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Human rhinovirus type C (HRV-C) is a newly discovered enterovirus species frequently associated with exacerbation of asthma
and other acute respiratory conditions. Until recently, HRV-C could not be propagated in vitro, hampering in-depth character-
ization of the virus replication cycle and preventing efficient testing of antiviral agents. Herein we describe several subgenomic
RNA replicon systems and a cell culture infectious model for HRV-C that can be used for antiviral screening. The replicon con-
structs consist of genome sequences from HRVc15, HRVc11, HRVc24, and HRVc25 strains, with the P1 capsid region replaced
by a Renilla luciferase coding sequence. Following transfection of the replicon RNA into HeLa cells, the constructs produced
time-dependent increases in luciferase signal that can be inhibited in a dose-dependent manner by known inhibitors of HRV
replication, including the 3C protease inhibitor rupintrivir, the nucleoside analog inhibitor MK-0608, and the phosphatidylino-
sitol 4-kinase III� (PI4K-III�) kinase inhibitor PIK93. Furthermore, with the exception of pleconaril and pirodavir, the other
tested classes of HRV inhibitors blocked the replication of full-length HRVc15 and HRVc11 in human airway epithelial cells
(HAEs) that were differentiated in the air-liquid interface, exhibiting antiviral activities similar to those observed with HRV-16.
In summary, this study is the first comprehensive profiling of multiple classes of antivirals against HRV-C, and the set of newly
developed quantitative HRV-C antiviral assays represent indispensable tools for the identification and evaluation of novel pan-
serotype HRV inhibitors.

Human rhinoviruses (HRV) are nonenveloped positive-strand
RNA viruses belonging to the genus Enterovirus in the family

Picornaviridae (for a review, see reference 1). More than 160 dif-
ferent HRV genotypes have been isolated to date, which are di-
vided into three major groups (HRV-A, HRV-B, and HRV-C)
based on phylogenetic sequence analysis (2–5). HRV-A and -B
utilize ICAM-1 or LDL-R cell surface proteins as receptors for
viral entry, while the receptor for HRV-C remains to be identified
(6–9). An IRES (internal ribosome entry site) element in the 5=
noncoding region (NCR) of the HRV genome is required to ini-
tiate the translation of a single polyprotein that is subsequently
processed by viral 2A, 3C, and 3CD proteases (1, 10). HRV gene
products efficiently shut down host cell transcription and transla-
tion (11–14) and remodel the endoplasmic reticulum (ER) and
Golgi network into replication organelles that serve as the site for
viral RNA synthesis by 3D polymerase (15, 16).

HRV infections of the upper and lower respiratory tract cause
a broad spectrum of respiratory diseases in humans. While HRV
upper respiratory tract infections (URTIs) are largely self-limiting
in immunocompetent individuals and are most often associated
with the common cold (17, 18), they can also cause acute otitis
media and rhinosinusitis (17, 19–21). HRV lower respiratory tract
infections (LRTIs) cause more severe diseases in susceptible
populations and are frequently associated with asthma exacerba-
tions in adult as well as pediatric patients (22). Moreover, HRV
infections are linked to chronic obstructive pulmonary disease
(COPD) and cystic fibrosis exacerbation, bronchiolitis, and com-
munity-acquired pneumonia in infants and children and with
severe, sometimes fatal, pneumonia in elderly and immunocom-
promised adults (23–31). HRV-A and HRV-C are the predomi-
nant viruses identified in infants hospitalized with non-RSV
(respiratory syncytial virus)-associated bronchiolitis (22, 23). Im-
portantly, data from prospective studies of infants with at least one
parent diagnosed with asthma have shown that wheezing due to

HRV infection during infancy increases the risk of asthma devel-
opment later in life (32). Thus, HRV infections not only are asso-
ciated with asthma exacerbations but also may play a role in
asthma development.

Despite high clinical relevance, there are currently no approved
antiviral agents for the treatment of HRV infection. Different
classes of HRV inhibitors have been evaluated in clinical trials,
including small-molecule capsid-binding inhibitors (pleconaril
and pirodavir), a 3C protease inhibitor (rupintrivir), and soluble
ICAM-1. These compounds are no longer being developed as an-
tiviral drugs due to limited efficacy in the context of natural infec-
tion, safety concerns, or potential drug interactions (33–37). In
addition, the development of anti-HRV agents has been ham-
pered by the lack of screening assays for group C viruses. Unlike
HRV-A and -B serotypes, which can be easily propagated in tissue
culture, HRV-C has only been shown to replicate in ex-planted
sinus mucosal tissue or air-liquid interface (ALI)-differentiated
sinus or bronchial epithelial cells (7, 38, 39).

In this study, we describe the development, optimization, and
validation of transient subgenomic replicon systems derived from
several strains of HRV-C that allow efficient compound screening.
In addition, we have developed a quantitative PCR-based screen-
ing assay utilizing the human airway epithelial cell (HAE) culture
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model to propagate full-length infectious HRV-C and employed it
together with the subgenomic replicon screening assays to char-
acterize the antiviral activities of different classes of known HRV
inhibitors against HRV-C. Our data demonstrate that these assay
systems can effectively support the discovery of new types of an-
tiviral compounds for potential treatment of respiratory diseases
associated with HRV infection.

