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Very little is known about the role that evolutionary dynamics plays in diseases caused by mammalian DNA
viruses. To address this issue in a natural host model, we compared the pathogenesis and genetics of the
attenuated fibrotropic and the virulent lymphohematotropic strains of the parvovirus minute virus of mice
(MVM), and of two invasive fibrotropic MVM (MVMp) variants carrying the 1362S or K368R change in the
VP2 major capsid protein, in the infection of severe combined immunodeficient (SCID) mice. By 14 to 18 weeks
after oronasal inoculation, the 1362S and K368R viruses caused lethal leukopenia characterized by tissue
damage and inclusion bodies in hemopoietic organs, a pattern of disease found by 7 weeks postinfection with
the lymphohematotropic MVM (MVMi) strain. The MVMp populations emerging in leukopenic mice showed
consensus sequence changes in the MVMi genotype at residues G321E and A551V of VP2 in the 1362S virus
infections or A551V and V575A changes in the K368R virus infections, as well as a high level of genetic
heterogeneity within a capsid domain at the twofold depression where these residues lay. Amino acids forming
this capsid domain are important MVM tropism determinants, as exemplified by the switch in MVMi host
range toward mouse fibroblasts conferred by coordinated changes of some of these residues and by the
essential character of glutamate at residue 321 for maintaining MVMi tropism toward primary hemopoietic
precursors. The few viruses within the spectrum of mutants from mice that maintained the respective parental
321G and 575V residues were infectious in a plaque assay, whereas the viruses with the main consensus
sequences exhibited low levels of fitness in culture. Consistent with this finding, a recombinant MVMp virus
carrying the consensus sequence mutations arising in the K368R virus background in mice failed to initiate
infection in cell lines of different tissue origins, even though it caused rapid-course lethal leukopenia in SCID
mice. The parental consensus genotype prevailed during leukopenia development, but plaque-forming viruses
with the reversion of the 575A residue to valine emerged in affected organs. The disease caused by the DNA
virus in mice, therefore, involves the generation of heterogeneous viral populations that may cooperatively
interact for the hemopoietic syndrome. The evolutionary changes delineate a sector of the surface of the capsid

that determines tropism and that surrounds the sialic acid receptor binding domain.

Evolution is a major factor in virus-host interactions and
patterns of diseases (16). RNA viruses exhibit inherently high
mutation rates that underlie their considerable evolutionary
potential (18). The term quasispecies was introduced to de-
scribe the genetically heterogeneous populations, consisting of
complex and dynamic mutant swarms, that this property en-
genders (15, 7). This rapid evolution is responsible for the
accumulation of genetic changes in human immunodeficiency
virus and poliovirus genomes and other viral genomes, partic-
ularly when the host is immunodeficient (46, 52, 31). In
individuals, the interactions among dynamic virus populations
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of a quasispecies may determine the pathogenic features of the
infection (51).

DNA viruses generally display lower rates of evolution than
RNA viruses (17, 6). However, genetic heterogeneity is ob-
served in infections of some immunodeficient hosts (24), mu-
tation rates higher than those determined for cellular genes
occur in several experimental systems, and intrinsically rapid
evolution in some families of single-stranded DNA viruses has
been observed previously (reviewed in reference 29). In the
small single-stranded DNA viruses belonging to the Parvoviri-
dae (50), rapid evolution may explain the diversity of adeno-
associated viruses and autonomous parvoviruses circulating in
primates (30, 19), the phylogenic evidence for a high mutation
rate in the human B19 erythrovirus (45), the host range shift of
feline parvovirus to canine hosts via transferrin receptor usage
(35, 44, 21), and the isolation of mutants of minute virus of
mice (MVM) under different selective pressures in vitro (38,
14, 26) or in experimental murine infections (26-28).

Tropism is a major pathogenic factor for infectious agents,
and in virus evolution (5), its importance is illustrated by the
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diversity of circulating and emergent strains of each virus spe-
cies with different tissue tropism specificities. However, few
existing experimental models of viral evolution in natural hosts
are amenable to an evaluation of the relevance of tropism in
pathogenesis. The two host range variants of MVM, the lym-
phohematotropic (MVMi) and fibrotropic (MVMp) strains (8,
13), provide a useful model for the study of DNA virus tropism
in disease in a mammalian host. MVM tropism is controlled
predominantly by the gene encoding the 25-nm-diameter T=1
icosahedral capsid (32, 4), comprising two proteins, the major
VP2 polypeptide (64 kDa) and VP1 (83 kDa), which is a minor,
142-amino-acid N-terminally extended version of VP2 (48).
While MVMp and MVMi differ at only a few residues in VP2,
they are reciprocally restricted for growth in each other’s host
cell type (49), at a point after attachment to the cell surface
receptor but prior to the onset of viral gene expression and
DNA replication (47). In established cell lines in vitro, two
amino acid residues in MVMIi, at VP2 positions 317 and 321,
act coordinately as major determinants for the acquisition of
fibrotropism (4) whereas the switch to lymphotropism for
MVMp requires both an equivalent region of the MVMi coat
protein gene and a segment of the nonstructural protein genes
(11).

