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a-Dystroglycan (a-DG) was recently identified as a receptor for lymphocytic choriomeningitis virus (LCMV)
and several other arenaviruses, including Lassa fever virus (W. Cao, M. D. Henry, P. Borrow, H. Yamada, J. H.
Elder, E. V. Ravkov, S. T. Nichol, R. W. Compans, K. P. Campbell, and M. B. A. Oldstone, Science 282:2079–
2081, 1998). Data presented in this paper indicate that the affinity of binding of LCMV to a-DG determines
viral tropism and the outcome of infection in mice. To characterize this relationship, we evaluated the
interaction between a-DG and several LCMV strains, variants, and reassortants. These viruses could be
divided into two groups with respect to affinity of binding to a-DG, dependence on this protein for cell entry,
viral tropism, and disease course. Viruses that exhibited high-affinity binding to a-DG displayed a marked
dependence on a-DG for cell entry and were blocked from infecting mouse 3T6 fibroblasts by 1 to 4 nM soluble
a-DG. In addition, high-affinity binding to a-DG correlated with an ability to infiltrate the white pulp
(T-dependent) area of the spleen, cause ablation of the cytotoxic T-lymphocyte (CTL) response by day 7
postinfection, and establish a persistent infection. In contrast, viruses with a lower affinity of binding to a-DG
were only partially inhibited from infecting a-DG2/2 embryonic stem cells and required a concentration of
soluble a-DG higher than 100 nM to prevent infection of mouse 3T6 fibroblasts. These viruses that bound at
low affinity were mainly restricted to the splenic red pulp, and the host generated an effective CTL response
that rapidly cleared the infection. Reassortants of viruses that bound to a-DG at high and low affinities were
used to map genes responsible for the differences described to the S RNA, containing the virus attachment
protein glycoprotein 1.

The initial stage of any viral infection involves interaction of
the virus with a host cell receptor(s). Identifying the cellular
receptor(s) and defining this interaction can provide data on
viral tropism and pathogenesis and can have potential thera-
peutic value by aiding drug design. Recently, a-dystroglycan
(a-DG) was identified as a common receptor for lymphocytic
choriomeningitis virus (LCMV) and several arenaviruses that
are pathogenic to humans, including Lassa fever virus (9).

LCMV, the prototypic arenavirus, is an enveloped, biseg-
mented, negative-strand RNA virus with an ambisense coding
strategy (reviewed in references 30 and 36). The long (L)
segment of RNA contains genes encoding the viral polymerase
and Z, a zinc finger motif protein thought to play a role in
regulation of transcription (22). The short (S) segment of RNA
contains genes encoding the viral nucleoprotein (NP) and the
glycoprotein (GP) precursor, GP-C, that is posttranslationally
cleaved into GP-1 and GP-2. Several lines of evidence show
that LCMV interacts with the cellular receptor via the GP-1
subunit that is exposed on the top of the virion surface GP.
Epitopes recognized by neutralizing antibodies are contained

within GP-1 (29), and these antibodies prevent the binding of
LCMV to cells in vitro (3).

a-DG is a peripheral membrane GP that is noncovalently
associated with the transmembrane protein b-dystroglycan (b-
DG) (20). a-DG interacts with components of the extracellular
matrix, whereas b-DG interacts with the cytoskeleton, thereby
linking the exterior and the interior of cells (reviewed in ref-
erences 16, 17, and 19). The DG complex is expressed in most
organs, at differing levels (13). The seemingly diverse roles
played by DG in a number of essential physiologic processes
make it an ideal choice of receptor for the virus.

LCMV has been used extensively in its natural rodent host
to study virus-host interactions, including those involving the
virus-immune and -autoimmune, virus-nervous, and virus-en-
docrine systems (5, 8, 27, 28, 41). In a number of comparative
studies in vivo, LCMV strains demonstrating a high degree of
homology have been observed to display markedly different
tissue tropisms and distinct courses of disease, despite having a
common receptor (4, 10). Earlier studies defined differences
between LCMV Armstrong 53b (Arm) and its variant Clone 13
(Cl 13). Both virus strains cause a persistent infection as a
result of congenital, in utero, or neonatal infection. However,
when inoculated intravenously (i.v.) into adult mice, only Cl 13,
and not Arm, causes a persistent infection (1, 33, 34). Biolog-
ically, persistent infections initiated early in life differ from
those developing in adulthood; the former are due to thymic
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deletion of virus-specific T cells, whereas the latter are due to
exhaustion of virus-specific T cells and are associated with a
generalized immunosuppression (4, 25, 38). Furthermore, Cl
13 injected i.v. into adult mice was noted to replicate prefer-
entially in the white pulp of the spleen and infect interdigitat-
ing dendritic cells, while, in contrast, Arm localized primarily
to the red pulp of the spleen, with almost a complete absence
from the inner white pulp (4). Genetically, Cl 13 differs from
Arm by 5 nucleotides, of which only two result in residue
changes in open reading frames (33). In our laboratory, the
molecular basis of persistence and suppression of the anti-
LCMV cytotoxic T-lymphocyte (CTL) response has been
mapped to a single amino acid change in the GP (residue 260,
Leu [Cl 13] to Phe [Arm]) (11, 34), while other researchers
have implicated this mutation and a mutation within L (residue
1079, Q [Cl 13] to K [Arm]) in these phenotypes (23). Recently
it was observed that Cl 13, which caused immunosuppression,
bound more vigorously to a-DG than did Arm (9).

