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Myxoma virus (MYX) is a leporipoxvirus of rabbits that induces a lethal syndrome characterized by
disseminated tumorlike lesions, generalized immunosuppression, and secondary gram-negative bacterial
infection. A MYX deletion mutant (vMYX-GF-AM11L) was constructed to remove the entire myxoma growth
factor (MGF) coding sequence and that for the C-terminal five amino acids of the partially overlapping
upstream gene, M1lL. Unexpectedly, this deletion completely abrogates the capacity of MYX to cause the
characteristic disease symptoms of myxomatosis. Upon inoculation of rabbits with vMYX-GF-AM1lL,
recipient animals developed only a benign, localized nodule reminiscent of a Shope fibroma virus-induced
tumor in which a single primary lesion appeared at the site of injection and then completely regressed within
14 days, leaving the animals resistant to challenge with wild-type MYX. No evidence of the purulent
conjunctivitis and rhinitis that always accompany wild-type MYX infection was observed. To ascertain whether
the attenuation observed in vMYX-GF-AM11L was due to a combined effect of the MGF deletion and
alteration of the upstream M1lL gene, two additional MYX recombinants were constructed: an MGF- virus
(vMYX-GF-) containing an intact MilL gene and an M11L- virus (vMYX-M11L-) containing an intact MGF
gene. Infection with vMYX-GF- resulted in moderated symptoms of myxomatosis, but all clinical stages of the
disease were still detectable. In contrast, disruption of MilL alone dramatically reduced the virus virulence,
resulting in a nonlethal syndrome whose clinical course was nevertheless distinct from that of vMYX-
GF-AM11L. Upon inoculation with vMYX-M11L-, rabbits developed primary and secondary tumors which
were larger and more circumscribed than those of wild-type NIYX recipients. Whereas wild-type MYX
infection always includes severe, purulent conjunctivitis and rhinitis, vMYX-M11L- recipients remained
healthy and displayed only minimal signs of respiratory distress. By about 30 days after infection, the tumors
induced by vMYX-M11L- had completely regressed and these animals were immune to challenge with
wild-type MYX. Histological analysis indicated that tumors induced by vMYX-M11L- are much more heavily
infiltrated with macrophages and heterophils and that the sites of viral replication are more edematous and
necrotic than those of wild-type infection, suggesting that the host was able to mount a more vigorous
inflammatory response to vMYX-M11L- infection. Although vMYX-GF-AM11L and vMYX-MllL- propa-
gated efficiently in vitro in susceptible rabbit and primate fibroblast cell lines, a major defect in the replication
of both viruses in primary mixed rabbit spleen cell cultures was noted. We conclude that the M1lL gene
product is an important virulence determinant for MYX and that the inability of vMYX-GF-AM11L to cause
disease was due to the combined disruption of two distinct virulence factors, MGF and MilL.

The Poxviridae is a very large family of DNA viruses
whose members have been isolated from most vertebrate
species and some insects (15, 33). They produce a remark-
ably diverse spectrum of disease pathologies in their infected
hosts and encode many products which are nonessential for
viral replication but directly or indirectly affect virulence,
host range, and tissue tropism (7, 54, 55). Examples of such
poxviral products include epidermal growth factor homologs
(4, 12, 36, 37, 56-58), serine protease inhibitors (serpins) (2,
27, 35, 43, 60), soluble forms of the tumor necrosis factor
alpha receptor (42, 59), and an inhibitor of the classical
complement pathway (25, 26).

Despite the cytoplasmic site of poxviral replication and
assembly, a number of poxviruses are considered to be
tumorigenic because they cause extensive cellular prolifera-
tion at or near sites of viral replication (14, 15, 32). Some of
these tumorigenic poxviruses are also able to induce a lethal,
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invasive disease syndrome due to concomitant immune
dysfunction brought about in part by the ability to replicate
in, and interfere with the normal function of, host lympho-
cytes (32, 44). One example is myxoma virus (MYX), the
causative agent of myxomatosis, which, because of its
extreme virulence and narrow host range, was deliberately
released in Australia in 1950 to facilitate control of the
European rabbit (Oryctolagus cuniculus) population. The
epidemiology and pathological effects of MYX on feral
rabbit populations have been studied in detail (17, 18, 32).

Characterization of the 160-kb MYX genome (1, 38) has
shown that it is organized in a fashion similar to that of other
poxviruses in that it contains cross-linked termini, terminal
inverted repeats (TIR), and an estimated coding capacity for
over 200 gene products. Despite the variation in degree of
virulence in different strains of MYX, their restriction en-
zyme cleavage maps are relatively well conserved (38).
MYX is very closely related to other members of the
Leporipoxvirus genus, such as Shope fibroma virus (SFV).
Analysis of several open reading frames (ORFs) encoded
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within the TIR of MYX reveals a high degree of conservation
with the SFV ORF counterparts, both at the nucleotide (nt;
>75%) and amino acid (aa; >80%) levels (57-59). Malignant
rabbit fibroma virus (MRV) is an SFV/MYX recombinant
virus in which approximately 7 kb of MYX sequences near
the left terminus was deleted and replaced with homologous
SFV sequences, and a 4-kb subset of this was substituted for
MYX sequences at the right terminus (1, 45, 57). Thus, MRV
is 95% identical to MYX, except for the acquisition of five
genes from SFV plus the generation of three MYX/SFV
fusion genes. The syndrome induced by MRV has been
examined in detail, and because of its similarity to MYX
infection, it is believed that results of studies on MRV are
generally applicable to MYX as well (7, 32, 44). Upon
intradermal (i.d.) infection with even very low doses of MRV
or MYX, recipients develop a primary tumorlike lesion
which disseminates throughout the dermis and subcutis to
multiple external and internal tissues. Dissemination of the
virus to secondary sites by productively infected lympho-
cytes is accompanied by profound generalized immunosup-
pression and concomitant secondary bacterial infections
which cause purulent conjunctivitis and rhinitis, leading to
dyspnea and death within 10 to 14 days. The pathological
effects of MYX and MRV have been well characterized (17,
18, 31, 45, 48), but the molecular mechanisms by which these
viruses induce tumor formation and immunosuppression
remain to be established (32, 44, 49).

