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Abstract

Successful viral infection involves a series of interactions between
the virus and the host cell. The outcome of viral infection is, in
fact, dependent on intact cellular function; it is required for viral
binding, internalization, and uncoating. To determine the potential
importance of lysosomal processing on the outcome of infection
with a nonenveloped virus, we have studied the effects of NILCI
on the course of reovirus infection on a beta-cell tumor in culture.
Addition of 10 mMNH4CI to the medium inhibited viral growth
by >80% and reduced toxic effects of the virus on cell viability,
protein, and DNAsynthesis by 3045%. In addition, synthesis
of viral proteins was markedly decreased. Uptake of virus pre-
iabeled with V35Simethionine was not affected by the ammonium;
however, cleavage of ,ulC, an outer capsid protein of the virus
wliose cleavage appears to be required for viral replication, was

delayed. These results suggest that intracellular processing of
reovirus is dependent on a lysosomal pathway and that disruption
of this pathway can alter the course of viral infection.

Introduction

Penetration of viruses into cells requires intact cellular function.
For many viruses, penetration is accomplished via endocytic
pathways; subsequent fusion of the endosome with a lysosome
leads to processing of the virus and release of replicative material
either as free proteins and nucleic acids or as subviral particles
(SVPs).' The importance of this pathway in the processing of
enveloped viruses, such as Semliki Forest virus, has been exten-
sively studied (1, 2). In addition, lysosomotropic agents will in-
hibit normal viral processing and will alter the course of infection
(3, 4). While nonenveloped viruses, such as reovirus, have been
found morphologically associated with lysosomes, the potential
role of lysosomal processing for this class of viruses is less clear.
Addition of NH4Cl, a lysosomotropic agent (5, 6), enhances the
likelihood of the development of persistent rather than acute
reovirus infection (7), but the mechanism of this effect is un-

known.
Reovirus is a double-stranded RNAvirus with a segmented

genome and wide host range; there are three naturally occurring
serotypes, designated as types 1, 2, and 3 (8). Type 1, when
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1. Abbreviations used in this paper: PFU, plaque-forming units; SVP,
subviral particles.

injected into newborn mice, infects ependymal tissue and causes
hydrocephalus (9), whereas type 3 infects neurons and causes a
rapidly fatal encephalitis (10). Both types 1 and 3 reovirus can
also infect cells of the endocrine pancreas and may cause diabetes
(11-13). Type 1 also produces an autoimmune syndrome as-
sociated with growth retardation (14).

We recently examined the interaction of reovirus with
RINm5F cells, a rat insulin-secreting cell line derived from a
radiation-induced islet cell tumor (15, 16), and found that both
types 1 and 3 reovirus will grow in these cells (17). To determine
the possible role of lysosomal processing on the outcome of reo-
virus infection in these cells we have examined the effect of
NH4Cl treatment on both viral growth and cellular function.

Methods

Cell culture
RINm5F cells were grown on 80-cm2 flasks in Ham's FlO medium that
was supplemented with 10% horse serum and 2.5% fetal calf serum. 3 d
before initiation of experiments, cells were detached using trypsin and
subcultured on 24-well multiculture dishes. L cells were maintained in
monolayer culture on 80-cm2 tissue culture flasks in minimal essential
medium that was supplemented with 5% fetal calf serum.

Viral growth and labeling
Stocks of type 1 reovirus were grown in mouse L cells. To biosynthetically
label reovirus with [35S]methionine, L cells were grown in monolayer on
150-cm2 tissue culture flasks (NUNC; Vanguard International, Neptune,
NJ) to confluence and then infected with virus at an input multiplicity
of 4 plaque-forming units (PFU)/cell. 2 h after infection, 1 mCi of
[35S]methionine was added per flask in 20 ml of culture media. 3 d after
infection the cells had detached. Cells were collected by low speed cen-
trifugation and solubilized in 0.1% deoxycholic acid. Cells were sonicated,
lipids were extracted using trichlorotrifluoroethane, and the aqueous layer
containing virus was centrifuged over a continuous CsCl gradient as has
been previously described (18). Specific activity of labeled virus was 29.5
uCi/mg of virus (6.4 MCi/ 1010 PFU).

