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Abstract

Rotaviruses are an important cause of gastroenteritis in human
infants. In vivo, rotavirus displays striking cell tropism with
viral replication generally restricted to the villus tip enterocytes
of the small intestine. Westudied a panel of cell lines that vary
significantly in their permissivity to rotavirus infection. L cells
and HEp2 cells were relatively resistant to rotavirus infection
compared with permissive MalO4 cells and HT29 cells. RNA
transcription among the cell lines was proportional to antigen
synthesis making a translational or posttranslational block an
unlikely source of observed differences in susceptibility. All of
the cell lines bound and internalized radiolabeled virus equally
well, as measured by escape from surface protease treatment.
Analysis of the escape of cell bound virus from neutralizing
monoclonal antibody revealed that rotavirus did not immedi-
ately enter an eclipse phase in nonpermissive cells, but was
internalized in an infectious form for several hours, possibly
sequestered within endocytic vacuoles. L cells and HEp2 cells
were as permissive as MalO4 and HT29 cells when rotavirus
infection was mediated by transfection of single- or double-
shelled rotavirus particles with cationic liposomes (Lipofec-
tinTM). Rotavirus cell tropism in tissue culture cells is deter-
mined by the ability of infecting virions to traverse the plasma
membrane of the cells into the cytoplasmic compartment. (J.
Clin. Invest. 1992.90:2313-2320.) Key words: rotavirus * lipo-
some * permissivity * membrane penetration

Introduction

Rotavirus, a major cause of infantile diarrhea, selectively in-
fects differentiated enterocytes on the villi of the mammalian
small intestine. Infection of other tissues does not generally
occur during natural infection in immunocompetent hosts ( 1 ).
Furthermore, rotavirus also exhibits host range and age restric-
tion. Rotavirus isolates usually cause disease only in the species
of origin, and very young mammalsare much more susceptible
to disease than mature animals. The mechanisms of the highly
specific cell and tissue tropism and host range restrictions of
rotavirus are probably multifactorial. Previous work has sug-
gested that the expression of specific cellular receptors for rota-
virus (2, 3) and extracellular proteolytic activation (4) or inac-
tivation (5) may be important in these restrictions to rotavirus
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replication in vivo. Individual rotavirus isolates also vary in
their ability to infect various cells in vivo and in tissue culture.
The ability of various rotavirus strains to grow in Ma104 cells
(6) and cultured human hepatocytes (7) has been mapped to
gene 4, which encodes vp4, the viral hemagglutinin.

At the cellular level, susceptibility or resistance to viral in-
fection may be determined at a variety of steps in the viral
replicative cycle, such as cell surface binding, entry into the
appropriate cellular compartment for replication, uncoating,
transcription, translation, assembly, or release from the cell.

In the present study, we have used tissue culture cell lines of
varying permissivity for rotavirus infection to further analyze
rotavirus cellular tropism. Analysis of specific stages of the viral
life cycle including binding, transcription, translation, and as-
sembly of progeny virions failed to detect a defect in the repli-
cative cycle in nonpermissive cells. To bypass the membrane
penetration stage of rotavirus replication, we used cationic li-
posomes to transfect intact icosahedral single- (SS)' and dou-
ble-shelled (DS) rotavirus particles into both permissive and
nonpermissive cell lines. Using this technique, we found that
nonpermissive cells could be as efficiently infected as permis-
sive cells. The results of our studies suggest that penetration of
the infecting virion through the cell plasma membrane into the
cytoplasmic compartment is the limiting step in virus replica-
tion in two cell lines which are relatively resistant to rotavirus
infection.

Methods

Cells and virus. Rhesus rotavirus (RRV) and the UKstrain of rotavirus
(8) were grown in MalO4 cells and purified by hydrofluorocarbon ex-
traction and isopycnic centrifugation, as previously described (9).
HT29 cells and L 929 cells (L cells) were obtained from American
Type Culture Collection (Rockville, MD), while HEp 2 cells were the
generous gift of Dr. Franco Ruggeri (Palo Alto Veterans Administra-
tion Medical Center, Palo Alto, CA). All cells were grown in Dul-
becco's modified MEM(DMEM) supplemented with 10% FCS, L-glU-
tamine, penicillin, and streptomycin in a 5%CO2incubator. For stud-
ies requiring trypsin-free virus, monolayers were infected with 5
peroxidase focus units (pfu/cell) of trypsin-activated virus for 4 h, the
monolayers were washed, and 0.5 ml of 1% aprotinin was added to
prevent residual trypsin from cleaving vp4 on viral progeny.

Infection of cells with RRV. Cells were grown to confluence in 24-
well plates and washed twice with serum-free medium before inocula-
tion. Rotavirus was trypsin treated with 5 ,g/ml trypsin (type IX;
Sigma Chemical Co., St. Louis, MO) for 30 min at 370 before inocula-
tion. For studies of one-step viral yield, cells were inoculated with 5
pfu/cell of RRVand incubated for 1 h at 37°. The monolayers were

1. Abbreviations used in this paper: DMEM, Dulbecco's modified
MEM; DS, double shelled; pfu, peroxidase focus units; RRV, rhesus
rotavirus; SS, single shelled.
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then washed twice and treated for 30 min with neutralizing mAb 159
(ascites fluid at 1:500 dilution) to neutralize any residual input virus on
the cell surface. The monolayers were washed again twice and incu-
bated 16-18 h at 370 with 5% CO2. Monolayers were harvested by
freeze-thawing twice and brief trichlorotrifluoroethane extraction. The
aqueous extracts were then titered in 1O-fold dilutions on 96-well plates
of Ma O4 cells by immunoperoxidase focus counting using hyperim-
mune guinea pig serum as previously described (10).

