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The cathepsin family of endosomal proteases is required for proteolytic processing of several viruses during
entry into host cells. Mammalian reoviruses utilize cathepsins B (Ctsb), L (Ctsl), and S (Ctss) for disassembly
of the virus outer capsid and activation of the membrane penetration machinery. To determine whether
cathepsins contribute to reovirus tropism, spread, and disease outcome, we infected 3-day-old wild-type (wt),
Ctsb�/�, Ctsl�/�, and Ctss�/� mice with the virulent reovirus strain T3SA�. The survival rate of Ctsb�/� mice
was enhanced in comparison to that of wt mice, whereas the survival rates of Ctsl�/� and Ctss�/� mice were
diminished. Peak titers at sites of secondary replication in all strains of cathepsin-deficient mice were lower
than those in wt mice. Clearance of the virus was delayed in Ctsl�/� and Ctss�/� mice in comparison to the
levels for wt and Ctsb�/� mice, consistent with a defect in cell-mediated immunity in mice lacking cathepsin L
or S. Cathepsin expression was dispensable for establishment of viremia, but cathepsin L was required for
maximal reovirus growth in the brain. Treatment of wt mice with an inhibitor of cathepsin L led to amelio-
ration of reovirus infection. Collectively, these data indicate that cathepsins B, L, and S influence reovirus
pathogenesis and suggest that pharmacologic modulation of cathepsin activity diminishes reovirus disease
severity.

As obligate intracellular parasites, viruses must coopt basic
cellular processes to enter host cells and deliver their genomes
to the appropriate intracellular site for replication (45). Viral
entry steps include attachment of the virus to the cell surface,
penetration of the virus into the cell interior, disassembly of
the viral capsid, and activation of the viral genetic program.
These events are essential for the virus to transition from the
extracellular environment to the cellular compartment in
which viral transcription and replication occur. Entry steps also
play key roles in viral pathogenesis, as these events often de-
termine cell tropism within the infected host.

Mammalian orthoreoviruses (reoviruses) are important
models for studies of virus cell entry and the pathogenesis of
viral disease. Reoviruses form nonenveloped, double-shelled
particles that contain a segmented, double-stranded RNA ge-
nome (70). Virtually all mammals, including humans, serve as
hosts for reovirus infection (84). However, reovirus causes
disease primarily in the very young (44, 77, 79). Newborn mice
infected with reovirus sustain injury to a variety of organs,
including the brain, heart, and liver (5, 56, 84). Mechanisms of
reovirus-induced disease, including cellular determinants of
viral spread and tropism, are only partially understood.

Reovirus entry into cells is initiated by the attachment of
virions to cell surface receptors via the �1 protein (41, 85) and

internalization into cells by receptor-mediated endocytosis (6,
7, 24, 76). In cellular endosomes, virions undergo stepwise
disassembly, forming discrete intermediates, the first of which
is the infectious subvirion particle (ISVP) (7, 14, 74, 76). ISVPs
are generated by proteolytic removal of the �3 protein and
cleavage of the �1 protein to form particle-associated frag-
ments � and �. Following formation of ISVPs, �1 is shed and
the �1 cleavage fragments undergo conformational rearrange-
ment, yielding the ISVP* (11, 12). ISVP*s penetrate endo-
somes to deliver transcriptionally active viral cores into the
cytoplasm (54, 55).

Endocytic proteases cathepsins B and L catalyze reovirus
virion-to-ISVP disassembly in murine fibroblasts, although ca-
thepsin L is the major mediator of this process (23). These
proteases are expressed in most organs, including the intestine,
brain, heart, and liver (78). In P388D cells, a macrophage-like
cell line, cathepsin S, mediates the uncoating of some reovirus
strains (28). Cathepsin S expression is largely restricted to cells
and tissues of the immune system (16), which may be impor-
tant during enteric infection, as reovirus replication in the
intestine occurs in mononuclear cells of Peyer’s patches (25,
51). Cathepsin S is known to be expressed in mononuclear
cells, including alveolar macrophages in the lung (72, 73) and
microglial cells in the brain (61).

Cathepsins B, L, and S are responsible for unique, tissue-
specific activities (65). Cathepsin B modulates pathological
trypsinogen activation (30) and apoptosis induced by tumor
necrosis factor alpha (29). Cathepsin L is required for hair
follicle cycling and epidermal homeostasis (68). By virtue of its
activity at neutral pH (9, 39), cathepsin S is thought to partic-
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ipate in remodeling of the extracellular matrix (72, 89). Func-
tions of cathepsins B, L, and S intersect in the regulation of
adaptive immunity. Cathepsin L cleaves the invariant chain in
cortical thymic epithelial cells (52) and is hypothesized to me-
diate efficient endosomal protein fragmentation to ensure di-
verse peptide generation in the thymus (33, 43). Through these
functions, cathepsin L serves to facilitate positive selection of
CD4� T cells (15, 35). Cathepsin S cleaves the invariant chain
in peripheral antigen-presenting cells, leading to CD4� T-cell
activation (53). Both cathepsin L (32) and cathepsin S (67)
participate in NK1.1� T-cell selection in the thymus through
proteolytic processing in thymocytes and antigen-presenting
cells, respectively. As a result, cathepsin L-deficient (Ctsl�/�)
and cathepsin S-deficient (Ctss�/�) mice have impairments in
both CD4� and NK1.1� T-cell activities. Cathepsin S also
processes antigen in endosomes for cross-presentation via the
major histocompatibility complex class I pathway (71). Like
cathepsins L (34) and S (63), cathepsin B processes endocy-
tosed antigen for display by major histocompatibility complex
class II molecules (46, 48). However, cathepsin B-deficient
mice (Ctsb�/�) do not display overt immunodeficiency (65).