In mice, MVMi is pathogenic for newborns (36, 10), and in
severe combined immunodeficient (SCID) adults, it causes a
depletion of hemopoietic precursors in bone marrow, leading
to severe leukopenia and accelerated erythropoiesis (43),
which results from the ability of this virus to target committed,
as well as long-term repopulating, hemopoietic stem cells (41,
42). In contrast, MVMp is apathogenic in newborn mice (22),
and in oronasally inoculated adult SCID mice, infection is
asymptomatic, with no clinical morbidity (39). However, in
intravenous inoculations, MVMp evolves, as indicated by the
single-plaque isolation of variants which carry only one of
three single changes (I362S, K368R, and V325M) in the VP
capsid protein (28). These variants remain fibrotropic in vitro,
and their capsids show low affinity for the sialic acid compo-
nent of the receptor, but unlike MVMp, they are invasive by
the oronasal route and replicate in mouse tissues, eventually
leading to death (28, 39).

In this report, we analyze the pathogenesis and viral genetics
in SCID mice infected with two invasive MVMp variants. The
development of severe hematological dysregulation correlated
with the emergence of genetic heterogeneous MVMp popula-
tions showing amino acid changes at tropism determinant res-
idues in the capsid. Most pathogenic viruses in these popula-
tions were unable to form plaques and to grow under several
culture conditions.

MATERIALS AND METHODS

Cell lines and viruses. A9 mouse fibroblasts and NB324K simian virus 40-
transformed human newborn kidney, EL-4, and iD5 cells (49) were maintained
in Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% heat-
inactivated fetal calf serum (FCS; GIBCO-BRL). Murine myelomonocytic
WEHI-3B D+ cells were grown in RPMI 1640 supplemented with 10% FCS.
Stocks of the fibrotropic prototype strain, MVMp (13), and the virulent immu-
nosuppressive strain, MVMi (8), and of recombinant viruses with plaque-forming
capacity were prepared by large-scale transfection of the highly MVM-permissive
human NB324K cell line (49) by electroporation (25) to minimize secondary
mutations and were purified and filter sterilized (through a 0.22-wm-pore-size
filter) as previously described (43, 39). Populations of MVMi fibrotropic forward
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mutants (see Fig. 3) were expanded in iD5 cells. Infectious virus titers were
determined as PFU in NB324K or A9 cells by a standard assay (20, 49) or as
immunofluorescence units by staining with anti-VP antibody (25). To determine
titers of viruses devoid of infectivity in cell lines (see Fig. 4), recombinant and
wild-type virions were extracted from transfected NB324K cells, gradient purified
(25), and quantitated by slot immunoblotting (37).

Mouse histology. Eight- to 10-week-old females of the C.B-17 inbred strain of
SCID mice (9) were purchased from the Jackson Laboratory (Bar Harbor, ME),
infected, and monitored for levels of peripheral white blood cells (WBC) and
pathological signs and survival as described previously (43). Organs freshly ex-
cised from euthanized mice were fixed by immersion in 4% paraformaldehyde
for 15 min with gentle shaking and extensively washed in phosphate-buffered
saline. Tissues were embedded in paraffin, sectioned at a thickness of 5 wm, and
stained with hematoxylin and eosin or processed for viral antigen expression by
immunohistochemistry. Staining was done with a primary MVM polyclonal an-
tibody raised in rabbit that recognizes both capsid proteins (39), and detection
was achieved with the Dako LSAB II kit with a biotinylated affinity-purified
goat-anti rabbit secondary antibody and diaminobenzidine as the chromogen.

Clonogenic assays of hemopoietic progenitors. Mouse bone marrow cells were
flushed from shafts of dissected femora and tibiae in Iscove’s modified DMEM
(IMDM; GIBCO Laboratories, Grand Island, NY), dispersed with a 16-by-5-mm
needle, and counted by trypan blue exclusion in a hemocytometer. Hemopoietic
progenitors were assessed in enriched methylcellulose semisolid cultures essen-
tially as described previously (41). The culture medium consisted of IMDM, 30%
fetal bovine serum, 1% deionized bovine serum albumin (fraction V; Sigma
Chemical Co., St Louis, MO), 10% WEHI-3B conditioned medium, 0.8% meth-
ylcellulose (Dow Chemical Co., Midland, MI), 2-U/ml erythropoietin (Terry Fox
Laboratory, Vancouver, Canada), 1072 mM alpha-thioglycerol, 2 X 1073 mM
L-glutamine, and 10~* mM Na,SeO5. A total of 10° nucleated cells resuspended
in 0.9 ml of medium were dispensed into a 24-well culture dish, and colonies were
scored under an inverted microscope after 7 days of incubation. Progenitors from
uninfected mice were assayed in parallel in the same dishes as an internal control
for the cultures. Granulocyte-macrophage CFU (CFU-GM) were defined as
aggregates of at least 50 cells, and erythroid burst-forming units (BFU-E) were
defined as hemoglobinized bursts.

