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Respiratory tract (RT) infections by members of the enterovirus (EV) genus of the Picornaviridae family are
the most frequent cause for the common cold and a major factor in the exacerbation of chronic pulmonary
diseases. The lack of a practical small-animal model for these infections has obstructed insight into pathogenic
mechanisms of the common cold and their role in chronic RT illness and has hampered preclinical evaluation
of antiviral strategies. Despite significant efforts, it has been difficult to devise rodent models that exhibit viral
replication in the RT. This is due mainly to well-known intracellular host restrictions of EVs with RT tropism
in rodent cells. We report the evolution of variants of the common-cold-causing coxsackievirus A21, an EV with
tropism for the human intercellular adhesion molecule 1 (hICAM-1), through serial passage in the lungs of
mice transgenic for the hICAM-1 gene. This process was accompanied by multiple changes in the viral genome,
suggesting exquisite adaptation of hICAM-1-tropic enteroviruses to the specific growth conditions within the
RT. In vivo mouse RT-adapted, variant coxsackievirus A21 exhibited replication competence in the lungs of
hICAM-1 transgenic mice, providing a basis for unraveling EV-host interactions in the mouse RT.

The common cold (acute nasopharyngitis) is a frequent ail-
ment, primarily of viral etiology, recognized since antiquity.
The incidence in adults and children ranges from 2 to 4 and 6
to 8 cases, respectively, per person per year. The economic
impact of viral, noninfluenza respiratory tract (RT) infections
has been estimated at ~$40 billion/year in the United States
alone (16). A majority of viral infections are due to members
of the enterovirus (EV) genus of the Picornaviridae family
recognizing hICAM-1 as a receptor (20, 39, 40). These com-
prise 88 major-group human rhinoviruses (HRVs) and cox-
sackievirus A (CAV) serotypes 1, 11, 13, 15, and 17 to 24. EV
RT infections cause transient, benign symptoms, such as rhi-
norrhea, sneezing, and sore throat, but they are major factors
in the exacerbation of asthma (28, 35) and chronic obstructive
pulmonary disease (COPD) (37, 38). Curiously, viral replica-
tion is modest and host cell destruction in the RT is absent (21,
44), indicating a role of host inflammatory reactions rather
than overt tissue damage in pathogenesis (33, 34). The signif-
icant public health impact of EV RT infections inspired many
efforts to develop animal models. Since natural susceptibility is
restricted to higher primates (12), these approaches were
based on adapting EVs to rodents. HRVs that use the low-
density lipoprotein receptor (LDL-R) for host cell entry spon-
taneously infect mouse L fibroblasts (47) and exhibit very mod-
est replication in wild-type (wt) BALB/c mice (46). This
suggests that these viruses either use the murine LDL-R or
another murine cell surface molecule for host cell attachment
and entry. More targeted, recent efforts focused on supplying
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authentic human receptors, e.g., with mice transgenic for the
hICAM-1 gene (hICAM-1 tg mice) (1).

However, despite circumventing host-range determinants
for attachment and entry, producing a viable murine model for
EV RT infection has met substantial obstacles. The reason for
this is inherently deficient replication in the murine RT. All
HRVs, independent of receptor choice, exhibit poor growth in
mouse cells. Growth of HRV2 improved upon genetic adap-
tations after serial passage in mouse L fibroblasts (47), which
were shown to map to the nonstructural proteins 2B/2C (32).
Similarly, poor replication of HRVs 16 and 39 in mouse L
fibroblasts expressing hICAM-1 significantly improved upon
acquisition of adaptation mutations in viral nonstructural pro-
teins 2B, 2C, or 3A (23, 24).

We report here the generation of an hICAM-1-tropic EV
strain with replication competence in the murine RT. Our
efforts focused on the laboratory strain CAV21(Kuykendall),
referred to as CAV21 here. A number of basic observations
support the use of CAV21 over HRVs in mouse models for RT
replication. The natural histories of CAV21 and HRYV respi-
ratory infection are similar (3, 27), and their aerosols produce
identical illnesses in human subjects (4, 10). While most HRVs
exhibit a marked preference for growth at 33.5°C with signifi-
cant replication deficits at 37.0°C (the prevailing temperature
in mouse lung is even higher) (8), CAV21 grows equally well at
either temperature. Lastly, CAV21 readily replicates in mixed
primary explant cultures from hICAM-1 tg mouse embryos,
modestly grows in the central nervous system (CNS), and
causes histopathological lesions in adult ZICAM-1 tg mice (14).
Yet, our studies revealed that wt CAV21, which is replication
competent in mouse L fibroblasts, shares the severe growth
deficits of HRVs 16 and 39 in mouse primary RT epithelial
cells expressing hICAM-1.

We devised a serial in vivo adaptation strategy to select for
CAV21 variants with replication competency in the lungs of
hICAM-1 tg mice. This produced an adaptation genotype me-
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TABLE 1. Primers used in this study

No. Name 5'—3' sequence Position in wt CAV21 genome*
1 5"T7 TGGCGGCCGCGGAAATCCG NA

2 3" EcoRI AAGGAATTCGGGAAGGGATAC 88-106
3 5" EcoRI CCCGAATTCCTTTAGAAGCTTATC 97-120
4 5" hICAM-1 GGAAGCTTCGCTATGGCTCCCAGC NA

5 3" hICAM-1 CGTCTAGAGATAGGTTCAGGGAGG NA

6 57 CAGCTCTGGGGTTGTTCC 7-24

7 5" B07 CCTGTTTTGTATCCCTTCCC 80-99

8 5" 441 GAGTCCTCCGGCCCCTGAATGC 439-460
9 5" 721 GGGAGCTCAAGTTTCAACGC 716-735
10 3721 TTGAGCTCCCATTTGCACTG 706-725
11 5" 779 GGCAGCCAATGGATCCACCATT 767-788
12 3" 779 GGTGGATCCATTGGCTGCCACG 764-785
13 3" 1045 GAATCATTTATGTAAGTGGG 1035-1054
14 5" 1169 CCAGATTGTTTGAAGGACATGGG 1167-1189
15 3" 1691 CCCATTGAACTCTGTACACATGG 1684-1706
16 5" 1697 GTTCAATGGGTTGAGAAACATC 1697-1718
17 5" 2121 GGTAAACTGCTCCTCAGC 2115-2132
18 3' 2206 CCCTAGGTCCCAGATGATGTG 2190-2210
19 5" 2685 GTCATTCTTTGGGAGAGCTGC 2675-2695
20 3'2770 GTAATATTCCATATGTTGAAATGC 2750-2773
21 3’ 3004 GGAGGTGCATTTCCATACATG 2996-3016
22 5" 3160 GCAGTTAGAGCAGTAAACCGC 3162-3182
23 3’ 3490 GGCGATGGTATCAGTTCCCTG 3489-3509
24 5" 3609 CGACTACTATCCAGCAAGATACC 3608-3630
25 3" 3683 CCTCAGTATCCCACCGCAGTC 3672-3692
26 5' 3994 CGATCCTTGCAACACTAGC 3985-4003
27 54332 GGTTAGCAGTCCAGTCCC 4333-4350
28 3" 4380 CCACAGCGTATAATGGTGC 4359-4377
29 5" 4950 GGAAAGGCCTTGCAATTAATGG 4947-4968
30 3" 5060 GGCTTCCATGCAATTGCCGATATTGG 5041-5066
31 3" 5215 CCTTTCTAGTTGAATCTGGC 5218-5237
32 5' 5550 GATGGGAAAGAAGTAGAGATCC 5550-5571
33 3' 5604 GGTGATCTCAAGATTGGTTCCC 5600-5621
34 5 5988 GTGGGGTACCCCATTATAAATGC 5985-6007
35 3" 6570 GCTGATCCTGTCACCACACCTGG 6555-6577
36 5" 6641 CGCTTTTGACTACACAGGG 6641-6659
37 3" 6771 CTGAGTGAGGCATCATACCC 6657-6676
38 5" 7305 CTCTACATTGTACCGCCGATGGCTCG 7301-7326
39 3" 3-UTR CCCCTACAACAGTATAACCC 7364-7383