Underscoring the importance of endosomal cathepsin pro-
teases in host functions, viruses have usurped these enzymes to
allow entry into the cytoplasm. In addition to reovirus, cathep-
sins catalyze proteolytic events required for membrane fusion
of several important pathogens. Ebola virus requires both ca-
thepsin B and cathepsin L for efficient cell entry (13), while
severe acute respiratory syndrome coronavirus requires ca-
thepsin L but also can utilize cathepsins B and S (36, 75).
Hendra (58) and Nipah (57) viruses utilize cathepsin L for
fusion protein processing, most likely at the stage of virion
assembly (47). Despite the importance of cathepsins in viral
growth, nothing is known about the function of these proteases
in the pathogenesis of viral disease.

To determine the role of cathepsin proteases in viral viru-
lence, we studied reovirus disease by using mice lacking a
single cathepsin. Mice deficient for cathepsin B, L, or S were
monitored for survival, disease symptoms, and viral replication
following reovirus infection. We found that following peroral
inoculation of reovirus, cathepsin deficiency leads to decreased
viral replication in sites of secondary replication. However,
Ctsl�/� and Ctss�/� mice succumb to doses of virus nonlethal
to wild-type (wt) and Ctsb�/� animals. Although viremia is not
affected by cathepsin deficiency, we observed alterations in
disease pathogenesis in the hearts, livers, and brains of cathep-
sin-deficient animals. Furthermore, treatment of wt mice with
an inhibitor of cathepsin L reduces disease severity. These
studies demonstrate that cathepsin activity plays a key role in
viral pathogenesis and identify a new target for antiviral drug
development.

MATERIALS AND METHODS

Cells and viruses. L929 cells were maintained in Joklik’s minimal essential
medium (Lonza) supplemented to contain 10% fetal bovine serum, 2 mM L-
glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin (Invitrogen), and 25
ng/ml amphotericin B (Sigma-Aldrich). T3SA� is a reassortant virus containing
the S1 gene segment of strain T3C44MA and the remaining nine gene segments
of strain T1L (4). Virus was purified after growth in L929 cells by CsCl gradient
centrifugation (27). Viral titers were determined by a plaque assay (83). ISVPs
were generated by treatment of 5 � 106 virions per ml with 20 �g of N-�-tosyl-

L-lysine chloromethylketone-treated �-chymotrypsin type VII from bovine pan-
crease (Sigma-Aldrich) per ml at 37°C for 1 h.

Treatment of virions with purified cathepsins. Purified reovirus virions at a
concentration of 1012 particles per ml, as determined by optical density at 260
nm, in reaction buffer B-L (50 mM sodium acetate [pH 5.0], 15 mM MgCl2, 100
mM NaCl, 5 mM dithiothreitol) were treated with 400 �g/ml bovine spleen
cathepsin B (Calbiochem-Novabiochem) or 100 �g/ml purified recombinant
human cathepsin L (10) at 37°C for various intervals. Alternatively, purified
virions at a concentration of 1012 particles per ml in reaction buffer S (50 mM
sodium acetate [pH 6.0], 15 mM MgCl2, 100 mM NaCl) were treated with 300
�g/ml purified recombinant human cathepsin S (Calbiochem) at 37°C for various
intervals. Proteolysis was terminated by incubation of reaction mixtures on ice
and addition of 1 mM (final concentration) E64 (Sigma-Aldrich), a pan-cysteine-
containing protease inhibitor (3). A 30-�l aliquot of each reaction mixture was
incubated with 7 �l of 6� sample buffer (350 mM Tris [pH 6.8], 9.3% dithio-
threitol, 10% sodium dodecyl sulfate, 0.012% bromophenol blue) at 100°C for 5
min. Samples were loaded into wells of 10% polyacrylamide gels and electro-
phoresed. After electrophoresis, gels were fixed and stained using colloidal
Coomassie blue (Invitrogen).

Mice. C57BL/6J mice (wt) were obtained from Jackson Laboratory. Ctsb�/�

(21, 30) and Ctsl�/� (68) mice, each backcrossed to a C57BL/6 background at
least eight times to ensure that all strains studied were of similar genetic back-
grounds, were provided by D. Hanahan (San Francisco, CA). Ctss�/� mice,
backcrossed at least 10 times to a C57BL/6 background (67), were provided by H.
Chapman (San Francisco, CA).

Infection of mice. Newborn mice, 2 to 4 days old, weighing approximately 2 g
were inoculated perorally or intracranially with purified reovirus virions diluted
in phosphate-buffered saline (PBS). Peroral inoculations (50 �l) were delivered
intragastrically (69). Intracranial inoculations (5 �l) were delivered to the left
cerebral hemisphere by using a Hamilton syringe and 30-gauge needle (80). For
analysis of virulence, mice were monitored for weight loss and symptoms of
disease for 21 days after inoculation and euthanized when found to be moribund
(defined by rapid or shallow breathing, severe lethargy, or paralysis). For analysis
of viral replication, mice were euthanized at various intervals following inocula-
tion, and organs were harvested into 1 ml of PBS before freezing, thawing, and
homogenization by sonication (1, 5, 18), using a midrange setting on a VirSonic
100 sonicator (VirTis). Organ sizes did not noticeably differ between genotypes
of mice. For analysis of viremia, mice were euthanized and decapitated at various
intervals following inoculation. Whole blood was collected from the neck into a
1 ml syringe containing 100 �l Alsever’s solution (Sigma) and frozen, thawed,
and sonicated. Viral titers in organ and blood homogenates were determined by
a plaque assay (83). Animal husbandry and experimental procedures were per-
formed in accordance with Public Health Service policy and approved by the
Vanderbilt University School of Medicine Institutional Animal Care and Use
Committee.