Most, if not all, poxviruses encode products that are
members of the epidermal growth factor (EGF) family of
growth factors (4, 12, 36, 37, 56-58). The prototype of this
family, vaccinia growth factor (VGF), is modified by proteo-
lytic cleavage and glycosylation and is secreted from vac-
cinia virus-infected cells. The fully mature VGF ligand has
been shown to compete with EGF for binding to the EGF
receptor at the cell surface, to be mitogenic for responsive
cell types bearing the EGF receptor, and to play a role in
vaccinia virus pathogenicity (5-7, 24, 53, 56). The EGF
analog encoded by MRV is one of the five gene products
derived from SFV sequences and is designated Shope fi-
broma growth factor (SFGF) (12, 57). Whereas wild-type
MRV infection in the European rabbit is 100% fatal, even
with very small inocula, 75% of rabbits infected with MRV
containing an SFGF deletion (MRV-GF-) undergo a less
severe disease course and completely recover from infection
(34). In addition, the primary and secondary tumors induced
by MRV-GF- display a reduced degree of cellular hyperpla-
sia compared with those of wild-type MRV recipients,
particularly in the nasal mucosa and conjunctiva (34). MYX
contains a related but distinct EGF-like gene, called myx-
oma growth factor (MGF), which is 80% conserved with
SFGF (58). During the course of our studies to ascertain
whether the biological roles of MGF in MYX infection are
comparable to those of SFGF in MRV infection, we con-
structed a deletion mutant of MYX (vMYX-GF-AM11L) in
which the entire 460-bp MGF coding sequence was deleted
from the genome. Unexpectedly, this single deletion resulted
in a drastic attenuation of MYX that was far more profound
than that predicted by our studies on the SFGF deletion in
MRV, and in fact, the ability to induce virtually all the
symptoms of myxomatosis was abrogated. Fine analysis of
the deletion construct used to produce this MYX mutant
revealed that the manipulation also resulted in the removal
of the carboxy terminus of the partially overlapping up-
stream ORF, designated M1lL. M1lL encodes a potential
166-aa polypeptide whose carboxy terminus overlaps the
amino terminus of MGF by six residues (58). Here we show

that MIlL and MGF are two independent virulence factors
in MYX and that mutations in both genes simultaneously
result in the complete loss of viral pathogenicity in rabbits.

MATERIALS AND METHODS

Cells and virus. Rabbit SIRC cells were obtained from the
American Type Culture Collection and maintained in Dul-
becco modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum. RK-13 cells (provided by S.
Sell) and BGMK cells (provided by S. Dales) were grown in
DMEM supplemented with 10% newborn calf serum. The
Lausanne strain of MYX used in this study (3, 16, 17) was
obtained from the American Type Culture Collection.
Enzymes and chemicals. Restriction enzymes were sup-

plied by Bethesda Research Laboratories, Inc., Boehringer
Mannheim Biochemicals, and New England Biolabs. T4
DNA polymerase, T4 DNA ligase, calf intestinal phos-
phatase, and 5-bromo-4-chloro-3-indolyl-1-D-galactopyrano-
side (X-Gal) were purchased from Boehringer Mannheim.
The KpnI and BglII linkers were obtained from the Regional
DNA Synthesis Laboratory, University of Calgary. Lipofec-
tin was obtained from Bethesda Research Laboratories.

Plasmid constructs. A 4.5-kb SmaI fragment containing the
MGF gene was isolated from the MYX 8.6-kb BamHI
fragment E, which maps at the left end of the viral genome
and encompasses the unique sequence-TIR border (1, 38),
and ligated into the SmaI site of pUC13. The resulting
plasmid, pMyS2a, was unstable in standard recA bacterial
strains (e.g., HB101) but could be propagated in DB1256,
which contains recA, recBC, and sbcB loci (13). pMyS2a
was linearized by digestion with KpnI, whose unique en-
zyme recognition site maps within the first five nt of MGF
coding sequences (58). Partial digestion of this DNA with
NruI, for which there are two sites in pMyS2a, yielded a
product in which 460 nt, including the entire MGF coding
region, were deleted. The KvnI-NruI deletion therefore
spanned from the third codon of MGF to a point 37 nt 5' to
the start of the downstream M9L gene. The DNA was blunt
ended, KpnI linkers were added, and the deletion construct
was circularized with T4 DNA ligase and used to transform
DB1256. The product, designated pMyK-1, was cleaved
with KpnI and blunt end ligated to a 3.15-kb BglII fragment
containing the Eschenichia coli ,B-galactosidase gene under
the control of the vaccinia pll promoter (,3-gal cassette) (5).
The DNA was used to transform DB1256, and a plasmid
(pMyPL-5) was isolated in which sequences encompassing
the entire MGF gene and the C-terminal five aa of the MilL
ORF were deleted and replaced with the 1-gal cassette. To
create an insertion of the 13-gal cassette at a position that did
not interrupt any known ORFs, plasmid pMyLac-25 was
constructed by blunt ending the BglII 13-gal cassette into the
SstI site of pMTL-25 (11) and then excising the 1-gal cassette
with KpnI. This KpnI-ended 13-gal cassette was then blunt
end ligated into the NruI site of pMyS2a downstream of the
MGF gene, a site which does not interrupt either MGF or
M9L (58). To disrupt the MGF gene alone, plasmid
pAMGF-1 was constructed in the following manner: the
1.5-kb HincII fragment spanning the MGF gene (58) was
blunt end ligated into the SmaI site ofpMTL23p (11), and the
DNA was used to transform E. coli JM83 (40). The product,
designated pMGF-3, was treated with BglII, blunt ended,
recircularized in order to destroy the unique BglII site in the
vector sequences, and used to transform JM83. The product
(pMGFB-4) was isolated and cleaved with BsaBI, whose
unique recognition site (GATNNNNATC) occurs near the
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FIG. 1. Diagram of the left end of the MYX genome showing the location of the MGF and M1lL ORFs. The BamHI fragments AA, S,
CC, K, DD, and E are as described previously (37), except that the orientation has been reversed (see text). The upper arrow denotes the
viral TIR, and the lower arrows denote ORFs. The site of the KpnI-NruI 460-bp deletion is indicated. The solid vertical arrow indicates site
of 1-gal cassette insertion at the NruI site in the control virus vMYXlac. The dashed vertical arrow indicates the site of 1-gal cassette insertion
at the BsaBI site in vMYX-GF-. The site of the EcoRV-HincII deletion in vMYX-MllL- is shown. Abbreviations: Bm, BamHI; B, BsaBI;
E, EcoRV; H, HincII; K, KpnI; N, NruI.

middle of the MGF coding sequence (58), BglII linkers were
added, the product was used to transform DB1256, and a
plasmid in which the BsaBI site was destroyed and replaced
with a BglII enzyme recognition site (pBsa-7) was isolated.
This plasmid was cleaved with BglII, ligated to the 1-gal
cassette, and used to transform DB1256, yielding pAMGF-1.
Plasmid pAM11-2 was constructed in the following manner:

pMGF-3 was cleaved with BglII and ligated to the 3.15-kb
BglII 13-gal cassette from pSC20. This DNA was used to
transform DB1256, and the resulting plasmid was designated
pMGF-31ac-7. A 0.9-kb EcoRV fragment spanning the 5' end
of the M1lL gene was isolated from the MYX 8.6-kb BamHI
fragment E and ligated into the StuI site of pMGF-31ac-7.
Upon transformation of DB1256, pAM11-2 with the proper
orientation of the MilL 5' sequences was isolated. This
plasmid thus contains an M1lL coding sequence that has
been disrupted by a 52-bp deletion between the EcoRV and
HincII sites (Fig. 1) and contains a 13-gal marker.