We designed experiments to answer the following five ques-
tions. First, was there a quantitative difference in binding to
a-DG between Cl 13, which suppresses the anti-LCMV CTL
response (CTL2) and establishes viral persistence (P1), and
Arm, which does not suppress the anti-LCMV CTL response
(CTL1) and does not establish persistence (P2)? Second, do
other CTL2 P1 and CTL1 P2 strains of LCMV bind to a-DG
with different affinities? Third, are all CTL2 P1 viruses asso-
ciated with tropism for the white pulp of the spleen? Fourth, is
a-DG an absolute requirement for cell entry by CTL2 P1 and
CTL1 P2 viruses? Lastly, in studies using CTL1 P2-CTL2 P1

LCM virus reassortants, do the heightened ability to bind
a-DG and selective tropism to the white pulp of the spleen
map to a specific viral RNA segment?

MATERIALS AND METHODS

Mice. Female BALB/cByJ mice were 6 to 8 weeks old at the onset of the
experiments. All mice were obtained from the rodent breeding colony at The
Scripps Research Institute (La Jolla, Calif.). All mice were bred and maintained
under specific-pathogen-free conditions.

Virus strains, virus quantification, and routes of infection. Origin, passage
history, sequences, and quantitation of LCMV strains Cl 13, Traub, E350, WE54,
and WE2.2 have been described elsewhere (14, 34, 35, 37). These viruses and the
reassortant viruses Cl 13/ARM (long RNA/short RNA), ARM/Cl 13, Traub/
ARM, and ARM/Traub were triply plaque purified on baby hamster kidney
(BHK) cells and characterized as described previously (23, 32). Seed stocks of all
viruses were prepared by growth on BHK-21 cells, and their titers were deter-
mined by plaque assay on Vero cells. Plaque assays were also used to quantitate
viral titers in mouse sera and spleen homogenates. Mice were infected with
LCMV by i.v. inoculation of 2 3 106 PFU of virus in 200 ml of saline.

Cytotoxicity (CTL) assay. LCMV-specific CTL activity was assessed in eryth-
rocyte-depleted single-splenocyte suspensions by using a standard 5-h 51Cr re-
lease assay. Target cells were 51Cr labeled, LCMV infected (multiplicity of
infection [MOI] 5 1, 20 h) and uninfected, major histocompatibility complex-
matched (BALB/c17 [H-2d]) and mismatched (MC57 [H-2b]) cells. Effector:
target ratios of 50:1, 25:1, and 12.5:1 were used.

ES cells. a-DG knockout (DG2/2 embryonic stem (ES) cells (B11), generated
as described elsewhere (18), and wild-type (DG1/1) (R1) cells were maintained
in Dulbecco’s modified Eagle medium (Gibco BRL, Grand Island, N.Y.) con-
taining 15% (vol/vol) fetal calf serum (HyClone, Logan, Utah), 1% (vol/vol)
penicillin, 1% (vol/vol) streptomycin (both from Gibco), 1% (vol/vol) glutamine
(Gibco), 0.001% (vol/vol) b-mercaptoethanol (Sigma; tissue culture grade), and
103 U of leukemia inhibitory factor (Gibco)/ml in tissue culture flasks pretreated
with 0.1% (wt/vol) gelatin (Sigma). For infection studies, ES cells (4 3 105/well)
were plated in gelatin-pretreated 24-well plates and incubated for 24 h at 37°C.
LCMV was added at an MOI of 0.1, 1, or 5. After 1 h of incubation at 37°C, the
nonadherent virus particles were removed, the cells were gently washed three

times with medium, and the medium was replaced. Cells were then incubated for
24 or 48 h at 37°C, trypsinized, and transferred onto heavy Teflon-coated 10-well
7-mm-diameter microscope slides (Cel-line, Newfield, N.J.). After 15 min, excess
medium was removed, and cells were air dried, fixed in acetone for 10 min, and
immunostained with monoclonal antibody (MAb) 113, which is specific for
LCMV NP (7). Briefly, cells were incubated with primary antibody (1:100 dilu-
tion) for 30 min, washed three times for 5 min in phosphate-buffered saline
(PBS), and incubated with fluorescein isothiocyanate-conjugated goat anti-
mouse immunoglobulin G (Cappel, Costa Mesa, Calif.; 1:40 dilution) for 30 min.
The percentage of infected cells was determined with an Olympus BH-2 fluo-
rescence microscope by counting at least 350 cells per well. Duplicate samples
were counted for each virus and cell line at each MOI and time point. Results are
presented as percentages of infected cells per total cells counted.

Immunocytochemistry. Mice were sacrificed, and their spleens were immedi-
ately embedded in Tissue-Tek O.C.T. compound (Miles Diagnostics Division,
Elkhart, Ind.) and frozen on dry ice. Six-micrometer-thick sections were cut on
a cryostat, fixed for 2 min in acetone, air dried, and stored at 220°C until stained.
After being fixed in acetone for an additional 8 min, sections were washed for 20
min in PBS, blocked for 1 h with 1.5% normal goat serum (Vector Laboratories
Inc., Burlingame, Calif.), and stained with a 1:1,000 dilution of a guinea pig
anti-LCMV serum (6) overnight at 4°C. Sections were washed in PBS twice for
30 min and then incubated with fluorescein isothiocyanate-conjugated goat anti-
guinea pig IgG (Cappel; 1:200 dilution) for 3 h at room temperature. Sections
were washed in PBS twice for 10 min and mounted under glass coverslips by
using Vectashield mounting medium (Vector Laboratories).