Effect of ammonium chloride on cell
growth and cellular function
RINm5F cells were infected with type 1 reovirus at an input multiplicity
of 4 PFU/cell. 90 min after infection, fresh media was added to each
well; cells designated control received unsupplemented medium while
the experimental group received medium containing 10 mMNH4Cl. At
the indicated times, samples of RINm5F cells were assayed for protein
content, protein synthesis, DNAsynthesis, and viral titer as follows:

(a) Cell protein. Culture dishes were washed three times with phos-
phate-buffered saline (PBS) to remove nonadherent cells. Attached cells
were solubilized in 0.1 N NaOHand protein content per well was de-
termined using the Bio-rad Protein Assay (Bio-Rad Laboratories, Rich-
mond, CA). Wehave previously shown that protein content correlates
linearly with the number of viable cells, since dead cells rapidly detach
from the dish and are not assayed (17). Protein content per well ranged
between 110 and 140 gg/well and was unaffected by 3 d of ammonia
treatment.
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(b) Protein synthesis. After three washes with 1 ml of PBS, 0.1 Ci
of ['4C]leucine in 1 ml of leucine-free medium was added to each well.
Cells were incubated for 1 h at 370C, then washed three times with PBS
and solubilized in 1.0 ml of 0.1% sodium dodecyl sulfate (SDS). To
determine the amount of leucine incorporated into protein, 0.5-ml ali-
quots of cell lysate were added to 0.1 ml of 100% trichloroacetic acid
(TCA) and allowed to stand on ice for 10 min. Samples were then filtered
through fiberglass GF/C filters (Fisher Scientific Co., Medfield, MA)
and the precipitates washed three times with 5 ml of cold 5%TCA. The
amount of acid-precipitable leucine was then determined by drying filters
and counting in a LKB scintillation counter using 3a70b scintillant (Re-
search Products International, Mt. Prospect, IL). The amount of
['4C]leucine incorporated was corrected for protein content per well.
'4C-incorporation ranged between 8,000 and 12,000 cpm/ 100 ,gpprotein
in uninfected nonammonium exposed cells. Addition of ammonium to
uninfected cells led to a 10-20% decrease in cpm of ['4C]leucine incor-
porated. Therefore, data on infected cells not treated with ammonium
is normalized to uninfected controls not treated with ammonium. Data
on infected cells treated with ammonium is normalized to uninfected
cells treated with ammonium.

(c) DNAsynthesis. After a 1-h incubation of the cells with 1 MCi of
[3H]thymidine, samples were processed as described in section b above,
and [3H]thymidine incorporated into DNAwas normalized for protein
content. Incorporation of [3H]thymidine ranged between 7,000-10,000
cpm/100 lsg in uninfected, nonammonium, treated cells and was unaf-
fected by addition of ammonium chloride. For consistent handling of
data, however, data was calculated as described in section b above.

(d) Viral titer. The growth medium was aspirated and cells were
lysed by freeze thawing three times. Viral titer was measured by plaque
assay using L cell monolayers (19).

Viral uptake and processing
Purified, dialized, [35Slmethionine-labeled virus (30,000 cpm, equal to
-4.2 X 107 PFU) was added to monolayers of RINm5F cells grown on

24-well plates. To add sufficient counts to analyze uptake and processing,
it was necessary to infect cells at this high multiplicity. At designated
intervals, monolayers were washed three times with PBS, solubilized in
Laemmli buffer (20), and boiled. Uptake of labeled virus was determined
by counting the amount of radioactivity in aliquots of solubilized cells
in a scintillation counter. To assess processing, we subjected some samples
to SDS-polyacrylamide gel electrophoresis, using 10% gels, followed by
autoradiography of the gel.

Viral protein synthesis
RINm5F cells were infected with varying amounts of type 1 reovirus
ranging between 0.4 and 10 PFU/cell; 90 min after infection, growth
medium, either with or without 10 mMammonium chloride or 10 ,uM
chloroquine, was added to each well. 48 h after infection, growth medium
was aspirated and fresh methionine-free medium containing 2 MCi of
[35S]methionine was added to each well. Cells were pulsed for 2 h at
37°C and then washed three times with cold PBS. Cells were then sol-
ubilized in Laenimll buffer and subjected to SDS-polyacrylamide gel
electrophoresis using 10% gels, followed by autoradiography.