Rotavirius antigen syntheses. Monolayers of the cell lines were
washed and inoculated with serial 10-fold dilutions of trypsin-activated
RRVfor 1 h, washed, and treated with mAb159 as noted above. After
13 h, the monolayers were washed and fixed with cold methanol. Im-
munoperoxidase staining was used to enumerate infected cells. Results
were expressed as foci/milliliter for each cell line.

Quantitation of RRV RNAin infected cells. The various cell lines
were infected at 10 pfu/cell with trypsin-activated RRVat 4° for 1 h,
then washed twice and warmed to 37°. Cells were harvested by scraping
at time (before warming), 30 min, and 4 h. Serial dilutions of the cells
were bound to nitrocellulose membranes in a dot blot manifold (Bio-
Rad Laboratories, Richmond, CA), fixed with glutaraldehyde, and
treated with proteinase K as previously described ( 1 1). The blots were
probed with random-primed 32P-labeled probes derived from reverse
transcription of RRVRNA( 12 ).

Binding and internalization of RRV. Confluent monolayers in 24-
well dishes were washed twice and chilled to 4°. Purified, trypsin-acti-
vated, metabolically 35S-labeled RRV (150,000 cpm, - 106 pfu, 10
pfu/cell) was added, and the monolayers were incubated at 4° with
gentle rocking for 1-1.5 h. For measurement of binding, the mono-
layers were washed three times with cold serum-free media, lysed with
2%SDS, and counted as previously described ( 13). Under these condi-
tions - 10% of the radiolabeled virus bound to the monolayer. Bind-
ing of infectious virions was determined by harvesting the monolayers
after washing by freeze-thawing and trichlorotrifluorethane extraction.
The resulting aqueous phase was titrated on Ma104 monolayers by
immunoperoxidase focus counting. Internalization was determined by
binding the 35S-labeled virus as above, followed by warming to 370 for
45 min. The cells were then treated with 500 ,ug/ml proteinase K for 30
min at 40, washed twice with ice-cold media containing 2 mMPMSF
and 10% FCS, lysed, and scintillation counted. Control experiments
showed that 95%of virus bound at 40 and not allowed to internalize by
maintaining the monolayers at 40 was digested under these conditions.

InfectivitY of internalized RRV. Confluent monolayers were
washed with serum-free DMEMand infected with trypsin-activated
RRV(10 pfu/cell) at 40 for 1 h. The monolayers were washed again
and warmed to 370 for the indicated time intervals. After washing
again, neutralizing mAb159 ascites fluid was added at a 1:500 dilution
at 40 for 30 min. This treatment has been shown to neutralize all cell
surface-bound RRVif the cells had not been warmed to permit viral
entry ( 10, 13). The monolayers were washed three times more and the
cell-associated infectious virus was recovered by freeze-thawing once
and trichlorotrifluoroethane extraction. The resulting aqueous phase
was titrated on MalO4 cells by peroxidase focus counting. Control
wells (total virus bound) were harvested after binding without mAb
treatment or warming.

Transfection of cells with DSand SSRRVparticles. SS RRVwas
obtained from CsCl gradients, dialyzed against Tris saline buffer (10
mMTris, 100 mMNaCl, 1.5 mMCaCI) and treated for 30 min at 24°
with 10 mMEDTAto ensure removal of any remaining outer capsid
proteins. The SS RRVparticles prepared under these conditions had
no residual infectivity when inoculated onto Mal 04 cells at concentra-
tions up to 100 ,ug/ml. Preliminary experiments (data not shown) lead
to the development of the following protocol for the efficient lipofec-
tion of viral particles with minimal toxicity to the cells. Viral particles
were serially diluted in serum-free DMEMbeginning at 0.05 ,tg pro-
tein/ml, (Lipofectin"; Bethesda Research Laboratories, Gaithers-
burg, MD) was added to 10 ,ug/ml, and the mixture was vortexed
briefly. Duration of the vortexing had little effect on the efficiency of
the transfection (data not shown). Confluent monolayers were washed

twice with serum-free DMEM.They were then transfected with 300
,gl/well of the SS RRV-Lipofectin" preparation. After 3-5 h at 370, 1
ml of serum-free DMEMwas added to each well. After 12 h of further
incubation, the cells were either fixed and immunoperoxidase stained
or harvested by freeze-thawing for titration of infectious progeny. Dou-
ble-shell particles were transfected into cells by the same protocol with
the exception that calcium-magnesium-free Joklik's modified MEM
was used to minimize intracellular calcium fluxes during lipofection.
The DSparticles had been grown in the presence of trypsin (0.5 gg/ml)
before purification. For mAbneutralization experiments, virions were
preincubated with 1:500 dilutions of mAbascites fluid for 30 min be-
fore the addition of LipofectinT.

