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Myxoma virus is a pathogenic poxvirus that induces a lethal myxomatosis disease profile in European rab-
bits, which is characterized by fulminating lesions at the primary site of inoculation, rapid dissemination to
secondary internal organs and peripheral external sites, and supervening gram-negative bacterial infection.
Here we describe the role of a novel myxoma virus protein encoded by the M-T5 open reading frame during
pathogenesis. The myxoma virus M-T5 protein possesses no significant sequence homology to nonviral proteins
but is a member of a larger poxviral superfamily designated host range proteins. An M-T52 mutant virus was
constructed by disruption of both copies of the M-T5 gene followed by insertion of the selectable marker
p7.5Ecogpt. Although the M-T52 deletion mutant replicated with wild-type kinetics in rabbit fibroblasts, infec-
tion of a rabbit CD41 T-cell line (RL5) with the myxoma virus M-T52 mutant virus resulted in the rapid and
complete cessation of both host and viral protein synthesis, accompanied by the manifestation of all the
classical features of programmed cell death. Infection of primary rabbit peripheral mononuclear cells with the
myxoma virus M-T52 mutant virus resulted in the apoptotic death of nonadherent lymphocytes but not ad-
herent monocytes. Within the European rabbit, disruption of the M-T5 open reading frame caused a dramatic
attenuation of the rapidly lethal myxomatosis infection, and none of the infected rabbits displayed any of the
characteristic features of myxomatosis. The two most significant histological observations in rabbits infected
with the M-T52 mutant virus were (i) the lack of progression of the infection past the primary site of inocu-
lation, coupled with the establishment of a rapid and effective inflammatory reaction, and (ii) the inability of
the virus to initiate a cellular reaction within secondary immune organs. We conclude that M-T5 func-
tions as a critical virulence factor by allowing productive infection of immune cells such as peripheral
lymphocytes, thus facilitating virus dissemination to secondary tissue sites via the lymphatic channels.

Survival of a virus within a susceptible host requires specific
strategies to evade antiviral and inflammatory immune re-
sponses elicited against a viral infection (2, 15, 30, 33, 42).
Poxviruses are among the largest of the DNA viruses that
infect eukaryotes (34) and have proven to be an excellent
system in which to study immune system evasion for several
reasons. Poxviruses encode more proteins than are necessary
for progeny virion formation, and many of these extra, nones-
sential proteins are used exclusively for subverting host im-
mune defenses within the vertebrate host. Poxvirus immune
system evasion strategies include interference with cytokines
and growth factors, inhibition of the complement cascade, re-
duction of inflammation, and repression of cellular immune
recognition (2, 4, 15, 30, 33, 42, 44, 48).
The substantial encoding capacity of the poxvirus genome

allows for adaptation to multiple cellular environments, which
may explain the broad host range characteristic of many pox-
viruses. Vaccinia virus, an orthopoxvirus whose evolutionary
history remains obscure, is capable of replicating in a broad
range of mammalian and avian cells but is defective for repli-
cation in Chinese hamster ovary (CHO) cells (9). Cowpox
virus, a related orthopoxvirus which is capable of replicating in

CHO cells, encodes a 77-kDa protein, CHOhr, which can con-
fer to recombinant vaccinia virus constructs the ability to pro-
ductively infect CHO cells (43). In addition to the cowpox virus
CHOhr gene, two additional related but distinct vaccinia virus
genes, C7L and K1L, have been implicated in the determina-
tion of the vaccinia virus host range in vitro (39). Ectromelia
virus and rabbitpox virus also encode related proteins involved
in host range restriction (1, 5), indicating the existence of a
larger superfamily of viral genes dedicated to the control of the
poxvirus host range. While proteins encoded by this family of
poxvirus genes have been defined by virtue of their ability to
determine host range in cultured cells, their relevance in vivo
is speculative, since the natural host(s) of many poxviruses
remains unknown.
Myxoma virus, a member of the genus Leporipoxvirus, is one

of the few poxviruses whose natural history has been well
established; therefore, it provides an excellent model system in
which to study virus-host interactions. Myxoma virus evolved
within the South American rabbit (Sylvilagus brasiliensis), and
infection of this natural host results in benign lesions which
may persist for many months (11, 28, 29). However, infection
of European rabbits (Oryctolagus cuniculus) induces a rapidly
lethal infection known as myxomatosis, which is characterized
by extensive fulminating internal and external lesions, severe
immunodysfunction, and supervening gram-negative bacterial
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infection. Because of the extreme lethality of myxomatosis,
myxoma virus was exploited in Australia in the early 1950s in
an attempt to eradicate the feral European rabbit population,
which had become endemic (11). However, because of a rapid
co-evolution between the European rabbit and myxoma virus,
more-resistant rabbits have recently returned as major agricul-
tural and economic pests (12).
Myxoma virus expresses a diverse range of virulence factors,

which interact with elements of the host immune system in the
establishment of a myxomatosis disease state (32). Some of
these virulence factors subvert immune system regulation by
modulating host cytokine networks. For example, MGF, the
myxoma virus growth factor, functions as a homolog of the
epidermal growth factor/transforming growth factor a family
(38), and M-T2 and M-T7 function as soluble homologs of the
tumor necrosis factor receptor and the gamma interferon re-
ceptor, respectively (35, 50, 52). Myxoma virus also expresses
cell-associated proteins such as SERP1, a serine proteinase
inhibitor, and M11L, a transmembrane protein with unknown
biochemical function, which have been shown by deletion anal-
ysis to influence pathogenesis by disrupting the host inflamma-
tory responses (16, 26, 37).
Here we describe the identification and characterization of a

novel myxoma virus gene, M-T5, which expresses a protein
with significant homology with members of the poxvirus family
of host range proteins. Deletion analysis of the M-T5 open
reading frame indicates that one of the functions of the M-T5
protein is to allow the productive infection of rabbit peripheral
lymphocytes; in the absence of M-T5 expression, such cells
undergo a rapid apoptotic response. Thus, the myxoma virus
M-T5 protein functions as a critical virulence factor in the
establishment of myxomatosis in the European rabbit by per-
mitting virus spread via infected lymphocytes and thus dissem-
ination to multiple internal and external peripheral locations.

MATERIALS AND METHODS

Cells and viruses.Myxoma virus (vMyx, strain Lausanne), vMyxlac (a myxoma
virus derivative containing the Escherichia coli lacZ gene at an intergenic loca-
tion) (37), and the M-T5 recombinant myxoma viruses (described below) were
routinely passaged in primate kidney BGMK cells grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% newborn calf serum (Gibco BRL).
Rabbit kidney RK13 and rabbit CD41 T-lymphocyte RL5 (21) cells were main-
tained in Dulbecco’s modified Eagle’s medium and RPMI 1640 (Gibco BRL),
respectively, each supplemented with 10% fetal calf serum (FCS). RK13 cells
were obtained from the American Type Culture Collection, whereas RL5 cells
were obtained from the National Institutes of Health AIDS Research and Ref-
erence Reagent Program. BGMK cells were a gift from S. Dales, University of
Western Ontario, London, Ontario, Canada.
Sequence analysis of the myxoma virus M-T5 gene. The myxoma virus M-T5

gene was sequenced on an ABI 373 DNA sequencer with Taq cycling to greater
than fivefold redundancy. pBamK (described below) was used as a template
along with a total of 10 primers directed against both strands of the gene. Initial
primers were based on sequences derived from the homologous T5 open reading
frame of Shope fibroma virus (49, 51). Sequenced fragments were compiled with
GelAssemble (Genetics Computer Group, Madison, Wis.). The PIR (release 45)
and GenBank (release 90) databases were used to obtain additional poxvirus
sequences. Protein sequences were compared and aligned with Bestfit and
PileUp, respectively (Genetics Computer Group).
Construction of M-T52 recombinant myxoma viruses. The myxoma virus

