse patterns but with com-
mon features, and in general were associated with only min-
imal to moderate reductions in susceptibility. Our data,
which describe a high genetic barrier to resistance for rupin-
trivir, are discussed in the context of known rupintrivir bind-
ing interactions with 3C protease.
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MATERIALS AND METHODS

Compound. Rupintrivir was synthesized at Pfizer Global Research and Devel-
opment, San Diego, CA (8).

Cells and virus strains. HRV serotypes 2, 14, and 39 were purchased from the
American Type Culture Collection (ATCC; Manassas, VA). HRV serotype
Hanks was kindly provided Ronald B. Turner (Department of Pediatrics, Uni-
versity of Virginia School of Medicine, Charlottesville). All HRV strains were
propagated in and antiviral assays were performed with H1-HeLa cells (ATCC)
incubated at 34°C. The cells were grown in minimal essential medium (Invitro-
gen, Carlsbad, CA) with 10% fetal bovine serum (HyClone, Logan, UT).

Isolation of HRV variants in the presence of increasing compound concen-
trations. H1-HeLa cells were initially infected with HRV 14, 2, 39, or Hanks at
a multiplicity of infection (MOI) of 0.1 in the presence of up to 3.5 times the 50%
effective concentration (EC50) of rupintrivir. Supernatants were collected when
the cytopathic effect (CPE) reached at least 50%. Subsequent infections were
conducted by infecting fresh cells with 0.2 to 0.5 ml of supernatant from infected
cell cultures in one- to threefold higher concentrations of rupintrivir and were
monitored for the progression of the CPE. All supernatants were cleared of
cellular debris by low-speed centrifugation and were stored at �80°C for subse-
quent analysis of HRV RNA and antiviral susceptibility.

DNA sequence analysis of 3C protease. RNA was purified from cell-free HRV
lysates by silica-based extraction by the RNeasy method (Qiagen, Valencia, CA),
and then cDNA was synthesized from the viral RNA by using a First Strand
synthesis kit (Amersham Pharmacia Biotech, Inc., Piscataway, NJ) and random
nanomers. For each strain, the target region (corresponding to bases 5116 to
5827 in HRV 89) was amplified by PCR with Taq 2000 polymerase (Stratagene,
San Diego, CA). The 3C protease nucleotide sequences from HRV 14, 2, 39,
Hanks, and their respective variants were determined by sequencing of the PCR
products. Clonal analysis was performed with late-stage passages of each virus.
The PCR amplicons for clonal analysis were subcloned into pGEM-T Easy
vectors (Promega, Madison, WI) and sequenced by using primers T7 and SP6.
The PCR primers used have been described previously (4) and were specific for
the corresponding HRV type. The DNA sequences were analyzed, the relevant
regions were translated, and alignments were generated by using DNASTAR
analysis software (DNASTAR Inc., Madison, WI). The reference peptide se-
quences for HRV 2 wild-type (WT) (X02316 [30]) and HRV 14 WT (K02121
[31]) were from GenBank, and the peptide sequences for HRV 39 WT and HRV
Hanks WT were reported previously (4).

Construction of recombinant HRV variants. A series of transcription vectors
encoding the full-length HRV 14 cDNA were created by site-directed mutagenesis
by using the Quick Change mutagenesis kit (Stratagene, San Diego, CA), according
to the manufacturer’s directions, and complementary primers. The transcription
vector template, pET24/HRV 14, encodes the full-length HRV 14 cDNA and is
driven by a T7 promoter. The following primers and their exact complements were

used: for variant T129A, primer 5�-GACTTATTAATTTGAGTAGCGCCCCCAC
TAACAGAATGATTC-3�; for variant T131A, primer 5�-GAGTAGCACCCCCG
CTAACAGAATGATTCGTTATG-3�; for variant T143P, primer 5�-CGTTATGA
TTATGCAACAAAACCTGGGCAGTGTGGAGGTGTG-3�; for variant Y139H,
primer 5�-CGTTATGATCATGCAACAAAAACTGGGCAGTGTGG-3�; for variant
T129A/T131A/T143P, primer 5�-GACTTATTAATTTGAGTAGCACCCCCACTAA
CAGAAT GATTC-3� with variant T143P used as the template; and for variant T129A/
T131A/Y139H/T143P, primer 5�-CGTTATGATCATGCAACAAAACCTGGGCAG
TGTGG-3�, with variant T129A/T131A/T143P used as the template.