Effect of DEAEdextran on viral infectivity. Serum-free medium
containing DEAEdextran (Sigma) at concentrations ranging from 25
to 400 ,qg/ml was added to washed cell monolayers for 30 min at 370.
Serial dilutions of purified SS or trypsin-activated DS RRVparticles
were added and viral attachment and entry were allowed to proceed for
2 h at 370. The wells were washed twice with serum-free medium and
incubated for an additional 8 h before fixation and quantitation of
infected cells by immunoperoxidase staining.

Results

Susceptibility of cell lines to RRV infection. Weexamined sev-
eral continuous cell lines for their ability to support replication
of RRV. Ma104 cells are a simian renal epithelial cell line,
which is the standard line used for propagation of rotaviruses.
L cells are murine peritoneal fibroblasts that are commonly
used in the propagation of mammalian reoviruses. HEp2 cells
are human laryngeal epithelial cells commonly used to propa-
gate enteroviruses and HT29 cells are colonic epithelial cells
that under certain conditions may express certain phenotypic
markers of small intestinal epithelial cells. A previous report
has described their utility in propagating rotaviruses ( 14).

When we determined the yield of infections performed at

a lo7 Figure 1. (a) Infectious

106 yield of RRVinfected
cells. The indicated cell

lo0_ _ lines were infected with
2 1o4 trypsin activated RRV_; lo - _ _ - at of 5 pfu/cell for 1 h
o 3_ at 370, then treated with

102 neutralizing mAb159
to remove residual in-

101 put virus, and harvested
100 at 16 h as described in

L HT 29 MA 104 HEp2 the text before titration
of the yield on Ma104

b lo5 cells. Data represents
the average of replicate

4S_ infection. The range was

to3 _ _ _ < ±0.4 log. (b) RRV
C.) antigen production in

02 cell lines. The indicated
-_o- _ _ cell lines were infected

101 with serial dilutions of
trypsin activated RRV

100 for 1 h, then treated
L HT 29 MA 104 HEP2 with 1:500 dilution of

neutralizing mAb 159 to neutralize residual input virus and washed,
as described in the text. The monolayers were methanol fixed at 12
h after infection before immunoperoxidase staining to identify in-
fected cells. Results are the mean of triplicate infections with the SE
indicated.
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high multiplicity of infection (5 pfu/cell), MalO4 and HT29
cells yielded between 100 and 300 times more virus than L cells
and HEp2 cells (Figure 1 a). To determine whether these dif-
ferences in viral yield might be caused by late events in the viral
replicative cycle, we determined the relative ability of the cell
lines to synthesize viral antigen by immunoperoxidase stain-
ing-infected cells. Again, we found that the Ma1O4 and HT29
cells were between 100- and 300-fold more susceptible to RRV,
as measured by the peroxidase focus assay (Figure 1 b). Similar
differences in the susceptibility of various cell lines to rotavirus
(2-3 log1o) have been previously reported (7). The total
amount of viral antigen per cell, observed as judged by the
intensity of the immunoperoxidase staining, appeared equiva-
lent among the various cell lines but there were consistently
fewer L and HEp2 cells expressing viral antigen at a variety of
viral input levels. Even at very high multiplicities of infection
( 10-50 pfu/cell) we were never able to infect more than 5-10%
of the HEp2 and L cells, as measured by immunoperoxidase
labeling (data not shown).

The amount of infectious progeny virus per cell infected
(antigen positive by immunoperoxidase staining) ranged be-
tween 146 foci/cell for L cells and 48 foci/cell for HT29 cells
(Table I), indicating that each infected cell from the four cell
lines produced a more or less equivalent amount of progeny
virus. Similar patterns of antigen production among the four
cell lines were observed using other rotaviral strains such as UK
(bovine), Wa(human), and EB (murine) (data not shown).
These results suggested that assembly and release of viral parti-
cles were not rate-limiting steps for the nonpermissive cell
lines, since once a nonpermissive cell was infected, it produced
comparable amount of viral antigen and infectious virus.

Transcription of RRVRNA. Having observed that the yield
of infectious progeny virus was proportional to the antigen syn-
theses and the number of infected cells, we wished to determine
whether a block in translation of RRVmRNAmight account
for the lower antigen yield in L cells and HEp2 cells. To answer
this question, we determined the viral RNAtranscript content
of the cell lines at various times after infection. A semiquantita-
tive Northern dot blot assay was used for this purpose. The
results (Fig. 2) showed that RRVtranscript levels were signifi-
cantly higher (2 64-fold) in the susceptible Ma O4 and HT29
cells than in the relatively resistant L and Hep2 cell lines at 4 h
after infection. The detected RNAwas not part of the inocu-

Table I. Progeny RRV Virions Produced per Infected Cell*

Cell line pfiu/cell

L cells 146
HT29 49
MA104 125
HEp 2 76

* The four cell lines in quadruplicate wells of 24-well plates were in-
fected with 5 and 1 pfu/cell RRV, as described in the text. After I h
extracellular virus was neutralized with mAb159. The number of cells
infected was determined in two wells by immunoperoxidase staining
after 12 h of incubation. Progeny virus was determined in the two
remaining wells by titration of cell lysates after 16 h of incubation on
MA104 cells by immunoperoxidase focus counting. The results are
expressed as the viral yield (total pfu/well) divided by the total num-
ber of cells that were stained for viral antigen per well.