“ NA, not applicable.

diating distinct viral replication dynamics in susceptible cell
lines in vitro and active replication and viral translation in RT
epithelium of hICAM-1 tg mice. Similar to mouse-adapted
HRVs, genetic alterations acquired upon CAV21 adaptation
to growth in the murine RT affected nonstructural proteins
encoded in the P2 region of the viral genome. In addition,
adaptation involved changes of capsid proteins that may alter
virus-hICAM-1 interactions and hICAM-1 signaling upon vi-
rus binding.

MATERIALS AND METHODS
Viruses, animal histochemistry, and histopathology. An infectious
CAV21(Kuykendall) clone, kindly provided by E. Wimmer (Stony Brook Uni-
versity, NY), was rederived, propagated, and purified as described previously
(14). To facilitate the derivation of CAV21 recombinants, an EcoRI endonu-
clease restriction site was engineered in the viral 5’ untranslated region (UTR)
by PCR of the CAV21 cDNA template with primer pairs 1/2 and 3/12 (Table 1).
The resulting fragments were digested with NotI and BamHI and inserted into
the corresponding sites of the CAV21 cDNA. hICAM-1 tg mice, founder line 4,
have been characterized in detail (14). All procedures involving vertebrate ani-

mals were reviewed and approved by the Institutional Animal Care and Use
Committee. For intranasal (i.n.) inoculations, mice were anesthetized with iso-
flurane in a Matrix3000 gas anesthesia apparatus and suspended from their front
incisors, and 2 or 5 droplets each of 10 pl were applied to both nares for a total
delivery of 20 pl or 50 wl, respectively. The animals were left suspended for ~1
min and returned to their cages. For intratracheal (i.t.) inoculations, after deep
sedation with intraperitoneal ketamine-xylazine, an ~8-mm incision was applied
to expose the thyroid gland and to prepare the underlying trachea for injection
with a 28G1/2" insuject syringe (Becton Dickinson). Virus suspension (30 wl) was
slowly instilled into the trachea. Aspiration of the inoculum was carefully in-
spected to ensure proper delivery. Following the inoculation procedure, the
incision was stapled and animals were returned to their cages. At the time of
euthanasia, animals were given an intraperitoneal injection of 250 mg pentobar-
bital/kg body weight. The carcasses were perfused with cold, sterile phosphate-
buffered saline (PBS), and the lungs were removed for further analysis. Immu-
nohistochemical analysis of hICAM-1 expression in the RT was performed as
described previously (14). For histopathology, the lungs were instilled with 4%
paraformaldehyde (in PBS). The perfused and fixed lungs were removed and
processed for paraffin sectioning as described before (14).

Tissue processing, virus quantification, and serial in vivo passage. For ho-
mogenization and virus reisolation, dissected lungs were freeze-thawed and
weighed, Dulbecco’s modified Eagle’s medium (DMEM,; Invitrogen) containing
500 IU/ml penicillin, 500 wg/ml streptomycin, and 5 pg/ml amphotericin B (all
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Invitrogen) was added at 5:1 (volume:weight), and the material was thoroughly
homogenized at 4°C in an automated homogenizer (PRO Scientific). The lung
homogenate was freeze-thawed and briefly centrifuged to collect large debris,
and the supernatant was tested by standard plaque assay as described previously
(14). Tests of virus recovery from the pelleted debris in the lungs of 10 KICAM-1
tg or non-tg mice each revealed that, consistently, >95% of total recovered virus
was present in the supernatant. Therefore, the indicated virus titers represent
infectious material recovered from the homogenate supernatant. For serial pas-
sage of CAV21 in hICAM-1 tg lungs, 500 pl of the homogenate supernatant was
used to infect HeLa H1 cells grown to 70% confluence in 60-mm dishes
(Greiner). The cells were incubated at 37°C until all cells exhibited signs of
cytopathic effects. After being freeze-thawed twice, the cell lysates were collected
and centrifuged at 12,000 rpm for 30 min to remove cellular debris. The resulting
homogenate was analyzed by plaque assay to quantify virus in preparation for
subsequent i.t. instillation into A/CAM-1 tg mice.

ICAM-1 antibody assays. ICAM-1 in vitro blockade in HeLa H1 cell mono-
layers and in vivo blockade with i.t. infection of hICAM-1 tg mice were carried
out as follows. HeLa H1 cell monolayers grown in 24-well plates (Greiner) were
pretreated for 1 h at 37°C with 40 or 4 nM anti-ICAM-1 antibody (clone RR1/1;
Invitrogen), 40 nM isotype-controlled nonspecific mouse IgG1, or medium alone.
Thereafter, the media were aspirated and replaced with 200 pl of suspension
containing virus at a multiplicity of infection (MOI) of 0.5. The plate was gently
rocked at room temperature for 30 min, and the wells were rinsed twice to
remove unbound virus and overlaid with DMEM before incubation at 37°C.
Cultures were frozen immediately after rinsing to measure virus bound to cells at
0 h postinfection (p.i.) and after 8 h p.i. at 37°C. The cultures were freeze-thawed
twice, and cell lysates were subjected to plaque assay to determine viral progeny
titers as previously described (14). For animal experiments, virus suspensions
were prepared that contained 2 X 10° PFU of CAV21 or CAV-RTA (respiratory
tract adapted) and either 40 nM RR1/1 antibody or 40 nM nonspecific IgG1.