Treatment of mice with an inhibitor of cathepsin L. Mice were inoculated
intraperitoneally with approximately 100 �g/g average litter weight of CLIK-148
in dimethyl sulfoxide (DMSO) or DMSO alone in a volume of 10 �l. One hour
following treatment, mice were inoculated perorally with PBS or reovirus
T3SA�. Mice were subsequently treated with CLIK-148 daily for 7 days. Anal-
ysis of virulence was conducted for 21 days or mice were euthanized at 8 days
postinoculation and organs resected for determination of viral titers by a plaque
assay. Pups that had obvious injury from intraperitoneal injections or that died
within 6 days postinoculation were eliminated from the study. CLIK-148 speci-
ficity in vitro and in vivo has previously been established (26, 37, 50, 88).

Statistical analysis. For survival experiments, curves were obtained using the
Kaplan-Meier method and compared using the log rank test. For experiments in
which viral titers in an organ or blood sample were determined, the Mann-
Whitney test was used to calculate two-tailed P values. This test is appropriate for
experimental data that display a non-Gaussian distribution (66). Mann-Whitney
analysis lacks the power of the t test, and therefore, statistical significance is
achieved less frequently with this method. All statistical analyses were performed
using GraphPad Prism software.

Histology. Newborn mice, 2 to 4 days old, weighing approximately 2 g were
inoculated perorally with purified reovirus virions diluted in PBS. At various
intervals following inoculation, mice were euthanized, organs were resected, and
a wedge of liver was removed for titer determination by a plaque assay. Remain-
ing organs were incubated in 10% formalin at room temperature for 24 h,
followed by incubation in 70% ethanol at room temperature. Fixed organs were
embedded in paraffin, and 5-�m sections were prepared. Consecutively obtained
sections were stained with hematoxylin and eosin for evaluation of histopatho-
logic changes or processed for immunohistochemical detection of reovirus pro-
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tein (56). The histology was reviewed by a pathologist blinded to the conditions
of the experiment.

Quantitation of serum hepatic enzymes. Newborn mice, 2 to 4 days old,
weighing approximately 2 g were inoculated perorally with purified reovirus
virions diluted in PBS. At various intervals following inoculation, mice were
euthanized and decapitated. Blood samples were collected and allowed to coag-
ulate, and sera were separated by centrifugation. Sera were stored at �20°C,
protected from light, and submitted in batches to Charles River Research Ani-
mal Diagnostic Services (Wilmington, MA). A small wedge of liver was resected
concurrently with blood collection for correlative titer determination by a plaque
assay.

Growth of reovirus in vitro in the presence of cathepsin inhibitors. Monolay-
ers of L cells (2 � 105 cells) in 24-well plates were preincubated in medium
supplemented to contain 10 to 100 �M CLIK-148 or 200 �M E64 for 4 h. The
medium was removed, and cells were adsorbed with T3SA� virions or ISVPs at
a multiplicity of infection of 2 PFU per cell. After incubation at 4°C for 1 h, the
inoculum was removed, cells were washed with PBS, and 1 ml fresh medium
supplemented with CLIK-148 or E64 was added. After incubation at 37°C for 0
or 24 h, cells were frozen and thawed twice, and viral titers in cell lysates were
determined by a plaque assay.

RESULTS

Processing of reovirus virions by purified cathepsin pro-
teases. Cathepsins B (23), L (23), and S (28) can catalyze
reovirus disassembly in vitro and in certain types of cells. Reo-
virus strain T3SA� is a reassortant virus that contains the S1
gene segment from strain T3C44-MA on the genetic back-
ground of T1L (4). Following peroral inoculation of newborn

mice, T3SA� replicates in the intestine and disseminates sys-
temically from that site to the brain, heart, and liver (5). To
determine whether T3SA� is susceptible to cathepsins B, L,
and S, we incubated purified virions with each enzyme over a
time course and resolved the resultant digestion mixtures by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Following incubation for 24 h with each protease, we observed
complete degradation of �3 and cleavage of �1 to � (Fig. 1).
Therefore, treatment of T3SA� virions with cathepsin B, L, or
S results in formation of ISVPs.

Cathepsin deficiency differentially affects survival following
reovirus infection. To determine the function of cathepsin
proteases in reovirus disease, we inoculated wt, Ctsb�/�,
Ctsl�/�, and Ctss�/� mice perorally with 107 PFU of reovirus
T3SA�. Mice were monitored for 21 days after infection for
morbidity and mortality. The cathepsin-null mice displayed
differential survival patterns in comparison to wt animals. Fol-
lowing a 21-day observation interval, the survival rate of
Ctsb�/� animals was greater than that of wt mice; 82% of
Ctsb�/� mice survived, in comparison to 61% for wt mice (Fig.
2A). In contrast, the survival rates of Ctsl�/� and Ctss�/� mice
were decreased in comparison to that of wt animals; only 7%
and 39% of Ctsl�/� and Ctss�/� mice, respectively, survived
T3SA� infection. However, the mean survival time for each
strain of cathepsin-deficient mice was increased in comparison
to that for wt animals (Table 1). The disease phenotypes in all
strains did not notably differ, with all strains of mice displaying

FIG. 1. Treatment of reovirus virions with cathepsins B, L, and S.
Purified virions of T3SA� were treated with 400 �g/ml cathepsin B
(A), 100 �g/ml cathepsin L (B), or 300 �g/ml cathepsin S (C) at 37°C
for the times shown. Equal numbers of viral particles were loaded into
wells of 10% polyacrylamide gels and electrophoresed. Viral proteins
are labeled on the right.

