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Abstract
Myxoma virus (MYXV) induces a lethal disease called Myxomatosis in European rabbits.

MYXV is one of the rare viruses that encodes an α2,3-sialyltransferase through its M138L

gene. In this study, we showed that although the absence of the enzyme was not associated

with any in vitro deficit, the M138L deficient strains are highly attenuated in vivo. Indeed,
while all rabbits infected with the parental and the revertant strains died within 9 days post-

infection from severe myxomatosis, all but one rabbit inoculated with the M138L deficient

strains survived the infection. In primary lesions, this resistance to the infection was associ-

ated with an increased ability of innate immune cells, mostly neutrophils, to migrate to the

site of virus replication at 4 days post-infection. This was followed by the development of a

better specific immune response against MYXV. Indeed, at day 9 post-infection, we ob-

served an important proliferation of lymphocytes and an intense congestion of blood ves-

sels in lymph nodes after M138L knockouts infection. Accordingly, in these rabbits, we

observed an intense mononuclear cell infiltration throughout the dermis in primary lesions

and higher titers of neutralizing antibodies. Finally, this adaptive immune response provided

protection to these surviving rabbits against a challenge with the MYXVWT strain. Altogeth-

er, these results show that expression of the M138L gene contributes directly or indirectly to

immune evasion by MYXV. In the future, these results could help us to better understand

the pathogenesis of myxomatosis but also the importance of glycans in regulation of

immune responses.
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Introduction
The glycome of a biological entity has been defined as all the sugars it produces, including gly-
cans linked on proteins, lipids or DNA. After nearly one-hundred years history of glycobiology,
it has now become clear that glycans are perhaps one of the most important molecular compo-
nents of the cells. In particular, glycans confer a diversity of structures and functions to pro-
teins that is still underappreciated [1].

For millions of years, viruses have been co-evolving with their hosts. During this co-evolu-
tion process, viruses had to deal with the physiology of the host in order to overcome its barri-
ers and defense mechanisms by mimicking, hijacking and sabotaging host biological processes
in their favor. A growing list of studies has highlighted the importance of the glycome in the
regulation of host–virus interactions and the ability of some viruses to manipulate the cellular
and viral glycome [1, 2]. Viruses may modify the glycome by different mechanisms: (i) by regu-
lating the expression of host glycosyltransferases or glycosidases and/or (ii) by encoding their
own glycosyltransferases or glycosidases and/or (iii) by acquiring mutations that affect glyco-
sylation sites or glycan binding specificities. Only a few viruses infecting vertebrates are known
to encode glycosyltransferases [2]. Among these is Myxoma virus (MYXV) that encodes an
α2,3-sialyltransferase [3].

The South American MYXV is the prototype of the Leporipoxvirus genus and is thus a
member of the chordopoxvirus subfamily [4]. While MYXV causes a mild, benign infection in
its well-adapted North and South American leporid hosts (Sylvilagus bachmani and Sylvilagus
brasiliensis, respectively), the infection of the European rabbit (Oryctolagus cuniculus) results
in fulminant myxomatosis, a systemic, lethal disease resulting in approximately 100% mortality
[5]. The well characterized pathogenesis of myxomatosis has provided an instructive model to
dissect the host/pathogen relationship and also to understand the co-evolution of hosts and
poxvirus pathogens [6–9]. MYXV encodes multiple proteins which are dispensable for virus
replication in cultured cells and whose function is to protect the virus from the antiviral re-
sponses of the immune system [4, 6]. One such candidate immunomodulator is the α2,3-sialyl-
transferase encoded by the M138L open reading frame.

Sialyltransferases are type II membrane proteins that catalyze the transfer of sialic acid from
the nucleotide donor CMP- N-acetylneuraminic acid to acceptor oligosaccharides found on
glycoproteins, glycolipids and polysaccharides [10, 11]. In general, sialic acids are found at the
terminal positions of sialylated glycoconjugates where they have roles in: (i) immunological
recognition or masking of antigens, (ii) initiation of inflammatory response, (iii) cell specific
adhesion events, (iv) virus attachment or (v) protein stability [12].