hICAM-1-expressing mouse cell lines, serial p ge in vitro, tep growth
curves, and hICAM-1 signaling assays. Mouse L fibroblasts and La-4 respiratory
epithelial cells (both obtained from ATCC) were grown as instructed by the
provider and transfected with hICAM-1 expression plasmid cDNA using stan-
dard methods described elsewhere (13). The hICAM-1 expression plasmid was
generated as follows. The hICAM-1 open reading frame (ORF) was amplified
with reverse transcription-PCR (RT-PCR) from total HeLa HI cell RNA iso-
lated with Trizol reagent (Invitrogen) according to the manufacturer’s instruc-
tions with primers 4 and 5 (Table 1). The resulting PCR fragment was digested
with restriction endonucleases Xbal and HinDIII and inserted into pcDNA3.1
(Invitrogen) previously digested with the same enzymes. Stable mouse L and
La-4 cell lines were obtained by growing transfected cells in the presence of
neomycin and clonal selection by following standard procedures. Expression of
hICAM-1 was confirmed by FACS analysis (ICAM-L5 cells) (see Fig. 2A) or
antigen capture/immunoblot (ICAM-La-4 cells) (see Fig. 2C). For in vitro pas-
sage, ICAM-La-4 cells were grown to ~70% confluence in 60-mm culture dishes
(Greiner) and infected with CAV21 at a multiplicity of infection of 10. Following
48 h of incubation at 37°C, the cells were freeze-thawed twice, and the resulting
lysate was used to infect HeLLa H1 cells to amplify the inoculum. Infected HeLa
HI1 cells were incubated at 37°C until full cytopathic effects were evident, and
cells were freeze-thawed thereafter. One milliliter of infected HeLa H1 cell
lysate was used to overlay ICAM-La-4 cells for a subsequent round of infection.
The procedure was repeated 10 times with alternate ICAM-La-4/HeLa H1 pas-
sages and 5 times with serial ICAM-La-4 passages. Virus obtained after the final
passage was used for plaque purification by standard methods. One-step growth
curves were established as previously described (17). To analyze hICAM-1 sig-
naling upon CAV21 binding, HeLa H1 cells were serum starved for 48 h and
infected at an MOI of 10. At defined intervals, the cells were rinsed with PBS,
lysed, and processed for immunoblots with antibodies against Erk1/2, phospho-
Erk1/2, and phospho-Akt(Thr308) (all Cell Signaling) as described before (19).

FACS and immunoblots. Fluorescence-activated cell sorting (FACS) analysis
of ICAM-LS5 cells was conducted as follows. Stable, clonal selected ICAM-L5
cells were collected by scraping from culture flasks, washed, and pelleted by
centrifugation. HeLa H1 cells, wt L cells, and ICAM-LS5 cells (500,000 cells each)
were FACS analyzed in the presence of fluorescein isothiocyanate (FITC)-
labeled anti-ICAM-1 antibody (Calbiochem; catalog number 217607) (2) or
isotype-matched, nonspecific mouse IgG1 control (BD Biosciences; catalog num-
ber 555748) following standard procedures. A solid-phase antigen-capture/im-
munoblot procedure to detect hICAM-1 expression in transduced cells has been
described before (14). Immunoblots for translation factors and viral proteins
were carried out as reported previously (13).

Sequencing of viral genomes and rederivation of cloned viruses. Sequencing of
viral genomes followed earlier published procedures (17). Briefly, plaque puri-
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fied virus or mixed virus populations recovered after serial in vitro passage in
ICAM-La-4 cells or serial in vivo passage in the lungs of h”/CAM-1 tg mice were
propagated in HeLLa H1 cells. Total RNA was purified from infected HeLLa H1
cell lysates with Trizol reagent (Invitrogen). Staggered primers 15, 21, 30, and 39
(Table 1) were used for reverse transcription of discrete regions of the viral
genome. Primer pairs 6/15, 8/21, 17/30, and 27/39 (Table 1) were used to generate
overlapping PCR products covering >99% of the viral genome (we were unable
to determine the sequence of the ~30 5'-most and 3’-most nucleotides of the
viral RNA). A variable combination of primers 6 to 39 (Table 1) was used for
sequencing of the RT-PCR products. All sequence alterations identified in Fig.
3 were evident when employing at least 2 distinct primers. ICAM-La-4-adapted
CAV21, CAV-RTA, and CAV-RTB (respiratory tract adapted with wild-type
CAV21 capsid) were cloned as follows. RT-PCR of total RNA isolated from
HeLa H1 cells infected with the respective isolates was performed with primers
12, 18, and 30. Primer pairs 7/12, 11/18, and 22/30 were used to PCR amplify
portions of the CAV21 genome from these RT-PCR reactions. For generating
CAV-RTA, PCR fragments encompassing the 5’ UTR (nucleotides [nt] 80 to
785), parts of VP2/VP3 (nt 767 to 2210), and parts of VP1/2A/2C (nt 3162 to
5069) were digested with EcoRI/BamHI, BamHI/AvrlIl, or Xhol/Stul, respec-
tively, and inserted into the wt CAV21 cDNA. To derive CAV-RTB, we digested
CAV-RTA cDNA with BamHI (nt 777) and Avrll (nt 2204) and inserted the
corresponding fragment from wt CAV21. ICAM-La-4-adapted virus was cloned
with PCR fragments encompassing parts of VP2/VP3 (nt 767 to 2210) and
VP1/2A/2C (nt 3162 to 5069) as described above. Mutant viruses were derived
after transfection of HeLa HI cells with infectious in vitro transcript RNA as
described before (17).

Viral protein expression in mouse lungs. To assess expression of viral, non-
structural proteins in the lungs of ”ICAM-1 tg mice or their non-tg peers, male
16- to 20-week-old mice were inoculated with 2 X 107 PFU of CAV21 or
CAV-RTA (in 30 pl) by the i.t. route as described above. Mice were euthanized
as described above, and their carcasses were perfused with 10 ml ice-cold PBS.
The lungs were dissected and immediately thereafter snap-frozen on dry ice. The
frozen tissues were thawed in 5 volumes (weight per volume) of lysis buffer (50
mM HEPES [pH 7.4], 150 mM NaCl, 0.5% NP-40, 10% glycerol, 1 mM EDTA,
5 mM EGTA, 2.5 mM dithiothreitol [DTT]) supplemented with Complete pro-
tease inhibitor cocktail (Roche) and Halt phosphatase inhibitor cocktail (Pierce).
The lungs were then homogenized thoroughly in an automated homogenizer.
The resulting lysate was incubated for 30 min at 4°C and frozen at —80°C
thereafter. After thawing on wet ice, the homogenates were spun 10 min at
1,000 X g to remove gross debris. The supernatants from the first spin were
centrifuged at high speed (20,000 X g) for 10 min. The resulting pellets contain-
ing membrane fractions were resuspended in 2 volumes of lysis buffer. The final
supernatants and the resuspended pellet fractions were analyzed by immuno-
blotting as follows. For supernatant samples, 100 pg of total protein per lane
(protein concentrations were determined by Bradford assay) was loaded for
analysis by SDS-PAGE. For pellet samples, since Bradford assays cannot be used
due to the nonhomogeneous state of the resuspended samples, 15 pl was loaded
per lane. This amount yielded a level of characteristic background bands iden-
tical to that of lysate from supernatants, corresponding to 100 g of total protein.
Immunoblots were carried out with a rabbit polyclonal antibody against polio-
virus 3D (a gift of E. Wimmer) according to procedures described before (13).

RESULTS

Intratracheal administration of CAV21 improves RT deliv-
ery. To test replication competence of CAV21 in the murine
RT, we conducted experimental RT infections of h7ICAM-1 tg
mice or their non-tg littermates and quantified virus recovered
from excised lung. We used hICAM-1 tg strain 4 for our stud-
ies, which exhibits hICAM-1 organ type-specific expression
similar to that of humans (14). Immunohistochemical analyses
of the lungs of hICAM-1 tg mice revealed an hICAM-1 expres-
sion pattern consistent with expression on the apical surface of
RT epithelial cells (Fig. 1A).