Construction of recombinant viruses. The recombinant
viruses were constructed by modified standard procedures
used to generate poxvirus mutants (10). Thirty-five-millime-
ter-diameter dishes of 70% confluent BGMK cells were
infected with MYX at a multiplicity of infection (MOI) of
0.05 at 0 h; after 2 h, a calcium phosphate-DNA precipitate
containing 500 ng of HindIII-linearized pMyLac-25,
pMyPL-5, or pA&MGF-1 was added. At 6 h, the medium was
replaced. In the case of vMYX-MllL-, at 2 h, the medium
was replaced with serum-free DMEM, and a lipofectin-DNA
mixture (1:1) containing 1 ,ug of HindIII-cleaved pAM11-2
was added to the medium. At 24 h, the medium was replaced
with DMEM-10% newborn calf serum. For all recombi-
nants, at 48 h, the virus was harvested and replated on
BGMK cells at a low MOI. After 4 days, recombinant
viruses (blue foci or plaques) were identified by overlaying
the monolayers with 1% low-melting-point (LMP) agarose in
DMEM-5% newborn calf serum containing 500 jig of X-Gal
per ml. For simplicity, both foci and plaques will be gener-

ally referred to as plaques. After three cycles of plaque
purification under 1% LMP agarose, the stocks were grown
to a high titer in RK-13 cells. The genomic structures of
candidate recombinant viruses were confirmed by polymer-
ase chain reaction and by Southern blot analysis (not shown)
as described previously (22, 62). Recombinant MYX viruses

containing the 1-gal cassette at the BsaBI site (vMYX-GF-),
the ,B-gal cassette at the NruI site immediately downstream
of the MGF gene (vMYXlac), or deleted KpnI-NruI se-
quences replaced with the 3-gal cassette (vMYX-
GF-AM11L) were identified and the stocks were expanded
in RK-13 cells (Fig. 2).
Virus replication analysis in tissue culture. Cultures of

RK-13 or SIRC cells in 35-mm-diameter dishes were infected
at an MOI of 5 for single-step growth analysis, or 0.002 to
generate low-multiplicity growth curves, for 1 h at 37°C in
0.3 ml of DMEM. The inoculum was removed and replaced
with DMEM containing the appropriate amount of serum,
and the cultures were harvested at various times postinfec-
tion (p.i.). When viral growth was studied in growth-arrested
cells, the cells were rendered quiescent by reducing the
serum content to 0% (RK-13) or 0.2% (SIRC) for 4 days prior
to infection. Virus titers were determined by a plaque assay
on RK-13 cells and then by X-Gal staining of fixed mono-
layers. Monolayers of RK-13 cells were fixed in phosphate-
buffered saline (PBS) containing 0.02% glutaraldehyde, 1%
formaldehyde, and 0.02% Nonidet P-40 (NP-40) at room
temperature for 5 min; washed 2 times with PBS; and then
stained with 300 ,ug of X-Gal per ml in PBS containing 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, and 1
mM MgCl2, for 30 min at 37°C (41).
Primary rabbit spleen cell cultures. Spleen cell suspensions

from normal and virus-infected rabbits were prepared as
described previously (47). Briefly, cells were suspended by
passage through a steel mesh and cultured in 96-well, flat-
bottom microtiter plates (Costar) at a concentration of 105
per well in 200 ,ul of RPMI 1640 (GIBCO) supplemented with
10% fetal bovine serum, L-glutamine (2 mM), 50 puM 2-mer-
captoethanol, and antibiotics. Where present, concanavalin
A (conA) and virus were added to the cultures at the time of
culture initiation.

Infection of rabbits with MYX, vMYXlac, vMYX-GF-,
vMYX-GF-AM11L, and vMYX-M11L-. Adult female New
Zealand White rabbits (2.5 to 3 kg) were purchased from
local suppliers. They were housed and maintained according
to standard procedures. Rabbits were inoculated i.d. in the
thigh with doses ranging from 102 to 106 PFU in 1 ml of
normal saline; monitored daily for external signs of devel-
coping myxomatosis, including the appearance of tumors,
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FIG. 2. Structures of MYX, vMYXlac, vMYX-GF-AM11L, vMYX-GF-, and vMYX-MllL- genomes near the MGF locus. The

orientations are reversed from those seen in Fig. 1. Abbreviations: Bi, Bgll; B, BsaBI; E, EcoRV; H, HincII; K, KpnI; N, NruI.

febrility, conjunctivitis, and rhinitis; and sacrificed with
euthanyl administered intravenously after anaesthesia. Tis-
sues from infected rabbits were isolated after necropsy at 7
or 10 days after infection, fixed in neutral buffered 10%
formalin, embedded in paraffin and cut into 5-,um sections.
Sections were stained with hematoxylin and eosin and
viewed by light microscopy.

RESULTS

Construction of vMYX-GF-AM11L and vMYXlac. Figure
1 shows the arrangement of viral ORFs, including MGF and
M1lL, which map near the left terminus. Note that the
orientation of the MYX genome has been reversed from that
seen in previous publications (1, 12, 32, 38, 57, 58, 62) to
standardize the arrangement of conserved Leporipoxvirus
genes with those of other poxviruses (61). We have also
revised our nomenclature of ORFs such that MYX ORFs
mapping within the TIR will be designated M-T1 to M-T8
whereas those mapping outside the TIR will be prefaced with
only M. In addition, unique ORFs are designated left (L) or
right (R) to indicate their direction of transcriptional orien-
tation. As described in Materials and Methods, we con-
structed a recombinant virus (vMYX-GF-AM11L) in which
460 nt, including the entire MGF coding sequence, was

deleted and replaced with a 1-gal cassette under the control
of the vaccinia virus pll promoter (Fig. 2). Sequencing
analysis upstream of MGF (58) has indicated that an ORF
homologous to an SFV ORF (originally called T11-R) (57),
designated MilL, is present immediately upstream and

partially overlaps with the MGF gene (Fig. 1). These two
genes are encoded within different reading frames such that
the C-terminal six aa of M1lL overlap the N-terminal six aa

of MGF. Thus, deletion of nt sequences from the KInI site
to the NruI site in pMyS2a resulted in not only deletion of
the entire MGF gene but also truncation of the M1lL gene at
the 3' end and fusion of the M1lL coding sequences to the
antisense orientation of the C terminus of the 13-gal cassette.
Since we wished to confirm that expression of the 1-gal
cassette itself would have no effect on the virulence or