The coordinates for the primer locations in reference to the sequence of HRV
14 for the HRV resistance-associated mutations are 5604 to 5645 (T129A), 5617
to 5651 (T131A), 5645 to 5686 (T143P), 5645 to 5679 (Y139H), 5604 to 5645
(T129A/T131A/T143P), and 5645 to 5679 (T129A/T131A/Y139H/T143P). Viral
RNA was subsequently transcribed by using a MEGAscript transcription kit
(Ambion, Austin, TX) and was transfected into subconfluent H1-HeLa cells by
using lipofectamine (Invitrogen, Carlsbad, CA), and the supernatants were har-
vested after a visible CPE was observed.

Susceptibility assays. Reductions in susceptibility to rupintrivir were deter-
mined in standard CPE inhibition assays by using the 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT) dye
reduction method (28, 32) or in modified CPE inhibition assays (14, 33). In the
standard CPE assay, H1-HeLa cells were initially suspended at a final concen-
tration of 2 � 105 cells per ml and infected with virus at MOIs of 0.08, 0.1, 0.1,
and 0.2 for HRV 14, HRV 2, HRV 39, and HRV Hanks, respectively. Three days
(HRV 14, HRV 2, and HRV 39) or 4 days (HRV Hanks) later, XTT and
phenazine methosulfate (PMS) were added to the test plates and the amount of
formazan produced was quantified spectrophotometrically at 450 nm, with ad-
justment for the background at 650 nm. Data are expressed as the percentage of
formazan produced in compound-treated cells compared to the amount of form-
azan produced in wells of uninfected, compound-free cells. The EC50 was cal-
culated as the concentration of compound that increased the percentage of
formazan production in infected, compound-treated cells to 50% of that pro-
duced by uninfected, compound-free cells. In the modified CPE assay, H1-HeLa
cells were incubated with six serial 10-fold dilutions of HRV in quadruplicate to
determine a 50% tissue culture infectious dose (TCID50) and in parallel at three
10-fold virus dilutions in the presence of compound. The EC50 values were
determined by utilizing the inoculum dilution for which the calculated
TCID50/ml ranged between 32 and 320. XTT and PMS were added to the test
plates, and the EC50 values were calculated as described above.

Statistical analysis. Antiviral susceptibility data were assessed for significant
differences between HRV variants and WT HRV by determining the probability
associated with the Student’s t test for two-tailed, equal-variance analyses. P
values were deemed significant for data sets with P values of �0.05.

TABLE 1. In vitro serial passage of HRV 14 in the presence of rupintrivir

Passage historya

Phenotypeb as EC50
(nM [fold change]) Genotypec as amino acid substitutionsPassage

no.
No. of days
(cumulative)

�Fold EC50
(concn [nM])

WT 0 0 21 � 11 —
1 6 3.5 (70) ND —
2 11 3.5 (70) ND —
3 14 5 (100) 152 � 108 (7)d T129T/A, T131T/A, T143P/S
4 17 10 (200 227 � 124 (11)d T129A, T131T/A, T143P
5 22 20 (400) 96 � 16 (5)d T129A, T131T/A, T143P
6 27 20 (400) ND T129A, T131T/A, T143P
7 33 30 (600) ND T129A, T131T/A, T143P
8 40 40 (800) ND T129A, T131T/A, T143P
9 48 60 (1,200) ND T129A, T131A, T143P, Y139Y/H
10 55 90 (1,800) 324 � 170 (15)d T129A, T131A, T143P, Y139Y/H
11 65 90 (1,800) 335 � 60 (16)d A121A/V, T129A, T131A, T143P, Y139Y/H
12 72 90 (1,800) 414 � 92 (20)d A121A/V, T129A, T131A, N132S, Y139Y/H, T143P

a HRV 14 was serially passaged for the indicated number of times (passage number) or days in the presence of increasing concentrations of rupintrivir, as indicated.
b The results represent the means � the standard deviations from three or more experiments, as determined by CPE assays as described in Materials and Methods.