MATERIALS AND METHODS
Compounds. The following compounds were used in testing: rupintrivir
(CAS no. 223537-30-2), pleconaril (CAS no. 153168-05-9), PIK93 (CAS
no. 593960-11-3), MK-0608, pirodavir (CAS no. 124436-59-5), and Win
56291 (CAS no. 107355-76-0) (Fig. 1). These compounds were synthe-
sized internally by Gilead Medicinal Chemistry Department and sub-
jected to standard material quality control procedures.

Cells. The following cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA): H1-HeLa (CRL-1958),
DLD-1 (CCL-221), LS-174T (CL-188), BEAS2B (CRL-9609), NCI-H522
(CRL-5810), NCI-H23 (CRL-5800), A549 (CCL-185), MRC5 (CCL-171),
and WI-38 (CCL-75). H1-HeLa, A549, NCI-H23, NCI-H522, and DLD-1
cell lines were maintained in RPMI 1640 medium (Life Technologies,
Carlsbad, CA). WI-38, MRC5, and LS174T were maintained in Eagle’s
minimum essential medium (EMEM; Life Technologies, Carlsbad, CA).
Both RPMI 1640 and EMEM were supplemented with 10% heat-inacti-
vated fetal bovine serum and 100 U/ml penicillin-streptomycin. BEAS2B
cells were grown in bronchial epithelial cell growth medium (BEGM)
(Lonza, Walkersville, MD) in flasks coated with 0.01 mg/ml fibronectin,
0.03 mg/ml collagen I, and 0.01 mg/ml bovine serum albumin (BSA).
ALI-differentiated HAE cultures (EpiAirway system; donors 9831 and
TBE-21) and media were obtained from MatTek (Ashland, MA) and
maintained at 37°C with 5% CO2. Upon delivery, HAE transwells were
transferred into 6-well plates containing 2 ml of fresh medium and incu-
bated at 37°C. The viability of the HAE cultures was evaluated by visual
observation of ciliary movement by microscopy. Small airway epithelial
cell (SAEC) and normal human bronchial epithelial (NHBE) primary
cultures were obtained from Lonza (Walkersville, MD) and maintained in
small airway epithelial cell growth medium (SAGM) and BEGM, respec-
tively.

Construction of expression plasmids for HRV-C replicons and in-
fectious virus. Subgenomic replicon DNA constructs for HRV-C geno-
types HRVc24, HRVc25, HRVc15, and HRVc11 were built synthetically
by DNA2.0 (Menlo Park, CA) based upon publically available sequence
data. The constructs contain a T7 promoter with the 5= end of the viral
genomes cloned at the �3 transcriptional start site. Downstream of the 3=
NCR for each construct, a 50-bp poly(A) tract was added, followed by a
MluI site for linearization. The cis replication element (CRE) found in the
VP2 coding sequence was cis complemented by moving the CRE along
with 200 bp of flanking sequence between the stop codon at the end of
polymerase 3D (3Dpol) and the 3= NCR. The location of the CRE in the
picornavirus genomes is variable and is positionally independent (40).
The CRE hairpin is essential for replication and serves as a binding site for
the 3CD protein, which catalyzes the uridylylation of the VPg protein,
which serves as the primer for genomic RNA synthesis (41–45). The P1
capsid coding (VPO-VPI) sequence was replaced with the human codon
optimized coding sequence for Renilla luciferase fused to the final 21 bp of
VP1, representing the N-terminal half of the 2A protease cleavage site. The
native 5= NCR sequences containing the cloverleaf RNA structure and
IRES elements were retained. Following electroporation of in vitro-tran-
scribed RNA, Renilla luciferase was translated as a fusion protein with the
HRV polyprotein and released by the cis cleavage of the 2A protease. A
3Dpol replication-deficient variant of the HRVc15 replicon containing an
asparagine-to-alanine substitution at amino acid position 295 (N295A)
was built to control for the baseline luciferase expression and RNA levels
of electroporated replicon RNA. The N295A variant was introduced by
site-directed mutagenesis of positions 4985 and 4986, converting the di-
nucleotide AA to GC in the HRVc15 replicon using the QuikChange
Lightning kit (Stratagene, La Jolla, CA) (5=-TCTGGTATCTGTGGCACA
AGTATTTTCGCTACCATGATCAATAATATAATCATTAG-3= and CT
AATGATTATATTATTGATCATGGTAGCGAAAATACTTGTGCCAC
AGATACCAGA). Full-length reverse genetic constructs for HRVc15,
HRVc24, and HRVc11 were also built synthetically by DNA2.0 (Menlo
Park, CA), using the same design parameters for the T7 promoter, poly(A)
tract, and MluI linearization site.