Enzymatic properties of the α2,3-sialyltransferase expressed by MYXV have been studied in
details [3, 11, 13]. It has been shown that this enzyme possesses a very broad acceptor specifici-
ty that is not found among the mammalian or bacterial α2,3-sialyltransferases. Acceptors in-
clude not only type I (Galβ1-3GlcNAcβ), type II (Galβ1-4GlcNAcβ) or type III (Galβ1-
3GalNAcβ) disaccharides but also fucosylated Lewisa and Lewisx [11]. However, very few data
are available about the roles of this protein during the viral cycle in vitro or in vivo. Firstly, it
has been shown that disruption of the M138L gene caused attenuation in vivo [3]. Secondly,
another study showed that the M138L gene product contributes to post-translational modifica-
tion of the viral anti-inflammatory protein SERP-1, though this had no apparent effect upon
the kinetics of in vitro proteinase inhibition by SERP-1 [14]. In this study, we compared in
vitro and in vivoMYXV strains expressing or not the M138L gene.
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Materials and Methods

Cells
RK13 cells (Rabbit Kidney epithelial cells, ATCC CCL-37) were cultured in DMEM (Dulbelc-
co’s Modified Eagle Medium, Sigma) supplemented with 10% (v/v) Fetal Calf Serum (FCS,
Sigma), 2% (v/v) penicillin (100 IU/mL)—streptomycin (100 μg/mL) (Sigma) and 1% (v/v)
non-essential amino acids.

Viral strains
Two M138L deficient strains and a revertant strain have been constructed from the hyperviru-
lent wild type (WT) Lausanne strain (GenBank: AF170726). In the first construct, M138L Del,
most of the M138L gene was replaced by an eGFP expression cassette (this cassette also con-
tains the LacZ gene and a neomycin resistance gene). eGFP expression is driven by a poxvirus
synthetic early/late promoter [15]. In a second construct, M138L STOP, a SbfI restriction site
was inserted into the M138L ORF generating a premature stop codon. Finally, a M138L rever-
tant strain was made from the M138L Del strain (Fig. 1A). For all the constructs, upstream
(132,877–133,877) and downstream (134,746–135,746) hybridizing sequences were amplified
by PCR using the WT strain as template and the following primers M138LAMSENS 5’-
CCATGCATCCTAGGCGACATGGTGGACGATTTTGG-3’ and M138LAMREV 5’-
GGCCTGCAGGTTTATTCACTATTTCGCAAGCCTACCG-3’ for the upstream arm, and
M138LPMSENS 5’- GGGCTAGCTTAAGGCCGGCCTTCTAACAGACGACGTATCTGC-3’
and M138LPMREV 5’- GGACCGGTCTTAAGCTTCAACCAGGTGACTAAGACG-3’ for the
downstream arm. For the M138L Del construct, these amplification products were cloned into
the pVKOV-eGFP plasmid on both sides of the eGFP expression cassette generating the
pVKOV-M138L Del plasmid. Then, RK13 cells infected by the WT virus were transfected with
this plasmid with FuGENE (Promega) and multiple rounds of foci purifications based on eGFP
expression were performed until pure M138L Del virus was isolated. For the M138L Rev strain,
the WTM138L sequence was inserted between the AM and PM arms in the pVKOV-M138L
Del plasmid generating the pVKOV-M138L Rev. For the M138L STOP strain, a SbfI site was
introduced in the pVKOV-M138L Rev plasmid after bp corresponding to the 134,601 bp of the
Lausanne strain generating the pVKOV-M138L STOP. Then, cells infected by the M138L Del
virus were transfected with either pVKOV-M138L Rev or pVKOV-M138L STOP and the
M138L Rev and M138L STOP strains were purified under agar based on non-fluorescent foci
formation. We also used a WTMYXV that expresses eGFP under the control of a synthetic
vaccinia virus early-late promoter [16].

Preparation of viruses
Viral strains were produced on RK13 cells infected at a MOI of 0.1 PFU per cell. When a cyto-
pathogenic effect of +/- 80% was observed, cells and supernatants were harvested and ultracen-
trifuged (54,000 g, 2h, 4°C). The pellet was resuspended in 1.5 mL of TE9 (10 mM Tris (2-
amino-2-hydroxymethyl-1,3-propanediol) pH 9, 1 mM EDTA (EthyleneDiamineTetraacetic
Acid)), submitted to 3 rounds of freezing (-80°C) and thawing (37°C) and then sonicated for
1 min. Cell debris were removed by centrifugation (300 g, 10 min). Mature virions (MVs) were
then sedimented through a 30% sucrose cushion (w/v) at 100,000 g for 1h, the supernatant was
removed and the pellet was resuspended in PBS and stored at -80°C. Fresh EVs (extracellular
virions) were prepared from RK13 cells infected at 0.8 PFU/cell. The culture supernatant was
harvested 18h p.i., centrifuged to remove detached cells and cell debris (300 g, 20 min, 4°C). A
fresh EVs preparation was produced before each experiment and used immediately without
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any freezing. Each EVs preparation was titrated in parallel with the experiment. For both MVs
and EVs preparations, the quantity of infectious viral particles was determined by titration on
RK13 cells. 6-well plates with 4.105 RK13 cells per well were infected with serial dilutions of