ND, not determined. Values in parentheses (fold change) represent the ratio of the EC50 value obtained for mutant HRV compared to the EC50 value obtained for
WT HRV 14.

c All amino acid substitutions in the 3C protease-coding region relative to an HRV 14 reference sequence are reported. —, no change relative to the reference
sequence.

d P � 0.05 by comparison of antiviral susceptibility data between the indicated HRV variants and WT HRV.
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RESULTS

In vitro selection of HRV variants with reduced susceptibil-
ities to rupintrivir. HRV variants were selecting by serial pas-
saging WT HRV 14, 2, 39, and Hanks in the presence of
increasing concentrations of rupintrivir (e.g., up to 3- to 90-fold
above the WT EC50, which consisted of rupintrivir concentra-
tions of 60 to 1,800 nM, respectively). HRV 2 and HRV 14 are
representative of genetic subgroups A and B, respectively (4),
and HRV 39 and Hanks are virus serotypes commonly used in
experimental HRV infection models (13). The HRV variants
were subsequently evaluated for phenotypic and genotypic
changes (Tables 1 to 5; Fig. 1.) HRV 2 and HRV 14 were also
passaged in parallel in the absence of compound as controls.

An HRV 14 variant with reduced susceptibility to rupintrivir
was initially identified at passage 3 (p3) following 14 cumula-
tive days in culture (Table 1). Genotypic analysis of HRV 14 at
p3 demonstrated three amino acid substitutions of T129T/A,
T131T/A, and T143P/S. Phenotypic analysis demonstrated a
moderate reduction in susceptibility (sevenfold) to rupintrivir
(Table 1) with no significant reduction in susceptibility to ple-

conaril, an inhibitor of capsid binding/uncoating (data not
shown). Subsequent passage in the presence of increasing con-
centrations of rupintrivir for periods up to 72 days led to the
selection of HRV 14 variants characterized by the sequential
accumulation of three additional substitutions of Y139Y/H,
A121A/V, and N132S, but with only a 3-fold greater reduction
in susceptibility compared to that of HRV 14 at p3 (20- and
7-fold changes for the HRV 14 variant at p12 and p3, respec-
tively). In parallel experiments, no amino acid substitutions
developed in an HRV 14 WT strain passaged in the absence of
compound for 12 passages over 48 days (data not shown).

To relate the specific amino acid changes observed to rupin-
trivir resistance, we performed susceptibility assays with HRV
14 variants constructed to contain HRV 14-specific amino acid
substitutions in the 3C protease (Table 2). No reduction in
susceptibility was observed for any HRV 14 variant containing
only a single amino acid substitution (T129A, T131A, T143P,
or Y139H). In contrast, 7- to 16-fold reductions were observed
for an HRV 14 variant containing all four mutations. No re-
ductions in susceptibility to the control compound, pleconaril,
were observed for any HRV 14 variant tested (data not
shown). Although variants were not constructed to contain
specific combinations of double and triple mutations, on the
basis of the results of the linkage experiments described below,
it can be presumed that the reductions in susceptibilities de-
scribed for isolated HRV variants in Table 1 should approxi-
mate the levels of reductions for the HRV variants con-
structed.

HRV 14 at p11 was further evaluated by clonal analysis to
identify the linkage of specific amino acids on single RNA
genomes (Fig. 1). The results indicated that mutations ap-
peared on the same RNA molecule. Specifically, six of six
clones possessed the T129A, T131A, Y139H, and T143P sub-
stitutions; four of six of the clones also had the A121V substi-
tution, and three of those four clones had the N132S substitu-
tion that was detected in HRV 14 at p12 (Table 1).