Our approach is complicated by the fact that, due to virus
administration to the RT, the original inoculum cannot be
distinguished from viral progeny. Also, for anatomical reasons,
it is difficult to assess viral presence in the upper RT (the
primary site for replication in humans) in mice. Virus admin-
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FIG. 1. CAV21 recovery from lungs after i.t. inoculation in
hICAM-1 tg mice. (A) Immunohistochemical detection of hICAM-1
expression in RT epithelium of hICAM-1 tg mice (bottom) and
non-tg littermates (top). Red arrowheads indicate the blue chro-
mogenic substrate indicative of hICAM-1 expression in RT epithe-
lium. (B) Virus recovered from lungs of groups of mice (n = 4 mice
per group) inoculated with 2 X 10° PFU of CAV21. Groups of
hICAM-1 tg mice or non-tg littermates (n = 4 mice per group) were
inoculated with CAV21 as described in Materials and Methods and
tested for virus recovery from lungs at the intervals shown. IN,
intranasal; IT, intratracheal. The values represent the average re-
covered amounts of virus from the animals in each group; bars
indicate standard deviations. (C) CAV21 propagation in HeLa H1
cells pretreated with medium alone or medium containing the in-
dicated antibodies. (D) Virus recovered from lungs of groups of
male hICAM-1 tg or non-tg mice (n = 4) inoculated i.t. with a
suspension containing 2 X 10° PFU CAV21 and the indicated
antibodies (40 nM).
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istration techniques were optimized to cope with these limita-
tions. First, because virus replication is tested in lungs but
intranasal (i.n.) delivery of virus to the lung is inefficient (only
~0.5% or ~8% of the inoculum is recovered immediately after
i.n. administration of 20 pl or 50 pl, respectively [Fig. 1B]), we
performed intratracheal (i.t.) inoculations instead. This
method permitted instant recovery of ~20% of the inoculum
(Fig. 1B). Intratracheal delivery improved accuracy and pro-
duced remarkably even recovery across individual animals in
experimental groups in all subsequent assays. Second, inocu-
lation titers were limited to 2 X 10° PFU to minimize input
virus; very low viral titers are sufficient to initiate RT infection
in humans (9).

CAV21 is rapidly cleared from the RT of hICAM-1 tg mice.
For measurements of recovered virus, dissected mouse lungs
were processed as described in Materials and Methods, and the
resulting homogenate was tested by plaque assay. Total titers
isolated from lungs per animal were averaged in groups of 4
animals. Virus recovery 5 min after i.t. inoculation was undis-
tinguishable between tg mice and their non-tg littermates (Fig.
1B). In the latter, ~3.5% of the inoculum was isolated after
24 h, with diminishing returns until 72 h after injection (Fig.
1B). Intriguingly, a mere <0.0025% of the inoculum was re-
covered from tg mice at 24 h, and no virus was isolated there-
after (Fig. 1B). Accelerated clearance of CAV21 from the
lungs of hICAM-1 tg mice suggested a receptor-mediated
event, e.g., uptake and eclipse in hICAM-1-expressing RT ep-
ithelial cells. To test this directly, we employed receptor block-
age with anti-ICAM-1 antibody.

Specific inhibition of HRV attachment and replication with
anti-ICAM-1 antibodies has been shown before in vitro (6) and
in chimpanzees or human volunteers (7, 25). We recapitulated
this effect with monoclonal anti-ICAM-1 antibody RR1/1, pre-
viously used to block HRV binding in vitro (5). Pretreatment of
HeLa H1 cells with RR1/1 resulted in an ~80-fold or ~4-fold
reduction of progeny at 8 h postinfection with 40 nM or 4 nM
antibody, respectively (Fig. 1C). To evaluate the possibility of
CAV21 binding to and eclipse in murine RT epithelial cells, we
evaluated virus recovery in the presence of RR1/1 anti-
ICAM-1 antibody in both #7ICAM-1 tg and non-tg animals. For
controls, hICAM-1 tg mice were inoculated with CAV21 in the
presence of isotype-matched nonspecific mouse IgG. Since re-
ceptor binding and eclipse of virus in //CAM-1 tg mice are
likely to occur prior to 24 h after inoculation (producing the
diminished recovery at 24 h [Fig. 1B]), we tested intervals of 6,
8, 10, and 24 h after i.t. virus inoculation in groups of four
animals each (Fig. 1D).

Clearance of CAV21 from the RT of hICAM-1 tg mice was
rapid. Six hours after virus inoculation, only ~0.5% of the
recoverable inoculum was lost from non-tg animals, but ~95%
of virus was cleared from tg mice (Fig. 1D, tg+IgG). The
addition of 40 nM RR1/1 to the i.t. inoculum substantially
elevated virus recovery from inoculated lungs in AICAM-1 tg
mice (Fig. 1D, tg+RR1/1). At 6 h postinoculation, virus recov-
ery was increased ~10-fold compared to that in animals in-
jected with virus in the presence of nonspecific IgG (Fig. 1D).
The effect of the anti-ICAM-1 antibody waned with time. It
was reduced to ~3.5-fold enhanced recovery by 10 h and was
insignificant after 24 h (Fig. 1D). Similar recovery after 24 h
with or without RR1/1 suggests that the anti-ICAM-1 antibod-
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FIG. 2. Invitro adaptation of CAV21 to growth in ICAM-La-4 cells. (A) FACS analysis of HeLLa H1 cells, mouse L fibroblast cells, or an L cell
line expressing hICAM-1 (ICAM-LS). Filled graphs represent the FACS signal obtained with a control isotype-matched nonspecific mouse IgG1;
line graphs show FACS signal with an FITC-labeled anti-ICAM-1 antibody. (B) One-step growth kinetics of CAV21 in the indicated cell lines. The
data show one representative assay of two independent experiments. (C) Solid-phase antigen capture immunoblot of hICAM-1 in La-4 cells stably
transduced with hICAM-1 (ICAM-La-4) and HeLa H1 cells. Decreasing amounts of cell lysate were analyzed. (D) One-step growth curves of wt
CAV21 and a cloned 10-passage adapted variant (CAV-TCA) in the indicated cell lines. Representative data from one series of two independent

experiments are shown.

ies had no influence on recovery of CAV21 from non-tg ani-
mals (Fig. 1D, non-tg+RR1/1). Also, the addition of control,
isotype-matched mouse IgG did not alter virus recovery in
hICAM-1 tg mice, because titers obtained after 24 h were
equally low in animals inoculated without antibody (Fig. 1B).
Our data suggest that the rapid loss of CAV21 from i.t. in-
jected hICAM-1 tg mice is due to interactions with hICAM-1 in
the RT. CAV21 may readily bind to hICAM-1 in the RT and
undergo eclipse. While these events may indicate successful
CAV21 entry into RT epithelial cells of KICAM-1 tg mice, the
lack of significant virus recovery beyond 10 h after i.t. inocu-
lation suggested poor virus replication in such cells.