growth properties ofMYX, we also constructed vMYXlac as

a control virus by inserting the 1-gal cassette at the NruI site
downstream of the MGF gene, a region that does not
interrupt any ORFs or perturb the function of the M9L
promoter (Fig. 2). In addition, by converting the BglII
termini of the 1-gal cassette into Kjpnl sequences before
insertion into the NruI site of pMyS2a, the 3' junctions
between the ,3-gal cassette and the NruI site in vMYXlac and
vMYX-GF-AMllL were made to contain identical nt se-

quences (see Materials and Methods). Thus, any possible
effect of the 1-gal insertion on downstream M9L gene
expression would be identical in both viruses. Furthermore,
to check for any effect of 1-gal cassette orientation on the
phenotype of the knockout recombinant, we constructed a

second MGF- AM1lL virus in which the 1-gal cassette was
inserted in the opposite orientation to that shown in Fig. 2
(not shown). The orientation of the 13-gal cassette had no

detectable effect on any properties of the MGF- AMilL
viruses in vivo or in vitro (not shown), indicating that the
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TABLE 1. Pathogenicity of MYX, vMYXlac, vMYX-GF-AM11L, vMYX-GF-, and vMYX-M11L in rabbits

Virus (PFU) and day Symptom(s) % Rabbits survived

MYX or vMYXlac (103)
5 Localized primary tumor
9 Gram-negative infection of nasal mucosa and conjunctiva; disseminated 0

tumors at multiple secondary sites; severe purulent conjunctivitis,
rhinitis, and death

vMYX-GF-AM11L (103)
5 Localized primary tumor
9 Primary tumor begins to regress; no secondary lesions observed; no

conjunctivitis or rhinitis
14 Compete recovery; animals immune to challenge 100

vMYX-GF-AM11L (106)
5 Localized primary tumor
7 Slight redness of conjunctiva; occasional lesion (1-2 mm) on eyelid or ear;

no conjunctivitis or rhinitis
9 Primary tumor regresses
14 Complete recovery; animals immune to challenge by MYX 100

vMYX-GF- (103)
5 Localized tumor
7 Conjunctiva begin to redden
8 Bacterial infection in conjunctiva and nares; secondary lesions appear;

some animals develop labored breathing
10-15 Primary tumors regress; 25% become moribund 75

vMYX-MllL- (103)
5 Localized protuberant tumor at inoculation site
9 Large demarcated secondary cutaneous tumors
15 Primary and secondary tumors reach largest size (4-5 cm, primary; 1-1.5

cm, secondary)
15-24 Mild conjunctivitis and rhinitis
17-21 Primary and secondary tumors regress
40 Nearly complete recovery (remnants of tumor still present); immune to 100

MYX challenge

nature of the inserted sequences fused to the M1lL ORF did
not affect the observed attenuated phenotype of the deletion.

Effect of the 460-nt KpnI-NruI deletion on MYX virulence.
A total of 40 rabbits were infected i.d. with 103 PFU of either
MYX, vMYXlac, or vMYX-GF-AM11L in order to examine
the effects of the deletion on the pathogenic properties of
MYX during the progression of myxomatosis. Our observa-
tions are summarized in Table 1. As expected, MYX and
vMYXlac recipients were indistinguishable and always de-
veloped a lethal disease characterized by large (4 to 5 cm),
raised, hemorrhagic primary tumors, diffuse, swollen sec-
ondary tumors, severe purulent conjunctivitis, and rhinitis.
In contrast to this, vMYX-GF-AM11L recipients remained
uniformly healthy throughout the course of the infection and
developed only a smaller (2 to 4 cm) nonhemorrhagic pri-
mary tumor which completely disappeared by 14 days after
infection. To determine whether increased doses of vMYX-
GF-AM11L could recapitulate the wild-type MYX syn-
drome, we infected rabbits either i.d. or intravenously with
106 PFU vMYX-GF-AM11L. The only additional symptoms
seen in these recipients were slight reddening of the conjunc-
tiva and the occasional development of a small, scratchlike
lesion on the eyelid or ear. We observed no signs of the
purulent secondary bacterial infections, secondary tumors,
conjunctivitis, or rhinitis that invariably occur in the wild-
type MYX syndrome. vMYX-GF-AvM11L recipients were
immune to challenge with wild-type MYX at 21 days after
infection. We conclude that a deletion of 460 nt encompass-

ing the MGF gene virtually abolishes the disease symptoms
associated with myxomatosis and that this dramatic attenu-
ation is neither a simple dosage effect nor is it dependent on
the route of infection.

Comparative histological analysis of tissues from wild-type
MYX and vMYX-GF-AM11L recipients. We examined tis-
sue sections of primary and secondary tumors, spleen, liver,
kidney, lung, conjunctiva, and nasal mucosa from MYX and
vMYX-GF-AM11L recipients. The histopathological char-
acteristics of wild-type MYX infection have been described
previously (14, 18, 45, 48). A summary of the major histo-
logical differences between MYX and vMYX-GF-AM11L is
presented in Table 2.
MYX recipients, day 7. The tumors seen in MYX (strain

Lausanne) recipients were highly myxoid, with abundant
connective tissue matrix proteins and mucopolysaccharides
surrounding scattered atypical tumor cells (Fig. 3A). Com-
pared with their counterparts in MRV-induced tumors (48),
these cells were less atypical and less abundant. A slight
heterophilic infiltrate within the tumor was observed. The
conjunctiva in these animals show extensive squamous
metaplasia and hyperplasia (Fig. 3B). In the spleen, perifol-
licular cell proliferation and sinusoidal congestion were
observed, but the expansion of the red pulp characteristic of
MRV infection was not prominent. Examination of the lungs
in these animals showed no edema, though intraalveolar
hemorrhage was detected.
MYX-GF-AM11L recipients, day 7. Several aspects of the
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TABLE 2. Major histological differences between wild-type
MYX and vMYX-GF-AM11L infection in rabbits

Virus, day, and Histological characteristic(s)
infection site

MYX
7

Primary tumor ........... Slight heterophilic infiltrate
Spleen ........... Prominent perifollicular hyperplasia
Conjunctiva ........... Squamous metaplasia and hyperplasia