Virus overlay protein blot assay (VOPBA). a-DG was derived from rabbit
skeletal muscle or a-DG1/1 cells (9, 18). Purified a-DG from rabbit skeletal
muscle was log serially diluted (from 1 mg/lane) and electrophoresed on 6%
polyacrylamide gels. Proteins separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) were electrophoretically transferred onto
nitrocellulose membranes (0.45 mm pore size; Schleicher and Schuell, Keene,
N.H.) by using a Bio-Rad (Hercules, Calif.) transfer apparatus. The membranes
were blocked in 5% (wt/vol) skim milk powder in PBS for 1 h. The membranes
were then placed in heat-sealable bags, and virus (4 3 107 PFU) was added in
PBS with 1% bovine serum albumin. After overnight incubation at 4°C with mild
agitation, the membranes were rinsed in wash buffer (PBS–0.1% Tween 20) three
times for 5 min each at room temperature. Virus binding to a-DG was detected
with pooled MAbs to LCMV GP-1- and GP-2 (WE-36.1 and WE-33.1, respec-
tively) as described in reference 9. After a 1-h incubation, the membranes were
washed three times with wash buffer, incubated with horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin G (Pierce, Rockford, Ill.; 1:5,000
dilution in wash buffer) for 45 min at room temperature with mild agitation, and
developed for peroxidase activity by using Supersignal chemiluminescent sub-
strate (Pierce). Specific signals were recorded on autoradiographic film (Kodak,
Rochester, N.Y.).

a-DG was also enriched from ES cells. Briefly, cells were cultured to approx-
imately 80% confluence in T75 flasks. Cells were washed twice with PBS and
solubilized in 4 ml of solubilization buffer (50 mM HEPES [pH 7.5], 200 mM
NaCl, 1% [wt/vol] NP-40, 1.2 mM EDTA, complete protease inhibitor cocktail
[Boehringer Mannheim, Indianapolis, Ind.], 1 mM phenylmethylsulfonyl fluoride
[Boehringer]). Cells were removed by using a cell scraper, pipetted up and down
several times, placed on a shaker for 15 min at 4°C, and centrifuged at 14,000 rpm
for 10 min in an Eppendorf centrifuge (model 5415 C). The cell lysate was
transferred to fresh tubes, and 5 mM MgCl2 and 5 mM CaCl2 were added.
Jacalin-Sepharose (Vector Laboratories) was added (2 ml/ml of lysate), and the
lysate was gently shaken overnight at 4°C. The lectin matrix with bound material
was washed three times with wash buffer (50 mM HEPES [pH 7.5], 200 mM
NaCl, 0.05% [wt/vol] NP-40, 1.2 mM EDTA, complete protease inhibitor cock-
tail, 1 mM phenylmethylsulfonyl fluoride, 5 mM CaCl2, 5 mM MgCl2) at 14,000
rpm for 30 s in the same centrifuge. SDS-PAGE sample buffer was added, and
samples were boiled for 5 min.

Competitive inhibition assay of virus binding to a-DG. As reported previ-
ously, inhibition of binding of virus to a-DG was measured in a competitive
inhibition assay using soluble a-DG (9). Mouse 3T6 fibroblasts (105/well) were
plated in 24-well plates and incubated at 37°C overnight. Virus (2 3 105 PFU)
was incubated with serially diluted, soluble a-DG (or bovine serum albumin as a
control) at concentrations of 0 to 100 nM for 20 min at 4°C. In preliminary
experiments, the use of $400 nM soluble a-DG was often toxic to the cultured
cells. Cells were then incubated with virus and a-DG at 37°C for 30 min. The
medium was replaced, and the cells were cultured for a further 16 h at 37°C. Cells
were washed with PBS, fixed with acetone for 10 min, air dried, and stained for
LCMV NP by using MAb 113.
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RESULTS
LCMV strains exhibit two distinct patterns of infection ki-

netics. BALB/cByJ mice were infected i.v. with equivalent
doses of one of six different LCMV isolates, and viral titers
were determined per gram of spleen tissue at various time
points postinfection (p.i.) (Fig. 1A). All strains of LCMV in-
creased in titer in the first 3 days p.i. Subsequently, infection
patterns diverged and two definable groups became apparent.
Arm, E350, and WE2.2 viral titers were dramatically reduced
after this time point and were cleared from the spleen by day
7 (Arm), day 14 (E350), or day 30 (WE2.2) p.i. By contrast,
viral titers of Cl 13, Traub, and WE54 continued to increase
until day 7 p.i. After this time point, viral titers were reduced,
but virus still persisted at day 30 p.i., the last time point stud-
ied. In summary, Cl 13, Traub, and WE54 persisted in adult
mice following i.v. inoculation of 2 3 106 PFU (P1) while Arm,
E350 and WE2.2 were cleared (P2).

Strains that establish persistent infection compromise vi-
rus-specific CTL responses. As previously reported, LCMV
Arm elicits an efficient virus-specific CD81 CTL response that
effectively controls acute infection, with clearance of virus from
the spleen by day 7 to 10 p.i. in BALB/cByJ mice. In contrast,
although a CTL response is detected at day 5 p.i. following
infection with Cl 13, this response is ablated at day 7 p.i. (4).
Accordingly, at day 7 p.i. in mice infected with P2 (Arm, E350,
or WE2.2) and P1 (Cl 13, Traub, or WE54) viruses, distinct
immune phenotypes again emerged (Fig. 1B). Mice infected
with Arm or E350 mounted a considerable antiviral CTL re-
sponse. Mice infected with WE2.2 also demonstrated a good
antiviral CTL response, although it was lower than that seen in
mice infected with Arm or E350. However, this response was
higher than the response by Cl 13-, Traub-, or WE54-infected

animals, which had severely compromised or ablated CTL re-
sponses. These data confirmed our grouping of the viruses into
two phenotypes: CTL1 P2 (Arm, E350, and WE2.2) and
CTL2 P1 (Cl 13, Traub, and WE54).