0

L HT MAHEP

30 min

L HT MAHEP

4 hour

L HT MA HEP
_ _

@0
0 0

0

Figure 2. Northern dot blots of RRVinfected cells. Indicated cell lines
were infected with 10 pfu RRV/cell and then harvested at indicated
times. Cells were bound to nitrocellulose as described in the text in
serial twofold dilutions and probed with 32P-labeled random-primed
RRVcDNAprobe derived from total RRVRNAtranscripts. The
vertical axis represents serial twofold dilutions of the cells beginning
at I04 cells.

lum as demonstrated by the lack of reactivity of all of the cell
lines at times 0 and 30 min. The level of transcription roughly
paralleled the level of infectious yield and the number of cells
infected (Fig. 1, a and b) in the permissive and nonpermissive
cells. Thus, it appeared unlikely that inefficiency of translation
per se impeded RRVreplication in L and HEp cells, and it
seemed likely that restriction occurred at a pretranslational
step.

Binding ofRR Vto cells. Because previous work in our labo-
ratory (2) and by others (3) has suggested that rotavirus tissue
tropism and host range restriction might be related to the level
of expression of specific viral receptors, we determined whether
the permissive and nonpermissive cell lines differed in their
capacity to bind purified, metabolically 35S-labeled, infectious
RRV. Results of a typical experiment, shown in Fig. 3, revealed

30000 Figure 3. RRVcell
binding and internaliza-
tion. Binding was deter-

20000 a T I S mined by incubating
2 s s s confluent monolayers

CL L L * * with 150,000 cpm of
O ___Tpurified, trypsin-acti-

0000 _ vated 35S-labeled RRV
(106 pfu, 1Opfu/cell)
at 40 for 1 h before

0 _ _ _ _ Iwashing, solubalization,
L MA 104 HT 29 HEP2 and scintillation count-

ing. Binding of in-
fectious virus was determined by washing after 1 h of adsorption at
40 followed by harvesting the cells and titration on MA104 mono-
layers, as described in the text. Internalization of the labeled virus was
determined by warming the monolayers for 45 min to 370 after al-
lowing virus to bind. Cells were then treated with 500 mg/ml pro-
teinase K for 30 min at 4° to remove surface-bound virus, washed,
and solubalized for scintillation counting. Results represent the means
of three experiments with SE indicated. ., cpm bound; o, cpm inter-
nalized.
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that all of the cell lines had a more or less equal capacity to bind
RRVmeasured by the amount of radiolabeled virus adsorbed
to the monolayers at 4°. In several experiments, we demon-
strated that equivalent amounts of potentially infectious parti-
cles were bound to monolayers. The results of such an experi-
ment are demonstrated in Fig. 4 at time 0. The specificity of the
binding was demonstrated by the ability of mAb 1A9 to inhibit
90% of the binding of purified radiolabeled virus to all of the
cell lines, as previously described for Ma104 cells (data not
shown) ( 13). Thus, binding of RRVto cell surfaces did not
appear to be a critical parameter in determining the differential
susceptibility of the cell lines under study. In other experiments
(data not shown), we found that trypsin activation has no ef-
fect on viral binding, as has been previously reported ( 15, 16).

Viral escape from the cell surface (internalization). Pre-
vious studies have suggested that viral penetration of the cell
surface membrane was a critical step in rotavirus replication
that requires trypsin cleavage of the viral spike protein vp4 into
vp5 * and vp8 * ( 10, 17). In experiments designed to determine
how much of the bound RRVentered the cells, prebound ra-
diolabeled RRVwas allowed to enter cells by warming them to
37°. After 45 min, surface-bound virus was removed by pro-
teinase K digestion. As seen in Fig. 3, - 50-70% of the bound
virus was resistant to digestion in all of the cell lines under these
conditions. If the monolayers were not warmed before protein-
ase K treatment, < 5% of the cpm remained cell associated.
Trypsin activation of the radiolabeled virus before inoculation
had no significant effect on the internalization of virus under
the conditions used in this experiment (data not shown), as
was previously reported ( 16). Similar results were obtained
using trypsin-EDTA rather than proteinase K to remove viri-
ons from the cell surface (data not shown). Thus, a simple
difference in internalization of the surface-bound virus, as
measured by this assay, was not the determinant of the differ-
ential susceptibility observed.

Infectivity of internalized virus. Because no gross difference
between the cell lines in either binding or internalization of the
virus was observed, we decided to study the fate of internalized
virus in the permissive and nonpermissive cell lines in more
detail. Efforts to determine the biochemical characteristics of
the internalized particles, either by SDS-PAGEor by character-
izing the input particles by equilibrium centrifugation in CsCl,
as described by Ludert et al. ( 18), failed to reveal clear cut
differences between susceptible and resistant cell lines (data
not shown). Wetherefore decided to examine the infectivity of
internalized RRV. After allowing internalization at 370 of pre-
bound RRV(5 pfu/cell) for various intervals, the monolayers
were treated with anti-RRV vp7 mAb159. This mAbhas been
shown previously to efficiently neutralize virus bound to the
cell surface (13). The monolayers were then washed, har-
vested, and fluorocarbon extracted to release aggregated or
membrane bound intracellular virus before titration of residual
virus infectivity on Ma104 cells by immunoperoxidase
staining.