The HRV16 reverse genetic construct pR16.11 (46) was obtained from
ATCC and further optimized by removing the extraneous 19 bp between
the poly(A) tract and the SacI linearization site. pR16.11 was digested with
AfeI-SacI, and a synthetic fragment containing a complete HRV16 3=

FIG 1 Chemical structures of HRV inhibitors tested against HRV-C. Rupintrivir is a 3C protease inhibitor; MK-0608 is a nucleoside analog inhibitor of 3D
polymerase; PIK93 is a phosphatidylinositol 4-kinase III� (PI4K-III�) inhibitor; and pleconaril, pirodavir, and Win 56291 are capsid inhibitors.
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NCR with an MluI site immediately 3= of a 50-bp poly(A) tract was in-
serted. To build the HRV16 replicon, the P1 region of pR16.11 was re-
moved by digestion with SalI-ClaI and replaced with a synthetic fragment
containing Renilla luciferase using the same design parameters as the
HRV-C replicons.

To produce in vitro RNA for electroporation, replicon and full-length
constructs were linearized with MluI, ethanol precipitated, and in vitro
transcribed using the T7 RiboMax Express large-scale RNA production
system (Promega, Madison, WI), with the resulting RNA purified using
the MegaClear kit (Life Technologies, Carlsbad, CA).

Replicon assay. For HRV replicon assays, log-phase H1-HeLa cells
were trypsinized, washed twice with 10 ml phosphate-buffered saline
(PBS), resuspended at 1 � 107 cells/ml in PBS, and stored on ice. A total of
5 � 106 cells were electroporated (900 V, 25 �F, � resistance) with 1 to 10
�g of in vitro-transcribed RNA and allowed to rest on ice for 10 min.
Electroporated cells were then diluted using RPMI 1640 media and seeded
in 96-well plates at 4 � 104 cells/well in a 150-�l volume. Serial dilutions
of tested compounds were added using an HP D300 digital titration in-
strument (Hewlett Packard, Corvallis, OR), and the cells were incubated
at 33°C for 48 to 72 h. Compounds were tested in triplicate, and 50%
effective concentrations (EC50s) represent the mean of multiple (n � 3)
experiments. At the time of harvest, medium was removed from the well,
and the cells were lysed with 30 �l Renilla lysis buffer; 100 �l/well of
Renilla luciferase assay buffer (Promega, Madison, WI) was added, and
the plate was immediately read with a luminometer.

The HRVc15 replicon was adapted to the 384-well format for high-
throughput screening. Compound titrations at 100 nl/well were spotted in
low-volume 3826 plates (Corning, Tewksbury, MA) using the Echo
acoustic liquid handler (Labcyte, Sunnyvale CA), and the plates were heat
sealed and stored at �20°C until use. On the day of assay, prespotted
plates were equilibrated to room temperature, and HeLa cells were
trypsinized and electroporated as described above. Electroporated cells
were seeded at 2,000 cells/well in 20 �l and incubated at 33°C for 48 h. To
measure luciferase activity, Renilla-Glo (16 �l/well; Promega, Madison,
WI) was added, the mixture was incubated for 20 min, and luminescence
was read by EnVision (PerkinElmer, Waltham MA). Z= and the signal-to-
background ratio were calculated for 12 experiments.

Generation of viral stocks. RNAs transcribed in vitro from the full-
length HRVc15, HRVc11, HRVc24, or HRV16.11 cDNA constructs were
electroporated into H1-HeLa cells using the electroporation conditions
described above. Electroporated cells were diluted with RPMI 1640 me-
dium to 5 � 106 cells/10 ml, seeded into a T75 flask, and incubated at 33°C
for 72 h. Viral supernatants were then collected, centrifuged for 5 min at
1,500 � g to remove cell debris, and stored at �80°C. Cell lines evaluated
for permissivity to HRVc15 infection were seeded in 12-well plates and
grown to 50 to 75% confluence prior to infection. Cells were incubated for
3 h at 33°C with either 100 �l or 10 �l of HRVc15 (3.8 � 109 RNA
copies/ml) or HRV16.11 (1.2 � 1010 RNA copies/ml) viral supernatant.
After the 3 h of incubation, the cells were washed with 1 ml PBS and fresh
medium with dimethyl sulfoxide (DMSO) or 1 �M rupintrivir was added.
Cells were incubated for 5 days at 33°C; total RNA was purified from the
cells and the level of HRV replication measured by reverse transcription-
quantitative PCR (RT-qPCR).