Viral tropism in the spleen correlates with viral persistence.
Earlier studies indicated that by day 3 following i.v. inoculation
of 2 3 106 PFU of LCMV Cl 13 into immunocompetent mice,
virus had localized predominantly within the T-cell-dependent
white pulp area of the spleen (4). In contrast, similar infection
with Arm led to localization of the virus almost exclusively
within the red pulp (4). Therefore, we studied the tropism of
LCMV E350, Traub, WE54, and WE2.2 in the spleen by using
immunofluorescence and MAb 113, which detects expression
of LCMV NP equivalently in all these strains. Figure 2 shows
the two resulting patterns of infectivity. Initial characteristics
of infection were similar for all viruses tested in that 1 day
following i.v. injection, infection was focused predominantly
within cells of the marginal zone (MZ) (data not shown).
However, by day 3 p.i., the pattern of viral spread had diverged.
In mice infected with a CTL1 P2 virus (Arm, E350, or WE2.2),
the focus of infection shifted primarily to cells of the red pulp,
with minimal white pulp infiltration (WP2). In contrast, in
those mice infected with a CTL2 P1 virus (Cl 13, Traub, or
WE54), heavy infection was visible within the inner white pulp
of the spleen (WP1). Thus, the two groups of viruses can be
further defined as CTL1 P2 WP2 (Arm, E350, and WE2.2) or
CTL2 P1 WP1 (Cl 13, Traub, and WE54).

LCMV strains differ in their affinity of binding to a-DG.
Arm and Cl 13 both bind to purified a-DG in VOPBAs (9). We
quantitated binding of the LCMV strains by two assays: bind-
ing of viruses to a-DG immobilized on nitrocellulose mem-

FIG. 1. Viral persistence is associated with a loss of LCMV-specific CTL activity by day 7 p.i. BALB/cByJ were infected with 2 3 106 PFU of
LCMV i.v. (A) Virus titers were determined by plaque assay at a series of time points p.i. in mice infected with Cl 13 (}), WE54 (■), Traub (Œ),
Arm (h), E350 (E), or WE2.2 (‚). Results represent the mean viral titers for two mice per group per time point. These data are representative
of at least two similar experiments. (B) LCMV-specific CTL responses were determined at day 7 p.i., using a standard 51Cr release assay. Results
are representative of three similar experiments.
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branes (VOPBA), and a competitive entry inhibition assay
using soluble a-DG. Two sources of a-DG were used in the
VOPBAs. First, we studied binding of virus to purified rabbit
a-DG that was log serially diluted from 1 mg of protein/lane.
As seen in Fig. 3A, the CTL2 P1 WP1 viruses Cl 13 and Traub
bound to 0.01 mg of a-DG, a binding affinity 2 to 3 logs higher
than that of Arm or E350 (CTL1 P2 WP2). Similarly, WE54
(CTL2 P1 WP1) demonstrated intense binding to the purified
protein (data not shown). In stark contrast, binding of WE2.2
(CTL1 P2 WP2) to a-DG was not detected (data not shown).
Thus, either binding was below detection levels in this assay or
no interaction occurred between WE2.2 and a-DG. We also
studied virus binding to Jacalin-Sepharose-purified proteins
from a-DG1/1 and a-DG2/2 murine ES cells (Fig. 3B). This
purification procedure enriches for a-DG. Cl 13, Traub, and
WE54 bound to the jacalin-Sepharose-purified protein from
a-DG1/1 cells, but not to that from a-DG2/2 ES cells. In
contrast, no binding of Arm, E350, or WE2.2 was evident in
this assay, suggesting that the a-DG concentration in these
preparations was too low for detectable levels of binding to
occur. The second assay used soluble a-DG to competitively
inhibit binding of LCMV to a-DG expressed on mouse 3T6
fibroblasts. Cao et al. previously demonstrated that infection of
3T6 cells by Cl 13 could be blocked by addition of soluble

a-DG (9). Soluble a-DG was used in our assay at 0.01, 0.1, 1,
10, and 100 nM, because these concentrations routinely had no
effect on the viability of the 3T6 cells while soluble a-DG
concentrations above 400 nM were often toxic. As seen in Fig.
4, only ,1 to 4 nM a-DG was needed for a 33% inhibition of
infection of 3T6 cells by the CTL2 P1 WP1 viruses Cl 13,
Traub, and WE54, but for the CTL1 P2 WP2 viruses Arm,
E350, and WE2.2, an a-DG concentration of over 100 nM was
required to achieve this level of inhibition. Thus, the LCMV
virus isolates could now be grouped into the distinct pheno-
types CTL1 P2 WP2 a-DGlow (Arm, E350, and WE2.2) and
CTL2 P1 WP1 a-DGhigh (Cl 13, Traub, and WE54).

LCMV strains differ in their dependence on a-DG for cel-
lular entry. The variability in affinity of binding to a-DG sug-
gested that the LCMV strains might differ in their dependence
on a-DG for cell entry. To formally test this possibility,
a-DG1/1 (wild-type) and a-DG2/2 (knockout) ES cell lines
were incubated with virus at various MOIs and productive
infection was assessed by expression of LCMV NP at 24 and
48 h p.i. (Fig. 5). At 24 h p.i., few DG2/2 ES cells were infected
by any viral strain tested, with the exception of WE2.2, which
infected 70 to 80% of both wild-type and knockout cells. Yet,
even at this early time point, CTL1 P2 WP2 a-DGlow viruses
achieved higher levels of infection of the knockout cells than