Fig. 4 depicts the results of such an experiment. In the per-
missive cell lines (MalO4 and HT29), internalized virus rap-
idly lost infectivity over the first 120 min of infection. Presum-
ably, much of this loss or eclipse was caused by viral uncoating
and the initiation of transcription. In contrast, the RRVwhich
had entered L cells and HEp2 cells retained a large degree of
infectivity during the same interval. By 8 h (480 min), viral
replication is evident in the permissive cells. These results sug-

10
0 100 20() 300

TIME (minutes)
400 500

Figure 4. Residual infectivity of internalized RRV. The indicated cell
lines were infected with 5 pfu/cell trypsin-activated RRV, as noted
in the text, at 40. After various intervals at 37°, surface bound virus
was neutralized with a 1:500 dilution of mAb 159 ascites at room
temperature for 30 min. Excess mAbwas removed by washing twice
and the cells were harvested and lysed as described in the text. The
lysates were titered on MA104 cells. Zero time lysates were prepared
by freezing monolayers to which RRVhad bound at 40, but were
not warmed or treated with mAb. Data represent means of triplicate
assays. The range of values obtained did not exceed 0.5 log10. - E-,
L cells; - , HT29; - , MA104; -, HEP2.

gested that virus internalized by the two less susceptible cell
lines either inefficiently escaped from endocytic vesicles and/
or was failing to uncoat efficiently to transcriptionally active
but noninfectious single shell particles.

Lipofection of SS and DSRRVparticles. After establishing
that cell surface binding and escape from the cell surface were
not the primary determinants of permissivity, we wished to
examine whether viral penetration of the cell plasma mem-
brane into the cell cytosol was restricted in the nonpermissive
cells. To bypass this potential barrier to infection of nonper-
missive cells, we used transfection via cationic liposomes (Li-
pofectinTM) of single-shell particles into the cell lines. Werea-
soned that such a transfection strategy might be a way to non-
specifically target transcriptionally active SS RRV particles
into the cytoplasm of both permissive and nonpermissive cells.
Wewished to learn if the nonpermissive cells could be rendered
permissive if SS particles made their way into the cell cyto-
plasm. When analyzed by immunoperoxidase staining, we
found that all of the cell lines were equally able to produce
RRVantigen after lipofection of the noninfectious SS particles
(Fig. 5 a). If the transfected monolayers were analyzed for
yield of infectious particles after a single cycle of replication
(Fig. 5 b), the titers of infectious progeny were quite similar.
The calculated number of progeny virions per infected cell was
similar among all four cell lines and comparable to that ob-
tained during DS infection of the cell lines (Table II). In the
absence of liposomes, single-shelled RRVparticles produced
no antigen or progeny virus. Similar results (infection of all cell
lines equally) were obtained with purified single-shelled parti-
cles from the UKbovine strain rotavirus (data not shown).

Having determined that single-shelled particles could initi-
ate a complete replicative cycle with equal efficiency in both
permissive and nonpermissive cell lines if introduced into the
cytoplasm, we wished to determine if the difference between
the permissive and nonpermissive cells might be a defect in the
cytoplasmic uncoating of double-shelled particles to the single
shelled transcriptionally active form. It has been hypothesized
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a 4000 Figure 5. (a) Liposome-
mediated infection of

3000 cells by single-shelled
_j TRRVparticles. Con-

2000 fluent plates of the indi-
U.o _ _ _cated cell lines were

ooo washed with serum-free
media and transfected
with a mixture of 10-

0
L cells HT29 MA104 HEP2 fold dilutions of

CsCl-purified RRVSS
b I( 6 particles (beginning at
s_5 0.05 ,ug/ml) and Lipo-

fectin TM (10 jig/ ml) for
_

io4 4 h, then refed with me-
E 03 dium. Cells were fixed1 and immunoperoxidase

0 2IL 102 stainedat 12hafterin-
10o fection. No peroxidase

foci were observed in

L cells HT29 MA104 HEP2 control wells inoculated
with SS RRValone.

Data represent the means of triplicate wells with SE indicated. (b)
Infectious yield of cells transfected by liposomes with RRVSS parti-
cles. The indicated cell lines were inoculated with SS RRVparticles
(5 Ag/ml) and liposomes (10 ,g/ml LipofectinTM); as noted in the
text, the inoculum was removed and replaced with fresh medium
after 5 h. After 14 h the cells were lysed and titered on MA104 cells.
Data represent means of duplicate transfected wells where the range
was < ± 0.5 log. No infectious progeny were detected in wells inocu-
lated with SS RRVwithout LipofectinM.

that rotavirus uncoating occurs as the virus reaches the low
calcium environment of the cytosol ( 18 ). In vitro calcium che-
lation by EDTAor EGTAresults in uncoating and activation
of the viral transcriptase ( 19). Wetherefore repeated our trans-
fection experiments with CsCl gradient purified double-shell
particles. The results, shown in Fig. 6, indicated that cationic
liposomes greatly enhanced the infectivity of double-shelled
RRVin the less susceptible cell lines, such that these cells were
essentially indistinguishable from permissive cells under these
conditions. Control wells inoculated with the same double-
shelled RRVpreparation at the same concentration but with-
out liposomes showed the expected low efficiency of infection
in L and HEp2 cells. Likewise the use of Lipofectin T greatly