Results

Treatment of RIN cells infected with type 1 reovirus with NH4Cl
caused a marked reduction in viral titer by 48 h. Viral titer in
infected ammonium-treated cells was 3.8 X 106, as compared
with a titer of 1.9 X 107 in infected control cells (RINm5F cells
infected but not treated with ammonium) (Fig. 1 d). In four
separate experiments, the decrease in viral tital in NH4Cl-treated
cells rahged from 50 to 90%. This decrease in viral titer was
associated with a reduction in cell kill (as assessed by protein
content per well) at 48 h from 40% in infected control cells to
14% in ammonium-treated cells (Fig. 1 A). Ammonium-treated
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Figure 1. Cells grown on 24-well plates were infected with type 1 reo-
virus at an input multiplicity of 4 PFU/cell. 48 h after infection, cellu-
lar viability, effects on DNAand protein synthesis, and viral titer were
determined. Each data point represents the mean of triplicate wells
and error bars denote standard error. Similar results were obtained in
at least separate experiments. (A) Total protein per well. Protein con-
tent per well ranged between 110 and 140 Mg and cells unaffected by
ammonium treatment. (B) Protein synthesis. Virally infected cells not
treated with ammonium incorporated 6,876±170 cpm of ['4C]leucine/
100 Mg protein. This was corrected to incorporation by uninfected
control cells of 11,295±307 cpm/100 Mg. Virally infected ammonium-
treated cells incorporated 8,735±202 cpm of [14C]leucine/100 Mg pro-
tein. This was corrected to a [14C]leucine incorporation by uninfected
cells treated with ammonium that was 8,685±+133 cpm/100 Mg pro-
tein. (C) DNAsynthesis. Virally infected cells not treated with ammo-
nium incorporated 3,710±333 cpm/100 Mg protein of [3Hlthymidine.
This was corrected to incorporation by uninfected cells not treated
with ammonium of 7,377±184 cpm. (D) Viral titer. Virally infected
cells treated with ammonium incorporated 6,026±297 cpm/100 Ag of
[3Hlthymidine. This was corrected to incorporation by uninfected cells
treated with ammonium of 9,186±235 cpm/100 Mg protein.

cells also retained normal macromolecular synthesis when com-
pared with infected untreated cells (Fig. 1, B and C). Thus, am-
monium-treated cells showed no reduction in ['4C]leucine in-
corporation into protein, whereas infected control cells showed
a 40% reduction in protein synthesis, even when corrected for
the decrease in cell number. Similarly, ammonium-treated cells
showed only a 30% reduction in [3H]thymidine incorporation,
whereas infected, untreated cells demonstrated a reduction of
50% or more when compared with uninfected cells.

To examine the effect of ammonium on viral protein syn-
thesis, cells were infected with varying amounts of reovirus and
pulse labeled after 48 h with [35S]methionine, solubilized in Lae-
mmli, and analyzed by SDS-polyacrylamide gel electrophoresis.
Three classes of viral proteins, designated X, A, and a, could be
identified (Fig. 2). The intensity of labeling of these viral bands
was dependent on the infectious dose of virus added. Ammonium
chloride treatment (10 mM) inhibited the labeling of the viral
bands at all infectious doses. This effect was most notable at
infecting multiplicities of 0.4 and 1 PFU/cell but was also present
at 4 and 10 PFU/cell. These higher multiplicities of viral infection
are associated with significant inhibition of cellular protein syn-
thesis, as indicated by the decrease in intensity of the background
protein bands. This effect of viral infection was also inhibited
by ammonium chloride. Concentrations of ammonium of 0.1
and 1 mMhad no effect on viral protein synthesis (data not
shown).

An additional lysosomotropic agent, chloroquine, was also
tested for its ability to inhibit viral protein synthesis. RINm5F

1004 E. Maratos-Flier, M. J. Goodman, A. H. Murray, and C. R. Kahn

100p



140,000 A

72,000 -

a s Im a34,000 -p

NH4CI
PFU/CELL

~4I
0 0.4

cells were infected with 1 PFU/cell of type 1 reovirus 48 h after
infection. Cells were pulsed labeled with [35S]methionine as de-
scribed above. Addition of chloroquine at a concentration of 10
,gM substantially inhibited labeling of all three classes of viral
proteins. As assessed by densitometry, incorporation into the 3-
band was 85% inhibited by chloroquine (Fig. 3).