FIG. 2. CTL2 P1 and CTL1 P2 viruses exhibit distinct tropisms within the spleens of adult BALB/cByJ mice. In the spleens of mice infected
with the CTL2 P1 virus Cl 13, Traub, or WE54, virus localized primarily to the white pulp (solid white arrow); in contrast, the CTL1 P2 viruses
Arm, E350, and WE2.2 localized primarily to the red pulp (open arrow) by 3 days p.i. Virus was detected by an immunofluorescence assay using
a guinea pig anti-LCMV antibody. Results are representative of three similar experiments using three mice per group per experiment. Magnifi-
cation, 310.
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did CTL2 P1 WP1 a-DGhigh viruses. By 48 h p.i., a marked
divergence of the viral groups became apparent. Wild-type
cells were infected by all viruses to similar high levels, whereas
knockout ES cells still remained largely refractory to infection

by CTL2 P1 WP1 a-DGhigh viruses. Indeed, only approxi-
mately 10 to 15% of the cells were infected by Cl 13, Traub, or
WE54, even at an MOI of 5, indicating a strong dependence on
a-DG for cell entry and productive infection by these viruses.
In contrast, CTL1 P2 WP2 a-DGlow viruses (Arm and E350)
showed a greatly reduced dependence on a-DG. At 48 h p.i., at
an MOI of 5, Arm and E350 showed high levels of infection of
a-DG2/2 cells, comparable to those for wild-type cells. The
ability of virus to infect the a-DG2/2 cells was still somewhat
compromised by the absence of a-DG and appeared to be viral
dose dependent, since at a lower MOI (1 or 0.1) both Arm and
E350 infected fewer knockout mutant than wild-type cells.
These data suggested that although the presence of a-DG was
not an absolute requirement for cell entry by CTL1 P2 WP2

a-DGlow viruses, its absence impeded optimal virus uptake.
Interestingly, and in contrast to the other five viruses, WE2.2
(CTL1 P2 WP2 a-DGlow) infected similarly high numbers of
a-DG1/1 and a-DG2/2 cells at 24 and 48 h p.i., demonstrating
minimal reliance on a-DG for cell entry by this virus.

The ability of viruses to bind at high affinity to a-DG, ini-
tiate a persistent infection, and localize to the MZ or white
pulp of the spleen maps to genes encoded on the viral S RNA
segment. The last series of experiments utilized CTL1 P2

WP2 a-DGlow-CTL2 P1 WP1 a-DGhigh virus reassortants to
determine where these phenotypes mapped genetically. L
RNA/S RNA reassortants of Cl 13/Arm, Arm/Cl 13, Traub/
Arm, and Arm/Traub were analyzed initially for in vivo tro-
pism and disease kinetics. Figure 6 shows that, as was seen with
the parental viruses, at day 1 p.i. the main focus of virus
infection in the spleen was within the MZ. However, as for the
parental viruses, by day 3 p.i. there was a divergence of infec-
tivity patterns, with reassortant viruses showing movement
from the MZ into either the white pulp or the red pulp of the

FIG. 3. CTL2 P1 WP1 viruses bind vigorously to immobilized a-DG. a-DG purified from rabbit skeletal muscle (A) or a-DG2/2(2) and
a-DG2/2(1) ES cells (B) was separated by SDS-PAGE and immobilized on a nitrocellulose membrane. Membranes were incubated with 107 PFU
of virus/ml overnight at 4°C. Bound virus was detected with the MAbs WE33 and WE36, which are specific for LCMV glycoproteins 1 and 2,
respectively, followed by incubation with horseradish peroxidase-conjugated goat anti-mouse immunoglobulin. A positive signal was detected by
chemiluminescence. 2° ab, secondary antibody.

FIG. 4. Infection of 3T6 mouse fibroblasts by CTL2 P1 WP1 vi-
ruses is inhibited by preincubation with soluble a-DG. 3T6 mouse
fibroblast cells were infected with LCMV strains and reassortants
which were preincubated with 0 to 100 nM soluble a-DG. Percentages
of infected cells were determined 16 h later by quantitating the per-
cengage of cells expressing viral NP, Using MAb 113, and the number
of infected cells was determined by fluorescence microscopy, with at
least 200 cells being counted per sample. BSA, bovine serum albumin.
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spleen. The foci of Cl 13/Arm and Traub/Arm were found
predominantly in the splenic red pulp. In addition, however,
Traub/Arm still demonstrated infection of the MZ, which may
indicate a delay in its movement into the red pulp, perhaps
because of a reduction in replication kinetics of this reassor-
tant. Importantly, however, the white pulp was virtually unin-
fected by either of these reassortant viruses. In contrast, the
Arm/Cl 13 and Arm/Traub localized primarily within the white
pulp of the spleen, indicating that the tropism for this area of
the spleen maps to the S RNA of Traub and Cl 13. We then
evaluated reassortant viral titers in the spleen at day 30 p.i. At
this time point, mice infected with reassortants containing the
S RNA of either Cl 13 or Traub displayed low but detectable
titers of persisting virus (Arm/Cl 13, 2,266 6 757 PFU/g of
spleen tissue; Arm/Traub, 1,133 6 643 PFU/g). However, at
this time point, spleens of mice infected with Cl 13/Arm or
Traub/Arm were completely clear of virus. Binding to a-DG
and entry into ES cells also mapped to genes encoded by the
viral S RNA. As shown in Fig. 7, in VOPBAs on jacalin-
Sepharose-purified proteins from a-DG1/1 and a-DG2/2 ES
cells, reassortant viruses containing an S RNA originating from
Cl 13 or Traub (i.e., Arm/Cl 13 or Arm/Traub) bound effec-
tively to jacalin-Sepharose-purified proteins from a-DG1/1,
but not a-DG2/2, ES cells. In contrast, binding by reassortants
containing an S RNA from Arm (i.e., Cl 13/Arm or Traub/
Arm) was undetectable. Similar results were obtained in VOP-
BAs of a-DG from rabbit skeletal muscle (data not shown).
Using these reassortants, we found that only 8 to 9 nM soluble
a-DG was necessary to competitively inhibit the binding of
viruses containing S RNA from Cl 13 (i.e., Arm/Cl 13) or