FIG. 2. Survival of wt and cathepsin-deficient mice following per-
oral inoculation. C57BL/6 wt and cathepsin-deficient mice, 2 to 4 days
(d) old, were inoculated perorally with 107 PFU T3SA�. Mice (n 	 14
to 21) were monitored for survival (A) and weight gain (B). (A) *, P
values of 
0.01, as determined by a log rank test, in comparison to the
wt level. (B) Results are expressed as mean weight of all living infected
animals. Statistical significance (P values of 
0.05 as determined by
Student’s t test) in comparison to the level for wt mice was achieved for
Ctsb�/� mice between days 2 and 8; for Ctsl�/� mice at days 1, 13, and
14; and for Ctss�/� mice at days 4 to 8, 11, and 14.
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weakness and lethargy during the period of illness. All pups of
wt and cathepsin-deficient strains inoculated with PBS and
observed under identical conditions survived and did not dis-
play symptoms (data not shown). As a surrogate marker for
disease severity, Ctsb�/� mice displayed approximately equiv-
alent levels of weight gain in comparison to wt animals at the
time of peak illness (Fig. 2B). However, Ctsl�/� and Ctss�/�

mice had more weight loss than wt mice, and subsequent
weight gain, indicative of recovery of these juvenile animals,
was delayed. These findings suggest that despite the increased
mortality of Ctsl�/� and Ctss�/� mice, these animals display
slower kinetics of disease development. Thus, expression of
cathepsins B, L, and S influences reovirus pathogenesis.

Peak reovirus titers are diminished in cathepsin-deficient
mice. To understand differences in susceptibility to reovirus
infection among the cathepsin-deficient mice, we inoculated
3-day-old mice perorally with a lower dose of T3SA�, 102

PFU, and quantified viral growth in selected organs. In com-
parison to wt mice, Ctsb�/� mice demonstrated equivalent
growths of reovirus in the intestine, the site of primary repli-
cation, at all time points tested (Fig. 3A). Although titers were
lower at day 4 in the livers of Ctsb�/� mice, peak titers at day
8 were equivalent to those in wt mice. In contrast, peak titers
in the hearts and brains of Ctsb�/� mice were lower than those
in wt mice, reaching statistical significance at day 12 in the
brain. In concordance with these results, Ctsb�/� mice exhib-
ited greater weight gain than wt mice at day 12 (Fig. 4), sug-
gesting that lower titers in the heart and brain are associated
with diminished disease and lead to enhanced survival. In these
experiments, neither wt nor Ctsb�/� mice displayed signs of
illness or succumbed to infection.

The trend displayed by Ctsl�/� mice differs from that of
Ctsb�/� mice with respect to both peak titer and kinetics of
disease progression. In contrast to what was found for Ctsb�/�

mice, peak titers in all organs of Ctsl�/� mice were decreased
in comparison to those for wt mice, reaching statistical signif-
icance in the heart at day 8 (Fig. 3B). However, viral clearance
was delayed, as titers in Ctsl�/� mice were greater than those
in wt mice at days 12, 16, and 20 postinoculation, reaching
statistical significance in the intestine and liver at day 12. As
expected from these results, the average weight of Ctsl�/� mice
was significantly less than that of wt mice at day 20 (Fig. 4).
Despite the lower dose of T3SA� used in these experiments,
several Ctsl�/� animals displayed overt signs of illness, includ-
ing weakness and lethargy, and some died.

FIG. 3. Reovirus titers in organs of wt and cathepsin-deficient mice
following peroral inoculation. C57BL/6 wt and Ctsb�/� (A), Ctsl�/� (B),
and Ctss�/� (C) mice, 2 to 4 days (d) old, were inoculated perorally with
102 PFU T3SA�. Organs were resected at the times shown and homog-
enized by freeze-thawing and sonication. Viral titers in organ homoge-
nates were determined by a plaque assay. Results are presented as mean
viral titers in whole organs of 6 to 20 mice. Error bars represent standard
errors of the means. *, P values of 
0.05, as determined by a Mann-
Whitney test, in comparison to the level for wt mice at the same time after
inoculation. The limit of detection was 102 PFU/organ.

TABLE 1. Mean survival time following reovirus infectiona

Genotype No. of
mice

Mortality
(%)b

Mean survival
time (days)c Pd

wt 21 38.1 9.0 � 1.2
Ctsb�/� 17 17.6 18.3 � 0.9 0.0017
Ctsl�/� 15 93.3 12.6 � 0.5 0.0041
Ctss�/� 13 61.5 13.3 � 0.7 0.0098

a C57/Bl6 wt and cathepsin-deficient mice, 2 to 4 days old, were inoculated
perorally with 107 PFU T3SA�. Mice were monitored for survival for 21 days.

b Percent animals dead after 21 days.
c Mean survival time, as defined by the average day of death for animals that

succumbed to infection, in number of days � standard error of the mean.
d P value, as determined by Student’s t test, in comparison to the level for wt

mice.
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The kinetics of viral growth in Ctss�/� mice were similar to
those in Ctsl�/� mice. Peak titers in all organs of Ctss�/�

animals were lower than those in wt mice, reaching statistical
significance in the liver at day 4, in the heart at days 4 and 8,
and in the brain at day 8 (Fig. 3C). As in Ctsl�/� mice, viral
titers did not decrease in Ctss�/� mice between days 8 and 12,
and titers in the intestines of Ctss�/� mice were actually
greater than those in wt mice at days 12 and 16. These data
suggest that viral clearance was delayed in Ctss�/� mice. Also,
like Ctsl�/� mice, Ctss�/� mice infected with T3SA� displayed
signs of illness, including weakness and lethargy, diminished
weight gain (Fig. 4), and mortality. Thus, peak reovirus titers

were decreased in all strains of cathepsin-deficient mice, but
mice deficient in cathepsin L or cathepsin S had higher viral
titers at late times after inoculation and increased disease
severity.