BamHI K fragment (40), containing the complete M-T5 open reading frame plus
flanking sequences, was cloned into pBluescript, creating plasmid pBamK. PCR
amplification was used to create the fragments M-T5L and M-T5R, using the
primer pairs (i) M-T5 59 (GCCGGATCCGGACGAGGATGGATC) and Del59
(CTACGCTGCAGGACTGGCGCCATCGCTTGAC) and (ii) S-T5 39 (CCGG
ATCCTACGCATGTAACTTC) and Del39 (AGTCCTGCAGCGTAGGAATG
TATAAGGGAAC), respectively. Del59 and Del39 were engineered to contain a
complementary linker region with an internal PstI site. Amplified M-T5L and
M-T5R fragments were mixed and subjected to one round of PCR in the absence
of primers followed by 25 rounds of PCR in the presence of M-T5 59 and S-T5
39 primers. The resulting fragment was cloned directly into the pT7Blue T-vector
(Novagen), and an XbaI-EcoRI fragment was subcloned into pBluescript, creat-
ing the plasmid pMT5del. A PstI cassette containing the E. coli guanosine
phosphoribosyltransferase (Ecogpt) gene driven by the vaccinia virus 7.5K pro-

moter (10) was inserted into pMT5del, creating pMT5gpt, which was used for
transfection into myxoma virus-infected cells.
M-T52 mutant myxoma viruses were constructed by mycophenolic acid selec-

tion (10) as previously described (35). Both wild-type myxoma virus (Lausanne)
and vMyxlac were used as parental strains to create the recombinant viruses
vMyxT52 and vMyxlacT52, respectively. PCR analysis with M-T5 59 and S-T5 39
primers was used to confirm the absence of an intact M-T5 open reading frame,
as previously described (35). vMyxlacT52 was subsequently used to create the
revertant vMyxT5rev, in which the complete M-T5 open reading frame was
restored to a wild-type myxoma background. Cotransfection of pBamK (de-
scribed above) and pMyS2a, which contains wild-type myxoma virus sequences
surrounding the location of integration of the lacZ gene used to create vMyxlac
(37), into vMyxlacT52-infected cells yielded approximately 5% of foci which
remained white upon staining with 5-bromo-4-chloro-3-indolyl-b-D-galactopyr-
anoside (X-Gal) (37). Within this population, indicative of removal of the lacZ
gene, approximately 50% of the virus clones now contained an intact M-T5 open
reading frame, as confirmed by PCR analysis.
Single-step growth analysis in tissue culture. RK13 or RL5 cells (5 3 105)

were infected with either vMyxlac or vMyxlacT52 at a multiplicity of infection of
5 for 1 h. Unabsorbed free virus was removed, and the cells were washed with
serum-free medium three times and then with medium supplemented with se-
rum, and the cultures were harvested at various times postinoculation. Virus
titers were determined by a plaque assay on RK13 cells followed by X-Gal
staining of fixed monolayers, as outlined previously (37). All growth analyses
were performed in triplicate, and data were expressed as log10 PFU per 105 cells.
Metabolic labeling of infected cells. Cells (106) were infected with virus at a

multiplicity of infection of 10 for 1 h, and medium containing serum was added.
At the indicated times after viral absorption, the medium was removed and the
cells were washed once with cysteine- and methionine-free medium (ICN). The
cells were then incubated with 50 mCi of [35S]cysteine-[35S]methionine (ICN) in
cysteine- and methionine-free medium for 30 min. The cells were lysed directly
in 50 ml of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) buffer, and samples were analyzed by SDS-PAGE followed by autora-
diography.
Apoptosis assays. Apoptosis in cultured RL5 and primary rabbit peripheral

mononuclear leukocytes was monitored by fluorescence-activated cell sorting
analysis based on the TUNEL method of detecting deoxyribonucleoside triphos-
phate (dNTP) binding to the 39-hydroxyl ends of fragmented DNA (13). Periph-
eral blood cells were isolated by layering rabbit blood over an equivalent volume
of Ficoll-Paque and centrifuging at 400 3 g for 1 h. The mononuclear cell
fraction was collected, washed twice with phosphate-buffered saline (PBS), and
resuspended in RPMI 1640 supplemented with 10% FCS. Following a 4-h incu-
bation, adherent and nonadherent cell populations were obtained. For the
TUNEL reaction, 106 cells were mock infected or infected with virus at a multi-
plicity of infection of 10 for 1 h and harvested 12 to 16 h postinfection. Infected
cells were washed once in PBS containing 1% FCS (PBS-FCS), fixed in 200 ml of
2% paraformaldehyde in PBS for 30 min at room temperature with gentle
agitation, rewashed in PBS-FCS, and permeabilized with 100 ml of cold 0.1%
Triton X-100–0.1% sodium citrate for 2 min on ice. Following two washes with
PBS-FCS, the cells were incubated for 1 h at 378C with 0.6 nmol of fluorescein-
12-dUTP (Boehringer Mannheim)–3 nmol of dATP–1 mM CoCl2–25 U of ter-
minal deoxynucleotidyltransferase (Boehringer Mannheim)–terminal deoxynu-
cleotidyltransferase buffer (30 mM Tris [pH 7.2], 140 mM sodium cacodylate) in
a total volume of 30 ml. The reaction was stopped by adding 3 ml of 200 mM
EDTA, and the cells were washed once in PBS-FCS and resuspended in 0.5 ml
of PBS. Flow-cytometric analysis was performed on a FACScan flow cytometer
(Becton Dickinson, Mountain View, Calif.) equipped with an argon-ion laser
with 15 mW of excitation at 488 nm. Data were acquired on 10,000 cells per
sample with light scatter signals at linear gain and fluorescence signals at loga-
rithmic gain.
DNA fragmentation assays were performed on 23 106 RL5 cells infected with

virus at a multiplicity of infection of 10 for 1 h. At the indicated times postin-
fection, the cells were lysed in 1% SDS–100 mM NaCl–1 mM EDTA–10 mM
Tris (pH 7.5). Lysed cells were treated with 0.5 mg of proteinase K per ml for 1 h
at 558C and then with 0.5 mg of RNase per ml for 1 h at 378C. DNA was
precipitated with 2.5 volumes of 95% ethanol, resuspended in 10 mM Tris (pH
8.0), and subjected to agarose gel electrophoresis in the presence of 0.5 mg of
ethidium bromide per ml.
Infection of rabbits with M-T52 mutant myxoma viruses. Female New Zea-

land White rabbits (Oryctolagus cuniculus) were obtained from a local supplier
and housed in C-level biocontainment facilities under the guidelines of the
Canadian Council on Animal Care. Injections were performed intradermally in
each thigh with 1,000 PFU of virus per site. The rabbits were monitored daily for
symptoms of myxomatosis (for comprehensive reviews of myxomatosis, refer to
references 11 and 29). Rabbits which became moribund were sacrificed with
euthanyl administered intravenously after anesthesia. For gross pathological
studies, eight rabbits were inoculated with vMyxT52 and four were inoculated
with the wild-type parental myxoma virus. For histological studies, six rabbits
each were inoculated with vMyxlac or vMyxlacT52 as described above. Two
rabbits from each group were sacrificed on days 4, 7, and 10 postinoculation and
subjected to a complete postmortem examination. Tissue sections were removed
and stored in neutral buffered formalin. Samples were embedded in paraffin, cut
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into 5-mm sections, and stained with hematoxylin and eosin for viewing by light
microscopy.
Nucleotide sequence accession number. The myxoma virus M-T5 sequence has

been submitted to GenBank and assigned accession number U43201.

RESULTS

Myxomavirus M-T5 possesses homology to poxvirus host
range proteins. Because of the overall high homology among
members of the Leporipoxvirus genus, sequencing of the myx-
oma virus M-T5 open reading frame from genomic DNA was
facilitated by using primers initially directed toward the pub-
lished Shope fibroma virus S-T5 sequences (49, 51). The myx-
oma virus M-T5 open reading frame is present as two copies,
one within each virus terminal inverted repeat, and consists of
1,452 nucleotides encoding a protein of 483 amino acids (Fig.
1). M-T5, which has a predicted molecular mass of 55 kDa,
possesses neither a signal peptide sequence nor sites for N-
linked glycosylation but does contain a single ankyrin-like re-
peat (Fig. 1). Ankyrins bind integral membrane proteins, pre-
sumably through ankyrin repeat domains (23, 24), but the
significance of the single M-T5 ankyrin-like repeat has yet to
be determined.
With the exception of the ankyrin-like repeat, database

searching revealed no significant homology between the myx-

oma virus M-T5 protein and any nonviral proteins. However, a
low but significant level of homology was observed between
M-T5 and a variety of poxvirus proteins, many of which have
been defined by their ability to mediate host range (Table 1).
Cowpox virus, in contrast to vaccinia virus, is capable of mul-
tiplying in Chinese hamster ovary (CHO) cells, and the expres-
sion of the cowpox virus CHOhr transgene product is sufficient
to allow vaccinia virus replication in CHO cells (9, 43). Vac-
cinia virus encodes two additional open reading frames, C7L
and K1L, which express proteins required for productive rep-
lication in human cells and whose deletion can be compensated
for by expression of the CHOhr gene product (39). While the
C7L and K1L gene products appear to possess overlapping
functions in some cell lines, only one gene product is critical
for viral replication in other cell lines (36, 45). An ectromelia
virus homolog of the vaccinia virus K1L gene product, encoded
by the ectromelia virus K1L open reading frame, was found to
restrict viral replication in several cell lines but have no effect
on in vivo replication and spread in infected mice (5). In
addition, rabbitpox virus encodes three serine protease inhib-
itor homologs, one of which, SPI-1, has been implicated in both
the determination of host range and the formation of hemor-
rhagic lesions (1).