HRV 2 variants with genotypic changes in the 3C protease
but with no significant reduction in susceptibility to rupintrivir

TABLE 2. In vitro susceptibilities of HRV 14 variants
to rupintrivira

HRV 14 variant
Phenotype

EC50 (nM)b Fold changec

WT 52, 17
T129A 46, 14 1, 1
T131A 32, 14 1, 1
Y139H 14, 18 1, 1
T143P 36, 15 1, 1
T129A/T131A/Y139H/T143P 359, 268 7, 16

a HRV 14 WT cDNA was subjected to site-directed mutagenesis to generate
a panel of HRV 14 variants with rupintrivir resistance-associated amino acid
substitutions, as described in Material and Methods.

b The results represent individual values from two independent assays. EC50
values were determined by CPE assays, as described in Materials and Methods.

c The fold change represents the ratio of the EC50 value obtained for mutant
HRV compared to the EC50 value obtained for WT HRV 14.

TABLE 3. In vitro serial passage of HRV 2 in the presence of rupintrivir

Passage historya

Phenotypeb as EC50
(nM [fold change])

Genotypec as amino acid
substitution(s)Passage

no.
No. of days
(cumulative)

�Fold EC50
(concn [nM])

WT 0 0 30 � 9 —
1 6 1 (30) ND —
2 10 1 (30) ND —
3 17 3 (100) 50, 34 (2, 1) —
4 24 5 (150) 44, 46 (2, 2) N165T
5 30 5 (150) 57 � 24 (2) N165T
6 37 5 (150) 67 (2) N165T
7 45 5 (150) ND A103A/V, N165T
8 52 15 (450) ND A103A/V, N165T
9 62 15 (450) 140 � 63 (5)d E3E/G, A103A/V, N165T
10 66 15 (450) ND E3E/G, A103A/V, N165T

a HRV 2 was serially passaged for the indicated number of times (passage number) or days in the presence of increasing concentrations of rupintrivir, as indicated.
b The results represent the means � the standard deviations from three or more experiments or individual values from independent experiments, as determined by

CPE assays as described in Materials and Methods. ND, not determined. Values in parentheses (fold change) represent the ratio of the EC50 value obtained for mutant
HRV compared to the EC50 value obtained for WT HRV 2.

c All amino acid substitutions in the 3C protease-coding region relative to an HRV 2 reference sequence are reported. —, no change relative to the reference
sequence.

d P � 0.05 by comparison of antiviral susceptibility data between the indicated HRV variant and WT HRV.
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were initially identified at p4 (24 cumulative days in culture)
(Table 3). Genotype analysis revealed the presence of one
amino acid substitution, N165T. Similar to HRV 14, subse-
quent passage in the presence of increasing concentrations of
rupintrivir for periods of up to 66 days led to the selection of
HRV 2 variants with two additional substitutions of E3E/G
and A103A/V but only a fivefold (HRV 2 p9) reduction in
susceptibility to rupintrivir compared to that of the WT (Table
3). Clonal analysis of HRV 2 at p9 showed that six of six clones
contained the N165T substitution and that two of six clones
had either A103V or E3G but not both (Fig. 1). One of two
clones with A103V also contained a change not detected by
population sequencing, e.g., T132M. As with HRV 14, no
amino acid substitutions were detected in an HRV 2 WT strain
passaged in parallel in the absence of compound for 12 pas-
sages over 53 days (data not shown).

HRV 39 variants containing genotypic changes in the 3C
protease were initially isolated at p4 following 24 cumulative
days in culture (Table 4). Genotype analyses revealed two
amino acid substitutions of N130N/K and L136L/F that con-
ferred a threefold reduction in susceptibility to rupintrivir
(HRV 39 at p5). Subsequent passage in the presence of in-
creasing concentrations of rupintrivir for periods up to 50 days

led to the selection of an HRV 39 variant with one additional
substitution of S105T but with no further reduction in suscep-
tibility to rupintrivir (fourfold for HRV 39 at p9). HRV 39
replicated poorly in the presence of increasing concentrations
of rupintrivir, with the recovery of replication-competent virus
possible only at concentrations of rupintrivir less than sixfold
above the WT EC50 (150 nM) (Table 4). Clonal analysis of
HRV 39 at p9 confirmed that six of six clones had S105T,
N130K, and L136F (Fig. 1). Additional substitutions not de-
tected by population-based sequencing included Y138H in one
of six clones and F25L and Q183R in one of six clones.