Inflammation in the liver is more severe in cathepsin L- and
cathepsin S-deficient mice. To better understand why Ctsl�/�

and Ctss�/� mice had greater susceptibility to reovirus infec-
tion than wt and Ctsb�/� mice, we compared histological sec-
tions of heart and liver from mice inoculated perorally with 106

PFU T3SA�. Animals chosen for histological analysis were
matched for viral titer in the liver. Viral antigen staining in the
hearts of all genotypes of mice localized primarily to the sub-
epicardial myocardium, with little to moderate involvement of
the deeper myocardium (data not shown). The extents of in-
flammatory cell infiltrates associated with infectious foci were
consistent across all strains of mice.

In all mouse strains, infection in the liver centered on the
bile duct epithelium (Fig. 5), as has been previously reported
(5). Viral antigen and inflammation were more pronounced
along large portal tracts; however, smaller portal tracts also
were involved. Hepatic lobular involvement was present in all
strains of mice in regions of increased reovirus antigen staining
and inflammation. Although there was variability within each
genotype of mice and some overlap between them, inflamma-
tion centered at the portal triads was more severe in Ctsl�/�

and Ctss�/� than in wt and Ctsb�/� mice (Fig. 5, low-magni-
fication panels showing increased numbers of leukocytes in
panels C and D versus A and B).

Liver enzyme levels are increased in cathepsin L- and ca-
thepsin S-deficient mice. To obtain biochemical evidence of
biliary or hepatic injury in reovirus-infected mice, we assessed
levels of total bilirubin (TBIL), alkaline phosphatase (ALK),
alanine aminotransferase (ALT), and aspartate aminotransfer-

FIG. 4. Weights of mice following peroral inoculation with T3SA�.
C57BL/6 wt and cathepsin-deficient mice, 2 to 4 (d) days old, were
inoculated perorally with 102 PFU T3SA�. Mice were weighed only on
the day of harvest, as indicated. Results are displayed as the mean
weights of 6 to 20 animals. *, P values of 
0.05, as determined by
Student’s t test, in comparison to the level for wt mice at the same time
after inoculation.

FIG. 5. Histological analysis of reovirus growth in the liver. C57BL/6 wt and cathepsin-deficient mice, 2 to 4 days old, were inoculated perorally
with 106 PFU T3SA�. Livers were resected at day 8 postinfection, and a small wedge of liver was removed for titer determination by a plaque assay.
The remaining liver was processed for histopathology, and consecutive sections were stained with hematoxylin and eosin or polyclonal reovirus
antiserum. Representative samples from titer-matched livers are shown. Boxes indicate areas of enlargement shown in the panels on the right.
Arrows indicate areas of inflammation. Original magnifications, �10 and �40. A, wt; B, Ctsb�/�; C, Ctsl�/�; D, Ctss�/�.
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ase (AST) in mice that were either mock infected or infected
with 106 PFU T3SA�. No biomarker of liver injury was ele-
vated in mock-infected mice at any time point or in any strain
of reovirus-infected mice at day 8 postinfection (data not
shown). In contrast, levels of TBIL and ALK were increased in
Ctsl�/� mice and levels of all four markers were increased in
Ctss�/� mice at day 12 postinfection (Table 2). These results
indicate more-severe hepatobiliary damage in reovirus-in-
fected Ctsl�/� and Ctss�/� mice than in wt and Ctsb�/�

animals.
Hematogenous dissemination of reovirus is unaffected by

the absence of a single cathepsin protease following peroral
inoculation. We thought it possible that the capacity of reovi-
rus to either disseminate to sites of secondary infection in
cathepsin-deficient mice or establish infection once reaching
those sites might be reduced. To distinguish between these
possibilities, we quantified viral titers in blood samples follow-
ing peroral inoculation. Newborn mice were inoculated per-
orally with 106 PFU of T3SA�, and blood samples were col-
lected at various times after inoculation. Reovirus established
viremia in all strains of mice, reaching peak titers that did not
differ significantly (Fig. 6). Therefore, the lack of a single
cathepsin protease does not appear to alter the efficiency of
reovirus hematogenous dissemination in mice.

Growth of reovirus in the brain is diminished in cathepsin
L-deficient mice following intracranial inoculation. To deter-
mine the effect of cathepsin deficiency on the capacity of reo-
virus to grow at a site of secondary replication, we quantified
viral titers in the brain following intracranial inoculation of wt
and cathepsin-deficient mice. This site was chosen for ease of
direct inoculation. Titers of T3SA� in the brains of wt,
Ctsb�/�, and Ctss�/� mice did not differ statistically (Fig. 7),
suggesting that cathepsins B and S are not required for reovi-
rus growth in the brain following direct inoculation into that
site. However, titers of T3SA� in the brains of Ctsl�/� mice
were significantly lower on day 9 postinoculation, suggesting
that cathepsin L is required for efficient growth of reovirus in
the brain.