11
Primary tumor ........... Extensive hemorrhage; tumor mass

increasing; heterophilic infiltrate
Spleen ........... Perifollicular hyperplasia
Conjunctiva ........... Squamous metaplasia and hyperplasia

vMYX-GF-AM11L
7
Primary tumor ........... Extensive lymphocytic and

heterophilic infiltrate
Spleen ........... Prominent follicular proliferation

Conjunctiva ........... Normal

11

Primary tumor ........... Considerable reduction of tumor

mass; extensive lymphocytic and
heterophilic infiltrate

Spleen ........... Normal

Conjunctiva ........... Normal

primary tumors in these animals differed greatly from obser-
vations made with wild-type MYX or vMYXlac recipients at
this time point. An extensive inflammatory infiltrate was
noted in myxomas from vMYX-GF-AM11L rabbits (Fig.
3C). The infiltrating cells were composed of a mixture of
lymphocytes and heterophils, resembling much more the
inflammation seen within and around Shope fibromas than
that observed within malignant fibromas or myxomas (52). In
addition, subepidermal edema at the primary site was prom-
inent. Spleen sections from these animals showed somewhat
less perifollicular hyperplasia than that seen in wild-type
MYX recipients. Follicular proliferation, however, was
prominent, which is indicative of a vigorous cell-mediated
immune response to the viral infection. The red pulp was
expanded in these animals, and sinusoids were moderately
congested. Other organs examined were normal.
MYX recipients, day 11. The primary tumors in these

animals showed classic myxoma tumor cells, extensive
hemorrhage, and infiltration with heterophils (18). Copious
amounts of extracellular matrix were deposited in areas
surrounding skin appendage structures, especially hair folli-
cles. The conjunctiva showed increased squamous metapla-
sia and hyperplasia, with many bizarre squamous cells in the
epithelium, multiple large, atypical tumor cells in the under-
lying stroma, and a large, subepithelial tumor. In the spleen,
the pattern of perifollicular hyperplasia was prominent, but
follicular zones were unremarkable.
vMYX-GF-AM11L recipients, day 11. Much loss of pri-

mary tumor mass was observed, with considerable subepi-
dermal edema and extensive infiltration of the tumor area by
lymphocytes and heterophils (Fig. 3D). Though myxomalike
tumor cells were identifiable, they were sparse and were
often surrounded by a ring of heterophils and/or lympho-
cytes. In these respects, vMYX-GF-AM11L myxomas

closely resemble regressing Shope fibromas (52). Other
organs examined from these animals were normal.
Growth of vMYX-GF-AM1lL in cultured cells in vitro.

The growth properties of vMYX-GF-AM11L, vMYXlac,
and MYX were examined in a variety of susceptible rabbit
and primate cells in vitro. In all experiments, vMYXlac and
MYX behaved identically. We observed no morphological
differences in the foci induced by wild-type MYX, vMYXlac,
or vMYX-GF-AM11L on BGMK, SIRC, or BSC-1 cells (not
shown). On RK-13 cells, however, MYX and vMYXlac pro-
duced characteristic foci, whereas vMYX-GF-AM11L lesions
contained few cells in the center of the infected area and thus
had a more plaquelike morphology (not shown). The growth
curves of high-multiplicity (MOI = 5), single-step, productive
infections of RK-13 cells by MYX and vMYX-GF-AM11L,
however, were very similar (not shown). We examined the
ability of MYX, vMYXlac, and vMYX-GF-AM11L to propa-
gate through cultured cells by performing low-multiplicity
(MOI = 0.002) infections in RK-13 (not shown) and SIRC cells
(Fig. 4) and observed only minor differences in titers, whether
or not the infected cells had been actively growing or quiescent
at the time of infection (not shown).
The ability to grow in resting and mitogenically stimulated

lymphocytes is crucial to the pathogenesis ofMYX infection
because it provides a means for impairing immune function
as well as expediting dissemination in the host via the
lymphatic channels (50, 51). The ability of the leporipoxvi-
ruses to propagate in cells of the immune system has been
shown to correlate with the extent of pathogenicity upon
infection of a susceptible host. For example, the highly
virulent MRV and MYX viruses replicate efficiently in
cultures of spleen cells of normal rabbits, even without
mitogenic stimulation (44, 47, 50). On the other hand, SFV,
a benign virus which induces only a localized primary tumor
without concomitant immune suppression, is completely
incapable of propagation in primary splenic cultures or in
pure lymphocyte populations (20, 46). Therefore, any imped-
iment to growth ofMYX in lymphocytes as a consequence of
the 460-bp deletion could in theory contribute to the ob-
served attenuation. We examined the growth of vMYXlac
and vMYX-GF-AM11L in spleen cell cultures in the pres-
ence or absence of conA stimulation at MOIs of 0.1 (not
shown), 0.01 (not shown), and 0.001 (Fig. 5). At all multi-
plicities tested, in the presence of conA, vMYX-GF-AM11L
produces substantially lower amounts of infectious progeny
than vMYXlac. Even more dramatically, in the absence of
conA stimulation, vMYX-GF-AM11L appears unable to
replicate to any significant extent. This result suggests that
resting T cells may be unable to support the replication of
this deletion mutant or that replication of the mutant virus is
being actively inhibited by other cell types within the splenic
cell population. We conclude that vMYX-GF-AM11L is
markedly restricted in its ability to grow in a mixed-lympho-
cyte population in vitro and suggest that the impaired ability
to propagate in lymphocytes in vivo would be an important
block to the spread of virus to secondary sites.

Construction and analysis of vMYX-GF- with an intact
M1lL gene. To evaluate the effect of the MGF deletion alone
in the presence of an unaltered M1lL ORF, we constructed
vMYX-GF- as described in Materials and Methods (Fig. 2).
vMYX-GF- contains a ,B-gal cassette inserted at the BsaBI
site in the middle of the MGF coding sequences (58), thereby
interrupting the ORF in a fashion analogous to the SFGF
disruption in MRV-GF- (34). A total of 24 rabbits were
infected i.d. with 103 PFU of either MYX, vMYXlac, or
vMYX-GF- in order to examine the effects of the MGF
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FIG. 3. (A) MYX primary tumor (day 7), composed of proliferations of fibroblasts and extensive elaboration of connective tissue matrix
filaments, with an infiltrate of heterophil leukocytes. (B) MYX conjunctiva (day 7). Normally two to three cell layers thick, the epithelial layer
of the conjunctiva in these rabbits has proliferated to several times its normal thickness. Underlying tumor is seen at the bottom of the frame.
Conjunctiva from vMYX-GF¾AM11L recipients is unaffected at both 7 and 11 days p.i. (C) vMYX-GF-AM11L primary tumor (day 7). The
cells comprising these tumors are similar to those seen in wild-type tumors except that a prominent inflammatory infiltrate is noted (arrows).
This type of infiltrate is absent in MYX or vMYXIac tumors. (D) vMYX-GF-AM11L primary tumor (day 11). These tumors differ from their
day 7 counterparts in showing a much more prominent lymphoid infiltrate. Abundant clusters of lymphocytes (arrows) are shown.