Viral genetic analysis. MVM replicative and genomic DNA forms were iso-
lated from mouse organ homogenates and from viral plaques by a modified Hirt
procedure (2). Samples were subjected to Southern blot analysis in agarose gels
as described previously (43) or to PCR amplification by using a Bio-Rad gene
cycler according to published protocols. Amplified fragments were purified from
agarose gels by the Concert rapid gel extraction system (GIBCO-BRL) and
sequenced in a Perkin-Elmer 377 automated sequencer. The paired sets of
oligonucleotides used to encompass the complete coding sequence of the MVM
genome (3) have been described previously (28).

Recombinant MVM variants and clones. Mutations were transferred into
MVMp or MVMi infectious plasmids (20, 33). The MVMi-derived series of
single and double mutants (LB1 to LB3) isolated from A9 cells was described
previously (4, 1), as were the recombinant MVMp variants carrying the 1362S
and K368R in vivo-selected mutations (28). The recombinant K368R/A551V/
V575A virus was constructed by PCR amplification of viral DNA isolated from
the spleen of the leukopenic R6 mouse by using high-fidelity Pful polymerase
(Promega) and replacing an Sspl restriction fragment (nucleotides [nt] 3233 to
4628) of the MVMp genome. Clonal analysis of viral populations in mouse
tissues was addressed for PFU by direct sequencing of isolated plaques in
NB324K cells (28, 26) and for molecular clones by PCR amplification from
mouse tissues, with subsequent cloning into pUC19 and transformation of Esch-
erichia coli JM109.

RESULTS AND DISCUSSION

Invasive MVMp variants elicit hemopoietic dysregulation in
SCID mice. To investigate the pathogenesis and whether the
lethal disease induced by the fibrotropic MVMp 1362S and
K368R variants involves changes in tropism, main organs of
SCID mice oronasally infected at 10° PFU/mouse were sub-
jected to histopathological analyses at the initial stages of the
infection (8 weeks postinfection [wpi]) and at the 50% survival
time point determined for each virus, namely, 14 or 18 wpi for
the K368R or 1362S variant, respectively, and 8 wpi for MVMi.
For MVMp variants, capsid expression could not be detected
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FIG. 1. Induction of leukopenia in SCID mice by MVMp invasive variants. (A) Histopathology of MVM infection in SCID mice. (Two left
panels) MVMp mutant capsid expression and intranuclear inclusion bodies (arrows) in bone marrow or spleens of infected mice (specimens were
subjected to immunohistochemistry staining); (two right panels) depletion of myeloid cells and hypocellularity in the spleens of infected mice
(specimens were stained with hematoxylin and eosin). BM-1362S, bone marrow from 1362S virus-infected mouse; S-K368R and S-Mock, spleens
from K368R virus- and mock-infected mice. (B) Survival (dotted lines) of and levels of circulating WBC (solid lines) in I362S and K368R
virus-infected mice at the indicated wpi (n, 5 mice per virus from two independent experiments). Survival data were taken from reference 28.
(C) Multiplication of MVMp variants in organs of leukopenic mice (n = 3) as monitored by the accumulation of infectious virus (upper panel)
and of intermediates of replicative DNA (dimeric [dRF], monomeric [mRF], and single-stranded DNA [ss]) of the 1362S variant (lower panel).

K, kidney; L, liver; I, intestine.

at 8 wpi, but at 14 to 18 wpi, positive areas of capsid staining,
mainly in the capillary endothelia of main organs (e.g., livers
and kidneys) and in some tissue-specific cells (e.g., occasional
hepatocytes), denoted hematogenous dissemination (data not
shown). However, as for MVMi, the histopathological hall-
mark of the MVMp variant-induced disease in SCID mice was
the predominant involvement of hemopoietic organs, which
contain large populations of proliferating cells potentially able
to support MVM multiplication. As shown in Fig. 1A, cells
with inclusion bodies staining for MVM capsid proteins were
numerous in the bone marrow. In the spleen, there was also
strong staining of individual cells and groups of cells often
adjacent to arterioles, as well as fine granular and diffuse stain-
ing of cells throughout the organ, perhaps representing phago-
cytosis by resident macrophages of adjacent MVM-infected
cells. These findings are consistent with dysregulated hemopoi-
esis in the presence of a low proportion of productively in-
fected cells, as previously indicated by precursor analysis in
MVMi infections (42, 43).