Treatment with an inhibitor of cathepsin L promotes sur-
vival following reovirus infection. Since titers of reovirus in
organs of cathepsin-deficient mice are lower than those in wt
mice, but mortality is increased in Ctsl�/� and Ctss�/� mice, we
hypothesized that the immune defects accompanying genetic
cathepsin L and cathepsin S deficiency might mask a cathepsin
requirement for efficient viral growth. Therefore, we sought to

TABLE 2. Bilirubin and liver enzyme levels in sera following reovirus infectiona

Genotype

Concn in sera of indicated mouse group

Mock infected Reovirus infected

TBIL
(mg/dl)

ALK
(U/liter)

ALT
(U/liter)

AST
(U/liter) TBIL (mg/dl) ALK (U/liter) ALT (U/liter) AST (U/liter)

wt 1.5 634 127 461 0.9 (0.3) 768 (140.8) 295 (224.8) 495 (231.2)
Ctsb�/� 2.0 475 73 417 1.9 (0.2) 783 (109.0) 97.5 (31.1) 460.5 (105.1)
Ctsl�/� 1.5 567 57 409 9.2* (1.1) 1282.4 (300.3) 60 (20.8) 439 (43.8)
Ctss�/� 0.9 574 99 330 6.9* (2.0) 1709* (258.9) 858 (665.5) 2083.75 (856.8)

a C57/Bl6 wt and cathepsin-deficient mice, 2 to 4 days old, were inoculated perorally with PBS alone or 106 PFU T3SA�. At day 12 postinoculation, the liver was
resected and blood was collected. A small wedge of liver was removed for titer determination by a plaque assay. Mean values from two mock-infected mice or three
to five reovirus-infected mice with approximately equivalent viral titers in the liver are shown. �, P values of 
0.05, as determined by Student’s t test, in comparison
to the level for wt mice. The standard errors of the means are shown in parentheses.

FIG. 6. Viremia in wt and cathepsin-deficient mice following per-
oral inoculation. C57BL/6 wt and cathepsin-deficient mice, 2 to 4 days
(d) old, were inoculated perorally with 106 PFU T3SA�. Blood sam-
ples were collected at the times shown and homogenized by freeze-
thawing and sonication. Viral titers in blood samples were determined
by a plaque assay. Results are presented as mean viral titers of 9 to 14
mice. The limit of detection was 50 PFU/ml.

FIG. 7. Viral growth in the brains of wt and cathepsin-deficient
mice following intracranial inoculation. C57BL/6 wt and cathepsin-
deficient mice, 2 to 4 days (d) old, were inoculated intracranially with
102 PFU T3SA�. Brains were resected at the times shown and ho-
mogenized by freeze-thawing and sonication. Viral titers in brain ho-
mogenates were determined by a plaque assay. Results are expressed
as mean viral titers in the brains of 9 to 13 mice. Error bars represent
standard errors of the means. *, P values of 
0.05, as determined by
a Mann-Whitney test, in comparison to the level for wt mice at the
same time after inoculation. The limit of detection was 102 PFU/brain.
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determine whether reovirus disease could be ameliorated in wt
mice by treatment with a cathepsin inhibitor. CLIK-148, a
derivative of the pan-cysteine protease inhibitor E-64, inhibits
cathepsin L in vivo (37, 38). Mice were treated with CLIK-148
at a dose of approximately 100 �g/g body weight via intraper-
itoneal injection 1 h prior to peroral inoculation with 107 PFU
T3SA� and then every 24 h for 7 days. In comparison to mice
treated with vehicle alone, a significantly greater percentage of
mice treated with CLIK-148 survived (Fig. 8A). At day 21, 40%
of CLIK-148-treated mice succumbed, whereas 80% of vehi-
cle-treated mice died. As a surrogate marker for disease,
CLIK-148-treated mice exhibited only minimal weight loss,
followed by substantial weight gain through the course of the
experiment, whereas vehicle-treated mice exhibited more-se-
vere weight loss and gained weight more slowly during the
recovery phase (Fig. 8B). Mock-infected mice treated with
CLIK-148 or vehicle alone showed no signs of drug toxicity and
had survival rates of 100% (data not shown). These results
suggest that treatment with a cathepsin L inhibitor dampens
the severity of reovirus disease.

Treatment with an inhibitor of cathepsin L diminishes reo-
virus growth at sites of secondary replication. To determine
whether the cause of diminished mortality following treatment
with CLIK-148 is related to viral growth, we quantified viral

titers in various organs of wt mice treated with CLIK-148. Mice
were treated with CLIK-148 at a dose of approximately 100
�g/g body weight via intraperitoneal injection 1 h prior to
peroral inoculation with 10 PFU T3SA� and then every 24 h
for 7 days. On day 8 postinfection, organs were harvested and
titers determined by a plaque assay. Although titers in vehicle-
treated and CLIK-148-treated mice were equivalent in the
intestine, titers were reduced at sites of secondary replication
in the CLIK-148-treated mice in comparison to those in vehi-
cle-treated mice (Fig. 8C). More striking, perhaps, was that of
the five CLIK-148-treated animals with detectable titers in the
intestine, only two exhibited virus dissemination to other or-
gans. However, of the seven vehicle-treated mice with detect-
able titers in the intestine, six had disseminated virus. Thus,
pharmacologic blockade of cathepsin L activity diminishes reo-
virus dissemination to sites of secondary replication.