In vitro adaptation of CAV21 to mouse RT epithelial cells.
Since our data indicated that CAV21 enters hICAM-1 tg
mouse RT epithelial cells in an hICAM-1-mediated event,
CAV21’s obvious growth deficit in mouse lungs may be due to
host/cell-type-specific restrictions of virus replication. Al-
though, in contrast to hICAM-1-tropic HRVs (23, 24), CAV21
grows efficiently in mouse L fibroblasts expressing hICAM-1
(ICAM-L5) (Fig. 2A, B), these are nonrepresentative targets
that may not accurately predict virus competency in RT epi-
thelium. Therefore, we generated mouse RT epithelial cells
(La-4) expressing hICAM-1 (ICAM-La-4 cells) (Fig. 2C). La-4

cells are of epithelial origin, derived from induced mouse pul-
monary adenoma (41). La-4 cells retain characteristics of the
RT epithelium, grow at lower rates than most transformed
cells, do not form soft agar colonies, and are nontumorigenic in
isogenic animals after prolonged subculture (41). Interestingly,
propagation of CAV21 in ICAM-La-4 cells, in contrast to
ICAM-LS cells, was severely depressed (Fig. 2D). This sug-
gested that CAV21 shares the known host restrictions of
HRVs in murine cells, at least in representative targets derived
of RT epithelium.

We performed serial passages of CAV21 in ICAM-La-4 cells
to investigate whether in vitro adaptation might yield mouse
RT-competent virus. After 10 alternate passages in ICAM-
La-4 and HeLa H1 cells, followed by five passages in ICAM-
La-4 cells, infection produced prominent cytopathic effects in
the latter. Whole-genome sequencing of serially passaged virus
after plaque purification revealed three amino acid exchanges
mapping to the capsid proteins VP2 (Ser207—Asn) and VP3
(Ala520—Val) and the nonstructural protein 2C
(Vall371—Met) (amino acid numbering refers to the CAV21
polyprotein) (Fig. 3A). CAV21 adapted in an RT tissue culture
model (CAV-TCA [tissue culture adapted]) containing the
three amino acid exchanges was cloned, rederived, and tested
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the lungs of infected /ICAM-1 tg mice at the indicated passage.

for one-step growth kinetics in ICAM-La-4 cells. The latter
revealed similar growth kinetics in ICAM-La-4 and HeLa H1
cells (Fig. 2D). Intratracheal inoculations of recombinant
CAV-TCA in groups of hICAM-1 tg mice conducted as out-
lined above (Fig. 1B) revealed a pattern of viral clearance by
24 h postinoculation similar to its wt CAV21 parent (data not
shown). This suggested that the adaptation of CAV21 in vitro
is not sufficient to overcome the intracellular block to viral
replication in the murine RT epithelium.

In vivo adaptation of CAV21 to mouse RT epithelium. Since
neither wt nor ICAM-La-4-adapted CAV21 exhibited efficient
replication in the murine RT, we embarked on in vivo adap-
tation of the virus in the lungs of AWICAM-1 tg mice. This
strategy was motivated by two observations. First, rapid clear-
ance of the inoculum only in tg animals by 6 h postinoculation
and experiments with anti-ICAM-1 antibodies indicated
eclipse of virus and, thus, successful entry and uncoating upon
binding to hICAM-1 on RT epithelial cells. Second, a delicate
but consistent increase in viral titers isolated 10 h versus 6 h
postinoculation (Fig. 1D) suggested marginal propagation of
the virus. Thus, serial passage of CAV21 in hICAM-1 tg mouse
lungs might select for RT-competent variants.

Two hICAM-1 tg mice were infected by the i.t. route with
2 X 10° PFU of wt CAV21. Twenty-eight (for passages 1 to 4)
or forty-eight (for passages 5 to 10) hours postinoculation,
lungs were dissected and homogenized, and titers were quan-
tified by plaque assay. The incubation period was extended due
to improved recovery of virus beyond 28 h after infection with
passages 5 and higher (Fig. 4B) to encourage genetic adapta-
tion. Lung homogenates from the animal with the highest

intrapulmonary titer were used to inoculate HeLa H1 cells.
Virus amplified in this manner was quantified by plaque assay
and used to inoculate a subsequent pair of xICAM-1 tg mice in
an identical fashion. This procedure was repeated 10 times.
Plaque assays of lung homogenates from the first 5 passages
revealed emergence of a large-plaque variant by the 2nd pas-
sage (Fig. 4A). The proportion of large-plaque variants
steadily increased, and they dominated the sample by the 5th
passage (Fig. 4A). The amounts of virus recovered 48 h post-
inoculation increased significantly with serial passages 6 to 10
(Fig. 4B). Since the evolution of an altered plaque phenotype
was complete by passage 5 and virus yields did not increase
beyond passage 8 (Fig. 4B), the in vivo adaptation procedure
was halted at passage 10.

A mouse-adapted strain of CAV21. Serial-passaged CAV21
recovered from infected mouse lungs was propagated in HeLa
HI1 cells after the 5th and 10th passages, and the entire genome
was sequenced using viral RNA isolated from bulk virus (pop-
ulation sequencing) as described in Material and Methods. At
5 passages, population sequencing revealed a number of single
nucleotide polymorphisms. There was considerable heteroge-
neity at mutated nucleotides, judging by the appearance of
multiple overlapping peaks of similar magnitude in the chro-
matogram (Fig. 3B). Due to obvious genetic heterogeneity of
hICAM-1 tg mouse lung-derived virus populations and because
maximum virus recovery had not been reached after 5 pas-
sages, no attempts were made to isolate or clone large-plaque
virus variants.

At passage 10, population sequencing revealed that all mu-
tations identified in Fig. 3A were dominant, with the area
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concentrations given.

under the “mutant peak” >90% of the total at the position in
the chromatogram. This phenomenon is shown for the evolu-
tion of the exemplary Lys208—Asn mutation in VP2 from
passage 5 to passage 10 (Fig. 3B). Plaque-purified virus from
passage 10 was sequenced, and the genomic sequence con-
tained all dominant mutations that were previously identified
by population sequencing of virus at passage 10 (Fig. 3A). This
finding and the absence of obvious single nucleotide polymor-
phisms in the population sequence at passage 10 suggest that
after 10 passages in the lungs of KICAM-1 tg mice, a predom-
inant CAV21 genotype had emerged. However, we cannot
exclude minor genetic heterogeneity in the pool of viruses
obtained from A//CAM-1 tg mouse lungs, and no attempts were
made to systematically evaluate the precise composition of the
virus population. The dominant mutant virus with the geno-
type shown (CAV-RTA [respiratory tract adapted]) (Fig. 3A)
was cloned and rederived for further tests.

Several observations from genetic analyses of CAV-RTA
stand out. There were clear similarities with CAV-TCA ob-
tained after serial passage in ICAM-La-4 cells (Fig. 3A). All
viral proteins that acquired adaptation mutations for growth in
ICAM-La-4 cells (VP2, VP3, 2C) also were altered in CAV-
RTA. A mutation in the capsid protein VP2, Lys208—Asn in
CAV-RTA, was directly adjacent to Ser207—Asn in CAV-
TCA (Fig. 3A). Also, a mutation in the nonstructural protein
2C, Vall371—Leu in CAV-RTA, was Vall371—Met in CAV-
TCA (Fig. 3A). We identified four nucleotide exchanges in
CAV-RTA that, in addition to one mutation in the 5" UTR,
did not result in amino acid substitutions (Fig. 3A). As with
nucleotide exchanges resulting in coding alterations, there was
genetic heterogeneity at these positions at passage 5, which
evolved into the dominant, seemingly homogeneous genotype
at passage 10. It is therefore plausible that silent nucleotide
substitutions may contribute to mouse RT adaptation of CAV-
RTA. None of the mutations, silent or coding, mapped to
known cis-acting genetic elements involved in genome replica-
tion, e.g., the cis-acting replication element (cre), which (in
CAV21) resides in the 2C ORF (36).