Traub (Arm/Traub) (data not shown) to 3T6 cells, while .100
nM soluble a-DG was required to competitively inhibit binding
of those viruses containing an S RNA from Arm (Fig. 4).

a-DG1/1 and a-DG2/2 ES cells were used to study the
dependence of the reassortant viruses on a-DG for cellular
entry (Fig. 8). Reassortants containing an S RNA from Cl 13 or
Traub were markedly inhibited from establishing a productive
infection in a-DG2/2 cells at 24 h p.i., and at 48 h these cells
remained largely refractory to infection, with 15% or fewer
becoming infected at an MOI of 5. In contrast, reassortants
containing an S RNA originating from Arm (Cl 13/Arm and
Traub/Arm) demonstrated a low but reproducible level of in-
fection of the a-DG2/2 ES cells at 24 h p.i., although at this
time point a-DG1/1 ES cells were much more readily infected.
However, at 48 h p.i. with an MOI of 5, Cl 13/Arm infected
wild-type and a-DG2/2 ES cells at comparable levels and
Traub/Arm infected more than 75% of a-DG2/2 ES cells. As
was seen with Arm and E350, at lower MOIs these reassortants
demonstrated titratable levels of infection of the knockout stem
cells, suggesting that a-DG remained the favored receptor.

DISCUSSION

Our results have established that LCMV strains and variants
can be divided into two functional groups. The first group
demonstrates a high affinity of binding to a-DG and depen-
dence on this protein for cell entry. These viruses invariably
cause a persistent infection, correlating with an ability to infect
cells within the white pulp of the spleen and a subsequent loss
of the virus-specific CTL response. We designated this group

FIG. 5. a-DG2/2 ES cells are highly refractory to infection with CTL2 P1 WP1 viruses but are permissive to infection with CTL1 P2 WP2

viruses. a-DG2/2 (white bars) or a-DG-1/1 (black bars) ES cells were infected with LCMV at MOIs of 5, 1, and 0.1 for 24 or 48 h. Infection levels
were assessed by immunofluorescence staining with NP-specific MAb 113. Duplicate samples were counted for each virus and cell line at each MOI
and time point. Data are mean percentages of infected cells 6 standard deviations. These data are representative of three similar experiments.
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CTL2 P1 WP1 a-DGhigh. The second group demonstrates
low-level or no binding to a-DG and a reduced dependence on
this protein for cell entry. These viruses replicate mainly within
cells of the splenic red pulp, and infection is rapidly resolved.
We designated this group CTL1 P2 WP2 a-DGlow. These data
strongly suggest the involvement of a-DG in the in vivo tro-
pism and pathogenesis of LCMV.

Infections of mice with Cl 13, Arm, Traub, E350, WE54, and
WE2.2 progressed similarly during the first 3 days p.i., during
which viral titers increased dramatically (Fig. 1A). However,
beyond this time point, the courses of infection with different
LCMV isolates diverged. In mice infected with Cl 13, Traub, or
WE54, viral titers continued to rise over the first week p.i.

Between day 3 and day 7 p.i., when peak titers were reached,
Cl 13, Traub, and WE54 demonstrated 10-, 7-, and 18-fold
increases in titer, respectively. Afterward, a degree of control
was attained so that viral titers decreased. However, sterile
immunity was not achieved, and considerable viral loads per-
sisted at day 30 p.i. A very different series of events occurred
following infection of mice with Arm or E350. Viral titers were
rapidly reduced after day 3 p.i. In mice infected with Arm, viral
titers were reduced approximately 5,000-fold between day 3
and day 5 p.i. and were below detectable levels by day 7 p.i.
Similarly, but with a slight delay, E350 viral loads dropped
approximately 47-fold between days 3 and 5 p.i. However, a
4,800-fold reduction from peak (day 3 p.i.) viral titers was seen

FIG. 6. The ability to infiltrate the splenic white pulp of BALB/cByJ mice maps to the S RNA of LCMV. Mice (three/group) were infected with
2 3 106 PFU of reassortant virus i.v. Spleens were harvested at day 1 and day 3 p.i. At day 1, all reassortant virus was localized in the MZ of the
spleen. By day 3 p.i., mice infected with reassortants containing S RNA from the CTL2 P1 viruses had localized primarily in the white pulp (solid
white arrow) whereas mice infected with reassortants containing S RNA from CTL1 P2 viruses had localized to the red pulp (open arrow). Virus
was detected by immunofluorescence staining, using a guinea pig anti-LCMV antibody. Data are representative of two similar experiments.
Magnification, 310.

FIG. 7. Affinity of binding to a-DG in vitro maps to the S RNA segment of LCMV. Reassortant virus (107 PFU/ml) was incubated with
jacalin-Sepharose-purified protein (a-DG) from a-DG2/2 and a-DG1/1 ES cells. Virus was detected as described in the legend to Fig. 3. Infection
of 3T6 mouse fibroblast cells by LCMV reassortants preincubated with 1 to 100 nM soluble a-DG is depicted in Fig. 4.

454 SMELT ET AL. J. VIROL.



by day 7 p.i., and E350 was cleared by day 14 p.i. WE2.2 titers
were also reduced dramatically after day 3 of infection. Be-
tween day 3 and day 5 p.i., viral titers dropped fivefold, and
between days 3 and 7 p.i. they decreased ninefold. Clearance of
WE2.2 was slower than that of Arm and E350; however, virus
was below detectable levels at day 30 p.i.