RNA isolation and RT-qPCR analysis. Viral RNA was purified using
the RNeasy96 kit (Qiagen, Valencia, CA); for supernatant samples carrier
RNA (Qiagen, Valencia, CA) was added to the RLT lysis buffer at 10
�g/ml. Viral RNA copy number in purified samples was measured using
the One Step SYBR RT-qPCR kit (TaKaRa, Madison, WI) following the
manufacturer’s protocol using a ViiA 7 real-time PCR instrument (Ap-
plied Biosystems, Foster City CA). Viral copy number data were normal-
ized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA levels
using a HuGAPDH PCR assay with the TaqMan fast virus one-step master
mix (Applied Biosystems, Foster City, CA). The following primers were
used for amplification: for HRVc15, 5=-TGGTGAGTTGCTTGCTTTT
G-3= and 5=-ACCAGAGGGCATACCTCCTT-3=; for HRVc11 5=-CCTG

GGATACTGTCACTTTCCT-3= and 5=-ACAGGGACGGATCGAACTT
T-3=; and for HRV16 5=-CCCTCTGGTTGTTCTGGAAC-3= and 5=-GGC
TATGGCTTCCATGTCTAG-3=. HRVc15, HRVc11, and HRV16 in vitro-
transcribed RNA was quantified by spectrophotometry and used to
generate standard curves for quantitation of RT-qPCR data.

Infection of HAE cultures. Prior to infection, HAE Transwell apical
layers were washed twice with 500 �l PBS to remove accumulated mucus
and placed in new 6-well plates containing 2 ml of fresh medium and
compound. HAE cultures were infected apically for 3 h at 33°C with viral
supernatants in a total volume of 100 �l using PBS (3.8 � 107copies);
the Transwells were then washed with 500 �l PBS and incubated at
33°C. The apical surface was washed at selected time points with 200 �l
PBS, and the wash was retained for further analysis. RNA was then puri-
fied from cells or from 100 �l of the apical wash, and HRV copy number
was assayed by RT-qPCR. The remaining apical wash was stored at �80°C
for use as an inoculum for reinfection. Unless otherwise noted, antiviral
evaluations were conducted in triplicate, and EC50s were calculated from
multiple (n � 3) experiments.

HRV-C sequences. HRV-C sequences used to synthesize replicon and
full-length reverse genetic constructs were obtained from the GenBank
database with the following accession numbers: HRVc24, EF582385;
HRVc25, EF582386; HRVc15, GU219984; HRVny074, DQ875932; and
HRVc11, EU840952.

RESULTS
Characterization of multiple HRV-C replicons. Monocistronic
subgenomic HRV replicons for species A and B have been previ-
ously developed (47, 48) and were used as a design template for the
HRV-C replicons. HRV-C genotypes were selected based upon
genetic diversity of the publically available full-length sequences.
Putative CRE sequences in VP2 were identified by sequence anal-
ysis and cloned into the 3=NCR (42). The capsid coding region for
each construct was replaced with a human-codon-optimized se-
quence for Renilla luciferase while retaining the 2A cleavage site
(Fig. 2). The replicon genes are expressed as a single open reading
frame (ORF) with Renilla luciferase cotranslated as part of the
polyprotein and released by 2A-mediated proteolysis. The result-
ing luciferase protein contains 7 amino acids at the C terminus
corresponding to the N-terminal half of the 2A cleavage site and
retains enzymatic activity. In vitro-transcribed RNA from each of
the replicon constructs (HRVc15, HRVc11, HRVc24, HRVc25,
and HRV16) was electroporated into H1-HeLa cells (5 � 106 cells)
and incubated at 33°C. Renilla luciferase expression was quanti-
fied as a marker of the replication activity of the HRV replicons.
For each replicon, the incubation time (24 to 72 h) and amount of
input RNA (0.1 to 10 �g) were varied to optimize replication-
dependent luciferase signal (data not shown). The 3C protease
inhibitor rupintrivir (49–51) and the nucleoside analog MK-0608
(52), a putative 3D polymerase inhibitor, were used to control for
luciferase background signal emanating from the first round of
the translation of the electroporated RNA. The replicons exhibited
optimal activity and signal-to-background ratios at 1 to 10 �g
input RNA at 48 h postelectroporation (Fig. 3).

The HRVc15 and HRV16 replicons showed robust luciferase
expression at all RNA concentrations tested and could be effec-
tively inhibited by rupintrivir and MK-0608 with 5- to 20-fold
suppression of the luciferase signal in the presence of the inhibi-
tors (Fig. 3). The HRVc25 replicon RNA electroporated at 10 �g/
5 � 106 cells showed luciferase expression equivalent to that of the
HRVc15 replicon; however, addition of the inhibitors had no ef-
fect on luciferase activity. Reducing the RNA input to 1 �g/5 � 106

cells did not affect the luciferase signal for the HRVc25 replicon
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but, importantly, sensitized the replicon to both rupintrivir and
MK-0608. The HRVc11 replicon also demonstrated robust base-
line luciferase expression; however, it exhibited a limited inhibi-
tion response to rupintrivir and MK-0608 (signal-to-background
ratio, �3) at both input RNA concentrations. We attempted to
further optimize the HRVc11 replicon by varying input RNA (10,
3, 1, 0.3, and 0.1 �g) and incubation time (24 to 120 h) with no
success (data not shown). The HRVc24 replicon demonstrated a
relatively low luciferase signal even at the largest amount of elec-
troporated RNA but retained sensitivity to the inhibitors. We hy-
pothesize that this lower baseline activity may be due to attenuated
translation initiation from the HRVc24 IRES.