The damage involving hemopoietic organs correlated with
the consistent development of acute leukopenia, which became
severe (<5 X 10> WBC/ml; normal range, 2 X 10° to 4 X 10°
WBC/ml [43]) by 13 wpi in K368R virus infections and by 18
wpi in 1362S virus infections (Fig. 1B). The development of
leukopenia was accompanied by the clinical signs of hunched

posture, ruffled fur, and weight loss and culminated in the
death of all infected animals following the onset of severe
leukopenia. The MVMp variants therefore acquired, during
infection, the pathogenic features of the MVM i strain (42, 43).
The delayed course of leukopenia (13 to 18 weeks) in mice
inoculated with the MVMp variants compared to the 5 to 7
weeks required for MVMi to elicit severe leukopenia following
oronasal inoculation with an equivalent viral dose of 10° PFU/
mouse (42, 43) suggests the requirement for an adaptive pro-
cess of the fibrotropic MVMp variants to target these hemo-
poietic cells. Titers of infectious viruses (PFU) in leukopenic
animals (Fig. 1C, upper panel) were similar in the major or-
gans examined (10* to 10° PFU/g) and, with the exception of
those in the intestines, correlated well in both I362S and
K368R virus infections with the levels of viral DNA replication
(see the example in Fig. 1C, lower panel). Interestingly, overall
PFU titers in organs did not correlate with the high numbers of
MVM capsid-expressing cells found in the spleen and bone
marrow (Fig. 1A and data not shown), suggesting that the bulk
of viral multiplication leading to hemopoietic disease is inef-
ficiently quantitated by this plaque assay.

Amino acid changes in MVMp capsid are associated with
the development of leukopenia. The lethal hemopoietic disease
caused by the MVMp variants prompted a genetic analysis of
virus isolated from major organs of leukopenic mice infected
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FIG. 2. Amino acid changes corresponding to MVMp-derived ge-
nomes isolated from leukopenic mice. (A) Coding changes found in
the consensus sequences of MVM populations present in organs (K,
kidney; L, liver; S, spleen; I, intestine) isolated at 14 to 18 wpi from
leukopenic SCID mice infected with the 1362S (mice S1 to S5) and
K368R (mice R6 to R8) variants. Genetic differences between the
isolated populations and their respective 1362S or K368R parent are
outlined. (B) Clonal analysis of the MVM genome composition in
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with 1362S (mice S1 to S5) or K368R (mice R6 to R8) virus
(Fig. 2A). With the exception of the single-nucleotide G2035A
mutation of the reference MVMp genomic sequence (3),
which introduces the NS1 nonstructural protein-specific S592N
amino acid change in the S5 population, no genetic changes
were fixed either in the NS1 or the NS2 consensus sequences
present in three spleens (the spleen of mouse S4 [S4-S], S5-S,
and R6-S) or in the NS1 C-terminal region (corresponding to
nt 1703 to 2380) isolated from organs of independently inoc-
ulated mice (the liver of mouse S1 [S1-L], the kidneys of mouse
S2 [S2-K], S3-L, and R7-S), indicating that MVMp variant
nonstructural proteins do not play an evolutionary role in the
development of the leukopenic syndrome. In sharp contrast,
specific amino acid changes in the consensus sequence of the
capsid (VP) protein were found in isolates from all leukopenic
mice inoculated with either parental virus. Sequence analysis
included the entire VP gene of virus from several mouse or-
gans (S1-K, S2-S, S4-S, S5-S, R6-S, and R6-L) and, for all
isolates, the region from nt 3726 to 4670, which encodes the
area including the key amino acids 308 to 587 (VP2 number-
ing) that function in tropism (see Fig. 3), virulence (28), and
nuclear targeting (25).

As shown in Fig. 2A (upper panel), the consensus VP se-
quence of virus from most organs (livers, spleens, and kidneys)
of all of the S1 to S5 mice carried the G321E and A551V/T
mutations. Both changes found in the S1 to S5 viruses were to
amino acids encoded by the MVMi genotype. The emergence
of the same genetic changes in MVM populations isolated
from most organs, with the exception of the intestine, suggests
that damaged hemopoietic organs (Fig. 1A and B) are a major
source of mutants, which spread hematogenously and subse-
quently infect blood vessel endothelia. In the intestine, the low
levels of infected cells (data not shown) and of viral DNA
replication (Fig. 1C, lower panel) would explain why the con-
sensus sequence of virus from this organ was essentially that of
the parental 1362S virus. In addition, viruses from some 1362S
virus-inoculated mice reverted partially or totally to the
MVMp wild-type sequence at position 362 when the other two
changes appeared (see also the discussion of clones below), a
phenomenon that may reflect structural restrictions within the
capsid. Likewise, specific amino acid changes in the consensus
sequences of virus from the major organs were also found in all
mice (R6 to R8) infected with the K368R variant (Fig. 2A,
lower panel). These were A551V, as mentioned above, and
V575A, a change which does not correspond to any known
MVM genotype. This study demonstrates the consistent emer-
gence, by parallel viral evolution in different mice, of a few VP
amino acid changes associated with the development of leuko-