Fig 1. Construction of the Myxoma virus M138Lmutant strains. The M138L Deleted (M138L Del), M138L
Revertant (M138L Rev) and M138L STOP strains of MYXV were constructed from the hypervirulent strain
Lausanne (WT). A. In the M138L Del strain, most of the M138L coding sequence was replaced by an eGFP-
Neo cassette where eGFP is expressed as a fusion protein with the neomycin resistance protein under a
synthetic early/late promoter of vaccinia virus (this cassette also contains the LacZ gene). The revertant
strain was constructed by replacing the eGFP-Neo cassette in the M138L Del strain by WT sequence. The
M138L STOP strain was constructed by introducing a SbfI restriction site in order to create a shift in the
reading frame of the M138L gene leading to several STOP codons and to identify this mutant strain.B.
Verification of the molecular structure of the mutant viruses by electrophoresis and Southern blotting. Viral
DNA was digested with HindIII, resolved by agarose gel electrophoresis, transferred on a nitrocellulose
membrane, hybridized with 32P-labeled probes, corresponding to either a fragment of M138L or eGFP and
finally submitted to autoradiography. For the M138L probe, the 33,703-bp WT band becomes 22,801-bp for
the M138L Del mutant and 33,714-bp for the M138L STOP strain. For the eGFP probe, the band for the
M138L Del mutant is 15,242-bp. Marker sizes in Kbp are indicated on the left.

doi:10.1371/journal.pone.0118806.g001
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samples. After 1h of adsorption, the cells were overlaid and incubated in medium containing
0.6% CMC (carboxymethylcellulose medium viscosity, Sigma). After 6 days, cells were fixed
with 5% (v/v) formaldehyde, stained with crystal violet (0.3% (w/v) crystal violet, 5% (v/v) eth-
anol) and foci were counted.

Viral DNA extraction
106 RK13 cells were infected at a MOI of 1 PFU/cell for 24h. Medium was removed and 1 mL
of lysis buffer pH 8 was added (1.2% (w/v) SDS (Sodium Dodecyl Sulphate), Tris-HCl 50 mM
pH 8, EDTA 4 mM pH 8, CaCl2 4 mM, 0.4 mg/mL proteinase K). After 4h at 37°C, the cell ly-
sate was extracted twice with phenol-chloroform and nucleic acids were precipitated with etha-
nol. The DNA pellet was then resuspended in deionized water and stored at -20°C.

Restriction profile and southern blot
Viral DNAs from the 4 strains were digested with the restriction enzyme HindIII. The restric-
tion fragments obtained were separated by electrophoresis, and the restriction profiles were an-
alyzed after ethidium bromide staining. Fragments were transferred on a nitrocellulose
membrane (Amersham Hybond-XL blotting (GE Healthcare)) under alkaline condition
(NaOH 0.4M, NaCl 0.6M) as previously described [17]. The M138L probe used for hybridiza-
tion was an 853 bp fragment amplified with the primers M138L-start-wt (5’-
CGTCTTATTTTGGATCATACG-3’) and M138L-stop-wt (5’-GTATTTCTTTAAACGATG-
CACG-3'). For the eGFP probe, the relevant NheI-XhoI fragment was cut from pEGFP-C1 and
gel purified. Probes were labelled with α-[32P]dCTP (Perkin Elmer) by using the random-
primed DNA labelling kit (Roche). The membranes were hybridized with the probes at 65°C
for 18h (hybridization solution: 0.25 M sodium phosphate buffer pH 7.2, 7% (w/v) SDS, 5 mg
DNA of salmon sperm (Invitrogen) denatured by heating at 100°C for 5 min), washed 30 min
with the first washing solution (20 mM sodium phosphate buffer pH 7.2, 5% (w/v) SDS) and
30 min with the second washing solution (20 mM sodium phosphate buffer pH 7.2, 1% (w/v)
SDS), and used to expose an Amersham Hyperfilm MP (GE Healthcare).

Isolation of peripheral blood mononuclear cells (PBMCs)
Rabbit blood samples were taken and PBMCs were separated by a Ficoll density gradient
(Ficoll-Paque Plus, GE Healthcare) as described previously [18]. When necessary, PBMCs
were cultured in RPMI medium (Roswell Park Memorial Institute, Sigma) containing 10%
(v/v) FCS, 2% (v/v) penicillin-streptomycin, 1% (v/v) non-essential amino acids and 1% (v/v)
β-mercaptoethanol (Sigma).