FIG. 1. Nucleotide sequence and corresponding amino acid sequence of the myxoma virus M-T5 gene. The complete M-T5 open reading frame in both orientations
from genomic DNA was sequenced with a series of primers, as outlined in Materials and Methods. Nucleotide sequences flanking the M-T5 gene are also shown. The
location of an ankyrin-like repeat within the amino acid sequence is highlighted with a solid line.
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The myxoma virus M-T5 protein contains the highest degree
of sequence similarity with the vaccinia virus B4R gene prod-
uct and its variola virus homolog, the B6R gene product (Table
1) (14, 27). While little is known concerning the function of the
vaccinia virus B4R gene product, homology between this pro-
tein and the cowpox virus CHOhr encoded protein has been
noted (18). Figure 2 illustrates an alignment between the myx-

oma virus and Shope fibroma virus T5 proteins, the vaccinia
virus B4R gene product, and the cowpox virus CHOhr gene
product. While the homology among these sequences extends
across the entire length of the proteins, both the myxoma virus
and Shope fibroma virus T5 proteins contain a substantial
deletion within the central region, compared with the other
poxviral proteins. The significance of this apparent deletion
remains to be determined.
Construction and characterization of M-T52 recombinant

myxoma viruses. Because of the location of the M-T5 open
reading frame within the terminal inverted repeats of the myx-
oma virus genome, it is present as two copies and maps within
the BamK restriction fragment (Fig. 3A). To inactivate both
copies of the M-T5 gene, a dominant selection method involv-
ing the Ecogpt gene was used. This selection method is useful
in the construction of poxvirus recombinants (3, 10), including
those of myxoma virus (26, 35, 50). Disruption of the M-T5
open reading frame by PCR amplification and subsequent in-
sertion of a cassette containing the Ecogpt gene under the
control of the vaccinia virus p7.5 promoter is outlined (Fig.
3B). Recombinant M-T5gpt was transfected into both wild-
type (strain Lausanne) myxoma virus- and vMyxlac-infected
cells to create twoM-T52mutants, vMyxT52 and vMyxlacT52,
respectively, in both the wild-type and vMyxlac backgrounds.
Because of the presence of the E. coli lacZ gene within the
genome of vMyxlac, visualization of viral foci with this back-
ground is greatly facilitated by X-Gal staining. We have re-
cently determined that the overall virulence of vMyxlac is
slightly lower than that ascribed to the original Lausanne iso-

FIG. 2. Amino acid alignment between myxoma virus M-T5 and representative homologous poxvirus proteins. The amino acid comparison between the myxoma
virus M-T5, Shope fibroma virus S-T5, vaccinia virus VV-B4R, and cowpox virus CHO-hr proteins is shown. Residues that are identical in at least three of four
sequences are highlighted by boxes. Gaps introduced to maintain optimal alignment are indicated by dots.

TABLE 1. Summary of the percent identity and similarity between
the amino acid sequences of myxoma virus M-T5 and several

poxvirus host range superfamily members

Virus

Identity and similaritya with:

MYX
T5

CPV
CHOhr

VV
B4R

VV
K1L

VV
C7L

VAR
B6R

EV
K1L

RPV
SPI-1

MYX T5 19.7 23.9 20.9 12.5 25.3 20.5 20.1
CPV CHOhr 47.9 27.1 28.7 23.4 26.4 23.4 17.3
VV B4R 48.3 51.2 23.3 25.5 94.2 23.5 19.2
VV K1L 49.3 55.3 51.6 24.5 22.1 96.5 18.3
VV C7L 45.0 52.5 51.0 46.9 25.2 23.1 21.0
VAR B6R 49.1 50.2 96.2 48.9 51.0 23.5 18.1
EV K1L 48.8 51.4 51.6 97.9 46.9 45.8 18.7
RPV SPI-1 46.6 44.9 44.4 45.4 47.1 45.6 44.0

a Identity is shown at the top right; similarity is shown at the bottom left.
Accession numbers for the different poxvirus proteins: M-T5, U43201; CPV
CHOhr, A29 887; VV B4R, P24 769; VV K1L and VV C7L, M35027; VAR B6R,
P33823; EV K1L, L19 736; RPV SPI-1, U07766. Abbreviations: CPV, cowpox
virus; VV, vaccinia virus; VAR, variola virus; EV, ectromelia virus; RPV, rab-
bitpox virus.
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FIG. 3. Construction of a recombinant myxoma virus containing a disrupted M-T5 gene. (A) Location of both copies of the M-T5 open reading frame within the
terminal inverted repeat (TIR) region of the myxoma virus genome. The BamHI map of the myxoma virus genome (40) is illustrated. Solid arrows denote complete
open reading frames within the BamHI K fragment, whereas open arrows illustrate genes which flank this fragment. (B) Construction of M-T52 disruption viruses. The
BamHI K fragment was cloned into pBluescript, creating the plasmid pBamK. PCR amplification was used to generate the M-T5 terminal fragments M-T5L and
M-T5R, which were engineered to contain complementary ends that create an internal PstI site. These fragments were subsequently mixed, amplified, and cloned into
pBluescript, creating the plasmid pMT5del. Digestion with PstI and insertion of a PstI p7.5Ecogpt cassette was used to form the M-T5 disruption plasmid pMT5gpt,
which was subsequently transfected into vMyx- and vMyxlac-infected cells to create vMyxT52 and vMyxlacT52 disruption viruses, respectively.
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late of myxoma virus (35); thus, the parental strain of myxoma
virus used to create recombinant viruses may influence viru-
lence studies in vivo. As a control, therefore, an M-T5 rever-
tant was constructed in which the intact M-T5 open reading
frame was restored and it is referred to as vMyxT5rev (see
Materials and Methods for details).
To ensure disruption of both copies of the M-T5 gene in

vMyxT52 and vMyxlacT52 and complete restoration in
vMyxT5rev, PCR analysis was performed on DNA isolated
from plaque-purified virus. As shown in Fig. 3B, wild-type
M-T5 and mutant M-T5gpt genes possess identical sequences
at their terminal ends, to which the M-T5 59 and S-T5 39
primers hybridize. Wild-type M-T5 (1,452 bp) is easily dis-
tinguished from mutant M-T5gpt (1,590 bp) on the basis of
size by agarose gel electrophoresis (Fig. 4, lanes 2 and 3,
respectively). DNA derived from plaque-purified vMyxT52

and vMyxlacT52 demonstrated only the disrupted M-T5gpt
sequence (lanes 4 and 5, respectively), whereas DNA derived
from plaque-purified vMyxT5rev demonstrated only the wild-
type M-T5 sequence (lane 6).
Defective growth of M-T52 virus in a CD41 rabbit T-cell

line (RL5). No defects in the ability of vMyxlacT52 to replicate
in cultured rabbit RK13 fibroblasts in vitro were noted in a
single-step growth curve analysis (Fig. 5A). Similar results
were also found in cultured primate BGMK cells (data not
shown). However, vMyxlacT52 was found to be defective for
replication in a cultured rabbit RL5 CD41 T-cell line (Fig. 5B).
Initial studies of the host range restriction of vaccinia virus in
CHO cells suggested that early and extensive inhibition of host
and viral protein synthesis may be responsible for the abortive
infection (9, 19). Because of the sequence similarities observed
between myxoma virus M-T5 and known poxvirus host range
proteins, protein synthesis was analyzed following vMyxlacT52

infection in replication-permissive RK13 fibroblasts and non-
permissive RL5 lymphocytes. No significant differences in host
protein shutoff or viral protein synthesis between vMyxlac- and
vMyxlacT52-infected RK13 cells at early or late times of in-
fection were noted (Fig. 6A). However, the synthesis of both
host and viral proteins appeared to be severely inhibited early
after vMyxlacT52 infection of RL5 cells (Fig. 6B). Significant
inhibition of protein synthesis was observed as early as 1 h post-
infection (Fig. 6B, compare lanes 2 and 3), and appeared virtual-
ly complete by 4 h postinfection (compare lanes 6 and 7). In
both RK13 and RL5 cells, infection with the control virus,

vMyxT5rev, was indistinguishable from that with vMyxlac (Fig.
6A and B, lanes 10). Similar results were found in both cell
lines infected with vMyxT52, indicating that in vitro, the two
M-T52 mutant viruses were indistinguishable (data not
shown). Thus, it appears that in RL5 lymphocytes, inhibition of
both host and viral protein synthesis directly correlates with the
abortive infection observed in the growth curve analysis.
To determine if the extensive early shutoff of host and viral

protein synthesis in RL5 cells is unique to the myxoma virus
M-T52 mutant, metabolic labeling of RL5 cells infected with
some of the other characterized myxoma virus mutants was
performed (Fig. 6C). Mutants of M-T2, a secreted homolog of
the mammalian tumor necrosis factor receptor (50), M11L, a
receptor-like molecule with no known cellular homolog (16,
37), M-T7, a secreted homolog of the mammalian gamma
interferon receptor (35, 52), and SERP-1, a serine proteinase
inhibitor (26), were compared with vMyxlac and vMyxlacT52

at early (Fig. 6C, lanes 2 to 7) and late (lanes 9 to 14) times of

FIG. 4. Characterization of the M-T5 gene from myxoma virus M-T5 recom-
binants. Agarose gel electrophoresis of PCR products amplified with the M-T5
59 and S-T5 39 primers (Fig. 3B) demonstrates the difference in migration
between wild-type M-T5 (lane 2) and the disrupted recombinant M-T5gpt (lane
3) derived from pBamK and pMT5gpt plasmid DNA, respectively. PCR analysis
of viral DNA harvested from cells infected with vMyxT52 (lane 4), vMyxlacT52

(lane 5), and vMyxT5rev (lane 6) demonstrates the presence of either M-T5gpt
or M-T5, indicating the purity of the recombinant viral stocks. Molecular size
markers of 8,450, 5,686, 2,323, and 1,371 bp corresponding to BstEII-cut l
standards (lane 1) are indicated on the left.