Treatment with CLIK-148 inhibits reovirus entry into cells.
To define the block to infection imposed by CLIK-148, murine
L cells were treated with various concentrations of CLIK-148
prior to infection with T3SA� virions and in vitro-generated
ISVPs. ISVPs are capable of penetrating cells at the plasma
membrane and are resistant to inhibitors of proteolytic disas-
sembly (2, 17, 19, 76, 86). In comparison to viral yields in
untreated cells, yields in cells treated with 100 �M CLIK-148

FIG. 8. (A to C) Treatment with an inhibitor of cathepsin L decreases disease severity. C57BL/6 wt mice, 2 to 4 days (d) old, were inoculated
intraperitoneally with CLIK-148 at a dose of 100 �g/g average litter body weight or vehicle control 1 h prior to peroral inoculation with 107 PFU
(A, B) or 10 PFU (C) T3SA�. Mice were treated intraperitoneally with CLIK-148 thereafter for 7 days. Mice (n 	 15) were monitored for survival
(A) and weight gain (B). (A) *, P values of 
0.05, as determined by a log rank test, in comparison to the level for vehicle-treated mice. (B) All
living mice were weighed each day. (C) Mice (n 	 9 or 10) were euthanized at day 8 postinoculation, and viral titers in organs were determined
by a plaque assay. Error bars represent standard errors of the means. (D) CLIK-148 inhibits infection by virions but not by ISVPs. Monolayers
of L cells were preincubated for 4 h in medium with or without CLIK-148 or E64 at the concentrations shown. The medium was removed, and
cells were adsorbed with T3SA� virions or ISVPs at a multiplicity of infection of 2 PFU per cell. After 1 h, the inoculum was removed, fresh
medium with or without CLIK-148 or E64 was added, and cells were incubated for 0 or 24 h. Viral titers in cell lysates were determined by a plaque
assay. The results are presented as mean viral yields, calculated by dividing the titer at 24 h by the titer at 0 h for each concentration of CLIK-148
or E64 for duplicate wells.
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were diminished 10-fold (Fig. 8D). Treatment with 200 �M
E64, which blocks the activity of both cathepsin B and cathep-
sin L (3), diminished viral yields 100-fold. Yields produced
following infection by ISVPs were not decreased in cells
treated with either inhibitor, demonstrating that the block im-
posed by CLIK-148 occurs at a stage in viral replication prior
to generation of ISVPs.

DISCUSSION

In this study, we found that cathepsins B, L, and S are
individually required for development of peak viral titers at
sites of secondary replication and thus influence reovirus dis-
ease (Table 3). Survival is enhanced in mice lacking cathepsin
B but diminished in mice lacking cathepsin L or cathepsin S,
likely reflecting the differential importance of these cathepsins
in adaptive immunity. Importantly, treatment with an inhibitor
of cathepsin L activity, which uncouples cathepsin functions in
reovirus disassembly and immunity, enhances survival. These
findings indicate a key role for cathepsin proteases in viral
pathogenesis.

There are 11 cysteine proteases in the papain superfamily
encoded by the human genome (8, 40, 82). Of these, several
have been linked to disease in humans or animals. In addition
to roles in Alzheimer’s disease (31), atherosclerosis (42), can-
cer (49), and osteoporosis (81), cathepsins B, L, and S are
important mediators of cell entry by several viruses (13, 23, 28,
36, 58). Although members of the cathepsin family show some
redundancy of function, there exist specific roles for each pro-
tease. Therefore, we hypothesized that the proteases capable
of mediating reovirus disassembly would serve nonredundant
functions in reovirus pathogenesis by virtue of their specialized
host functions.

Reovirus virions are uncoated in late endosomes or lyso-
somes by cathepsins B (23), L (23), or S (28). We reasoned that
deficiency in the proteases that catalyze uncoating might lead
to decreased viral growth and diminished disease severity.
Only mice deficient in expression of cathepsin B fit this profile.
Ctsb�/� mice had an increased survival rate in comparison to
wt mice when infected with a high dose of reovirus, whereas
Ctsl�/� and Ctss�/� mice displayed decreased survival rates. In
concordance with this observation, reovirus produced lower
titers at sites of secondary replication in Ctsb�/� mice than in
wt mice, and Ctsb�/� mice displayed greater weight gain.
These results suggest that cathepsin B is required for reovirus
to establish high-titer infection and exert pathological effects.

The decreased survival rates of Ctsl�/� and Ctss�/� mice in

comparison to that of wt mice raised the possibility that viral
loads might be higher in these animals. However, reovirus
produced lower peak titers at sites of secondary replication in
both genotypes of mice in comparison to those in wt and
Ctsb�/� mice. Diminished survival rates among Ctsl�/� and
Ctss�/� mice are likely attributable to defects in immune func-
tion in these animals (15), with resultant failure to resolve viral
infection. Indeed, viral titers in the intestine at day 12 were
significantly higher in both Ctsl�/� and Ctss�/� mice than
those in wt animals. As viral titers in wt mice decreased from
day 8 to day 12, viral titers in Ctsl�/� and Ctss�/� mice did not.
We think it most likely that the absence of functional CD4� T
cells leads to inefficient viral clearance. Consequently, tissue
injury is sustained for a longer period of time. This conclusion
is supported by the kinetics of survival following infection.
Although Ctsl�/� and Ctss�/� mice die at higher frequency
than wt mice, survival times of the cathepsin-deficient mice are
prolonged. Thus, the immune deficiency displayed by mice
lacking cathepsin L or cathepsin S is associated with enhanced
reovirus virulence.