Clearance of acute LCMV infection is dependent on the
virus-specific CD81 CTL response (15, 39; reviewed in refer-
ence 5). Mice infected with LCMV Arm mount a strong, sus-
tained LCMV-specific CTL response that peaks at 7 to 8 days
p.i. Likewise, in mice infected with another P2 LCMV strain,
E350, strong LCMV-specific CTL responses were also de-
tected on day 7 p.i. Mice infected with WE2.2 generated a
good CTL response, better than that generated by mice in-
fected with a P1 virus (Cl 13, Traub, or WE54). However,
WE2.2-specific CTL activity was lower than that seen in mice
infected with either of the other two P2 viruses (Arm or E350).
This relatively reduced level of CTL activity likely explains the
delay in WE2.2 clearance (i.e., day 30 p.i.). However, the
absence of virus at this time point indicates that the mice
generated a CTL response capable of clearing the virus. Al-
though a CTL response is initially mounted in mice infected i.v.
with Cl 13, this response is ablated by day 7 p.i. When the CTL
response to other P1 LCM viruses was measured, we observed
that a loss of CTL activity by day 7 p.i. was common in mice
infected with any P1 strain (Fig. 1B).

The ability of LCMV Cl 13 to establish a persistent infection
and induce a state of generalized immune suppression after i.v.
inoculation into adult mice has been associated with its ability
to infect cells within the inner white pulp of the spleen by day
3 p.i. It has been reported that both interdigitating dendritic
cells and follicular dendritic cells are infected by Cl 13 and that
these cells are subsequently destroyed by virus-specific CTL-

mediated lysis (4, 24; reviewed in reference 42). In contrast,
LCMV Arm, which does not establish a persistent infection
after i.v. inoculation into adult mice, has a strikingly different
tropism within the spleen, replicating predominantly within the
red pulp rather than white pulp areas by day 3 p.i. We inves-
tigated whether the correlation between virus tropism within
the spleen and the ability to establish a persistent infection in
adult mice extended to other LCMV strains. At day 1 p.i., all
the viruses studied showed similar foci of infection within the
MZ. However, by day 3 p.i., in adult BALB/c mice infected
with Arm, E350, or WE2.2, infection shifted to cells within the
red pulp, whereas Traub and WE54 shared with Cl 13 the
ability to infect cells of the white pulp.

Although viral tropism within the spleen is believed to play
a key role in the viral persistence and generalized immunosup-
pression seen following i.v. infection of adult mice with Cl 13,
the molecular mechanisms underlying the divergence of per-
sistent and nonpersistent strain distribution within the spleen
remain unclear. Since the initial characteristics of infection
appear to be shared by all the LCMV strains studied here,
events occurring between day 1 and day 3 p.i. within the MZ
must determine the disparate tropisms, immune responses,
and disease kinetics that follow. The MZ contains a highly
heterogeneous population of cell types (reviewed in reference
21). At day 1 p.i., virus may be present in different populations
of MZ cells following uptake either by phagocytosis (e.g., by
the highly phagocytic MZ macrophages or dendritic cells in
this zone) or by receptor-mediated entry. Subsequent sites of
viral replication in the spleen will be determined by the migra-
tion pattern of initially infected cell populations and/or spread
of infection to new cells, the latter again being influenced by
viral receptor binding properties. We therefore chose to study
the interaction of the different viruses with the newly identified

FIG. 8. Dependence on a-DG for cell entry maps to the S RNA segment of LCMV. a-DG2/2 (white bars) and a-DG1/1 (black bars) ES cells
were incubated with LCMV reassortants at MOIs of 5, 1, and 0.1 for 24 or 48 h. Expression of viral NP was detected by immunofluorescence
staining with MAb 113. Duplicate samples were counted for each virus and cell line at each MOI and time point. Data are the mean percentages
of infected cells 6 standard deviations. These data are representative of two similar experiments.
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arenavirus receptor a-DG (9). All LCMV strains and reassor-
tants tested here (with the exception of WE2.2) demonstrated
binding to purified a-DG (Fig. 3 and 7). However, marked
differences in binding affinity were noted. Those viruses able to
infect cells of the white pulp and establish a persistent infection
(Cl 13, Traub, WE54, Arm/Traub, and Arm/Cl 13) exhibited
high affinities of binding to a-DG. In marked contrast, those
viruses replicating mainly within the red pulp (Arm, E350,
Traub/Arm, and Cl 13/Arm) exhibited binding affinities 2 to 3
logs lower. WE2.2, which is also red pulp tropic, did not bind
to a-DG.

a-DG was found to be critically involved in cellular entry by
all LCMV strains and reassortants able to persist in vivo. ES
cells lacking a-DG were highly refractory to infection by these
viruses (Fig. 5 and 8), and infection was blocked by 1 to 4 nM
soluble a-DG (Fig. 4). These data confirm our earlier finding
that a-DG is a major functional receptor for LCMV (3, 9).
However, the observations that nonpersistent strains entered
cells by an additional, a-DG-independent mechanism and that
far higher concentrations (.100 nM) of soluble receptor (a-
DG) were required to block infection highlight another impor-
tant implication of this study, i.e., that additional cell surface
receptors or cofactors exist and can be utilized by these viruses.
Nevertheless, despite the existence of an alternative uptake
pathway, a-DG remained the favored receptor for the nonim-
munosuppressive strains. That is, although levels of infection
of a-DG1/1 and a-DG2/2 cells by Arm, E350, Cl 13/Arm, and
Traub/Arm were comparable at an MOI of 5 at 48 h p.i.,
a-DG2/2 cells remained less susceptible to infection by these
viruses than a-DG1/1 cells at lower MOIs (of 1 and 0.1). A
possible explanation is that an alternative receptor requires a
threshold level of virus attachment and receptor clustering to
be reached before the downstream events of viral uptake can
commence. Binding of virus at this threshold level may alter
the structure of the receptor, enabling it to interact with a
cofactor(s) required for viral uptake. Alternatively, a threshold
level of virus binding may be required to trigger cell signaling
events that culminate in uptake of virus into the cell. At 48 h
p.i., even at an MOI of 5, viruses exhibiting a CTL2 P1 WP1