To confirm that the time-dependent increase in the luciferase
activity of the replicon constructs correlated with the subgenomic
RNA replication, the RNA was directly quantified by RT-qPCR
against a standard curve generated using known quantities of in
vitro transcribed HRVc15 RNA. To measure baseline RNA and
luciferase levels originating directly from the RNA electropora-
tion input, a replication-deficient HRVc15 replicon containing a
N295A substitution in the 3Dpol that impairs its enzymatic func-
tion was constructed (53). Following the electroporation of
HRVc15 replicon RNA, Renilla luciferase expression and RNA
copy number increased over time and were inhibited 900-fold

with rupintrivir (Fig. 4). Furthermore, luciferase expression and
RNA copy number in cells electroporated with the N295A mutant
HRVc15 replicon remained constant over time and showed RNA
and luciferase levels similar to those of the wild-type replicon
treated with rupintrivir, confirming that the increases in both lu-
ciferase signal and replicon RNA levels are driven by a bona fide
replication of subgenomic RNA. Identical experiments conducted
with the HRVc25 replicon demonstrated the same correlation be-
tween the kinetics of the luciferase activity and the RNA level (data
not shown). It should be noted that electroporation of replicon
RNA resulted in morphological changes (cell rounding) in ap-
proximately 50 to 70% of the cells by 48 to 72 h postelectropora-
tion. The effect appeared to be caused by the initial RNA electro-
poration combined with culture at 33°C and was not the result of
high levels of replication, since the observed phenotypes were
comparable for the HRVc15 and N295A replicons (data not
shown).

Using the established assays, dose-dependent antiviral activity
was determined for rupintrivir and MK-0608 using the luciferase
and RT-qPCR assays. Notably, the EC50s calculated with either
Renilla luciferase or RT-qPCR readouts gave comparable results
for the two tested inhibitors (Fig. 5). The EC50s for MK-0608 were
9.1 and 2.3 �M, while the EC50s for rupintrivir were 58 and 29 nM
using luciferase and RT-qPCR as the viral replication readout,
respectively.

Inhibition of multiple HRV-C replicons by antivirals. To de-
termine the breadth of the inhibition across multiple replicons
derived from diverse HRV-C strains, the dose-dependent antiviral
activities of MK-0608, rupintrivir, PIK93, and pleconaril were
measured against HRVc15, HRVc11, HRVc24, HRVc25, and
HRV16 replicons in a 96-well format assay. While the first three
compounds have been shown to inhibit virus replication in host
cells, pleconaril interferes with virus uncoating by binding to the
virus capsid during entry and inhibiting capsid disassembly (33,
54–57). The three replication inhibitors tested were active against
both HRV-A and HRV-C replicons as well as against HRV-A (Ta-
ble 1). Each of these three inhibitors showed consistent antiviral
activity across all assays. In contrast, pleconaril did not inhibit any
of the HRV replicons but, as expected, was active against infec-
tious HRV-A, which requires functional capsid protein for repli-

FIG 2 Diagrams for HRV replicon constructs. Replicons with identical gene arrangements were built for HRV-C genotypes HRVc15, HRVc11, HRVc24, and
HRVc25 and for the species A genotype HRV16. Full-length constructs were made using the coding sequences for HRVc15 and HRV16. All constructs contain
a T7 promoter at the 5= end for in vitro transcription and an 	50-bp poly(A) tract upstream of MluI site following the 3=NCR. For the HRV-C replicons, the cis
replication element (CRE) normally found in VP2 was moved to the 3=NCR. HRVc15-RepMut, an HRVc15 replicon containing the 3Dpol N295A substitution,
was constructed to assess the replicon baseline luciferase expression and RNA levels.

FIG 3 Replication of HRV-C replicons. H1-HeLa cells were electroporated
with 10 �g or 1 �g of in vitro-transcribed RNA from subgenomic replicon
constructs for HRV-C genotypes c15, c24, c25, and c11 and for the species A
virus HRV16. Cells were treated with DMSO or HRV inhibitors at the concen-
trations shown, incubated at 33°C for 48 h, and assayed for Renilla luciferase
activity. The 1-�g samples for the HRVc24 replicon were consistently at back-
ground levels and are therefore not included in the figure. Error bars represent
the standard deviations of the means from triplicate tests.
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cation. The HRVc11 replicon was included in the screening de-
spite its poor signal-to-background ratio (2- to 3-fold) since it
maintained a Z= value of 
0.5.