FIG. 5. Single-step growth analysis of wild-type and M-T52 mutant myxoma
viruses. Rabbit kidney fibroblast (RK13) cells (A) and rabbit CD41 T-lympho-
cyte (RL5) cells (B) were infected with vMyxlac and vMyxlacT52 at a multiplicity
of infection of 5. The cells were harvested at the indicated times postinfection
(p.i.), and infectious virus titers were determined on RK13 cells. Each viral
growth analysis was performed in triplicate.
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infection. vMyxlacT52 appeared to be the only characterized
myxoma virus mutant to cause inhibition of both host and viral
protein synthesis in infected RL5 lymphocytes. This result was
relevant since both the T22 and M11L2 mutant myxoma vi-
ruses are known to be defective for replication in RL5 cells
(25).
Rabbit lymphocytes undergo apoptosis in response to infec-

tion by M-T52 mutant myxoma viruses. Apoptosis, or pro-
grammed cell death, is known to play a physiologically impor-
tant role in such diverse processes as embryonic development,
tumorigenesis, and lysis of virus-infected cells (22, 53). Re-
cently, vaccinia virus infection of CHO cells was shown to
induce apoptosis (20). Because of the similarities between in-
fection of CHO cells with vaccinia virus and infection of RL5
cells with M-T52 mutant myxoma virus, we initiated studies to
see if vMyxlacT52 infection of RL5 cells would lead to apo-
ptosis. A characteristic feature of apoptosis is the degradation
of DNA to oligonucleosomal fragments (55), which may be
observed as DNA laddering when cell lysates are subjected to
agarose gel electrophoresis. DNA laddering was observed in
lysates from RL5 cells infected with vMyxlacT52 but not in ly-
sates from RL5 cells either mock infected or infected with
vMyxlac or vMyxT5rev (Fig. 7A). As with the shutoff of host
and viral protein synthesis, DNA fragmentation was observed
as early as two hours following vMyxlacT52 infection (Fig. 7A,
lane 3). No fragmentation was observed at any time following
infection of RK13 cells with these viruses in a parallel study
(data not shown).
DNA fragmentation was also measured in RL5 cells by

quantitating the terminal deoxynucleotidyltransferase-medi-
ated incorporation of fluorescein-12-dUTP into DNA by flow-

cytometric analysis. At 16 h postinfection, mock-, vMyxlac-,
and vMyxT5rev-infected RL5 cells did not show any significant
apoptosis whereas a significant fraction of RL5 cells infected
with vMyxlacT52 exhibited classic apoptotic features, as seen
by the appearance of a new population of fragmented cells
with increased fluorescence staining (Fig. 7B). The scatter pro-
files of vMyxlac- and vMyxT5rev-infected RL5 cells mirrored
that of mock-infected RL5 cells, but the light-scattering prop-
erties of vMyxlacT52-infected cells demonstrated the emer-
gence of a population of cells which were smaller, a feature
consistent with apoptotic cells, as indicated by a leftward shift
in the forward scatter profile (Fig. 7B). Infection of RL5 cells
with vMyxlacT52 for 16 h also resulted in a dramatic reduction
in the number of harvested cells, illustrated by the drop in
relative cell number. Flow-cytometric analysis of a time course
of vMyxlacT52-infected RL5 cells demonstrated that by 4, 8,
and 12 h postinfection, 20, 41, and 50% of cells, respectively,
exhibited enhanced fluorescence caused by DNA fragmenta-
tion (data not shown). Thus, as a result of the extent of apo-
ptosis in vMyxlacT52-infected RL5 cells at late times after
infection, the number of cells harvested for flow-cytometric
analysis dramatically decreased. We conclude that abortive
infection of the M-T52 mutant myxoma virus in RL5 lympho-
cytes results in the apoptotic death of these cells.
Infection of primary rabbit lymphocytes and monocytes with

M-T52 myxoma virus. While the amount of apoptosis seen in
RL5 cells infected with vMyxlacT52 is striking, RL5 is a T-
lymphoma cell line derived from a herpesvirus ateles-induced
rabbit tumor (21). Thus, to ascertain whether apoptosis is a
feature of vMyxlacT52-infected primary rabbit leukocytes in
vivo, peripheral blood mononuclear leukocytes were har-

FIG. 6. Metabolic labeling of myxoma virus-infected cells with [35S]cysteine-[35S]methionine. (A and B) RK13 fibroblasts (A) or RL5 lymphocytes (B) were either
mock infected (M) or infected with vMyxlac (myx), vMyxlacT52 (T52), or vMyxT5rev (T5r) and labeled with 50 mCi of [35S]cysteine-[35S]methionine for 30 min at the
indicated times postinfection. Cells were harvested into SDS loading buffer and analyzed by SDS-PAGE followed by autoradiography. (C) RL5 lymphocytes were either
mock infected (M) or infected with vMyxlac (myx), vMyxlacT52 (T52), vMyx-T22 (T22), vMyx-M11L2 (M11L2), vMyx-T72 (T72), or vMyx-SERP12 (SERP12),
harvested at the indicated times postinfection, and treated as in panels A and B. Dashes on the left indicate the positions of molecular mass markers at 101, 83, 50.6,
35.5, 29.1, and 20.9 kDa.
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FIG. 7. Apoptosis in RL5 lymphocytes infected with the M-T52 mutant myxoma virus. (A) Agarose gel electrophoresis of RL5 cells either mock infected (M) or
infected with vMyxlacT52 (T52), vMyxlac (myx), or vMyxT5rev (T5r). At the indicated times postinfection, cells were harvested, digested with proteinase K and RNase,
ethanol precipitated, and subjected to agarose gel electrophoresis, as described in Materials and Methods. Molecular size markers of 8,450, 3,675, 1,929, and 702 bp
corresponding to BstEII-cut l standards (lane 1) are indicated on the left. (B) Flow-cytometric analysis of infected RL5 lymphocytes. RL5 cells were infected with the
indicated viruses, harvested 12 h postinfection, and subjected to the TUNEL method of detecting dNTP binding to 39-hydroxyl ends of fragmented DNA, as described
in Materials and Methods. The cell scatter profiles of RL5 cells either mock infected or infected with vMyxlacT52 are shown beside their corresponding fluorescence
profiles. The scatter profile of vMyxlac- and vMyxT5rev-infected cells was indistinguishable from that of mock-infected cells.
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vested, fractionated into adherent and nonadherent cells, and
subjected to flow-cytometric analysis following infection with
the various myxoma virus recombinants (Fig. 8). In peripheral
blood lymphocytes infected with vMyxlacT52, a distinct pop-
ulation of cells demonstrated an increase in relative fluores-
cence as a result of DNA fragmentation, which routinely cor-
responded to 20 to 30% apoptosis (Fig. 8A). The scatter profile
of vMyxlacT52-infected lymphocytes also differed from that of
mock-, vMyxlac-, and vMyxT5rev-infected lymphocytes, con-
sistent with the appearance of a population of smaller, apo-
ptotic cells. Similar to the case of RL5 cells, primary lympho-
cytes infected with vMyxlacT52 also routinely exhibited a

decrease in the total number of cells harvested. In contrast,
adherent cells, enriched for circulating monocytes, showed no
significant increase in relative fluorescence following infection
with vMyxlac, vMyxlacT52, or vMyxT5rev, as compared with
mock infected cells (Fig. 8B). In all of these experiments, no
differences were found in the levels of DNA fragmentation
when wild-type myxoma virus and vMyxT52 were used in place
of vMyxlac and vMyxlacT52, respectively (data not shown).
Thus, we conclude that infection of primary rabbit peripheral
blood lymphocytes but not cells of the monocyte/macrophage
lineage with an M-T52 mutant myxoma virus results in apo-
ptosis and abortive infection.