HRV Hanks variants with genotypic changes (T130A) in the
3C protease but with no significant reduction in susceptibility
to rupintrivir were initially identified at p6 (40 cumulative days
in culture) (Table 5). Similar to HRV 39, HRV Hanks repli-
cated poorly in the presence of escalating concentrations of
compound; isolation of virus in the presence of concentrations
of rupintrivir greater than threefold above the WT EC50 (60
nM) could not be achieved at up to nine passages during 59
days of continued culture. Clonal analysis of the HRV Hanks
variant at p9 demonstrated a T130A substitution in six of six
clones and a S9P or D118G substitution in one of six clones
(Fig. 1).

TABLE 4. In vitro serial passage of HRV 39 in the presence of rupintrivir

Passage historya

Phenotypeb as EC50
(nM [fold change])

Genotypec as amino
acid substitutionsPassage

no.
No. of days
(cumulative)

�Fold EC50
(concn [nM])

WT 0 0 24 � 5 —
1 7 3 (74) ND —
2 12 4 (100) ND —
3 14 6 (150) ND —
4 24 6 (150) ND N130N/K, L136L/F
5 29 6 (150) 83 � 18 (3)d N130N/K, L136L/F
6 33 6 (150) ND S105S/T, N130K, L136F
9 50 6 (150) 94 � 13 (4)d S105T, N130K, L136F

a HRV 39 was serially passaged for the indicated number of times (passage number) or days in the presence of increasing concentrations of rupintrivir, as indicated.
b The results represent the means � the standard deviations from three or more experiments, as determined by CPE assays as described in Materials and Methods.

ND, not determined. Values in parentheses (fold change) represent the ratio of the EC50 value obtained for mutant HRV compared to the EC50 value obtained for
WT HRV 39.

c All amino acid substitutions in the 3C protease-coding region relative to an HRV 39 reference sequence are reported. —, no change relative to the reference
sequence.

d P � 0.05 by comparison of antiviral susceptibility data between the indicated HRV variants and WT HRV.

TABLE 5. In vitro serial passage of HRV Hanks in the presence of rupintrivir

Passage historya

Phenotypeb as EC50
(nM [fold change])

Genotypec as amino
acid substitutionPassage

no.
No. of days
(cumulative)

�Fold EC50
(concn [nM])

WT 0 0 19 � 9 —
1 7 1 (26) ND —
2 17 2 (40) ND —
3 35 2 (40) ND —
6 40 3 (60) 51 � 27 (3) T130A
9 59 3 (60) ND T130A

a HRV Hanks was serially passaged for the indicated number of times (passage number) or days in the presence of increasing concentrations of rupintrivir, as
indicated.

b The results represent the means � the standard deviations from three or more experiments or individual values from independent experiments. ND, not
determined. EC50 and EC90 values were determined by modified CPE assays, as described in Materials and Methods, or by plaque reduction assay. Values in
parentheses (fold change) represent the ratio of the EC50 or the EC90 of passaged virus to the EC50 or the EC90 of WT HRV.

c All amino acid substitutions in the 3C protease-coding region relative to an HRV Hanks reference sequence are reported. —, no change relative to the reference
sequence.
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Stability of genotypic changes and viral fitness. To evaluate
the stability of the genotypic changes associated with reduced
susceptibility to rupintrivir, variants of HRV 14 at p11 and
HRV 2 at p9 were propagated in the absence of compound for
eight passages for 41 to 43 days. Sequence analysis of HRV 14
at p11 after eight passages without compound revealed no

changes from the sequence of HRV 14 at p11 (genotype
A121A/V, T129A, T131A, Y139Y/H, T143P; data not shown),
suggesting that these mutations did not significantly affect the
overall fitness of HRV 14. This finding is consistent with those
of in vitro studies that evaluated the ability of an earlier HRV
variant that contained three mutations (HRV 14 at p5) to

FIG. 1. Deduced amino acid sequence of 3C proteases from clones of HRV 14 (A), HRV 2 (B), HRV 39 (C), and HRV Hanks (D) isolated
following 11, 9, 9, and 9 passages, respectively. Dots indicate no change from the sequence of the HRV WT.