Growth curves
For each virus, 6-well plates with 5.105 RK13 cells per well were infected at a MOI of 0.01 PFU
per cell. Every 24h, cells and supernatants were harvested together and aliquoted, to obtain 7
samples per virus (from day 0 to day 6). Growth curves were also performed on PBMCs (5.106

cells per well) isolated as described above, infected ex vivo with the four viral strains at a MOI
of 0.05 PFU per cell. The quantity of infectious viral particles was determined by titration on
RK13 cells, as described above.

Neutralization of the virions by theMaackia amurensis lectin
Purified MVs were diluted in DMEM and mixed (1:2, v/v) withMaackia amurensis (MAA) lec-
tin (EY laboratories) diluted in DMEM. After incubation for 2 h at 37°C, virions were then
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bound to RK13 cells for 2h at 37°C and medium containing CMC (0.6% final concentration)
was finally added. After 6 days, cells were fixed with formaldehyde, stained with crystal violet
and foci were counted.

Neutralization of the virions by serum
The sensitivity of purified MVs or fresh EVs to either neutralization by naïve serum (testing
the sensitivity of virions to the alternative pathway of complement) or by immune serum was
investigated. For that purpose, serum was taken from naïve or MYXV infected rabbits respec-
tively and stored at -20°C. Sonicated purified MVs or fresh EVs were diluted in ice-cold
DMEM and mixed with serum diluted in DMEM. For testing the alternative pathway of com-
plement, heat-inactivated serum (56°C, 30 min) was used as control. After incubation for 2 h at
37°C, virions were then bound to RK13 cells for 2 h at 37°C. Unbound virions were washed
away with PBS, and cells were incubated for 6 days in medium containing 0.6% CMC. After 6
days, cells were fixed with formaldehyde, stained with crystal violet and foci were counted.

Animals
Specific pathogen free male New-Zealand White rabbits (CER, Marloie) were used, according
to the directive of the European Convention for the protection of experimental vertebrate ani-
mals (CETS n°123). The protocol was approved by the Ethic Commission on the experimental
animals of the University of Liège (protocol n°447). An intradermal injection of 100 PFUs of
each of the 4 purified viral strains in PBS was performed in the left flank on at least 4 rabbits
per strain. 4 rabbits were injected with PBS (Mock) as control. Blood sampling was performed
after sedation with fentanyl (0.05 mg/kg) and acepromazine (1 mg/kg) administered intramus-
cularly. Rabbits were monitored twice daily to check clinical signs of myxomatosis. Clinical
scores criteria were established to determine a humane end-point at which rabbits must be eu-
thanized. Those criteria were based on the posture, water and food intakes, attitude, hydration
status, eyes and nose status, general examination (breath, heart rate, temperature. . .) and
the presence of secondary myxoma. When rabbits showed significant respiratory distress, or
no food or water intake for 48 h, or a clinical score of 15 for two consecutive days, they were eu-
thanized. Rabbits were euthanized by a lethal intravenous injection of sodium pentobarbital
(100 mg/kg) after anesthesia with a combination of ketamine (35 mg/kg), xylazine (5 mg/kg)
and acepromazine (1 mg/kg) administered intramuscularly.

Histology
Organs were fixed in 4% (v/v) formaldehyde buffered in PBS, embedded in paraffin wax and
cut with a microtome in regular sections of 5 μm. A haematoxylin-eosin staining was made
and histological sections were examined. Importantly, rabbit neutrophils are more properly
termed heterophils because they do not stain as neutral using Romanowski stains. The cyto-
plasm contains both small acidophilic granules and large eosinophilic granules, however
they function similarly to neutrophils from other species. We have therefore called these
cells neutrophils.

Viral genome detection by Real time-PCR
DNA was purified with the QIAmp DNAMini kit (Qiagen) from PBMCs of infected rabbits
that have been collected by blood sampling at days 0, 4 and 9 post-infection. A fragment of
109 bp corresponding to a part of the M034L gene was amplified with the primers 5’-
CCCGCCGACTCCTTTGTG-3’ and 5’-CGAGTTGTTAACGGACGAACG-3’. Comparable
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amounts of DNA were used based on concentrations measured with Nanodrop 1000 (Thermo
scientific). Amplifications of quantitative PCR were made in the iCycler system (Biorad) with
the supermix IQ SYBRgreen (Biorad) under the following conditions: an initial step at 95°C for
10 min, followed by 50 cycles at 95°C for 1 min, 50 cycles at 60°C for 30 seconds (sec) and 50
cycles at 72°C for 30 sec. Cellular DNA was quantified in parallel by amplifying part of the
beta-globin gene (forward primer 50-ggtatcctttttacagcacaac-30, reverse primer 50-CAGGTCCC-
CAAAGGACTCG-30). The latter PCR products were quantified by hybridization with a Taq-
Man probe (5'-6-FAM-cctgggctgttttcattttctcagg-BHQ1-3’) and converted to genome copies.
PCR amplifications were performed under the following conditions: initial activation of the
Taq polymerase (Bio-Rad) at 95°C for 3 min followed by 45 cycles at 95°C for 30 sec, 55°C for
45 sec and 72°C for 45 sec. For these two reactions, the standard curves were prepared from pu-
rified viral DNA and cloned beta-globin template respectively. The total DNA concentration of
standard curve samples was adapted to those of unknown samples by addition of rabbit geno-
mic DNA. Standard curves were run with each plate.