FIG. 8. Flow-cytometric analysis of infected rabbit peripheral blood mononuclear cells. Rabbit peripheral blood mononuclear leukocytes were separated into
nonadherent (A) and adherent (B) fractions, enriching for lymphocytes and monocytes, respectively. The cells were then infected with the indicated viruses, harvested
12 h postinfection, and subjected to the TUNEL method of detecting dNTP binding to 39-hydroxyl ends of fragmented DNA, as described in Materials and Methods.
The cell scatter profiles of peripheral blood cells either mock infected or infected with vMyxlacT52 are shown beside their corresponding fluorescence profiles. The
scatter profile of vMyxlac- and vMyxT5rev-infected cells was indistinguishable from that of mock-infected cells.
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Myxoma virus M-T5 is a potent virulence factor in Euro-
pean rabbits. Myxoma virus infection of European rabbits
induces a rapidly progressive and lethal disease known as myx-
omatosis (11). Infection of European rabbits with wild-type
myxoma virus (strain Lausanne) is routinely 100% fatal,
whereas infection of European rabbits with the vMyxlac deriv-
ative strain expressing the lacZ cassette results in approxi-
mately 95%mortality with a slight attenuation of disease symp-
toms (35). Since no significant differences were observed
between in vitro infections with vMyxT52 (wild-type back-
ground) and vMyxlacT52 (vMyxlac background), vMyxT52

was chosen for comparison with wild-type myxoma virus to
determine the effect of an M-T5 disruption on myxoma virus
virulence in vivo.
As outlined in Table 2, a dramatic reduction in virulence was

observed in rabbits infected with vMyxT52 with respect to

rabbits infected with wild-type myxoma virus. On day 4 post-
inoculation, primary-site lesions in rabbits infected with
vMyxT52 were consistently smaller and firmer than those in
rabbits infected with wild-type myxoma virus. By day 7 postin-
oculation, when rabbits infected with wild-type myxoma virus
demonstrated all of the classical symptoms of myxomatosis
including gram-negative bacterial infection of nasal and con-
junctival mucosa and multiple secondary skin lesions, rabbits
infected with vMyxT52 remained essentially asymptomatic,
with no evidence of viral spread to secondary sites. By day 10
postinoculation, all four rabbits infected with wild-type myx-
oma virus had to be sacrificed (two rabbits each on days 9
and 10) whereas all rabbits infected with vMyxT52 demon-
strated no overt signs of myxomatosis, save for one minute
secondary lesion on the ear of one rabbit. The primary lesions
of vMyxT52-infected rabbits were fully resolved by 14 days

FIG. 8—Continued.
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postinoculation, and these rabbits were immune to subsequent
challenge by wild-type myxoma virus. Rabbits infected with the
control virus, vMyxT5rev, in which the T5gpt disruption was
restored to the wild-type situation, displayed a disease state
indistinguishable from that of rabbits infected with wild-type
myxoma virus (data not shown). Thus, we conclude that M-T5
is a potent virulence factor which plays a critical role in the
pathogenesis of myxoma virus in European rabbits and that in
the M-T52 deletion mutant, the virus spreads poorly, if at all,
to secondary sites.
Histological analysis of rabbits infected with wild-type and

M-T52 mutant myxoma viruses. Because of the significant
difference in the pathogenic profiles of the M-T52 mutant
virus and the M-T51 parent or M-T5rev myxoma viruses, a
more detailed histological analysis was performed on tissue
sections harvested from vMyxlac and vMyxlacT52 mutant vi-
rus-infected rabbits on days 4, 7, and 10 postinoculation (sum-
marized in Table 3). The most striking difference between
wild-type myxoma virus and M-T52 mutant virus infection was
observed at the primary site of inoculation (Fig. 9). On day 4
postinoculation, primary lesions from rabbits infected with
vMyxlac (Fig. 9A) demonstrated considerable edema with a
minor accumulation of heterophils. In contrast, although pri-
mary lesions from rabbits infected with vMyxlacT52 (Fig. 9B)
displayed little edema, a significant infiltration of heterophils
was observed throughout the dermis. Heterophils function as
the primary line of cellular defense early within an inflamma-
tory reaction and are subsequently replaced with mononuclear
lymphocytes as the inflammatory reaction progresses. Also,
whereas parental vMyxlac-infected primary lesions showed a
slight disorganization of the epithelium, vMyxlacT52-infected
primary lesions demonstrated a zone of actively mitotic basal
keratinocytes within the inner epithelium, which was effectively

replacing degenerating cells of the outer epithelium with a new
epithelial layer.
On day 7 postinoculation, primary lesions from rabbits in-

fected with parental vMyxlac demonstrated considerable edema
and hemorrhage within the dermis, necrosis and degranulation
of accumulating heterophils, and a necrotic epithelium that
was beginning to lift off the basement membrane (Fig. 9C).
Primary lesions from rabbits infected with vMyxlacT52, how-
ever, demonstrated a normal epidermal surface, replacement
of heterophils with mononuclear lymphocytes, and neither
edema nor hemorrhage within the dermis (Fig. 9D). By day 10
postinoculation, when vMyxlac-infected primary lesions con-
tinued to display extensive edema, hemorrhage, and necrosis
of heterophils, along with a completely disorganized epithelial
layer (Fig. 9E), the site of inoculation with vMyxlacT52 (Fig.
9F) essentially resembled a parallel section harvested from an
uninfected control rabbit (data not shown). Thus, it appears
that within primary lesions of rabbits infected with parental
M-T51 myxoma virus, an inflammatory reaction capable of
controlling viral infection is not established, whereas in pri-
mary lesions of rabbits infected with the M-T52 mutant myx-
oma virus, a very rapid and effective inflammatory reaction
results in complete resolution of the infection by day 10 post-
inoculation, with no development of secondary lesions.
Since complete resolution of M-T52 mutant myxoma virus

infection appeared to occur by 7 to 10 days at the primary site
of inoculation, it is useful to consider whether the lymph nodes
and spleen may have played a critical role in the resolution
process. Infection of rabbits with vMyxlac led to mild reactivity
within the lymph nodes and spleen by day 4 postinoculation
(Table 3), as immature lymphocytes replaced mature lympho-
cytes that began to migrate out of the lymphoid organs. By day
7 postinoculation, very few mature lymphocytes were found
within the lymphoid organs of rabbits infected with vMyxlac,
and it appeared that the replication of stem cells was insuffi-
cient to replace the mature lymphocytes, resulting in the net
outward migration of immature cells. On day 10 postinocula-
tion, even fewer lymphocytes were found within the germinal
centers of the lymphoid organs of vMyxlac-infected rabbits,
and within the spleen, a significant level of lymphocyte necrosis
was observed, perhaps corresponding to productive replication
of virus in this organ. In stark contrast, on days 4 and 7 posti-
noculation, no cellular reactivity was observed within the
lymph nodes and spleen of rabbits infected with vMyxlacT52.
On day 10 postinoculation, however, mild reactivity character-
ized by increased mitotic activity within the germinal centers of
both lymphoid organs was observed, along with the appearance
of macrophages and a high level of mature lymphocytes. Given
the histological and pathogenic profile of the M-T52 mutant
myxoma virus on day 10 postinoculation, this reactivity is con-
sistent with the recognition and formation of memory T lym-
phocytes in response to viral antigen. Thus, the early resolution
of the M-T52 mutant myxoma virus within the primary site of
infection appeared not to be accompanied by the development
of antigen-activated lymphocytes within the secondary immune
system organs.
Consistent with the absence of gross lesions at peripheral

locations in rabbits infected with M-T52 mutant myxoma virus
and the rapid resolution of infection at the primary site of
inoculation, no lesions were found upon histological analysis of
tissues harvested from outside the primary inoculation site in
vMyxlacT52-infected rabbits (Table 3). In contrast, by day 7
postinoculation, rabbits infected with vMyxlac demonstrated
extensive secondary lesions, established by virtue of the dis-
semination of infectious virus within productively infected lym-
phocytes. Therefore, we conclude that wild-type myxoma virus

TABLE 2. Pathogenicity of M-T52 mutant myxoma
virus in European rabbits

Day
Virulence of:

vMyx (wild type) vMyxT52 (M-T52 mutant)

0 Inoculation of four rabbits
intradermally with 1,000
PFU of vMyx (Lausanne)

Inoculation of eight rabbits
intradermally with 1,000
PFU of vMyxT52

4 Primary lesions at inocula-
tion sites, ca. 2 cm, raised,
soft, and red

Primary lesions at inoculation
sites, ca. 1 cm, hard

7 Gram-negative bacterial in-
fections of nasal and con-
junctival mucosa; multiple
secondary skin lesions on
face and ears

No gram-negative infections or
secondary lesions detected

10 Severe gram-negative bacte-
rial infections in conjunc-
tiva and respiratory tract;
secondary skin lesions
turning necrotic; all rabbits
sacrificed because of in-
creasing severity of symp-
toms

No gram-negative infections
detected; single minute sec-
ondary lesion detected in
one ear of one rabbit

14 Full regression of primary le-
sions; rabbits immune to
subsequent challenge with
vMyx (wild-type) infection
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is capable of disseminating via infected lymphocytes to peri-
pheral areas and establishing secondary sites of infection,
whereas M-T52 mutant myxoma virus is incapable of dissem-
inating from the primary inoculation site because a rapid su-
pervening apoptotic response in infected lymphocytes prevents
the transit of infectious virus through the lymphoreticular sys-
tem to secondary sites.