spleens of leukopenic mice. The plaque heterogeneity of the S5 and R6
populations is shown above the coding changes localized in the region
corresponding to nt 3726 to 4670 of the MVM genome as determined
from isolated plaques (PFU) or molecular clones. Genetic changes
with respect to the consensus sequence (shadowed) corresponding to
viral DNA isolated from the spleens are indicated. n, number of clones
with the same genotype. Single letters separated by slashes represent
amino acid heterogeneity at this position in the sampled population.
Dashes represent amino acids identical to those in the consensus
sequence.
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FIG. 3. Capsid residues determining MVM tropism in culture. (A) Selection of forward mutants in A9 mouse fibroblasts from genetically
independent stocks derived by transfection with infectious clones. The sequences of the assayed LB2 and LB3 mutants are shadowed, with residues
changed by directed mutagenesis in bold. (B) Interaction of MVMi mutants with mouse hemopoietic cells. Nonadherent myeloid cells harvested
from long-term bone marrow cultures were prestimulated for 3 days in IMDM-10% FCS-10% WEHI-3B conditioned medium as a source of
interleukin-3 and infected with the indicated viruses at a multiplicity of infection of 5 PFU/cell, and the number of viable cells was scored daily.
(C) Susceptibility of the BFU-E mouse hemopoietic precursors to MVMi mutants. Total C57BL or BALB/c bone marrow cells were infected at
the indicated multiplicity of infection and cultured in vitro under conditions allowing the growth of this committed erythroid precursor.

penia in the SCID mouse and shows that the nature of these
mutations is partly specified by the virulence genotype of the
parental virus, the I362S or the K368R virus. The capacity of
MVM to rapidly evolve in SCID mice as described here and in
our previous studies (reviewed in reference 29) can be ac-
counted for by the remarkably high mutation frequency deter-
mined in vitro in the absence of any detectable selection force
(26), together with the large-scale viral genome accumulation
and the large population sizes reached in mouse organs
(Fig. 1C).

MVMp evolution in mice targets tropism determinant res-
idues of the capsid. The significance in viral tropism of the
residues changing in SCID mice was evaluated with cultured
cells. A first study was focused on residues conferring fibro-
tropism to MVMi. Three MVMi-derived site-directed-mu-
tagenesis mutants, LB1 to LB3, were constructed with muta-
tions at the two residues of VP2, 317 and 321, which are
coordinately required for the switch of MVMi to fibrotropism
(4). The double-mutant virus LB1 had growth characteristics

very similar to those of the prototype fibrotropic strain,
MVMp, whereas viruses carrying only one mutation, LB2
(A317T) and LB3 (E321G), were essentially as restricted in
fibroblasts as their parent, MVMi (4). Here, spontaneous fi-
brotropic forward mutants, selected from genetically indepen-
dent stocks of each of these single mutants grown in iD5 cells,
were isolated by plaque formation in A9 mouse fibroblasts.
DNA sequencing of the entire VP1-VP2 gene of these MVMi
host range mutants revealed in each a single additional change
within VP2. The ratios of plaque titers in A9 mouse fibroblasts
to those in the fully MVM-permissive NB324K human cells
(49) indicated that these single host range mutants were
present in independent MVMi stocks at frequencies between
1.2 X 1072 and 7.8 X 10>, implying, as mentioned above, a
relatively high mutation rate for this virus growing in cultured
cells. As shown in Fig. 3A, the A317 changed to T, reproducing
the LB1 arrangement, in four out of six such mutants isolated
from E321G single-mutant stocks. However, forward muta-
tions can occur at sites other than the previously characterized
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317 coordinated site, as shown by the mutations at residues 460
and 558 delineated in Fig. 3A. The other original coordinated
mutation, E321G, was not recovered in any forward mutant
derived from the A317T single mutant, but alternate single
changes were found at residue 399, 551, or 553, suggesting that
there are a significant number of possible combinations of
double mutation which can confer fibrotropism upon MVMi.
Significantly, of the mutations conferring the MVM tropism
switch in vitro, those at 321 and 551 are among the major
changes selected in leukopenic mice (Fig. 2A), and the rest,
although spread apart in the primary VP2 sequence, cluster in
a common domain in the three-dimensional structure of the
MVM capsid (see below).