a-DGhigh phenotype (Cl 13, Traub, WE54, Arm/Cl 13, and
Arm/Traub) exhibited less than 20% infection of a-DG2/2 ES
cells. The low level of infection of a-DG2/2 cells at this time
point may result when these high titers of virus achieve thresh-
old-level binding on just a small percentage of cells. Further
compelling evidence for the existence of an additional recep-
tor(s) or coreceptor(s) for LCMV comes from the observation
that binding of WE2.2 to a-DG from two sources (rabbit skel-
etal muscle and mouse ES cells) was undetectable in our as-
says. Furthermore, WE2.2 infected a-DG2/2 and a-DG1/1 ES
cells comparably at 24 and 48 h p.i. at all MOIs used, suggest-
ing a completely a-DG-independent mechanism of viral up-
take by this virus.

The observations that the two groups of viruses exhibit
markedly different affinities of binding to a-DG and that
a-DG-independent mechanisms of cellular entry exist for some
LCMV strains in vitro suggest a mechanism to explain altered
tropism in vivo. Differential initial infection by the two groups
of viruses of cell types exhibiting inherently disparate functions
and trafficking patterns may provide these viruses with access
to different splenic microenvironments. Indeed, preliminary

evidence suggests that altering dendritic cell migration within
the spleen by blockade of the lymphotoxin-b pathway mark-
edly alters Cl 13, but not Arm, tropism within this organ (S. C.
Smelt, Y.-X. Fu, S. Kunz, and M. B. A. Oldstone, Abstr. Am.
Assoc. Immunol. Clin. Immunol. Soc. Joint Annu. Meet., abstr.
91.15, 2000).

LCMV, like other RNA viruses, has a high mutation fre-
quency of approximately 1023 to 1025 misincorporations per
nucleotide site and round of copying (reviewed in reference
12). Viral variants are thus continually generated in vivo and in
vitro. As is evident from studies with a number of different
types of viruses, such as human immunodeficiency virus, polio
virus, and herpes simplex virus, sequence variations can signif-
icantly alter the interaction between a virus and its receptor,
which may lead to changes in tropism and in receptor or
cofactor usage (2, 31, 40). Of the LCMV strains analyzed here,
Arm and Cl 13 are highly homologous: Cl 13, a variant isolated
from the spleen of a neonatally infected mouse, differs from
the parental virus (Arm) by only 2 amino acids, amino acid 260
in GP-1 (encoded in the S RNA) and amino acid 1079 in the
viral polymerase (encoded in the L RNA). Traub and E350
exhibit a lower degree of homology with Arm; however, both
Cl 13 and Traub have a leucine at amino acid position 260,
whereas a phenylalanine occupies this position in Arm and
E350. Our earlier studies suggested that the mutation in GP-1
was responsible for the phenotypic differences seen following
Cl 13 or Arm infection (4, 11, 34). Supporting these results are
studies presented herein, utilizing Cl 13-Arm and Traub-Arm
reassortants, that also mapped these phenotypic differences to
the S RNA and implicated amino acid 260. Our data also
suggest that the presence of a leucine at amino acid 260 confers
a high affinity of binding to a-DG while, conversely, a phenyl-
alanine at this position impedes binding to this receptor but
enables Arm and E350 to interact with a second, as-yet-uni-
dentified receptor, enabling a-DG-independent viral uptake.
Moreover, the leucine at amino acid 260 in Cl 13 and Traub
may impede binding to the alternative receptor.

We chose also to study a second pair of highly genetically
related LCMV strains, WE54 and WE2.2. WE2.2 differs from
WE54 by only one amino acid, encoded in the S RNA. This
mutation results in a serine-to-phenylalanine change at amino
acid 153 of GP-1. Despite their high degree of amino acid
homology, WE54 and WE2.2 elicit distinct disease phenotypes
in vivo. When injected intracerebrally into neonatal C3H/St
mice, WE2.2, but not WE54, caused growth hormone defi-
ciency syndrome, which mapped to the substitution at amino
acid 153 of GP-1 (10, 26, 37). In the present study, these two
viruses differed in their splenic tropism, binding to a-DG, and
ability to infect a-DG2/2 ES cells. These viruses both have a
leucine at amino acid 260. WE54 shared its characteristics with
the immunosuppressive viruses in accordance with the leucine
at position 260. In contrast, WE2.2 did not bind to a-DG at a
detectable level and did not depend on a-DG for cell entry.
Therefore, the mutation at amino acid 153 (also within the
glycoprotein) may directly enable WE2.2 to utilize another
receptor while preventing WE2.2 from binding to a-DG. Al-
ternatively, the F260L mutation may represent an allosteric
mutation, affecting the overall structure and stability of the GP,
resulting in altered receptor binding. Additionally, CTL re-
sponses were greatly reduced at day 7 p.i. in mice infected with
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reassortants containing the S RNA from WE54 compared to
those containing the S RNA from Arm (H. A. Lewicki and
M. B. A. Oldstone, unpublished observation).

In conclusion, our observations suggest a correlation be-
tween affinity of viral binding to a-DG, viral tropism, and
disease outcome. These data also imply the existence of at least
one other receptor for LCMV and provide a basis for under-
standing the cause of persistent as opposed to acute viral
infection.
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