To determine the mechanism of the ammonium effect, up-
take of the virus biosynthetically labeled with [35S]methionine
was directly examined in the absence and presence of 10 mM
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Figure 2. Cells were infected with varying in-
put multiplicities of reovirus as indicated. 90
min after infection, growth medium with or
without 10 mMNHLCI was added to each
well. 48 h after infection, cells were pulse la-
beled with [35S]methionine as described in
Methods. Wesolubilized cells in Laemmli

10
buffer and subjected them to SDS-polyacryl-
amide gel electrophoresis using 10% gels.

NH4Cl. In control cells, uptake of virus was continuous over a
24-h period. Viral uptake was unaffected by the presence of am-
monium ion in the medium for the first 6 h, and at later time
points the ammonium-treated cells appeared to have taken up
more virus than did control cells (Fig. 4).

The nature of the cell-associated virus was examined at 1/2,
2, 4, 6, and 24 h by washing the cells to remove unbound virus
and then solubilizing aliquots that were subjected to polyacryl-
amide gel electrophoresis. Three biosynthetically labeled bands,
corresponding to the three most abundant viral proteins, could
be readily identified (Fig. 5). In the absence of ammonium, deg-
radation of the band representing lc, one of the outer structural
proteins of reovirus (Mr = 72,000), was apparent by 2 h of in-
fection. The degradation product, designated 6, has a Mr
= 65,000. At 6 h, in infected, nonammonium-treated cells, the
ratio ofuIlc to a was 0.67:1. By contrast, the ratio was 11:1 in
the ammonium-treated cells, which suggests that ammonium
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Figure 3. Type 1 reovirus at an input multiplicity of 4 PFU/cell was
added to cells as indicated. 90 min after infection, chloroquine was
added to a final concentration of 10 uM. 48 h after infection, cells
were pulse labeled with [35S]methionine as described in Methods. Cells
were solubilized in Laemmli buffer and subjected to SDS-gel electro-
phoresis as described in Methods.

Figure 4. RINm5F cells were grown on 6-well tissues culture plates. At
zero time, [35S]methionine-labeled reovirus (30,000 cpm) in 1.00 ml
of serum-free medium was added to each well in the absence or pres-
ence of 10 mMNH4Cl. At designated time points, media was aspi-
rated, cells were washed three times with PBS, and solubilized in 1%
SDS. Cell-associated radioactivity was assessed by counting in a scin-
tillation counter.
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Figure S. [35S]Methionine-labeled virus (30,1
RINm5F cells grown in 6-well plates. At des
media was aspirated and cells washed three
solubilized in Laemmli and subjected to SD
trophoresis, which was followed by autoradi
was associated with the three major capsid b
Over the 24-h study period, only cleavage of

inhibited degradation of this viral prote
ratio of the jAlc and or bands was 0.8(
ammonium-treated cells. Thus, the abilil
cells to degrade AIlc was delayed, but ni

In additional experiments, ammoniu
points in the infectious cycle and the

the first 24 h after infection, and there was even less of an effect
if ammonium was added after 24 h of infection.

Discussion
: IC Endocytosis is the mechanism by which a wide variety of ligands

B8 including hormones (21), proteins (22), lipoproteins (23), and

toxins (24) may enter cells. Whenthis process involves the bind-
ing of ligand to a specific membrane receptor it has been termed

a3 "receptor-mediated" endocytosis. After binding, the ligand is
internalized via an endocytic vesicle that may or may not be

- + - + clathrin coated. Subsequently, some endocytic vesicles fuse with
000 cpm) added to lysosomes or become associated with golgilike structures. The
signated time intervals, endocytic process is also important for viral entry. Since not all
times with PBS. Cells were viruses are known to interact with specific plasma membrane
IS-polyacrylamide gel elec- receptors, the term "adsorptive endocytosis" has been applied
iography. Radioactivity to viral entry. In the case of enveloped viruses, such as Semliki
)ands, X2, glC, and 03. Forest virus and influenza virus, this process has been extensively
f/glC is noted. studied (1-3, 25). After internalization, the endocytic vesicle

forms a secondary lysosome. The low pH in the secondary ly-
~in. At 24 h, the relative sosome is essential to viral penetration, since it allows the virus