Since CAV-RTA acquired mutations in VP2 and VP3, cap-
sid proteins that participate in interactions with hICAM-1, we
evaluated the possibility of adaptation to an alternative murine
receptor. As with wt CAV21 (14) (Fig. 2B), there was no
propagation of CAV-RTA in mouse L fibroblasts or mixed
fibroblast cultures prepared from 7/CAM-1 tg-negative mouse
embryos (14) (Fig. 4C). Furthermore, CAV-RTA responded
to receptor blockage with RR1/1 antibody pretreatment of
HeLa HI1 cells (Fig. 4D) in a manner similar to that of wt
CAV21 (Fig. 1D). This suggested that CAV-RTA cell attach-
ment and entry did not occur in mouse cells in the absence of
hICAM-1 and required hICAM-1 in human cells.

In principle, the selection of CAV-RTA through serial pas-
sage in the lungs of hICAM-1 tg mice could have been influ-
enced by intermittent passage in HeLa H1 cells (used to am-
plify virus obtained from lung lysates). However, CAV-RTA
exhibited diminished propagation potential in HeLa H1 cells
(Fig. 5). Cloned CAV-RTA produced substantially enlarged
plaques (data not shown), recapitulating the plaque phenotype
observed with virus recovered from the lungs of infected
hICAM-1 tg mice at passage 5 and beyond (Fig. 4A). Both wt
CAV21 and CAV-RTA reached maximum progeny yields by 5
to 6 h after infection of HeLa H1 cells (Fig. 5A). However,
CAV-RTA achieved only ~20% of the wt yield (Fig. 5SA). EV
proteases 2A and 3C target eukaryotic initiation factor (elF)
4G (15) and poly(A)-binding protein (PABP) (26) in infected
host cells. The degradation of target host translation factors in
HeLa HI cells (Fig. 5B) was slowed by ~2 h with CAV-RTA
compared to that of the wt CAV21. Accordingly, translation of
CAV-RTA proteins, such as the nonstructural viral protein 2C,
was similarly delayed (Fig. 5B). This suggests that CAV-RTA
has inherently lower propagation potential in HeLa H1 cells
than wt CAV21, thus excluding intermittent HeLLa H1 passage
as a factor in the selection for the CAV-RTA genotype.

Propagation of CAV-RTA in the lungs of hICAM-1 tg mice.
We consistently observed slightly elevated (~2-fold) average
recovery of wt CAV21 at 10 h after i.t. inoculation compared to
that at the 8-h interval (Fig. 1C). Also, virus recovery from the
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FIG. 5. Growth properties of CAV-RTA in HeLa HI1 cells.
(A) One-step growth kinetics of wt CAV21 and cloned, recombinant
CAV-RTA in HeLa H1 cells. (B) Cleavage of eIF4G1 and PABPCI in
CAV21/CAV-RTA-infected HeLa H1 cells (asterisks indicate cleav-
age products recognized by antibodies detecting the intact proteins)
and expression of the viral 2C protein.

lungs of all four mice in the 10-h experimental groups was
higher than any of the mice in the 8-h groups. This suggests
that marginal viral replication may take place after internal-
ization of wt CAV21 into RT epithelial cells. We tested
whether in vivo adaptation resulted in enhanced CAV-RTA
recovery of virus after i.t. inoculation. To this end, we con-
ducted experiments similar to those shown in Fig. 1D, where
virus was coinoculated by the i.t. route with antibodies. We
carried out it. inoculations of CAV-RTA in four male
hICAM-1 tg mice or non-tg littermates per group with 2 X 10°
PFU of virus in the presence of RR1/1 antibody or control,
isotype-matched nonspecific mouse IgG. The animals were
euthanized at the intervals shown, and viral titers from lung
homogenates were determined (Fig. 6A).

Recovery of CAV-RTA in the control KICAM-1 tg group at
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10 h after i.t. inoculation slightly exceeded the inoculum and
was higher than that in non-tg mice, suggesting that virus
propagation had occurred (Fig. 6A). The presence of RR1/1
antibody reduced virus recovery at all intervals up to 48 h
postinoculation (Fig. 6A). This is in contrast to wt CAV21,
where the addition of RR1/1 enhanced virus recovery, presum-
ably by preventing virus eclipse and, thus, increasing the iso-
lation of input virus from infected lungs (Fig. 1B). Anti-
hICAM-1 antibody had the opposite effect on CAV-RTA,
indicating that blocked entry may result in diminished virus
recovery 10 to 48 h after i.t. inoculation due to prevention of
viral entry and subsequent replication in RT epithelium. Re-
covery of CAV-RTA was possible up to 96 h postinoculation
(Fig. 6A), while we were unable to isolate wt CAV21 from
infected lungs of KICAM-1 tg mice as early as 48 h postinfec-
tion (Fig. 1B). Also, recovery of CAV-RTA 48 h after infection
and beyond slightly exceeded the levels observed with non-tg
mice. CAV-RTA recovery from non-tg mice paralleled the
results with wt CAV21 at all intervals tested, confirming that
CAV-RTA did not acquire specificity for an endogenous mu-
rine receptor (Fig. 6A). Our experiments suggest that serial in
vivo passage of CAV21 after i.t. injection in AICAM-1 tg mice
produced an altered genotype which exhibits replication ca-
pacity in RT epithelium of //CAM-1 tg mice.

Virus recovery of CAV-RTA from the lungs of infected
hICAM-1 tg mice suggested hICAM-1-dependent, active viral
replication in the respiratory tract. However, these findings
provide only indirect evidence for viral propagation. To di-
rectly demonstrate viral replication in the murine RT, we
probed infected lung lysates for immunoblotting of viral non-
structural proteins. Male hICAM-1 tg mice or their non-tg
littermates were infected with wt CAV21 or CAV-RTA by the
i.t. route. Since this assay did not involve virus recovery from
lungs and to maximize production of viral nonstructural pro-
teins, we increased the inoculum to 2 X 107 PFU. One mouse
each was euthanized at defined intervals, and the dissected
lungs were processed and fractionated for immunoblotting
(see Materials and Methods). In h/ICAM-1 tg mice, i.t. inocu-
lation of CAV-RTA revealed the presence of ~130-kDa and
~82-kDa products reactive with a polyclonal antibody raised
against the 3D RNA-dependent RNA polymerase of poliovi-
rus (cross-reactivity of the antibodies was confirmed with im-
munoblot of CAV2l-infected HeLa H1 cell lysates [data not
shown]). The protein bands were detected at 8 h postinfection
and increased in intensity toward 24 h (Fig. 6B, lanes 8 to 11),
in accordance with the kinetics of CAV-RTA recovery from
the lungs of infected tg mice (Fig. 6A). Analyses of lung lysates
from CAV-RTA-infected non-tg littermates did not reveal sig-
nal beyond the background stain observed in lung lysates from
all animals (Fig. 6B, lanes 12 to 15), including noninfected
hICAM-1 tg mice (Fig. 6B, lanes 1 to 3). We also failed to
detect a corresponding signal in 2/ICAM-1 tg mice infected with
wt CAV21 (Fig. 6B, lanes 4 to 7).