Characterization of HRV-C replication in HAE culture. The
replicon assays represent useful antiviral screening tools for iden-
tifying inhibitors of HRV-C replication but are not suitable for
evaluating compounds that inhibit infection by replication-inde-
pendent mechanisms. Evaluating compounds effecting virion
entry, packaging, or egress would require an assay system capable
of supporting multicycle HRV-C infection. To this end, we inde-
pendently developed and characterized a full-length infectious
HRV-C assay using air-liquid interface-differentiated bronchial-
tracheal epithelial (HAE) cultures. Recently, two other groups
published reports describing similar assay systems for HRV-C
replication (38, 39). Viral stocks of HRVc15, HRVc11, HRVc24,
and HRV16 generated by the transfection of H1-HeLa cells with in

vitro-transcribed RNA were tested in a selected set of primary cells
and cell lines to determine their permissivity to HRV-C infection
(see Fig. S1 in the supplemental material). Viral replication kinet-
ics was measured and found to be consistent with multicycle virus
replication. HAEs infected with HRVc15, HRVc11, or HRV16
stocks shed newly synthesized virus progeny into the apical com-
partment of the differentiated culture as measured by RT-qPCR,
with a peak viral titer being observed between 48 and 72 h after
infection (Fig. 6). In contrast, undifferentiated normal human
bronchial epithelial cells (NHBE) from the same donor were un-
able to support HRVc15 infection but remained permissive to
HRV16 (data not shown). The increase in viral copy number for
HRVc15 in differentiated HAE cultures reached 30,000-fold rela-
tive to the first time point measured. Addition of 1 �M rupintrivir
inhibited the HRVc15 replication approximately 800-fold, while
the corresponding HRVc15 replicon inhibited it only 5- to 20-

FIG 4 Characterization of the HRVc15 replicon replication kinetics. H1-HeLa cells were electroporated with 10 �g in vitro-transcribed RNA from HRVc15
wild-type or 3Dpol N295A replicons. The HRVc15 wild-type replicon was treated with DMSO or 1 �M rupintrivir. The cells were incubated at 33°C and assayed
for replicon RNA levels by RT-qPCR (A) or Renilla luciferase activity (B). Error bars represent the standard deviations of the means from triplicate tests.

FIG 5 Inhibition of HRVc15-replicon in the presence of rupintrivir and MK-0608. H1-HeLa cells were electroporated with 10 �g in vitro-transcribed RNA
including the HRVc15 replicon and treated with serially diluted concentrations of rupintrivir or MK-0608. The cells were incubated at 33°C for 48 h and assayed
for Renilla luciferase activity and replicon RNA levels by RT-qPCR. Error bars represent the standard deviations of the means from triplicate tests.
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fold, suggesting that the full-length HRVc15 HAE infection is
multicycle compared to that with the replicon in which replication
is restricted to single cells. Similarly, HRVc11 HAE infections
demonstrated a 106,000-fold increase in apical copy number over
time with rupintrivir treatment at 48 h, resulting in a 1,946-fold
inhibition. As a comparison, the HRVc24 replicon showed weak
baseline expression and replication of the full-length HRVc24 in
HAE culture could not be detected (data not shown). Secondary
infection of HAE cultures using apical wash material containing
5.4 � 106 copies of HRVc15 produced in the primary HAE infec-
tion showed viral replication kinetics similar to that seen during
the primary infection of HAE cultures with supernatants from
electroporated HeLa cells (see Fig. S2 in the supplemental mate-
rial). In contrast, the infection of NHBE and SAEC cells with

HRVc15 produced in HAE cultures did not result in active virus
replication (data not shown). Infection of HAE cultures derived
from a second healthy donor (donor TBE-21) with HRVc15 re-
sulted in productive infections with similar virus yields and repli-
cation kinetics compared to the HAE cultures established from
donor 9831. Importantly, the replication of HRVc15 in the HAE
cultures can be blocked by rupintrivir, MK-0608, and PIK93 treat-
ment (see below). These data confirm that differentiated HAE cell
cultures are permissive to HRV-C infection in a donor-indepen-
dent manner and emphasize the in vitro differentiation state as an
important factor for permissive HRV-C infection.

Inhibition of infectious HRV-C by antivirals. We evaluated
the dose-dependent antiviral activities of rupintrivir, MK-0608,
PIK93, and pleconaril in HAE cultures infected with several

TABLE 1 Activities of known HRV inhibitors against subgenomic HRV repliconsa

Antiviral

EC50 (nM)

CC50 (nM)HRVc15 HRVc11 HRVc25 HRVc24 HRVA16 replicon HRVA16 virus

Rupintrivir 56 � 30 44 � 9.9 37 � 37 9.2 � 5 2.8 � 1 57 � 18 
100,000
MK-0608 5,803 � 1,876 11,931 � 4,038 10,105 � 3,436 5,123 � 5,063 3,376 � 2,019 12,020 � 3,953 
100,000
PIK93 285 � 258 90 � 10 57 � 33 75 � 9 172 � 66 574 � 115 
10,000
Pleconaril 
10,000 
10,000 
10,000 
10,000 
10,000 722 � 291 
10,000
a EC50s are means and standard deviations from multiple experiments (n � 3). Compound activity against HRV16 virus (EC50s) and cytotoxicity (CC50s) were determined in HeLa
cells with a 5-day incubation.