6: 1 in both control and envelope to fuse with the interior of the vesicular membrane
ty of ammonium-treated and thereby release the viral core contents into the cytoplasm.
ot absolutely inhibited. More recently, successful viral infection with certain nonen-
mwas added at different veloped viruses such as foot-and-mouth-disease virus (26) and
effect on viral titer and poliovirus (27) has been shown to be dependent on endocytosis

viral cytotoxicity were determined. As can be seen in Table I B,
at the end of 72 h, the maximal effect was noted when ammo-
nium was present throughout the infectious cycle. (Addition of
ammonium 90 min after infection did not differ from addition
concurrent with exposure to virus.) Less effect on viral titer and
cell viability were noted when ammonium was added only for

Table I A. Effect of NH4Cl on Viral Titer

Viral titer
Experiment
(No.) Ammonium (+) Ammonium (-)

1 1.5 X 105±0.71 X l01 1.5 X 106±0.01 X 106
2 1.6X 106 18X 106
3 8.25X 106±0.35X 106 15.3X 106±2.4X 106

B. Time Dependence of NH4Cl Effect

Ammonium
treatment Viral titer Protein/well

(% nonammonium (% uninfected
1-24 h 24-78 h Viral titer treated) control)

+ + 6.0X 106+2.2X 106 30 91
+ - 11.5 X 106±3.8 X105 58 78
- + 15.5 X 106+4.0 X105 76 52
- - 19.8 X 106±7.5 X 105 100 36

(A) In exp. 1, cells were infected with 1 PFU/cell. In exps. 2 and 3,
cells were infected with 5 PFU/cell. 10 mMammonium chloride was
added as indicated. Viral titer, 48 h after injection, is reported as the
mean of duplicate wells + or - range. (B) Cells were infected with an
input multiplicity of 5 PFU/cell and 10 mMammonium chloride was
added as indicated. After the first 24 h, cells were washed three times
with PBS, and fresh media with or without ammonium was added for
the subsequent 48 h. Viral titer is reported as the mean of duplicate
wells + or - range.

and lysosomal processing, and growth of these viruses has been
shown to be inhibited by lysosomotropic agents.

Reovirus has also been found to be associated with lysosomal
structures (28), and this association may be important in the
uncoating of parental virus and in the formation of SVPs. How-
ever, the biochemical steps occurring in the lysosomes and the
mechanism of release of the SVPs from the lysosomes are un-
known. SVPs have lost the g lC protein and possess an active
RNA-dependent RNA transcriptase (29, 30). Genetic studies
suggest that the activation of the transcriptase is dependent on
cleavage of the u1C (31, 32), and all SVPs with an active tran-
scriptase have at least a portion of their ,ulC proteins cleaved
(33, 34).

Our data demonstrate that lysosomotropic agents inhibit the
growth of reovirus and also significantly inhibit synthesis of viral
proteins. This effect is seen over a range of infecting doses from
0.4 to 10 PFU/cell. Inhibition of viral growth is associated with
enhanced viability of infected cells and improved cellular func-
tion as assessed by overall macromolecular synthesis. NH4C1
does not inhibit uptake of reovirus. However, cleavage of u1C
is inhibited by NH4CL. This suggests that lysosomal cleavage of
,lIC is a critical step in the activation of the reovirus SVPs, and
that inhibition of this process by lysosomotropic agents can lead
to an overall inhibition of both viral growth and the effects of
viral infection. Interestingly, the other major protein components
of reovirus, X2 and a3, were not degraded over the 24-h period
of incubation.

In summary, the findings in this study suggest that the ly-
sosome is as important in the processing of some nonenveloped
viruses as it is with enveloped viruses. In the case of reovirus,
lysosomal processing is associated with the cleavage and pre-
sumed activation of a specific capsid protein. Delaying viral pro-
cessing via the addition of lysosomotropic agents reduces viral
cytotoxicity. Further studies will be required to determine
whether such effects might be seen in the intact animal. However,
such finding might provide a strategy for treatment of certain
viral infections in man and other animals.
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