We used a stepwise fractionation procedure to process lung
lysates (see Materials and Methods). The CAV-RTA-associ-
ated signal in lung lysates from AICAM-1 tg mice was detected
when using material from pellets obtained after centrifugation
of cytoplasmic extracts (Fig. 6B) but not in supernatants rep-
resenting cytoplasmic fractions (data not shown). This suggests
that the detected proteins remain associated with membranous
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FIG. 6. Propagation of CAV-RTA in the RT of hICAM-1 tg mice. (A) Virus recovered from lungs of mice inoculated with 2 X 10° PFU of
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i.t. with virus in the presence of antibodies (40 nM) as indicated and tested for virus recovery from lungs at the intervals shown. The values
represent the average recovered amounts of virus from the animals in each group. The bars indicate the standard deviations. (B) Immunoblot of
mouse lung lysates with rabbit polyclonal antibodies recognizing CAV21 3D. Lysates were obtained from mock-infected //CAM-1 tg mice (lanes
1 to 3), wt CAV2l-infected hICAM-1 tg mice (lanes 4 to 7), CAV-RTA-infected hICAM-1 tg mice (lanes 8 to 11), or CAV-RTA-infected non-tg
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was repeated three times; a representative assay is shown.

fractions resistant to mild detergent treatment in the lysis buf-
fer used (see Materials and Methods). These findings are con-
sistent with detection of CAV21 precursor polypeptides, in-
cluding the 3D polymerase. Since it comigrates with strong
background bands at ~50 kDa, we were unable to determine
whether mature, processed 3D is present in infected lung ly-
sates. We attempted to verify the identity of the precursor
polypeptides via incubation of lung lysates with recombinant
poliovirus 3CD protease. To this end, we homogenized lung
tissues and processed lysates in buffer lacking protease inhib-
itors. This assay failed, because no 3D antibody-reactive bands
were recovered in any samples, suggesting spontaneous degra-
dation of the material.

To determine if CAV-RTA infection produces RT histopa-
thology in hICAM-1 tg mice, we carefully examined lungs from
i.t. inoculated animals. Four male h/ICAM-1 tg mice each were
infected with 2 X 107 PFU CAV-RTA or wt CAV21 by the i.t.
route. For controls, four non-tg peers were inoculated with
CAV-RTA in the same manner. The lungs of inoculated mice
were excised 96 h after i.t. infection and processed for histo-
pathological analysis. The lungs were sectioned in foto, and
hematoxylin and eosin (H&E)-stained sections were carefully

examined for histopathological lesions. CAV-RTA failed to
produce overt histopathological lesions in the lungs of i.t. in-
fected hICAM-1 tg mice. This is in accordance with similar
findings for the upper RT with analogous experimental EV
infections of human volunteers (43, 44).

Previous mouse adaptation strategies with HRVs in vitro
revealed adaptation mutations mapping to the coding region
for the viral P2 proteins, 2B and 2BC (24, 47), or the P3
protein, 3A (23). However, in our in vitro approach in ICAM-
La-4 cells or in hICAM-1 tg mice in vivo, adaptation mutations
occurred in the coding region for the VP2 and VP3 capsid
proteins (Fig. 3). To test the functional significance of these in
mouse RT competence, a variant of CAV-RTA containing the
wt CAV21 capsid (termed CAV-RTB) was tested in hICAM-1
tg mice (Fig. 7A). We tested i.t. inoculation of CAV-RTB in
hICAM-1 tg mice by using the template described in Fig. 1B.
Virus recovery from hICAM-1 tg mouse lungs followed the
trajectory observed with wt CAV21 (Fig. 7A; also compare Fig.
1B and D). This indicates that adaptation mutations in non-
structural proteins alone are insufficient to mediate CAV21
replication in the mouse RT.

Adaptation mutations mapping to the viral capsid proteins
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FIG. 7. The effect of CAV-RTA capsid mutations on viral RT competence. (A) Virus recovered from lungs of mice inoculated with 2 X 10°
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inoculated i.t. with CAV-RTB as indicated and tested for virus recovery from lungs at the intervals shown. The values represent the average
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phosphorylation after binding of CAV-RTA or -RTB to serum-starved HeLLa H1 cells (the data are a representative series of results from three
independent assays). (Right) Densitometry of p-Erk1/2 immunoblots. The mean values from results of two independent assays are shown; bars

indicate standard deviations.

may contribute to mouse RT competence by facilitating intra-
cellular events, such as particle morphogenesis (31). However,
since adaptation mutations identified in our screen map to
regions of VP2 and VP3 involved in interactions with the
ICAM-1 receptor (45), it was plausible that adaptation muta-
tions may alter virus-receptor contacts. Binding of ligands,
including HRVs, to the ICAM-1 receptor elicits signal trans-
duction events (reviewed in reference 30). Thus, altered
CAV21-ICAM-1 interactions upon adaptation to the mouse
RT may facilitate virus propagation via changes in downstream
signal transduction. Our focus was on Erkl/2 mitogen-acti-
vated protein kinases (MAPK), which are prominent down-
stream targets of hICAM-1 signaling (18). We recently re-
ported that Erk1/2 signaling to a downstream substrate, the
MAPK signal-integrating kinase 1 (Mnkl1), stimulates viral,
cap-independent translation at the internal ribosomal entry
site (IRES) of HRV2 (19). It is therefore possible that
CAV21-ICAM-1 interactions and the resulting downstream
signal may influence early events in the viral life cycle, e.g.,
translation of the viral polyprotein.

Erk1/2 phosphorylation kinetics upon CAV21 binding to
serum-starved HeLa H1 cells were commensurate with an
hICAM-1-mediated event. Phosphorylation was first noted af-
ter ~3 to 4 min, peaked at ~10 to 20 min, and waned by ~60
min after virus addition to cell media. There were moderate
but reproducible differences attributable to the CAV-RTA
capsid (Fig. 7B). Activation of Erkl1/2 occurred earlier, pro-

duced higher phospho-Erk1/2 levels, and persisted longer with
CAV-RTA (Fig. 7B, right). This was not due to changes in
overall Erkl1/2 protein levels (Fig. 7B, left). Also, non-ICAM-
1-related signaling events induced by virus infection, e.g., phos-
phorylation of Thr308 in Akt, occurred much later and were
unchanged in CAV-RTA compared to CAV-RTB (Fig. 7B).
Our observations suggest that the CAV-RTA capsid may alter
virus-ICAM-1 interactions, resulting in changed hICAM-1 sig-
naling kinetics upon virus binding.

DISCUSSION

The principal impediments to a mouse model for EV RT
infection are intracellular host restrictions to virus replication
(23, 24, 47). Therefore, our empirical strategy was strictly cen-
tered on investigating EV propagation in the RT of hICAM-1
tg mice and not the nature or extent of the host response to
infection (1). Wt CAV21, while readily capable to propagate in
mouse L fibroblasts expressing hICAM-1, is severely growth
deficient in hICAM-1-expressing murine cells of RT origin
(La-4). Thus, host range restrictions to EV RT replication may
be poorly retained in dedifferentiated, high-passage tissue cul-
ture systems, such as L cells. Failure of La-4-adapted CAV21
to propagate in the RT of h//ICAM-1 tg mice suggests that even
authentic, mouse RT-derived cell culture systems may not
properly represent the target in the live organism. Therefore,
to obtain mouse RT-competent EVs, there may be few alter-
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natives to the in vivo adaptation procedure through serial pas-
sage in the lungs of hICAM-1 tg mice adopted here.