DISCUSSION

To efficiently replicate and establish a productive infection,
myxoma virus produces a wide range of immunomodulatory
proteins which perform diverse functions (31, 32). In this study,
we report on the role of the myxoma virus M-T5 protein,
which, along with the S-T5 protein from the antigenically re-
lated Shope fibroma virus (49), contains significant homology
to a larger family of poxvirus proteins implicated in the deter-
mination of host range (1, 5, 39, 43). Interestingly, both the
myxoma virus and Shope fibroma virus T5 proteins have inter-
nal deletions of 106 amino acids when compared with the
cowpox virus CHOhr-encoded protein, the most extensively
studied of the poxvirus host range proteins. The myxoma virus
M-T52 mutant failed to replicate on cultured rabbit T lym-

phocytes while displaying wild-type replication on cultured
rabbit kidney fibroblasts, and it is likely that one of the roles of
M-T5 is to extend the tissue range of myxoma virus to cells of
lymphoid origin. Myxoma virus displays a very restricted “host”
range in nature, because only members of the family Leporidae
are infected by myxoma virus and only members of the genus
Oryctolagus are susceptible to myxomatosis (11). As such, the
myxoma virus M-T5 protein defines cell restriction within its
natural host, as opposed to the classical definition of host
range, meaning the ability to infect a heterologous species.
Thus, a more accurate description would be that M-T5 imparts
tissue or cell type specificity, rather than host range.
An important factor in the extreme virulence of myxomato-

sis is the ability of myxoma virus to replicate efficiently in
lymphoid cells, allowing for dissemination of the virus and
establishment of internal and external secondary sites of infec-
tion. The myxoma virus M-T5 protein appears to be involved
in allowing productive replication of myxoma virus in rabbit
lymphocytes. In cultured rabbit CD41 T cells (RL5 cells) or
primary lymphocytes, infection with an M-T52 mutant virus
results in rapid and extensive programmed cell death, or apo-
ptosis (22), coupled with a rapid inhibition of both host and

TABLE 3. Major histological differences between vMyxlac (M-T51) and vMyxlacT52 (M-T52) infection in European rabbits

Day
Histological effects ofa:

vMyxlac (wild-type) vMyxlacT52 (M-T52 mutant)

4 Primary sites Primary sites
Inflammatory reaction with enhanced edema, presence
of scattered heterophils

Inflammatory reaction with little to no edema, accumula-
tion of heterophils, regeneration of damaged epithelium

Damaged epithelium

Secondary sites Secondary sites
No detectable reaction No detectable reaction
Lymph nodes mildly reactive Lymph nodes normal
Spleen mildly reactive Spleen normal

7 Primary sites Primary sites
Acute necrosis of epidermis Normal epithelium
Inflammation with edema and hemorrhage; necrosis
of heterophils

Inflammation without edema and hemorrhage; heterophils
replaced by mononuclear cells

Secondary sites Secondary sites
Thickened, disorganized epidermis No detectable reaction
Inflammatory reaction in dermis and subcutis; hetero-
phils predominate

Lymph nodes show loss of mature lymphocytes Lymph nodes normal
Spleen shows loss of mature lymphocytes Spleen normal

10 Primary sites Primary sites
Inflammatory reaction with necrosis, edema, and
hemorrhage; necrotic heterophils

Resolution of infection

Degenerated epithelium Tissue sections normal

Secondary sites Secondary sites
Thickened, disorganized epidermis No detectable reaction
Inflammation with edema; heterophils and macro-
phages predominate

Lymph nodes show mild reaction

Lymph nodes show loss of mature lymphocytes Spleen shows mild reaction
Spleen shows necrosis of lymphocytes

a Primary-site samples taken from the site of inoculation in the thigh. Secondary-site samples taken from the ear, lip, nose, and eyelid.

FIG. 9. Primary inoculation site tissue sections. Shown are tissue sections from the primary site of infection with vMyxlac or vMyxlacT52 harvested on day 4 (A
and B, respectively), day 7 (C and D, respectively), and day 10 (E and F, respectively) postinoculation. The tissue sections were harvested and stained with hematoxylin
and eosin as outlined in Materials and Methods. Bar, 100 mm.
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virus protein synthesis. Since viral infection is capable of in-
ducing apoptosis in certain circumstances (22, 53), many vi-
ruses, including adenoviruses, herpesviruses, baculoviruses,
and poxviruses, are known to produce specific viral gene prod-
ucts responsible for blocking the apoptotic response (7, 8, 17,
46, 54). While some viral proteins, such as the cowpox virus
CrmA protein, inhibit cell death by directly blocking specific
apoptotic pathways (46), the myxoma virus M-T5 protein ap-
pears instead to ensure that lymphocytes do not undergo an
abortive infection due to a nonspecific shutoff of protein syn-
thesis, which is probably the stimulus that leads to pro-
grammed cell death. Infection of nonpermissive CHO cells
with vaccinia virus, insect SF-21 cells with baculovirus, or SK-
N-SH neuronal cells with certain herpes simplex virus type 1
mutants, also results in the global inhibition of all protein
synthesis and subsequent apoptotic cell death (7, 8, 43). For
the herpes simplex virus type 1 g134.5

2 mutant, it has been
shown that the protein kinase PKR complexes with a 90-kDa
phosphoprotein, leading to overall protein synthesis shutoff via
phosphorylation of eukaryotic initiation factor 2a (eIF-2a) (6).
The myxoma virus M-T5 protein is not unique in influencing

viral replication in rabbit lymphocytes, since at least two addi-
tional myxoma virus proteins appear to play a role in allowing
a fully productive infection. Infection of RL5 lymphocytes with
mutants of either the M-T2 protein, a soluble homolog of the
mammalian tumor necrosis factor receptor (50), or the M11L
protein, a membrane-associated protein of unknown function
(16, 37), also results in the inhibition of viral replication and
subsequent death of infected cells by apoptosis (25). However,
a critical difference is observed upon infection of lymphocytes
with these three myxoma virus mutants: the M-T52 mutant
virus is the only mutant which results in the global inhibition of
both host and virus protein synthesis. As demonstrated by
flow-cytometric analysis, infection of primary peripheral blood
lymphocytes with the M-T52 mutant virus resulted in the ap-
optotic death of a population of lymphocytes while causing no
detectable apoptosis in infected monocytes. Thus, it is reason-
able to propose that unlike M-T2 and M11L, the M-T5 protein
ensures the continued operation of the translational machinery
specifically in infected lymphocytes and that the failure to
maintain translation is itself an apoptosis inducer in these cells.
Indeed, we have observed that cycloheximide treatment alone
in uninfected RL5 lymphocytes induces apoptosis (unpub-
lished data).
While the rapid inhibition of host and virus protein synthesis

and subsequent programmed cell death observed upon infec-
tion of rabbit lymphocytes with an M-T52mutant virus suggest
a mechanism of M-T5 function, the biochemical properties of
this protein have yet to be determined. However, an interesting
correlation exists between M-T5 and the cowpox virus CHOhr,
vaccinia virus K1L, and ectromelia virus K1L proteins impli-
cated in the poxvirus host range determination. Infections of
rabbit RL5 cells with an M-T52 mutant virus, rabbit kidney
RK13 cells with K1L2mutants of vaccinia virus and ectromelia
virus, and CHO cells with vaccinia virus lacking the addition of
the cowpox CHOhr protein all induce the rapid shutoff of both
host and virus protein synthesis. Notably, each of these poxvi-
rus proteins contains at least one ankyrin-like repeat. Ankyrins
constitute a family of proteins believed responsible for coor-
dinating the interactions between integral membrane proteins
and cytoskeletal elements, and a variety of cellular proteins
involved in protein-protein interactions contain ankyrin-like
repeats (24). A number of orthopoxvirus proteins contain
ankyrin-like repeats, and it has been suggested that these pro-
teins may interact with either cellular cytoskeletal proteins or
host or virus membranes in the formation of structures neces-

sary for protein synthesis and assembly of virions, thus regu-
lating the virus growth cycle (18, 41). It will be relevant to
determine whether the ankyrin-like repeat is important in the
localization of the myxoma virus M-T5 protein in rabbit lym-
phocytes.
Myxoma virus utilizes a diverse range of proteins to circum-