To study whether residues 317 and 321 mediating fibrotro-
pism in the MVMi background are also involved in hemato-
tropism, the LB mutants were assessed for their capacity to
replicate in primary murine hemopoietic cultures and to kill in
vitro precursors committed to the erythroid (BFU-E) and my-
eloid (CFU-GM) lineages. As shown in Fig. 3B, the single
A317T change (LB2 mutant) did not significantly interfere
with viral infection in such cultures. In contrast, the LB1 and
LB3 virus mutants, which harbor the E321 residue changed to
G, failed to infect hemopoietic cells productively. In agreement
with this result, only the LB2 mutant and the MVMi strain
suppressed the growth of the BFU-E (Fig. 3C) and of the
CFU-GM (data not shown) committed precursors, underlining
the importance of the glutamate residue at 321 for MVMi
tropism in primary mouse hemopoietic cells. This finding is
fully consistent with the selection of the G321E change in
leukopenic mice infected with the 1362S variant (Fig. 2A, up-
per panel), but this glutamate residue is dispensable for the
acquisition of MVMp hematotropism in the K368R virus back-
ground (Fig. 2A, lower panel).

Heterogeneous MVM populations of limited genetic com-
plexity arise during the development of leukopenia. Sequence
readout ambiguity at the positions of mutations in the consen-
sus sequence of virus from the major organs (Fig. 2A) sug-
gested that the MVM populations growing in leukopenic SCID
mice were genetically heterogeneous. To estimate the com-
plexity of the mutant spectra within these populations, two sets
of MVM clones were isolated, by different procedures, from
the spleens of leukopenic mice and sequenced across the re-
gion of the genome from nt 3726 to 4670. Firstly, molecular
clones (n = 12), obtained by PCR cloning directly into plas-
mids, of MVM genomes present in the S4 and S5 spleens
encoded the major amino acid changes selected in the consen-
sus sequences of these organs (Fig. 2B, bottom panel), indi-
cating that individual viral genomes carrying these mutations
are indeed abundant in the viral populations replicating in
leukopenic mice. Neutral mutations were not detected across
the 968-nt region sequenced in the 12 molecular clones, but
mutations determining other coding changes (e.g., A354V and
V551T) appeared only in some clones and were therefore not
clearly represented in the consensus sequence. Thus, the
MVMp populations develop genetic heterogeneity in the cap-
sid gene while growing in SCID mice.

Secondly, infectious viral clones (PFU) were isolated from
single plaques in monolayers of NB324K human fibroblasts, a
cell line highly permissive toward the MVM strains and mul-
tiple recombinants (49), and subjected to sequence analysis as
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described above (Fig. 2B, middle panel). Distinct plaque phe-
notypes were seen for isolates from S5 or R6 spleens, which
formed plaques heterogeneous in size and clear or mostly
diffused, respectively. Remarkably, all of the plaques isolated
from S mice (n = 14) conserved the G321 residue of the
parental 1362S virus, instead of demonstrating selection for the
G321E change found in the consensus sequence of virus from
the major organs. Likewise, plaques obtained from R mice (n =
8) consistently conserved the V575 residue, as in the parental
K368R virus, instead of acquiring the V575A change found in
the consensus virus sequence. As in all the sequence analyses
mentioned above, no neutral mutations were found in the
region from nt 3726 to 4670, further supporting the action of
strong selective pressures in the MVM evolutionary processes
developing in SCID mice (reviewed in reference 29). Instead,
other amino acid changes occurred at specific residues in some
clones, with even a striking heterogeneity of DNA sequence
readout corresponding to particular residues (e.g., residue 551)
in a clonal, plaque-derived sequence, suggesting that these
residues may be under selective pressure during plaque forma-
tion. Therefore, only the minor fraction of viruses replicating
in the spleens of leukopenic mice that preserve the respective
parental G321 and V575 residues, which are not represented in
the consensus sequence, can form plaques on NB324K cell
monolayers. In summary, this study demonstrates that late in
the course of hemopoietic disease in SCID mice, MVM pop-
ulations are heterogeneous but that their genetic complexity is
limited to specific capsid residues and that the genotypes that
predominate in the mutant spectrum carry changes that
severely reduce the plaque-forming capacity.