Our experiments with wt CAV21 inoculated in hICAM-1 tg
mice by the i.t. route suggest that efficient, hICAM-1-depen-
dent virus uptake and eclipse occur in mouse RT epithelial
cells. The failure to recover significant amounts of virus from
lungs later than 24 h postinfection implies an intracellular
replication block at a postuncoating step in mouse RT epithe-
lium. Since uncoating of the wt CAV21 genome presumably
occurs in mouse RT epithelium, the viral genome represents a
quasi-infectious RNA that might acquire adaptation mutations
through our serial in vivo adaptation strategy. Indeed, serial
passage of wt CAV21 in the RT of hICAM-1 tg mice produced
large-plaque variants that continuously evolved in subsequent
passages into a dominant adaptation genotype, CAV-RTA.

Since our main empirical tool to detect RT propagation is
virus recovery from infected lungs, enhanced CAV-RTA iso-
lation may reflect passive selection of a genotype able to persist
in the RT rather than genetic adaptation through active rep-
lication. However, a number of observations argue in favor of
the latter. CAV-RTA forms plaques that are significantly
larger than the range of plaque sizes observed with wt virus.
This suggests that CAV-RTA must have newly emerged in
hICAM-1 tg mice through genetic variation, implying active
replication. CAV-RTA'’s slight but distinct growth disadvan-
tage in HeLa H1 cells excludes positive selection during inter-
mittent amplification in HeLa H1 cells as a factor in adapta-
tion. CAV-RTA exhibited genetic variation affecting the same
viral polypeptides (VP2, VP3, 2C) and, in some instances, the
same or adjacent amino acids as ICAM-La-4-adapted virus.
Intriguingly, mutation of Val1371 was unanimous in ICAM-
La-4 and CAV-RTA, but it was changed to Met in the former
and Leu in the latter. The fact that genetic adaptations in
ICAM-La-4 cells, undoubtedly a result of active viral RNA
replication, and in the RT of //CAM-1 tg mice produced sim-
ilar polymorphisms strongly suggests a common mechanism
giving rise to these variants. In other words, if Val1371—Met
enables CAV21 replication in ICAM-La-4 cells in vitro, it is
likely that Val1371—Leu serves a similar purpose in the mouse
RT in vivo. Similar but clearly distinct genotypes of La-4-
adapted virus and CAV-RTA exclude the possibility of labo-
ratory contamination. Added genetic variation in CAV-RTA
compared to that of La-4-adapted virus may explain the failure
of the latter to replicate in the RT of hICAM-1 tg mice. CAV-
RTA failed to replicate in wt mouse L fibroblasts or in embry-
onic fibroblasts from non-tg mice, and CAV-RTA replication
was effectively blocked by RR1/1 anti-ICAM-1 antibody pre-
treatment of HeLLa H1 cells. This indicates that in vivo adap-
tation to an alternative, murine cell receptor was unlikely.
Furthermore, the recovery of CAV-RTA from the lungs of
infected non-tg animals followed the same trajectory as that of
wt CAV21, indicating that adaptation did not alter virus-host
interactions in the absence of hICAM-1.

CAV-RTA infection of hICAM-1 tg mice by the i.t. route led
to the expression of viral nonstructural polypeptides in lungs.
We deliberately avoided immunohistochemistry, because gen-
erally low viral propagation levels possibly diffuse distribution
of infected cells, and notorious problems with false-positive
signal limit this approach. Immunoblot analyses of lung lysates
from hICAM-1 tg mice infected with CAV-RTA revealed the

J. VIROL.

presence of distinctive bands immunoreactive with antibodies
recognizing the 3D polymerase of CAV21. Importantly, this
signal was not obtained in similar assays of the lungs of CAV-
RTA-infected non-tg littermates. We hypothesize that the de-
tected proteins represent unprocessed precursor polypeptides
containing the 3D polymerase. This may indicate delayed
CAV21 polyprotein processing in the RT of hICAM-1 tg mice
(compared to HeLa HI1 cells), specifically by the viral 3CD
protease. Indeed, inhibition of in vitro polyprotein processing
of poliovirus with anti-3CD antibodies yielded precursor pro-
teins, including P3 and slower-migrating varieties in a pattern
reminiscent of our results (22, 42).

Wt CAV21 rapidly and avidly acquired adaptation muta-
tions upon serial passage in the RT of hICAM-1 tg mice. Our
procedure yielded a dominant adaptation genotype with sur-
prisingly little heterogeneity among the virus population iso-
lated from infected mouse lungs. CAV-RTA contained adap-
tation mutations in the IRES, the coding region for the capsid
proteins VP2 and VP3 and the nonstructural proteins 2A and
2C in a single viral genome. This suggests that to overcome the
intracellular block to wt CAV21 replication in the murine RT,
complex readjustments of virus-host interactions and/or viral
functions are required. It is unlikely that any of the mutations
identified or the viral functions affected act alone in mediating
mouse RT competence. Rather, adaptation mutations in dis-
parate parts of the viral genome affecting distinct viral func-
tions may cooperate in mediating RT competence. One in-
triguing possibility recently suggested is that CAV21 VP3 and
2C cooperate in particle assembly (31). Since both viral poly-
peptides are mutated in CAV-RTA, genetic adaptation may
benefit particle assembly in a new host species.

The adaptation mutations in the capsid of CAV-RTA are of
particular interest. EV receptors are not mere docking sites but
provide crucial signals in infected cells that are usurped by
invading viruses (11). The pathogenic profile of ICAM-1-tropic
EVs and their role in exacerbation of underlying chronic pul-
monary disease is defined by their receptor specificity. The fact
that in vitro and in vivo adaptation of CAV21 yielded (similar)
capsid protein mutations suggested that mouse adaptation may
require altered virus-receptor interactions, possibly resulting in
enhanced ICAM-1 signaling upon virus binding. Indeed, CAV-
RTA produced moderate but consistently enhanced Erk1/2
activation in serum-starved HeLa H1 cells compared to that of
its wt capsid variant CAV-RTB. Such events, possibly of minor
functional consequence in transformed laboratory cell lines
with constitutively active signal transduction pathways, may be
critical in normal RT epithelium. For example, it has been
proposed that stimulation of viral, cap-independent translation
initiation occurs via activation of Mnkl1 (a shared Erk1/2 and
p38 MAPK substrate and, hence, ICAM-1 downstream signal-
ing target) (19, 29). Translation of the incoming viral RNA
genome is key for timely synthesis of viral proteins that thwart
host responses to infection and, thus, may constitute an early,
rate-limiting step of the infectious cycle.

Our investigations of CAV21 mouse RT competence have
revealed surprisingly complex virus-host relationships that de-
termine viral replication. Our studies provide a first logical step
toward unraveling these relationships by generating hICAM-
1-tropic EVs capable of replicating in the RT of hICAM-1 tg
mice.
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