Table II. Progeny RRV Virions Produced per Cell Transfected
with Single-shell RRV*

Cell line pfu/cell

L cells 129
HT 29 78
MA104 101
HEp 2 140

* Confluent monolayers were transfected with 5 Ag/ml SS RRVpar-
ticles via cationic liposomes (Lipofectin"), as described in the text.
Duplicate sets of monolayers were either fixed and immunoperoxi-
dase stained at 10 h for determination of the number of infected
cells/well or harvested as cell lysates and titrated on MA104 cells to
determine the number of infectious progeny virions. RRVSS particles
without lipofectin yielded no infected cells or progeny.

104 Figure 6. Liposome-me-
diated infection of cell

103 lines by double-shelled
Xj I - | RRV. Transfections us-

ing CsCl purified RRV
o0 DSparticles (0.1 pfu/UX cell) and Lipofectin"

101 (DS L) or DS infections
in the absence of Lipo-

10_ fectin" (DS C) were
L cells HT29 MA104 HEP2 performed as described

in the text. Infected cells
were quantitated by immunoperoxidase staining. Data are means
from triplicate wells with SE indicated. ., DSC; o, DS L.

enhanced infection of L and HEp2 cells by purified double-
shelled UKvirions (data not shown).

Because it was possible that the purified DSRRVprepara-
tions might contain some SS particles that might have been
responsible for the liposome-mediated infection, we used neu-
tralizing mAbto confirm that the observed Lipofectin -me-
diated infection was caused by DS particles. mAb 159 is a po-
tent neutralizing antibody directed against the outer capsid
protein vp7. When the DS particles were preincubated with
mAb 159 before the LipofectinT-mediated transfection, no
infected cells were observed (Fig. 7). Nonneutralizing mAbs
129 (anti-vp7) and 255/60 (anti-vp6) had no effect on trans-
fection of double-shelled particles (data not shown), while
mAb 159 had no effect on transfection of single-shelled parti-
cles. Thus, the enhanced infectivity of the lipofected DSRRV
particles in nonpermissive cells is caused by the DScomponent
of the preparation and not to contaminating SS particles. This
observation implies that uncoating of DS RRVparticles in L
and HEp2 cells can occur if the virus reaches the appropriate
compartment and that the primary defect in nonpermissive
cells is probably in the ability of the infecting virus to reach the
cytoplasm after surface binding and internalization.

DEAE-dextran effects on RRV infection. Polycations have
been shown to increase the infectivity of several viruses (20,
2 1 ) and enhance plaque formation by some strains of rotavirus
(22, 23). Wishing to ensure that the effect of LipofectinT was
not merely enhanced binding by some electrostatic mecha-
nism, we examined the effects of DEAEdextran at a range of
concentrations from 50-1,000 ,ug/ml during DS RRV viral

-j
0

z
0
C.

Figure 7. Effect of
monoclonal antibodies
on liposome-mediated
transfections of SS and
DSparticles in Ma104
cells. Particles were
preincubated with the
indicated mAbascitic
fluids at a 1:500 dilution
for 30 min before trans-
fection, as described in
the text. Antigen-posi-

tive cells were detected by immunoperoxidase staining. Results are
expressed as a percentage of control antigen positive cells observed
with transfection of an equal quantity of untreated (no mAb) SS or
DS particles. (n = 3, SE indicated)
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adsorption and cell entry on all four cell lines. No significant
effect was observed at any concentration on any of the cell
lines. At the concentrations tested, DEAEdextran failed to
mediate detectable cell infection by SS RRVparticles. Thus, it
appears unlikely that nonspecific electrostatic forces alone me-
diated the enhanced infectivity observed with the cationic lipo-
somes.

Effect of trypsin activation on lipofection of DSRRV. As
mentioned above, proteolytic activation of rotavirus by trypsin
results in cleavage of vp4 and greatly enhanced efficiency of
infection. It has been postulated that this cleavage promotes the
penetration of the cell membrane by viral particles ( 10). Alter-
natively, trypsin activation might be a result of more efficient
uncoating of the trypsin treated particles. To examine whether
trypsin activation has any effect on lipofected DS particles,
RRVwas grown and purified without trypsin in the presence of
aprotinin. The lack of cleavage of vp4 was verified by SDS-
PAGEbefore its use either with or without trypsin treatment to
infect or lipofect L cells. L cells were chosen for this experiment
to minimize the amount of natural infection which might be
occuring in the permissive lines. Fig. 8 depicts the results of
such an experiment. Although trypsin did increase the infectiv-
ity of rotavirus 10-fold over untreated virus in standard in-
fections of L cells (00 vs TO, Fig. 8), in LipofectinM-me-
diated infections the effect was much less (OL vs TL, Fig. 8).