Capsid changes selected in mice confer leukopenogenic ca-
pacity upon MVMp. To study the role that some of the capsid
changes selected in MVM populations play in the development
of the hemopoietic disease, the A551V and V575A changes
selected for in K368R virus-infected mice (Fig. 2A, lower
panel) were engineered in the MVMp genetic background and
the pathogenicity of the resulting virus carrying the three mu-
tations K368R, A551V, and V575A (named the RVA virus)
both in culture and in SCID mice was analyzed. Recombinant
RVA virions were harvested and purified from a single round
of transfection-initiated infection of NB324K cells to minimize
the appearance of secondary mutations (see Materials and
Methods), in yields indicating that these three mutations do
not significantly hamper replication at postentry stages of the
MVMp life cycle. However, the RVA virions were essentially
unable to initiate infection, as their specific infectivity in
NB324K cells was more than 100-fold lower than that of equiv-
alent preparations of K368R virus or the MVMp wild type,
further supporting the above-described restrictive effect of the
V575A mutation on plaque-forming capacity. The pathogenic-
ity of the RV A virus in SCID mice was then assayed directly by
intravenously inoculating the mice with normalized amounts of
purified recombinant and control wild-type MVMp virions and
monitoring the level of circulating blood leukocytes and clini-
cal signs through 17 wpi (Fig. 4). Consistent with previous
findings (28, 29), MVMp did not cause hemopoietic disease by
this time after infection, whereas in K368R virus-infected mice,
the numbers of leukocytes had dropped significantly by 9 to 11
wpi, a few weeks earlier than those in mice inoculated intra-
nasally (Fig. 1B). Importantly, the RVA virions caused acute
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FIG. 4. Kinetics of peripheral blood leukocytes in infected SCID
mice. Two mice per each of the indicated MVMp genotypes were
intravenously inoculated with 10'° gradient-purified virions/mouse, a
dose equivalent to 2 X 10° PFU for the wild-type MVMp. The num-
bers of leukocytes (WBC) per milliliter of blood determined for each
mouse over the wpi are shown. Endpoints of curves before the 17-wpi
time point indicate the time of death. WT, wild type; K368R, K368R
variant; K368R/A551V/V575A, RVA virus.

and irreversible leukopenia with an onset as early as 4 wpi and
led to overt clinical symptoms and death by 7 wpi. The rapid
course of this disease, which resembled that caused by the
naturally hematotropic MVMi strain at high intranasal doses
(42, 43), demonstrates the ability of these three selected capsid
mutations to confer acute leukopenogenic capacity upon
MVMp.

Leukopenogenic MVMp variants show reduced fitness in
culture. To obtain further insights on the MVMp populations
harvested from leukopenic mice, the fitness of these popula-
tions was studied by sequence analysis of viruses inoculated
onto cells growing in vitro (Fig. 5). Consistent with the results
of the clonal analysis (Fig. 2B, middle panel), the viruses of the
major genotypes detected in populations from S5 and R6 leu-
kopenic mice were significantly overgrown after 120 h in cul-
ture by viruses carrying the G321 and V575 residues charac-
teristic of the parental strain and all of the PFU clones. Indeed,
an enrichment of genomes with the change corresponding to
E321G occurred immediately upon viral adsorption to
NB324K cells (0 hours postinfection), indicating that gluta-
mate at this position may interfere early in receptor recogni-
tion by the viral capsid on the NB324K cell surface while the
selection for V575 enrichment may require some rounds of
viral replication in culture (Fig. 5, upper panel). Importantly,
both S5 and R6 populations were also restricted for growth in
established cell lines of myeloid (WEHI-3B), fibroblast (A9),
lymphoid (EL-4), and hybrid (iD5) origins (data not shown),
which show different levels of permissiveness to MVM strains
and recombinant viruses (38, 20, 2, 4, 49). Therefore, MVMp
variants that are associated with leukopenia in mice show a
very low level of fitness in culture. The significance of this
phenomenon is unclear, though it may imply that the expres-
sion of the receptors on hemopoietic precursors targeted by
virus in vivo is not maintained in cultured cells. The capacity of
MVMi to form plaques (20, 49) and target committed and
primitive hemopoietic precursors (41-43) may reflect an un-
usual property among circulating MVM strains that facilitated
its early isolation (8).
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A similar analysis of the leukopenia induced by the RVA
virus (Fig. 4) was undertaken. The three engineered mutations
K368R, A551V, and V575A persisted in the consensus se-
quences in organs of the two analyzed mice (Fig. 5, lower
panel), further supporting a major role for the corresponding
genotype in causing the disease. However, the viral popula-
tions had developed further genetic heterogeneity, as viruses
with plaque-forming capacity could be demonstrated to be
present in the major organs at titers ranging from 10* to 10°
PFU/g of tissue (wet weight) (data not shown). These emerg-
ing PFU harbored the A575V reversion previously found in all
plaque-forming viruses (Fig. 2B) and rapidly overgrew the
RVA parental virus (Fig. 5, lower panel), which therefore
exhibited a much lower level of fitness in culture, as described
above for the S5 and R6 populations. The genetic and pheno-
typically heterogeneous MVM populations derived from the
1362, K368R, or RVA virus clonal infections during leukopenia
development (Fig. 2 and 5) may reflect that the targeting of
different hemopoietic precursors by a variety of viral tropism
variants may be required for disease development (see also
below). Even some of the plaque-forming viruses conserving
fibrotropism may contribute by damaging the marrow stromal
fibroblasts essential for hemopoietic functions. This is an in-
triguing hypothesis deserving further, though technically diffi-
cult, research. Notably, a cooperative interaction between vi-
ruses within a quasispecies to cause disease in mice has been
previously suggested for poliovirus infection (51).