4370 BINFORD ET AL. ANTIMICROB. AGENTS CHEMOTHER.



produce a CPE. In these experiments, HRV 14 WT and HRV
14 at p5 exhibited the same percentage of cell killing (90.2 and
88.2%, respectively) 3 days following infection at an MOI of
0.02 (data not shown).

Sequence analysis of HRV 2 at p9 after eight passages with-
out compound revealed two alterations compared to the se-
quence of HRV 2 at p9 (the genotype E3E/G, A103A/V,
N165T became E3G, A103A, N165T; data not shown). The
reversion of V/A103 to the WT (A103) suggests that A103 is
the preferable amino acid and may be associated with en-
hanced fitness.

DISCUSSION

In this study, we performed in vitro serial passage studies
with four different HRV serotypes to identify the phenotypic
and genotypic changes that confer resistance to rupintrivir.
The pathways for HRV resistance were characterized by the
sequential accumulation of multiple mutations in diverse pat-
terns. In general, these mutations were associated with only
minimal to moderate reductions in susceptibility (fivefold or
less for HRV 2, 39, and Hanks up to 62 days; sevenfold for
HRV 14 up to 14 days). Subsequent serial passage of the HRV
14 variant for 72 days resulted in the accumulation of three
additional mutations which conferred less than a threefold
additional decrease in susceptibility to rupintrivir. Further-
more, the difficulties in increasing the selective pressure for
two of the four virus strains (e.g., HRV Hanks and 39 repli-
cated poorly or not at all in the presence of concentrations of
rupintrivir greater than three- and sixfold above the EC50,
respectively) imply that additional mutations necessary for sub-
sequent virus replication are poorly tolerated. The general
requirement for an accumulation of multiple substitutions over
extended periods of time to achieve only moderate reductions
in susceptibility suggests that there is a high genetic barrier to
the development of resistance within the 3C protease for
rupintrivir. Although the clinical relevance of these changes
are not known, it is noteworthy that the time taken to generate
initial HRV variants (14 to 40 days) exceeds the therapeutic
dosing interval that would be anticipated for the treatment of
acute HRV-induced illness (�7 days).

Although sequence analysis detected different genotypic
patterns for each virus studied, the crystal structure of rupin-
trivir with HRV 2 that has been solved (19) provides important
insights into the in vitro resistance profiles and highlights the
common features among the different HRV serotypes de-
scribed in this study. That study (19) described the interaction
of rupintrivir with 23 different amino acid residues located in
the substrate (inhibitor) binding pocket of the HRV 2 3C
protease. Nine of the 23 amino acids interact with rupintrivir
via the polypeptide backbone (including amino acid residues
22, 23, 24, 126, 143, 144, 145, 146, and 162). Substitutions at
these amino acids would not be predicted to have significant
effects on overall rupintrivir binding. In this regard, only one of
the substitutions involved in the main chain interactions was
selected in this study (e.g., T143P in HRV 14, corresponding to
amino acid residue 144 in HRV 2). This is also consistent with
data that showed no significant reductions in susceptibility to
an HRV 14 variant constructed to contain the 143P change.

Fourteen of the 23 amino acid residues of the 3C protease

involved in rupintrivir binding interact via their side chains
(including 25, 40, 71, 125, 127, 128, 130, 142, 147, 161, 163, 164,
165, and 170). Presumably, amino acid substitutions at these
residues would be predicted to have a greater potential impact
on 3C protease-rupintrivir binding. Sequence analysis of the
3C proteases from 38 HRV serotypes and clinical isolates
revealed that 13 of 14 amino acids with side chain interactions
with rupintrivir are strictly conserved, further highlighting the
significance of this subset of amino acids (4, 19, 20). In this
regard, substitutions at two of these amino acid residues were
identified during this study. Specifically, a substitution at resi-
due 130 (T129A in HRV 14) occurred in three of the four
HRVs studied (HRVs 14, 39, and Hanks), and a substitution at
residue 165 occurred in one of the four HRVs studied (HRV
2). These mutations did not appear to be dictated by the HRV
genetic subgroup, as shown by the presence of the change at
residue 130 for both subgroup A (HRV 39, HRV Hanks) and
subgroup B (HRV 14) serotypes and a change at residue 165
for a subgroup A serotype (HRV 2). Furthermore, the occur-
rence of one or the other but not both of these substitutions
suggests that they may potentially be exclusive of each other.
Analysis of resistance with a greater number of HRV serotypes
would be required to investigate this relationship. Notably,
neither change alone resulted in a significant reduction in
susceptibility to rupintrivir. This could be explained by preser-
vation of the binding interactions that occur with other amino
acid residues located in the same substrate binding pockets.
Specifically, residue 130 is located in the S2 pocket along with
H40, E71, L127, and S128; and residue N165 resides in the S4
pocket along with I125, L126 or N126, L127, S128, G164, and
F170 (19). Interestingly, the only 3C protease amino acid res-
idue with side chain interactions with rupintrivir that is not
absolutely conserved was 130 (4). Data from our study identi-
fying this as a common substitution for three of the four strains
implies that HRV variants may be more tolerant of substitu-
tions at this residue. This is also consistent with data that show
that changes can occur at this residue with little overall effect
on susceptibility and broad-spectrum activity (4).