deletion on the pathogenic properties of MYX during the
progression of myxomatosis. Our observations are summa-
rized in Table 1. The effect of interrupting MGF in MYX was
indistinguishable from that resulting from inactivation of
SFGF in MRV, both in vitro and in vivo (34). That is,
vMYX-GF- recipients developed a moderated form of myx-
omatosis that included the development of secondary lesions
as well as bacterial infections causing purulent conjunctivitis
and rhinitis. However, the disease symptoms were milder
than those caused by wild-type MYX, and the majority of
rabbits infected with vMYX-GFl never became seriously ill.
As with'SFGF- MRV (34), vMYX-GF- infection induced
myxoid primary and secondary tumors that contained fewer
proliferating cells than their wild-type counterparts. Nasal
mucosa and conjunctiva from vMYX-GF- recipients dis-
played a marked reduction in the squamous metaplasia and
hyperplasia that is characteristic of wild-type MRV and
MYX infections. Thus, both vMYX-GF- and vMRV-GF-
viruses are less virulent in rabbits, possibly because they
induce less proliferation-induced damage to target epithelia,
resulting in a reduced degree of concomitant gram-negative
bacterial infections in the respiratory tract. The colony
morphology of vMYX-GF- was identical to those of MYX
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FIG. 4. Growth of vMYXIac (@) and vMYX-GFPAM11L (A) in
tissue culture. SIRC cells were infected at an MOI of 0.004 and
harvested at various times p.i., and the titers of the infectious virus
on RK-13 cells were determined.
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FIG. 5. Growth of vMYXlac and vMYX-GF-AM11L in primary

rabbit spleen cell cultures. Cultures of spleen cells isolated from

normal rabbits were infected with vMYXlac (squares) or vMYX-

GFAlM11L (circles) at an MOI of 0.001 in the presence (solid

symbols) or absence (open symbols) of the nonspecific T-cell

mitogen conA. Cultures were harvested at various times p.i. and

titered on RK-13 cells.

and vMYXlac on RK-13, SIRC, and BGMK cells (not

shown), and growth curves in primary spleen cell cultures

were very similar (Fig. 6). We conclude that MGF contrib-

utes to MYX pathogenicity in a fashion analogous to that of

SFGF in MRV and that the extensively attenuated pheno-

type of vMYX-GF-AM11L is not simply due to the absence

of functional MGF.

Construction of a MYX mutant with a disrupted MilL gene

but an intact MGF gene. We sought to determine the contri-

bution of MilL to the properties of MYX infection by

constructing a mutant (vMYX-MllL-) in which 53 bp

between the EcoRV and HincII sites near the beginning of

the MilL coding sequences was deleted and replaced with

the 3-gal cassette (see Materials and Methods), thereby

inactivating the MilL ORF (Fig. 2). In order to confirm the

genomic structure of vMYX-MllL-, Southern blots with

wild-type and recombinant vMYX-MllL- were performed

by using the ,B-gal cassette and the MGF-containing, 1.5-kb

MYX HincII fragment as probes. Digestion with diagnostic

restriction enzymes such as BglI, HincII, and SmnaI yielded

the predicted products (not shown), indicating that the

vMYX-MllL- genome does not contain an intact MilL

gene and that the loss of this gene does not affect the viability

of the virus in tissue culture. Western blot (immunoblot)

analysis using anti-MilL antiserum indicates that cells in-

fected with wild-type MYX and vMYXlac, but not vMYX-

MllL-, contain detectable reactive MilL protein (19),

confirming that the MilL ORF has indeed been rendered

nonfunctional in vMYX-MllL-.
A total of 24 rabbits were infected i.d. with i03 PFU of

either vMYXlac or vMYX-MllL- in order to examine the

effects of the MilL deletion on the pathogenic properties of

MYX during the progression of myxomatosis. The gross

pathological observations are summarized in Table 1.

vMYX-M11L- recipients underwent a disease course which

differed substantially from vMYXlac or wild-type MYX

infection. Within 6 days p.i., rabbits that had received

vMYX-M11L- developed a local tumor at the site of inoc-

ulation that was more clearly demarcated from the surround-

ing skin than the corresponding lesions induced by wild-type

MYX or vMYXlac. By 8 days p.i., when vMYXlac and
wild-type MYX recipients displayed marked signs of puru-
lent bacterial infection in the conjunctiva and nasal mucosa,
vMYX-MllL- recipients were asymptomatic in this re-
spect. However, they developed secondary tumors which
were much larger and more protuberant than corresponding
wild-type lesions and were especially prominent on the
eyelids. The majority (approximately 60%) of vMYX-
M11L- recipients were completely free of secondary bacte-
rial infections in the conjunctiva and nasal passages through-
out the course of the disease, and the remainder had only
mild symptoms. Those vMYX-MllL- recipients that did
develop some bacterial infections remained asymptomatic
until approximately 15 days p.i. and then exhibited only very
minor signs of conjunctivitis and rhinitis. At no time during
the course of the infection did any of the vMYX-MllL-
recipients develop secondary bacterial infections or dyspnea
that were comparable in severity to those characteristic of
wild-type MYX or vMYXlac infection. By 17 days p.i., the
vMYX-MllL- lesions began to regress and recovery was
essentially complete by 40 days p.i. In summary, these
results show that vMYX-MllL- is highly attenuated, indi-
cating that the M1lL gene product is important for MYX
virulence.
The histopathological profile of vMYX-M11L- infection

was conspicuously different from that of wild-type MYX or
vMYXlac in several respects (Table 3). Sections of primary
and secondary tumors taken from vMYX-MllL- recipients
10 days p.i. revealed marked vesiculation occurring within
the epidermal layer of skin overlying the tumor, which was
not present in tumors of vMYXlac recipients (Fig. 7A and
B). The dermis in vMYX-MllL- tumors contained a much
more prominent heterophilic infiltrate than the correspond-
ing vMYXlac tissue, and the degree of edema was also
significantly greater. Splenic macrophages ofvMYX-MllL-
recipients contained considerable granular debris, whereas
this was not observed in the vMYXlac counterparts. To-
gether, these observations suggest a more intense inflamma-
tory reaction to vMYX-MllL- infection. The spleens of
vMYX-MllL- recipients also displayed hyperplasia of the

5-
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FIG. 6. Growth of vMYXlac and vMYX-GF- in primary rabbit

spleen cell cultures. Cultures of spleen cells isolated from normal
rabbits were infected with vMYXlac (squares) or vMYX-GF-
(circles) at an MOI of 0.001 in the presence (solid symbols) or
absence (open symbols) of the nonspecific T-cell mitogen conA.
Cultures were harvested at various times p.i. and titered on RK-13
cells.
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TABLE 3. Major histological differences between vMYXlac and
vMYX-MllL- infection in rabbits