Mapping pathogenic and tropism determinant residues in
the MVM capsid structure. The spatial relationships between
amino acid residues implicated in the tropism switches de-
scribed here were determined from the three-dimensional
crystal structure of the capsids of both MVM strains (1, 23).
Most of these residues cluster in a domain bounded by the base
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FIG. 5. Fitness of leukopenia-associated MVMp populations in
culture. MVM populations harvested from the livers of leukopenic
mice infected with the recombinant 1362S (S5 mouse), K368R (R6
mouse), or K368R/A551V/V575A (RVA1 and RVA2 mice) viruses
were inoculated onto monolayers of NB324K human fibroblasts, and
low-molecular-weight DNA isolated at the indicated hours postinfec-
tion (hpi) was sequenced across the region from nt 3736 to 4687 of the
MVM genome. Amino acid changes with respect to the MVM con-
sensus sequence in the respective sampled organ (shadowed) are in-
dicated. G/E indicates that G321 was more prevalent than E321, and
vice versa for E/G.
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FIG. 6. Residues of MVM capsid structure involved in tropism and mouse hemopoietic dysregulation. The left panel is a close-up of the
solvent-accessible amino acid residues at the twofold axis of the MVM capsid involved in causing leukopenia in mice (blue), switching viral tropism
in vitro (yellow), and both processes (red). The figure was prepared using the program RasMol (40) and the MVMi coordinates (IMVM) deposited
in the Protein Data Bank (1). Numbers indicate residue positions in the VP2 capsid.

of the threefold spike and a depression at the twofold axis,
termed the dimple, as shown in Fig. 6. This capsid domain has
also been implicated in host range determination for other
parvoviruses (reviewed in references 23 and 28). Importantly,
this domain contains all of the evolutionary changes selected in
MVMp-infected SCID mice, including those conferring inva-
siveness upon the wild type (residues 362 and 368) and those in
residues associated with the development of leukopenia (resi-
dues 321, 551, and 575), as residues whose side chains are
exposed at the surface of the capsid (Fig. 6). Likewise, with the
exception of the internal, conservative change, M533I, the rest
of the changes in MVM clones isolated from mice (Fig. 3B),
either as molecular clones (with changes in residues 312, 354,
367, and 555) or as plaques (with changes in residues 385, 563,
and 577), are also in the same capsid region, in either surface
or solvent-accessible residues (data not shown). Two of the
major amino acid changes selected in vivo (those at residues
321 and 551) (Fig. 2) participate in the switch of MVMi tro-
pism in vitro (Fig. 3), and the remainder of the forward fibro-
tropic residues are either on the capsid surface (Fig. 6) or likely
to influence local surface conformation (1).

The entire set of pathogenic and tropism determinant resi-
dues evolving in vitro and in mice delineate an elliptical pro-
jection onto the capsid surface at the twofold axis of symmetry
(Fig. 6), surrounding the binding site of sialic acid (28), a
component of MVM receptors essential for infection (12).
Indeed, the capsids of the 1362S and K368R virulent variants
of MVMp exhibited lower affinities than that of wild-type
MVMp for a neuraminidase-sensitive primary receptor (39), as
well as for certain glycans with terminal «2-3-linked sialic acid
that bind MVMp and MVMIi capsids with differential specific-
ities (34). It is therefore conceivable that other nearby resi-
dues, such as 321, 551, and 575, associated with lethal leuko-
penia (Fig. 2A), contribute to the affinity for interaction of the
capsid with different types of sialic acid moieties on the sur-
faces of hemopoietic cells that act as alternative MVM recep-

tors. The sharply different tropism patterns within the viral
populations at stages of leukopenia and among leukopeno-
genic viruses, such as MVMi and RVA, for cell lines and
primary precursors in vitro (Fig. 2, 3, and 5) suggests that
distinct sets of proliferative precursors of the complex hemo-
poietic repertoire are targeted by distinct viral subsets within
the mutant spectrum during the development of the disease.
This study may provide a first structural basis for the cooper-
ative interactions among host range variants of dynamic pop-
ulations in viral diseases.
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