vent the host immune system in the establishment of a lethal
myxomatosis infection (31, 32). To date, deletion analysis of
M-T2 (the tumor necrosis factor receptor homolog), M11L
(unknown function), M-T7 (the gamma interferon receptor
homolog), SERP1 (the serine proteinase inhibitor) and MGF
(the epidermal growth factor homolog) has shown that these
myxoma virus proteins function as virulence factors which in-
fluence the pathogenicity of myxoma virus within the Euro-
pean rabbit (26, 35, 38, 52). Like M-T2 and M-T7, the M-T5
open reading frame is located within the terminal region of the
myxoma virus genome, where genes nonessential for viral rep-
lication in tissue culture but critical for pathogenesis and host-
virus interactions in vivo tend to cluster (47). While M-T5 is
the third viral gene shown to be necessary for the productive
infection of rabbit lymphocytes (along with M-T2 and M11L),
an event which is believed to be critical for the dissemination
of myxoma virus within a susceptible host, it is the first viral
gene shown to be required for protein synthesis in infected
lymphocytes.
Infection of European rabbits with the M-T52 mutant virus

demonstrated that M-T5 is one of the most potent virulence
factors yet characterized. While the mortality rate of rabbits
infected with wild-type virus was 100%, all of the rabbits in-
fected with the M-T52mutant virus displayed virtually none of
the disease symptoms of myxomatosis and fully recovered from
the infection. To date, the only other myxoma virus mutant
which demonstrated a recovery rate of 100% is the M11L2

mutant; the other virulence factor mutant viruses demon-
strated intermediate recovery rates ranging from 60% with the
SERP12 mutant to over 90% with the M-T72 mutant (26, 35,
37, 50). Of importance is the observation that rabbits infected
with the M-T52 mutant virus remained essentially asymptom-
atic, demonstrating neither lesions at secondary sites nor es-
tablishment of a gram-negative bacterial infection, two of the
hallmarks of a myxomatosis infection. Rabbits infected with
any of the other characterized myxoma virus mutants, regard-
less of the recovery rate, demonstrated mild to severe symp-
toms of myxomatosis. It should also be noted that the M-T5
protein is currently the only intracellular, non-membrane-as-
sociated protein which functions as a virulence factor in myx-
oma virus pathogenesis. Aside from the M11L protein, which
is membrane associated, all the other characterized virulence
factors are secreted proteins.
The dramatic attenuation of the M-T52 mutant virus ap-

pears to reflect an increased ability of the host to rapidly
control the infection at the primary site of inoculation. During
an effective inflammatory reaction to tissue damage, het-
erophils function as the main early line of cellular defense and
are progressively replaced by infiltrating mononuclear cells.
Heterophils in rabbits are functionally analogous to neutro-
phils in humans and possess the properties of chemotaxis,
adherence to immune complexes, and phagocytosis, whereas
the functions of mononuclear cells include phagocytosis, killing
of ingested microorganisms, antigen presentation, and secre-
tion of enzymes, complement components, and cytokines.
Within the primary lesions of rabbits infected with the M-T52

mutant virus, the early accumulation of heterophils was rapidly
replaced by the infiltration of mononuclear cells, suggesting
that a well-controlled and effective inflammatory reaction to
the virus infection was under way. In fact, by day 10 postin-
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oculation, it was difficult to differentiate between the primary
site of inoculation with the M-T52 mutant virus and a parallel
section of skin tissue harvested from an uninfected control
rabbit. Furthermore, this inflammatory response at the site of
inoculation against the M-T52 mutant virus was not accompa-
nied by noticeable increases in activation of lymphocytes in
either the lymph nodes or spleen, suggesting that activation of
acquired cellular immunity was not a major component of virus
clearance. Only on day 10 postinoculation, when infection with
the M-T52 mutant virus had been effectively controlled, was
mild activation of lymphocytes in the lymphoid organs de-
tected. This observation differs substantially from that reported
for the M-T72myxoma virus mutant, which is disrupted for the
soluble gamma interferon receptor homolog, which demon-
strated extensive activation of lymphocytes within the spleen
and regional lymph nodes of infected animals by day 4 posti-
noculation (35). Furthermore, M-T7 functions early in infec-
tion to retard inflammatory-cell migration into infected tissues,
and the M-T72 myxoma virus mutant did not elicit as effective
an inflammatory response within the primary site of inocula-
tion as that observed upon infection with the M-T52 mutant
virus.
Thus, we conclude that the M-T5 protein of myxoma virus

functions as a critical virulence factor by preventing the abor-
tive infection of rabbit lymphocytes, allowing for the replica-
tion and dissemination of the virus throughout the lymphore-
ticular system. Given the importance of how lymphotropism is
regulated by viruses in general and the observation that the
M-T5 protein appears highly specific for lymphocytes, further
biochemical analysis of this protein is warranted. Since the
natural history of myxoma virus and its host has been well
established (11, 28, 29), the myxomatosis model should prove
useful to further our understanding of virus-host interactions,
particularly in terms of how immune system cells themselves
respond to virus infection.

ACKNOWLEDGMENTS

We thank C. Upton for preliminary sequencing information, P.
Nation for help with the gross pathology and histopathology, and R.
Maranchuk for technical assistance.
G.M. is a Medical Scientist of the Alberta Heritage Foundation for

Medical Research (AHFMR). K.M. is funded by AHFMR and MRC
studentships. M.B. is supported by AHFMR. This work was supported
by an operating grant to G.M. from the National Cancer Institute of
Canada.

REFERENCES
1. Ali, A. N., P. C. Turner, M. A. Brooks, and R. W. Moyer. 1994. The SPI-1
gene of rabbitpox virus determines host range and is required for hemor-
rhagic pock formation. Virology 202:305–314.

2. Barry, M., and G. McFadden. Virokines and viroceptors. In J. S. Friedland
and D. G. Remick (ed.), Cytokines in health and disease, in press. Marcel
Dekker, Inc., New York.

3. Boyle, D. B., and B. E. H. Coupar. 1988. A dominant selectable marker for
the construction of recombinant poxviruses. Gene 65:123–128.

4. Buller, R. L. M., and G. J. Palumbo. 1991. Poxvirus pathogenesis. Microbiol.
Rev. 55:80–122.

5. Chen, W., R. Drillien, D. Spehner, and R. M. L. Buller. 1993. In vitro and in
vivo study of the ectromelia virus homolog of the vaccinia virus K1L host
range gene. Virology 196:682–693.

6. Chou, J., J. Chen, M. Gross, and B. Roizman. 1995. Association of a Mr
90,000 phosphoprotein with protein kinase PKR in cells exhibiting enhanced
phosphorylation of translation initiation factor eIF-2a and premature shutoff
of protein synthesis after infection with g134.52 mutants of herpes simplex
virus 1. Proc. Natl. Acad. Sci. USA 92:10516–10520.

7. Chou, J., and B. Roizman. 1992. The g134.5 gene of herpes simplex virus 1
precludes neuroblastoma cells from triggering total shutoff of protein syn-
thesis characteristic of programmed cell death in neuronal cells. Proc. Natl.
Acad. Sci. USA 89:3266–3270.

8. Clem, R. J., M. Fechheimer, and L. K. Miller. 1991. Prevention of apoptosis
by a baculovirus gene during infection of insect cells. Science 254:1388–1390.

9. Drillien, R., D. Spehner, and A. Kirn. 1978. Host range restriction of vaccinia
virus in Chinese hamster ovary cells: relationship to shutoff of protein syn-
thesis. J. Virol. 28:843–850.

10. Falkner, F. G., and B. Moss. 1988. Escherichia coli gpt gene provides dom-
inant selection for vaccinia virus open reading frame expression vectors.
J. Virol. 62:1849–1854.

11. Fenner, F., and F. N. Ratcliffe (ed.). 1965. Myxomatosis. Cambridge Univer-
sity Press, Cambridge.

12. Fenner, F., and J. Ross. 1994. Myxomatosis, p. 205–239. In G. V. Thompson
and C. King (ed.), The European rabbit. The history and biology of a
successful colonizer. Oxford University Press, Oxford.

13. Gavriell, Y., Y. Sherman, and S. A. Ben-Sasson. 1992. Identification of
programmed cell death in situ via specific labeling of nuclear DNA fragmen-
tation. J. Cell Biol. 119:493–501.

14. Goebel, S. J., G. P. Johnson, M. E. Perkus, S. W. Davis, J. P. Winslow, and
E. Paoletti. 1990. The complete DNA sequence of vaccinia virus. Virology
179:247–266.

15. Gooding, L. R. 1992. Virus proteins that counteract the immune system. Cell
71:5–7.

16. Graham, K. A., A. Opgenorth, C. Upton, and G. McFadden. 1992. Myxoma
virus M11L ORF encodes a protein for which cell surface localization is
critical in manifestation of viral virulence. Virology 191:112–124.

17. Gregory, C. D., C. Dive, S. Henderson, C. A. Smith, G. T. Williams, J.
Gordon, and A. B. Rickinson. 1991. Activation of Epstein-Barr virus latent
genes protects human B cells from undergoing apoptosis. Nature (London)
349:612–614.