Virus and site Histological characteristic(s)

vMYXlac
Primary and

secondary tumors ......Mild heterophilic infiltrate throughout
dermis; no vesiculation within
overlying epidermal layer; mild
edema of dermis and subcutis

Spleen ............... Macrophages relatively quiescent and
unactivated; hyperplastic
periarteriolar lymphoid sheaths, with
predominance of immature
lymphocytes

vMYX-MllL-
Primary and

secondary tumors ......Large numbers of infiltrating heterophil
leukocytes and macrophages;
marked vesiculation within overlying
epidermal layer; moderate
subepidermal edema

Spleen ............... Considerable cellular debris within
cytoplasm of splenic macrophages;
hyperplastic periarteriolar lymphoid
sheaths, with moderate increase in
percentage of immature lymphocytes

periarteriolar lymphoid sheaths, but the proportion of imma-
ture lymphocytes was markedly lower than that found in
vMYXlac recipients, which indicates a lesser degree of
lymphocytic depletion. No differences in the kidneys and
livers of vMYXlac and vMYX-MllL- recipients were ob-
served.
Growth of vMYX-MllL- in cultured cells in vitro. The

growth properties of vMYX-MllL- and vMYXlac were
examined in rabbit kidney (RK-13) cells. Wild-type MYX
and vMYXlac produced characteristic foci, whereas vMYX-
M11L- lesions contained fewer cells in the center of the
infected area and thus had a more plaquelike morphology,
which was similar to that of vMYX-GF-AM11L. We exam-
ined the ability ofvMYXlac and vMYX-MllL- to propagate
in cultured cells by performing low-multiplicity (MOI =
0.002) infections in RK-13 cells and observed no differences
in titers between the two viruses, whether or not the infected

cells were actively growing or quiescent at the time of
infection (not shown).
We examined the growth of vMYXlac and vMYX-MllL-

in spleen cell cultures in the presence or absence of conA at
an MOI of 0.001 (Fig. 8). In the presence of conA, vMYX-
M11L- grows to less than 10-fold-lower titers than
vMYXlac. In the absence of conA stimulation, vMYX-
M11L- appears completely unable to propagate in these
cultures. These results suggest that the inability of vMYX-
GF-AM11L to propagate in unstimulated primary spleen
cell cultures is due to the absence of a functional M1lL gene.
Thus, the M1lL gene product may have a role either in virus
replication in lymphocytes or in reducing the destruction of
infected cells in these cultures by immune effector cells.
These possibilities are presently under investigation.

DISCUSSION

The use of MYX in Australia during the 1950s as a
biological control agent against feral European rabbits led to
extensive investigation of the epidemiology and pathogene-
sis of myxomatosis (14, 18). This work has resulted in the
isolation of many strains of MYX which vary substantially in
virulence and in the severity of symptoms induced upon the
infection of rabbits (18). To date, however, experiments
using naturally occurring attenuated strains have not allowed
dissection of the genetic components that contribute to the
pathogenicity of MYX infection. In this study, we demon-
strate that deletion of a small, defined region of the genome
of a highly virulent strain of MYX (Lausanne) results in
nearly complete attenuation of the viral disease. The two
virulence factors whose combined inactivation appears to be
responsible for the generation of this nonpathogenic pheno-
type are MGF, a member of the EGF family of growth
factors (58), and a novel virulence marker designated M1lL.
We chose to examine the role of the MGF locus in

pathogenesis because other members of the EGF family,
including transforming growth factor alpha, VGF, and
SFGF, are known to promote cellular hyperplasia (8, 9, 28,
29, 39, 63). A synthetic peptide spanning residues 30 to 83 of
the MGF gene, which includes the 6 conserved cysteine
residues involved in EGF receptor binding, has also been
shown to be biologically active, suggesting the in vivo role
for this protein as an EGF receptor ligand (30). Furthermore,
abrogation of VGF expression has also been found to

FIG. 7. Primary tumors from rabbits that had received vMYXlac (A) or vMYX-MllL- (B) 9 days previously.
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FIG. 8. Growth of vMYXlac and vMYX-MllL- in primary
rabbit spleen cultures. Cultures of spleen cells isolated from normal
rabbits were infected with vMYXlac (squares) or vMYX-MllL-
(circles) at an MOI of 0.001 in the presence (solid symbols) or

absence (open symbols) of conA. Cultures were harvested at
various times p.i., and the titers of the virus on RK-13 cells were

determined.

decrease the virulence of vaccinia virus in intracranial
lethality assays of mice (5), and deletion of the SFGF gene in
MRV results in moderated disease symptoms, especially
conjunctivitis and rhinitis associated with epithelial metapla-
sia and hyperplasia at secondary sites of infection (34). In
order to excise the MGF gene from the MYX genome, we

made use of a unique KpnI site in the third codon of the
MGF coding sequence and a downstream NruI site which
maps 5' to the promoter of the adjacent gene M9L. In
addition to removing the MGF locus, the 460-nt KpnI-NruI
deletion also altered the 3' end of the upstream M1lL gene

because the C-terminal six aa of M1lL overlap with the N
terminus of MGF, although in a different reading frame. The
consequence of this M1lL alteration has been to truncate
M1lL and fuse the ORF to vector sequences from the 1-gal
cassette. Both orientations of the selectable marker gave

virus constructs with an identical phenotype, suggesting that
the pronounced attenuation of vMYX-GF-AM11L is due to
loss of both M1lL and MGF functions. The possibility that
additional undetected genomic alterations might be respon-

sible for the attenuation are remote for several reasons: (i)
multiple independent isolates of vMYX-GF-AM11L re-

sulted in the same phenotype for each clone, (ii) the orien-
tation of the 3-gal cassette in vMYX-GF-AM11L had no

effect on the phenotype, (iii) insertion of the 1-gal cassette
immediately downstream of MGF at the NruI site between
MGF and M9L to generate vMYXlac had no effect on

pathogenicity.
Dramatic differences between MYX and vMYX-

GF-AM11L both in vivo and in vitro were observed. Recip-
ients of vMYX-GF-AM11L developed a syndrome closely
resembling SFV infection (32, 50), in which a primary tumor
at the site of injection completely regressed by 14 days after
infection, without evidence of secondary bacterial infection
or any detectable compromise in immune function. Infection
with very high inocula of vMYX-GF-AM11L either i.d. or

intravenously did not alter this SFV-like condition, indicat-
ing that the attenuation is indeed profound. Histologically,
the tumors induced by MYX and vMYX-GF-AM11L differ
in the extent and type of inflammation present. Whereas