FIG 6 Growth curves of HRVc15 (A), HRV16 (B), and HRVc11 (C) in the HAE cultures. HAE cells in a 24-well format were infected with HRVc15 or HRV16
produced in H1-HeLa cells at 3.8 � 107 copies of RNA/well in the presence of 0.5% DMSO or 1 �M rupintrivir, incubated for 3 h, and washed to remove the virus
inoculum. Cultures were subsequently incubated at 33°C. Virus production into the HAE apical compartment was determined by RT-qPCR. Error bars represent
the standard deviations of the means from triplicate tests.
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HRV-C strains, including HRVc15, HRVc11, and HRV16. In par-
allel, the EC50s of tested compounds were also determined in HeLa
cells against their respective replicons, as well as HRV16. The an-
tiviral activities of rupintrivir, MK-0608, and PIK93 in the HAE
culture assay were comparable to those observed in the HRV rep-
licon assays in HeLa cells (Table 2). Interestingly, the HRVc15
replicon was 20-fold less sensitive to rupintrivir treatment than
the HRV16 replicon. As expected, pleconaril was inactive in all
HRV replicon assays. Surprisingly, HRVc15 and HRVc11 infec-
tions in HAE cultures were also insensitive to inhibition by pleco-
naril, while this compound exhibited the expected activity against
HRV16 in both HAE and HeLa cell cultures. To further character-
ize this observation, the antiviral activity of two other capsid-
binding inhibitors, Win 56291 and pirodavir (34, 58–61), were
also tested in the HAE infection assay. While both compounds
retained antiviral activity against HRV16, pirodavir was inactive
and Win 56291 was 88-fold and 110-fold less active against
HRVc15 and HRVc11, respectively, than HRV16 (Table 2). In
addition, pleconaril and Win 56291 had no effect on the infectivity
of HRVc15 grown in the presence of compounds (data not
shown). This implies that the capsid inhibitors were unable to
bind or inhibit newly formed HRV-C capsid protomers.

Development of a high-throughput HRV-C inhibitor screen-
ing assay. The identification and optimization of novel inhibitors
that can be safely used to treat HRV-C infection in the clinic re-
quire access to a robust and reproducible assay for HRV-C repli-
cation suitable for use in a high-throughput format. Since the
HAE infection technique is laborious and can be used only in a
very restricted low-throughput format, we adapted the HRVc15
replicon assay to a 384-well-plate format by reoptimizing the cell
number, plate type, RNA input, incubation time, and luciferase
reagent. A 48-hour assay in the optimized 384-well format dis-
played a robust and reproducible luciferase signal with a Z= value
of 0.61 � 0.16, and signal-to-background ratio of 13.2 � 6.35, for
mock-treated control samples (0% inhibition) versus samples
treated with 1 �M rupintrivir (100% inhibition) (n � 12). These
characteristics support the use of the HRVc15 replicon as a high-
throughput tool to facilitate the identification of novel pansero-
type HRV inhibitors that also target HRV-C.

DISCUSSION

Design and implementation of assay systems to measure HRV-C
replication will facilitate the discovery and development of panse-
rotype antiviral drugs to treat HRV infection. Unlike HRV-A and
-B, HRV-C does not replicate in the conventional transformed or

primary cell lines (HeLa, WI-38, MRC5, NHBE, or SAEC) used to
study HRV type A and B biology. In this study, assays using tran-
sient subgenomic replicon and infectious virus replication were
developed for HRV-C and used to evaluate the antiviral activity of
compounds known to inhibit rhinovirus replication. The replicon
systems described here are amenable to high-throughput screen-
ing and represent novel tools to facilitate the characterization of
HRV-C replication and to quantify antiviral activity of potential
inhibitors.

HRV-C replicons were designed based upon data from previ-
ous studies using HRV-A and B subgenomic replicons that were
constructed to study the function of the CRE in uridylylation of
VPg for priming of RNA synthesis (40, 43, 47, 48). Expression of
luciferase from the HRV subgenomic replicon constructs corre-
lated with viral RNA levels measured by qRT-PCR and was used to
quantify viral RNA replication. HRV replication causes cytopathic
effects in most cell types, and several viral proteins are known to be
cytotoxic, making the prospect of developing stable HRV replicon
cell lines more challenging (11–14, 16). Stable replicon systems
have been developed for antiviral testing for other positive-strand
RNA viruses, such as HCV and dengue virus (62, 63). These sys-
tems are easier to manipulate and have less variability than tran-
sient-replication assays. Creating a stable replicon for HRV would
likely require the removal of the 2A protease which is known to be
cytotoxic. However, the removal of the 2A protease function
would prevent virus-mediated inhibition of host cell cap-depen-
dent translation and would significantly reduce IRES-mediated
translation of the viral genome, impairing replicon replication
efficiency. Furthermore, a stable HRV replicon would likely be
bicistronic, expressing separate marker and genomic ORFs, and
would require selection of a cell line that is resistant to the toxic
effects of 3C and 3CD proteases required for replication. The ad-
vantage of the transient-replicon assays is that the endogenous
HRV IRES elements are sufficient to drive expression of reporter
and viral genes and do not require multiple rounds of host cell and
replicon selection.