Discussion

Cellular tropism of viruses in vivo is important in the pathogen-
esis of viral diseases. Understanding the basis for the restriction
of viral growth in nonpermissive cells may offer insight into
viral replicative strategies, as well as normal host cell functions.
Such knowledge may be useful in devising strategies for the
treatment and prevention of viral disease. In this paper, we
have attempted to systematically examine each step in viral
replication in permissive and relatively nonpermissive cells to
understand at what stage replication is blocked. We used a
technique of transfection of intact icosahedral viral and sub-
viral particles by cationic liposomes to demonstrate that the
mechanism of cellular tropism of rotavirus for certain cell lines
probably occurs at the level of viral penetration of the plasma
membrane, either directly from the cell surface or from endo-
cytic vesicles.

Webegan our studies by identifying cell lines with a range
of permissivity for RRV. Wewere unable to identify any ad-

0S5 Figure 8. Effect of tryp-
sin activation of DS

10 _ particles on lipofection
1O3 efficiency. RRVwas

2 T _ -grown in presence of
. r aprotinin as described

101 in the text, purified, and
the DSfraction used to

100 , _ infect L cell monolayers
after typsin activation
(5 ,g/ml) or mock ac-

tivation. Infections were performed in the presence or absence of Li-
pofectinTM ( 10 ,g/ml). 00, no Lipofectin T and no trypsin; OT, no
Lipofectin T and trypsin activated; LO, with Lipofectin T and no
trypsin; LT, with LipofectinT and trypsin activated. Results are the
means of triplicate infections with SE indicated.

herent mammalian cell line that was absolutely nonpermissive
for RRV, so we chose several cell lines that are known to sup-
port the replication of other RNAviruses. L cells were selected
because they are a poor substrate for rotavirus infection but an
excellent substrate for other members of the Reoviridiae such
as reoviruses. Likewise, HEp2 cells are epithelial cells that are
highly permissive for picornaviruses but relatively resistant to
rotavirus infection. HT29 human intestinal epithelial cells
have been previously reported to be useful for the isolation of
human rotaviruses ( 14).

Our initial studies showed a 100-300-fold difference in in-
fectious progeny from permissive to the relatively nonpermis-
sive cell lines (Fig. 1 a). Further investigation by immunoper-
oxidase antigen detection (Fig. 1 b) demonstrated that each cell
line produced a similar number of viral progeny per infected
cell (Table I) and that the differences in yield could be largely
attributed to a much smaller portion of the L and HEp2 cells
producing RRVantigen. Weconcluded that viral assembly
and release were not major determinants of the lower yields
and that an early step in the replication cycle must account for
the inefficient infection in L and HEp2 cells. Northern dot blot
analysis of RRVRNAtranscripts roughly paralleled the anti-
gen production and suggested that efficiency of translation or
posttranslational modification was not a major factor in the
resistance of these cells to RRVinfection.

Because preliminary studies suggested that the defect ob-
served in nonpermissive cells occurred early in the viral replica-
tion cycle, we initiated a series of experiments to examine viral
binding and penetration. Radiolabeled RRVcell-binding stud-
ies and studies of infectious virus binding to cells failed to show
significant differences between the permissive and nonpermis-
sive cell lines (Figs. 3 and 4). Our studies did not address the
possibility that the virus may bind to different receptors on the
different cell lines used. In a previous report (2), we described
the presence of high molecular weight suckling intestinal mem-
brane glycoproteins, which when immobilized on nitrocellu-
lose in a protein blot, specifically bound RRV. Because we
have been unable to develop a similar assay for cultured cells
(D. Bass, unpublished data), the relationship between the pre-
viously described putative intestinal receptor and the attach-
ment of rotavirus to cultured cells in the present studies re-
mains unclear.

When we analyzed the internalization of cell-bound virus
by measuring escape of the radiolabeled inoculum from the cell
surface by protease treatment of intact cells, we again found no
significant differences between permissive and nonpermissive
cell lines possibly because of endocytosis of large amounts of
virus in nonproductive pathways in all cell lines. Of note, analy-
sis of the fate of infectious virions that were removed from the
cell surface (Fig. 4) revealed that internalized virus retained
infectivity in L cells and HEp2 cells for a prolonged period. In
contrast, the permissive cell lines that internalized an equal
amount of radiolabeled virion contained very little infectious
virus. These data suggested that the internalized virus in the
nonpermissive cells was not efficiently uncoating to the single-
shell transcriptionally active noninfectious form, perhaps be-
cause of sequestration of virions in endocytic vesicles and fail-
ure of the internalized virus to enter a low calcium environ-
ment, such as exists in the cell cytoplasm. It has been
hypothesized that rotavirus uncoats when double-shelled parti-
cles are exposed to the extremely low cytoplasmic calcium con-

centrations during or after penetration of the plasma mem-
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brane. Ludert et al. demonstrated that calcium ionophores
which increase cytosol calcium levels can block the intracellu-
lar uncoating of rotavirus ( 18). Thus in the nonpermissive
cells infection could be blocked at either the membrane pene-
tration step or because of an uncoating defect in the cytoplasm
of nonpermissive cells.

To resolve this issue, we used a method of bypassing the
penetration of membrane by using cationic liposomes to medi-
ate delivery of viral particles directly into the cytoplasm. Initial
experiments (Figs. 6, a and b) showed that transfected single
shell particles could mediate infection in all of the cell lines to a
similar degree. This confirmed that the block to RRVreplica-
tion lay in either penetration or uncoating, since all of the sub-
sequent replicative events appeared equally efficient once the
SS particle was transfected. To determine whether an uncoat-
ing block was important, we performed similar transfections
with double-shelled RRV. Again, we observed comparable effi-
ciency of infection in all of the cell lines, suggesting that un-
coating of DS particles was not blocked in the nonpermissive
cells, and that membrane penetration of virus into the cytosol
appeared to be the rate-limiting step in the nonpermissive cells.