MYX tumors contain a mild, chiefly heterophilic inflamma-
tory infiltrate, those of vMYX-GF-AM11L recipients are
massively infiltrated with a mixture of lymphocytes and
heterophils, indicative of a more effective immune response
to the virus infection. In MYX recipients, the conjunctiva
displayed considerable squamous metaplasia and hyperpla-
sia, which is thought to increase the susceptibility of such
epithelia to bacterial superinfection (21, 23, 48). The lack of
such epithelial alterations and indeed the absence of virtually
any secondary site lesions in vMYX-GF-AM11L recipients
may partially explain the complete abrogation of the second-
ary bacterial infections that normally cause purulent con-
junctivitis and rhinitis in these animals. In vitro, vMYX-
GF-AM11L behaved very similarly to the wild-type parent
and vMYXlac in cultured cell lines, although the foci pro-
duced in RK-13 cells were rather less proliferative than those
produced by the MGF+/MllL+ controls. Much more dra-
matically, in mitogenically stimulated spleen cell cultures,
vMYX-GF-AM11L replicated to 10-fold-lower titers than
did wild-type MYX. In the absence of mitogenic stimulation,
vMYX-GF-AM11L appeared completely incapable of repli-
cation in spleen cells, whereas MYX grows well in these
cultures. These results suggest that vMYX-GF-AM11L may
be impaired in its ability to propagate in lymphocytes in
vivo, precluding effective dissemination of the virus via
infected lymphocytes to secondary sites. Thus, it appears
that the absence of induced epithelial hyperplasia and meta-
plasia at secondary sites of viral replication combined with
the decreased capacity to disseminate through infected lym-
phocytes contribute greatly to the loss of virulence by
vMYX-GF-AM11L.
The attenuation displayed by vMYX-GF-AM11L is much

more severe than that expected by inactivation of MGF
alone. Deletion of the growth factor gene in MRV, a virus
which is closely related to MYX but instead of MGF encodes
the related SFGF gene, resulted in an MRV-like syndrome of
reduced severity but still qualitatively similar to that of the
parent virus, except that target epithelia were less affected
by the virus than those of wild-type MRV recipients, show-
ing less severe bacterial infections and decreased squamous
hyperplasia and metaplasia (34). Although 75% of MRV-
GF- recipients survived infection, MRV-GF- was indistin-
guishable from wild-type MRV in in vitro assays, including
colony morphology and growth in spleen cell cultures. In
order to ascertain whether the more dramatic attenuation
resulting from the 460-bp KprnI-NruI deletion in MYX could
be explained by differing biological roles of MGF in MYX
compared with SFGF in MRV, we inserted the ,B-gal cassette
into the single BsaBI site in the middle of the MGF ORF and
obtained a recombinant virus (vMYX-GF-) whose patholog-
ical profile was now virtually identical to that observed for
MRV-GF-. Therefore, vMYX-GF-AM11L is more pro-
foundly attenuated than either MRV-GF- or vMYX-GF-,
and this attenuation cannot be attributed solely to deletion of
the MGF gene alone.
These results strongly suggested that the partially over-

lapping M1lL ORF immediately upstream of MGF is a
virulence determinant in addition to MGF. Although the
KpnI-NruI excision was constructed to remove only five aa
from the M1lL C terminus, this alteration directly affected
M1lL function. In order to confirm the possibility that
alteration of the M1lL ORF affected the virulence properties
of vMYX-GF-AM11L, we also constructed a unique MilL
deletion mutant of MYX (vMYX-M11L-) in which a small
portion of the MilL coding sequence was excised and
replaced with a 1-gal cassette, nevertheless leaving MGF
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intact and functional. The properties of this virus in vivo and
in vitro demonstrate that M1lL is indeed an independent
virulence factor in MYX. Deletion of M1lL had a profound
effect on the ability of MYX to propagate in primary spleen
cell cultures (Fig. 8), and the in vitro growth properties in
spleen cell cultures of vMYX-MllL- were similar to those
of vMYX-GF-AM11L. In either the presence or absence of
the nonspecific T-cell mitogen conA, the productive replica-
tion of both vMYX-GF-AM11L and vMYX-MllL- viruses
was severely impaired in these cultures compared with that
of vMYXlac or wild-type MYX. These results suggest that
the M1lL product is necessary for efficient growth in lym-
phocytes or alternatively that the absence of M1lL may
facilitate destruction of virus-infected cells by phagocytic or
cytotoxic cells present in the spleen cell cultures.
The disease course upon infection of rabbits with vMYX-

M11L- is clearly attenuated compared with wild-type MYX
or vMYXlac infection, since 100% of vMYX-MllL- recip-
ients survived infection whereas MYX and vMYXlac infec-
tions are invariably fatal (Table 1). vMYX-MllL- recipients
developed only very minor secondary bacterial infections in
contrast with the severe purulent conjunctivitis and rhinitis
that always accompany wild-type MYX and vMYXlac infec-
tions. Despite the mildness of vMYX-MllL- infection, the
protuberant tumors induced by this virus were much larger
and more demarcated compared with those of vMYXlac
recipients. Histological examination of primary and second-
ary tumors indicated that the large size of the tumors was
due primarily to greater edema and massive heterophilic
infiltration at sites of viral replication, rather than a more
pronounced fibroblastic proliferative response. These obser-
vations, together with the much more severe dermatitis in
vMYX-MllL- tumors, are indicative of a strong acute
inflammatory response which is not present in control
vMYXlac or MYX lesions. Sections of spleens from vMYX-
M11L- recipients showed much less depletion of mature
lymphoid cells in the periarteriolar lymphoid sheaths com-
pared with their vMYXlac counterparts, reflecting a state of
greater T-cell immune activation. The large amounts of
cellular debris observed within splenic macrophages are also
indicative of a more vigorous acute inflammatory activity.
Together, these observations indicate a role for MilL in
inhibiting the generation of a cellular immune response to
viral infection at some early step, for example, the chemo-
tactic recruitment and/or activation of infiltrating inflamma-
tory cells. Immunofluorescence experiments (19) indicate
that M1lL is expressed and transported to the surface of
MYX-infected cells. Importantly, M1lL function is lost in
vMYX-GF-AM11L because the protein does not localize at
the cell surface, suggesting that the wild-type M1lL protein
may function by dampening an effective early inflammatory
reaction. We are currently investigating whether M1lL is an
important virulence factor in MYX by virtue of its ability to
act as a membrane-bound viroceptor (59) involved in inhibi-
tion of an early step in the development of an acute inflam-
matory response to viral infection. It appears clear that
M1lL is an important virulence factor whose effects, when
combined with those of other markers such as MGF, con-
tribute to the development of full-blown myxomatosis. The
vMYX-GF-AM11L mutant described here is a dramatically
attenuated form of MYX and provides the first example of a
defined deletion in MYX that renders it essentially avirulent
in susceptible rabbits. In addition, vMYX-GF-AM11L
should provide a useful genetic background for evaluating
the effects of other putative virulence factors on poxvirus
pathogenesis.
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