18. Howard, S. T., Y. C. Chan, and G. L. Smith. 1991. Vaccinia virus homologues
of the Shope fibroma virus inverted terminal repeat proteins and a discon-
tinuous ORF related to the tumor necrosis factor receptor family. Virology
180:633–647.

19. Hruby, D. E., D. L. Lynn, R. C. Condit, and J. R. Kates. 1980. Cellular
differences in the molecular mechanisms of vaccinia virus host range restric-
tion. J. Gen. Virol. 47:485–488.

20. Ink, B. S., C. S. Gilbert, and G. I. Evan. 1995. Delay of vaccinia virus-induced
apoptosis in nonpermissive Chinese hamster ovary cells by the cowpox virus
CHOhr and adenovirus E1B 19K genes. J. Virol. 69:661–668.

21. Kaschka-Dierich, C., F. J. Werner, I. Bauer, and B. Fleckenstein. 1982.
Structure of nonintegrated, circular herpesvirus saimiri and herpesvirus ate-
les genomes in tumor cell lines and in vitro-transformed cells. J. Virol.
44:295–310.

22. Kerr, J. F. R., A. H. Wyllie, and A. R. Currie. 1972. Apoptosis: a basic
biological phenomenon with wide-ranging implications in tissue kinetics.
Br. J. Cancer 26:239–257.

23. Lambert, S., Y. Hullan, J. T. Prchal, J. Lawler, P. Ruff, D. Speicher, M. C.
Cheung, Y. W. Kan, and J. Palek. 1990. cDNA sequence for human eryth-
rocyte ankyrin. Proc. Natl. Acad. Sci. USA 87:1730–1734.

24. Lux, S. E., K. M. John, and V. Bennet. 1990. Analysis of cDNA for human
erythrocyte ankyrin indicates a repeated structure with homology to tissue-
differentiation and cell-cycle control proteins. Nature (London) 344:36–42.

25. Macen, J. L., K. A. Graham, S. F. Lee, M. Schrieber, L. K. Boshkov, and G.
McFadden. 1996. Expression of the myxoma virus tumor necrosis factor
receptor homologue (T2) and M11L genes is required to prevent virus-
induced apoptosis in infected rabbit T lymphocytes. Virology 218:232–237.

26. Macen, J. L., C. Upton, N. Nation, and G. McFadden. 1993. SERP1, a serine
proteinase inhibitor encoded by myxoma virus, is a secreted glycoprotein that
interferes with inflammation. Virology 195:348–363.

27. Massung, R. F., L. Liu, J. Qi, J. C. Knight, T. E. Yuran, A. R. Kerlavage,
J. M. Parsons, J. C. Venter, and J. J. Esposito. 1994. Analysis of the com-
plete genome of smallpox variola major virus strain Bangladesh-1975. Vi-
rology 201:215–240.

28. McFadden, G. 1988. Poxviruses of rabbits, p. 37–62. In G. Darai (ed.), Virus
diseases in laboratory and captive animals. Martinus Nijhoff Publishers,
Boston.

29. McFadden, G. 1994. Rabbit, hare, squirrel and swine poxviruses, p. 1153–
1160. In R. Webster and A. Granoff (ed.), Encyclopedia of virology. Aca-
demic Press, Inc., San Diego, Calif.

30. McFadden, G. (ed.). 1995. Viroceptors, virokines and related immune mod-
ulators encoded by DNA viruses. R. G. Landes Co., Austin, Tex.

31. McFadden, G., and K. Graham. 1994. Modulation of cytokine networks by
poxviruses: the myxoma virus model. Semin. Virol. 5:421–429.

32. McFadden, G., K. Graham, K. Ellison, M. Barry, J. Macen, M. Schreiber, K.
Mossman, P. Nash, A. Lalani, and H. Everett. 1995. Interruption of cytokine
networks by poxviruses: lessons from myxoma virus. J. Leukocyte Biol. 57:
731–738.

33. McFadden, G., and K. Kane. 1994. How DNA viruses perturb functional
MHC expression to alter immune recognition. Adv. Cancer Res. 63:117–209.

34. Moss, B. 1990. Poxviridae and their replication, p. 2079–2111. In B. N. Fields
and D. M. Knipe (ed.), Virology. Raven Press, New York.

35. Mossman, K., P. Nation, J. Macen, M. Garbutt, A. Lucas, and G. McFadden.
1996. Myxoma virus M-T7, a secreted homolog of the interferon-g receptor,
is a critical virulence factor for the development of myxomatosis in European
rabbits. Virology 215:17–30.

VOL. 70, 1996 MUTATION ANALYSIS OF MYXOMA VIRUS M-T5 HOST RANGE GENE 4409



36. Oguiura, N., D. Spehner, and R. Drillien. 1993. Detection of a protein
encoded by the vaccinia virus C7L open reading frame and study of its effect
on virus multiplication in different cell lines. J. Gen. Virol. 74:1409–1413.

37. Opgenorth, A., K. Graham, N. Nation, D. Strayer, and G. McFadden. 1992.
Deletion analysis of two tandemly arranged virulence genes in myxoma virus,
M11L and myxoma growth factor. J. Virol. 66:4720–4731.

38. Opgenorth, A., D. Strayer, C. Upton, and G. McFadden. 1992. Deletion of
the growth factor gene related to EGF and TGFa reduces virulence of
malignant rabbit fibroma virus. Virology 186:175–191.

39. Perkus, M. E., S. J. Goebel, S. W. Davis, G. P. Johnson, K. Limbach, E. K.
Norton, and E. Paoletti. 1990. Vaccinia virus host range proteins. Virology
179:276–286.

40. Russell, R. J., and S. J. Robbins. 1989. Cloning and molecular characteriza-
tion of the myxoma virus genome. Virology 170:147–159.

41. Shchelkunov, S. N., V. M. Blinov, and L. S. Sandakhchiev. 1993. Ankyrin-
like proteins of variola and vaccinia viruses. FEBS Lett. 319:163–165.

42. Smith, G. L. 1994. Virus strategies for evasion of the host response to
infection. Trends Microbiol. 2:81–88.

43. Spehner, D., S. Gillard, R. Drillien, and A. Kirn. 1988. A cowpox virus gene
required for multiplication in Chinese hamster ovary cells. J. Virol. 62:1297–
1304.

44. Spriggs, M. K. 1994. Poxvirus-encoded soluble cytokine receptors. Virus
Res. 33:1–10.

45. Sutter, G., A. Ramsey-Ewing, R. Rosales, and B. Moss. 1994. Stable expres-
sion of the vaccinia virus K1L gene in rabbit cells complements the host
range defect of a vaccinia virus mutant. J. Virol. 68:4109–4116.

46. Tewari, M., W. G. Tiford, R. A. Miller, and V. M. Dixit. 1995. CrmA, a

poxvirus-encoded serpin, inhibits cytotoxic T-lymphocyte mediated apopto-
sis. J. Biol. Chem. 270:22705–22708.

47. Traktman, P. 1990. Poxviruses: an emerging portrait of biological strategy.
Cell 62:621–626.

48. Turner, P. C., and R. W. Moyer. 1990. The molecular pathogenesis of
poxviruses. Curr. Top. Microbiol. Immunol. 163:125–152.

49. Upton, C., A. M. DeLange, and G. McFadden. 1987. Tumorigenic poxviruses:
genomic organization and DNA sequence of the telomeric region of the
Shope fibroma virus genome. Virology 160:20–30.

50. Upton, C., J. L. Macen, M. Schreiber, and G. McFadden. 1991. Myxoma
virus expresses a secreted protein with homology to the tumor necrosis factor
receptor gene family that contributes to viral virulence. Virology 184:370–
382.

51. Upton, C., and G. McFadden. 1986. Tumorigenic poxviruses: analysis of viral
DNA sequences implicated in the tumorigenicity of Shope fibroma virus and
malignant rabbit virus. Virology 152:308–321.

52. Upton, C., K. Mossman, and G. McFadden. 1992. Encoding of a homolog of
the IFN-g receptor by myxoma virus. Science 258:1369–1372.

53. Walker, N. I., B. V. Harmon, G. C. Gobe, and J. F. R. Kerr. 1988. Patterns
of cell death. Methods Achiev. Exp. Pathol. 13:18–54.

54. White, E., P. Sabbatini, M. Debbas, W. S. M. Wold, D. I. Kusher, and L. R.
Gooding. 1992. The 19-kilodalton adenovirus E1B transforming protein in-
hibits programmed cell death and prevents cytolysis by tumor necrosis factor
a. Mol. Cell. Biol. 12:2570–2580.

55. Wyllie, A. H. 1980. Glucocortoid-induced thymocyte apoptosis is associated
with endogenous endonuclease activation. Nature (London) 284:555–556.

4410 MOSSMAN ET AL. J. VIROL.