One of the inherent limitations of the replicon assay is that the
complete viral life cycle is not articulated and thus cannot be used
to evaluate compounds affecting virion entry, packaging, or virus
release. Following the initial discovery of HRV-C, suitable cell
lines supporting high levels of virus replication were not readily
available. The first report of in vitro HRV-C replication was in
primary sinus-mucosal tissue explants obtained from nasal biop-
sies of individuals with chronic sinusitis (7). While this system
supports HRV-C replication, the explant model has significant
limitations due to low assay throughput and tissue availability.
Recently, human airway epithelial (HAE) cultures were shown to
support HRV-C replication in vitro and were used by two inde-
pendent groups to grow clinical HRV-C isolates and HRV-C pro-
duced in vitro from cells transfected with genomic HRV-C RNA
(38, 39). HAE cultures are composed of polarized, fully differen-
tiated airway epithelial cells with active cilia on the apical surface.
The cultures also contain goblet cells that secrete mucus on the
apical side of the monolayer, forming a natural tissue barrier re-
sembling respiratory epithelium (64). We have independently de-
veloped and validated the HRV-C infection system in HAE cul-
tures and utilized it for antiviral testing of known HRV inhibitors.
Consistent with data from the replicon assays in HeLa cells, infec-
tion of HAE cultures with full-length HRVc15 or HRVc11 was
inhibited by rupintrivir and MK-0608. These inhibitors target the

TABLE 2 Antiviral activity of HRV inhibitors in HAE culturesa

Antiviral

EC50 (nM)

HRVc15
(HAE culture)

HRVc11
(HAE culture)

HRV16

HAE culture HeLa culture

Rupintrivir 58 � 39 56 � 27 22 � 16 57 � 18
MK-0608 2,416 � 556 4,176 � 519 1,847 � 479 12,020 � 3,953
PIK93 225 � 103 342 � 81 127 � 50 574 � 115
Pleconaril 
10,000 
10,000 899 � 465 722 � 291
Win 56291 4,762 � 3,296 5,107 � 1,538 54 � 18 160 � 52
Pirodavir 
20,000 
10,000 402 � 103 ND
a Values are means and standard deviations from multiple (n � 3) experiments, with
the exception of those for Win 56291 and pirodavir, which were tested in 2
experiments.
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3C protease and 3D polymerase, respectively, and exhibit panse-
rotype antiviral activity with rupintrivir EC50s consistent with an-
tiviral activity previously observed for HRV-A and -B (49). Inter-
estingly, the capsid-binding compounds pleconaril and pirodavir
were not active against HRVc15 in the HAE model but were fully
active against HRV16, with EC50s comparable to those obtained in
HeLa cells. Furthermore, an analog of pleconaril, Win 56291, was
more than 100-fold less active against HRVc15 and HRVc11 than
HRV16 infection. In addition, HRVc15 grown in the presence of
either pleconaril or Win 56291 retained infectivity in subsequent
reinfection experiments. Together, these results suggest that
HRV-C may be less susceptible to the current class of capsid-
binding compounds and are consistent with the hypothesis that
HRV-C utilizes a receptor pathway for viral entry that is distinct
from that used by other HRV groups (7, 39).

This observation underscores the challenge of developing
broadly active HRV capsid inhibitors, since the P1 capsid region
exhibits a much higher degree of sequence diversity among HRV
groups than the more conserved viral proteins that support intra-
cellular RNA replication (56). Further studies using a larger set of
HRV-C serotypes should be conducted to better understand the
susceptibility of the whole HRV-C group to the capsid inhibitor
class (pleconaril, pirodavir, WIN compounds, and vapendavir)
(54–57). In contrast to the P1 capsid region, the active sites of the
3C protease and 3D polymerase are highly conserved throughout
the Picornaviridae (49, 53). This is reflected in the panserotypic
activity of rupintrivir and MK-0608 in both the replicon and HAE
assays and suggests that the 3C protease and likely the 3D poly-
merase are viable targets for the development of panserotype HRV
inhibitors.

The use of the HAE model for HRV-C antiviral screening has
several important limitations. Culture of differentiated HAEs
is laborious, and the infection and sample processing are low
throughput, requiring multiple washes to remove the mucous
layer to establish infection and RNA purification to quantify virus
yield. Our attempts to transfer the assay from a 24-well to a 96-well
format have been unsuccessful due to a substantial well-to-well
variability in infection. This is likely due to the heterogeneity of
the degree of differentiation and variable number of permissive
cell types in each sample well. Due to these constraints, this assay
is not suitable for using in a higher-throughput format to identify
novel HRV-C inhibitors. In contrast, the HRV-C replicon systems
are fully amenable to higher throughput, including both a 96-well
and a 384-well format.

In summary, we have developed and fully validated a series of
novel assays using transient subgenomic-replicon and infectious-
virus replication that can be effectively used to screen and charac-
terize the antiviral activities of HRV inhibitors. Results of this
study represent the first comprehensive and quantitative profiling
of multiple known classes of antivirals against HRV-C, and these
assays represent valuable tools for the identification and charac-
terization of novel broad-spectrum inhibitors of HRV replication.
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