The mechanism by which rotavirus penetrates the plasma
membrane to initiate infection in the cell cytoplasm is contro-
versial. Some ultrastructural studies have suggested that endo-
cytosis of rotavirus via coated pits is an important component
of the process (24, 25) while others have reported observations
of direct viral penetration of the cell membrane as the produc-
tive method of viral entry (26, 27). Studies using lysosomotro-
phic agents and inhibitors of endocytosis have reported little
effect on rotavirus replication ( 10, 16, 18, 28). Trypsin activa-
tion is essential for efficient replication of rotavirus and it has
been hypothesized that the cleavage of rotavirus outer capsid
protein vp4 by trypsin facilitates membrane penetration (10).
Consistent with this hypothesis, vp4 contains a hydrophobic
amino acid domain which resembles alpha-virus fusion pro-
teins (29). Furthermore the gene encoding vp4 has been geneti-
cally linked to a number of properties including growth in
Ma104 (6) and HepG2 cells (7), and virulence (30). Vp4
forms a spikelike structure on the rotavirus particle (31 ) and
may mediate binding to cells (2, 13). Kaljot et al. reported that
trypsin-activated RRVbut not unactivated RRVmediates the
release of radioactive chromium from preloaded cells ( 10),
suggesting that viral membrane penetration occurs at the cell
surface. They also reported that release of chromium by acti-
vated virus was minimal in a rotavirus resistant cell line (bo-
vine aortic endothelial cells) suggesting that these cells did not
allow rotavirus penetration of the plasma membrane. Very re-
cently, other workers have added support to the notion that
trypsin cleavage of vp4 mediates plasma membrane penetra-
tion by showing that cleaved but not uncleaved rotavirus viri-
ons mediate the release of a fluorescent dye from artificial lipo-
somes (32). Our data also lend support to this hypothesis in
that trypsin treatment had little effect on the efficiency of rota-
virus infection if the penetration step was mediated by lipofec-
tion (Fig. 8). While the present studies suggest that trypsin
cleavage is important in membrane penetration, they do not
identify the actual site of penetration which could be either
from the cell surface and/or from some type of endocytic
vesicle.

A block in replication in nonpermissive cells at the level of
membrane penetration and/or uncoating has been demon-
strated in several other viral systems including mumpsvirus

(33), foot-and-mouth disease virus (34), encephalomyocardi-
tis virus (35), murine coronavirus (36), and adenovirus (37).
In the case of encephalomyocarditis virus infection of rat cell
lines the block was shown to be completely bypassed by trans-
fection of viral RNA(35). Because we were able to transfect
complete viral particles rather than nucleic acid, we were able
to determine more precisely the nature of the inefficient rota-
virus replication in nonpermissive cells. It remains unclear
whether the observed low level of infection observed in the
nonpermissive cells is caused by a general inefficiency of rota-
virus penetration or whether a small subpopulation of the cells
are fully permissive. Wefavor the former hypothesis because
the observed rate of infection in L and HEp2 cells is directly
proportional to the multiplicity of infection used.

Our study also suggests potential artifacts in the study of
virus entry into cells. It is important that a distinction is made
between entry, defined as virus escape from cell surface treat-
ments such as proteases and antibodies that may occur via
nonproductive endocytotic routes, and actual plasma mem-
brane penetration into the cytoplasm, which is necessary for
productive rotavirus infection.

Lipofectin" consists of preformed cationic liposomes con-
taining the synthetic lipid, DOTMA,which have been used for
facilitation of transfection of nucleic acids. The mechanism by
which LipofectinTM mediates transfection is not entirely estab-
lished, but it is believed that the liposomes adsorb nucleic acid
to their surface rather than containing the DNAwithin a cen-
tral cavity (38). Wewould postulate a similar mechanism for
rotavirus particles, since duration or vigor of mixing of the
LipofectinTM with the particles had little effect on the efficiency
of transfection.

Cationic liposomes and polyethylene glycol have been used
to induce infection of nonpermissive cells by the enveloped
viruses ecotropic murine leukemia virus and murine hepatitis
virus respectively (36, 39). Our report differs from previous
studies in that rotavirus has no outer membrane component
and we were able to achieve a higher efficiency of infection in
our system. Whether liposomes will prove useful as a general
strategy to enhance infection with icosahedral viruses remains
to be seen.

While our study does not address the actual mechanism of
cell membrane penetration by rotaviruses, it does suggest the
critical role of this step in the replicative cycle. The simplest
model that could explain our results would be that susceptible
cells such as Ma104 and HT29 cells possess specific cell surface
components which facilitate plasma membrane penetration by
the virus. Resistant cells such as L and HEp2 cells possess sur-
face molecules that bind rotavirus but are unable to mediate
penetration of the virus into the cytoplasmic compartment effi-
ciently. The further evaluation of such a model will require the
definite identification of a rotavirus cell surface receptor and/
or other factors linked to plasma membrane penetration.
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