The paradox that Ctsl�/� and Ctss�/� mice display increased
disease severity and mortality despite lower peak titers sug-
gests that Ctsl�/� and Ctss�/� mice are more susceptible to the
pathological effects of reovirus infection than are wt mice. The
disease phenotype of these mice included lethargy, gallbladder
distention, intestinal obstruction, and oily hair (5, 20, 87), a
syndrome associated with viral replication in intrahepatic bile
duct epithelium, biliary obstruction, and fat malabsorption (5,
59, 60, 62, 87). However, the disease symptoms did not include
spastic movements of the extremities, overt seizures, or paral-
ysis, indicative of encephalitis. We think that death of reovirus-
infected animals lacking cathepsin L or cathepsin S resulted
from damage to the liver and heart. Histological analysis of the
heart did not reveal striking differences in pathological injury
in the different strains of mice, perhaps due to the high viral
loads in the hearts of all mice. However, the increase in in-
flammatory infiltrate surrounding portal triads, coupled with
the results of liver enzyme profiling, supports the conclusion
that damage to the liver contributed to the poor outcome of
reovirus-infected Ctsl�/� and Ctss�/� mice.

The observation that cathepsin-deficient mice inoculated
with reovirus had lower titers at sites of secondary replication
prompted us to investigate how individual cathepsins promote
viral pathogenesis. We envision two possibilities. First, cathep-
sin expression might allow the virus to disseminate systemically
in the host. Second, cathepsin expression might be required for

TABLE 3. Reovirus pathogenesis in cathepsin-deficient mice

Genotype Survival
rate

AST
level

Level in mice inoculated perorally Level of replication
in brain in mice

inoculated
intracranially

Replication
in intestine

Replication
in liver

Replication
in heart

Replication
in brain Viremia

Ctsb�/�b 1 1 % % 2 2 % %
Ctsl�/�b 2 1 2 2 2 2 % 2
Ctss�/�b 2 1 2 2 2 2 % %
wt plus CLIK-148c 1 ND % 2 2 2 ND ND

a1, increase; 2, decrease; %, no change; ND, not determined.
b Results shown are in comparison to the level for wt mice.
c Results shown are in comparison to the level for wt mice treated with DMSO.
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growth at sites of secondary replication once those sites are
reached. All strains of mice had detectable virus in the blood,
suggesting that cathepsin deficiency does not block reovirus
spread from the intestine into the bloodstream. However,
these proteases could be required for reovirus exit from the
bloodstream into the surrounding tissues, for example, by pro-
moting viral growth in endothelium or extravasation of in-
fected lymphocytes from blood vessels into host tissues.

While cathepsins B and S are dispensable for reovirus
growth in the brain, cathepsin L is not. Following intracranial
inoculation, titers in Ctsl�/� mice were decreased in compar-
ison to those in the other mouse strains tested. Cathepsin S is
required for maximal growth of reovirus in the intestine, as
titers of reovirus in the intestines of Ctss�/� mice are lower
than those in all other strains. It is possible that decreased
titers in the intestines of Ctss�/� mice are insufficient to allow
efficient viral dissemination to sites of secondary replication.
However, peak reovirus titers in the brains of Ctss�/� mice
following peroral inoculation are greater than those in Ctsb�/�

mice, suggesting that viral spread is independent of titer in the
intestine. Since spread to the brain is less affected in Ctss�/�

mice, and virus is present in the blood of Ctss�/� mice, cathep-
sin S may be important for reovirus growth at other sites of
secondary replication, including the heart and liver, at which
sites peak titers are less than those in wt mice. Cathepsin B also
may be important for growth in the heart, as titers at that site
in Ctsb�/� mice are decreased in comparison to those in wt
mice, while titers in the intestine and liver are not. It is note-
worthy that in mouse fibroblasts, although both cathepsin B
and cathepsin L can mediate reovirus uncoating, cathepsin L is
more efficient (23). Our data following both peroral and intra-
cranial inoculation support this conclusion in that peak titers in
all organs tested are lower in Ctsl�/� mice than in Ctsb�/�

mice. These findings suggest that cathepsin L is required for
efficient reovirus growth in tissues other than the intestine.

To eliminate the confounding variables present in the gene
deletion experiments, we sought to determine the effect of a
cathepsin inhibitor on reovirus pathogenesis. Mice treated with
CLIK-148, which specifically inhibits cathepsin L (37, 38), had
increased resistance to reovirus infection in comparison to
vehicle-treated controls, as assessed by both survival and viral
titers at sites of secondary replication. Because survival was
increased in CLIK-148-treated mice but decreased in Ctsl�/�

mice, we think that the inhibition of viral replication is specific
and that immune functions are preserved. Furthermore, since
the mice treated with CLIK-148 did not display defects in fur
growth characteristic of Ctsl�/� mice (68), we conclude that
pharmacologic inhibition of cathepsin L is not as complete as
genetic ablation. Successful pharmacologic attenuation of reo-
virus disease with a cathepsin inhibitor raises the possibility
that cathepsin inhibitor therapy could be effective for other
viruses that require cathepsin proteolysis for cell entry. Ebola
virus (13), Nipah virus (22, 57), Hendra virus (58), and severe
acute respiratory syndrome coronavirus (36) utilize cathepsin
proteases to enter cells. Treatment of cells with chloroquine
inhibits Hendra and Nipah virus infection (64), most likely via
interference with viral fusion glycoprotein processing by ca-
thepsin L. The absence of inhibitor-associated toxicity in this
study and others (37, 38), along with the efficacy of CLIK-148
treatment in the amelioration of disease (this study), suggests

that cathepsin inhibitors should be evaluated for therapeutic
efficacy against these viruses.

We have shown that cathepsin proteases are required for
efficient reovirus infection in mice. Cathepsins promote opti-
mal growth at specific sites of reovirus replication in the host
and influence survival following reovirus infection. Organ-spe-
cific differences in infection of cathepsin-deficient mice high-
light distinct roles for these proteases in vivo. A better under-
standing of the function of cathepsin proteases in the
pathogenesis of viral infections should lead to novel therapeu-
tics for a variety of important human pathogens.
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