Other mutations that have not been described as having
either main or side chain interactions with rupintrivir were
identified during this study. The significance of these changes
is unknown, although a role in compensating for the growth
and the overall fitness of the virus could be presumed. This is
consistent with little to no further reductions in susceptibility in
the presence of additional mutations, as well as the findings of
reversion studies, which demonstrated the stability of muta-
tions in HRV variants passaged in the absence of drug (with
the exception of a change at residue 103).

Studies describing the generation of in vitro resistance of
picornaviruses to other antiviral agents have been limited.
Most information to date has been generated for pleconaril, an
orally bioavailable inhibitor of picornavirus that acts by binding
to viral capsid and preventing attachment and/or uncoating
(reviewed in reference 22). Pleconaril had progressed through
phase III human clinical trials but was later denied for ap-
proval by the U.S. Food and Drug Administration, primarily
on the basis of drug interactions, its marginal efficacy, and the
possibility of transmission of resistant virus. In contrast to
antiviral agents directed against the 3C protease (rupintrivir
and compound 1 [4, 13, 23]), pleconaril and other agents that
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target capsid binding exhibit a wide range of susceptibilities
and activities against most but not all picornavirus tested (14,
17, 23). In a recent study, Ledford et al. (17) demonstrated that
7 of 25 HRV B serotypes not inhibited by pleconaril (a �625
difference in susceptibility) had VP1 sequences that differed
from those of susceptible strains at two positions (Y152F and
V191L). In a subsequent study, V191L was shown to be suffi-
cient for significant resistance to pleconaril (a 31-fold reduc-
tion in susceptibility) (16). The clinical relevance for these
findings was recently demonstrated, whereby patients with
baseline isolates that had greater susceptibility to pleconaril
experienced lower rates of recovery of virus posttreatment and
a greater reduction in the number of days to symptom resolu-
tion than patients with baseline isolates that were less suscep-
tible to pleconaril. The latter patients experienced no benefit
from drug treatment (25). In the same study, Pevear et al. (25)
describe the emergence of HRV variants with a �10-fold re-
duction in susceptibility in 10.7% of patients during 3 to 5 days
of treatment with pleconaril. The emergent resistance pheno-
type was associated with either I98M/F or I122F/L (17). These
results are consistent with the findings from studies on the in
vitro selection of coxsackievirus type B3 variants that exhibited
a single substitution (I92M/L, corresponding to I98 in the
HRV 16 numbering) sufficient to confer high levels of resis-
tance (a �200-fold reduction in susceptibility) to pleconaril
(12, 27).

In contrast to a compound that targets the capsid binding
function (e.g., pleconaril), in which single amino acid substitu-
tions are sufficient to confer significant reductions in or a
complete loss of susceptibility, our results show that rupintri-
vir-resistant HRV variants contain single or multiple amino
acid substitutions that in general confer little to only moderate
reductions in susceptibility. These results are consistent with
the strict conservation of those amino acids that have side
chain interactions with rupintrivir and the broad-spectrum ac-
tivity of rupintrivir against all picornaviruses tested to date.
These data further highlight the 3C protease an attractive
target for antiviral intervention.
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