Flow cytometry
1.106 rabbit PBMCs / well were infected ex vivo with the WT eGFP or M138L Del strains (both
expressing eGFP). 24h after infection, cells were stained for 40 min on ice with anti-CD3
(mouse IgG1, MCA1477, AbD Serotec), anti-CD4 (mouse IgG2a, MCA799, AbD Serotec),
anti-CD8 (mouse IgG1, MCA1576GA, AbD Serotec), anti-CD14 coupled with Pacific Blue
(mouse IgG2a, MCA1568PB, AbD Serotec) or anti-IgM (mouse IgG1, MCA812GA, AbD Sero-
tec) antibodies diluted in FACS buffer (PBS, 1% (w/v) BSA (Bovine Serum Albumin), 0.1%
(w/v) sodium azide) to 1 μg/mL. After washings with FACS buffer, anti-CD3, anti-CD4 and
anti-CD8 antibodies were detected with goat anti-mouse antibody coupled with Pacific Blue
(Invitrogen), and anti-IgM with an anti-mouse IgG1 antibody coupled with phycoerythrin
(PE, Invitrogen), for 40 min on ice. For the viability/apoptosis detection assay, the cells were
also stained with annexin V-APC (BD Biosciences) and the impermeant dye 7-aminoactino-
mycin D (7-AAD) (Sigma) according to the recommendations of the manufacturers. Cells
were analyzed with a FACS Aria cytometer (Becton Dickinson).

Quantification of anti-MYXV antibodies by ELISA
Nunc Maxisorp ELISA plates (Nalgene Nunc) were coated for 18 h at 37°C with 0.1% Tween
20-disrupted WT virions (2.106 PFUs/well), blocked in PBS/ 0.1% Tween-20/ 3% BSA, and in-
cubated with rabbit sera (diluted 1/300 in PBS, 0.1% Tween-20, 3% BSA). Bound antibodies
were detected with Alkaline Phosphatase conjugated goat anti-rabbit Ig polyclonal antibody
(Sigma). Washings were performed with PBS containing, 0.1% Tween-20 and 3% BSA. p-
Nitrophenylphosphate (Sigma) was used as substrate and absorbance was read at 405nm using
an ELISA plate reader (Thermo).

Results

Production and in vitro characterization of MYXVM138L knockout
strains
MYXV encodes and expresses a functional sialyltransferase that enhances its virulence [3].
However, until now, the characterization of the phenotype of MYXVM138L knockout strains
has not been performed in details. In order to study the biological functions of M138L, we have
disrupted M138L ORF by either replacing most of the M138L ORF with an eGFP expression
cassette driven by a poxvirus synthetic early/late promoter (M138L Del) or by inserting a
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11-bp oligonucleotide into the M138L ORF that generates premature stop codons (M138L
STOP) (Fig. 1A). A revertant strain, called M138L Rev, was also constructed. The predicted
molecular structures of the recombinant strains were confirmed by HindIII restriction map-
ping and Southern blotting (Fig. 1B), and further by DNA sequencing.

In order to address the roles of the M138L gene in vitro, WT, M138L Del, M138L STOP and
M138L Rev strains were compared by multi-step growth assays on RK13 cells and on rabbit
PBMCs as described [19] (Fig. 2). No defects were noted in the replication of the M138L defi-
cient strains. Thus, the M138L gene is not essential for the virus replication in vitro.

Sialyltransferase expression by MYXV could promote sialic acid incorporation in virions and
therefore evasion of complement as observed for other viruses [20–22]. In order to test this hy-
pothesis, we firstly compared the capacity ofMaackia amurensis lectin (MAA), a sialic acid-spe-
cific lectin, to inhibit infection of MYXVWT, M138L Del, M138L STOP andM138L Rev strains
(Fig. 3A). Surprisingly, neutralization was similar for all the strains tested. Secondly, we com-
pared the capacity of naïve rabbit serum to neutralize these different MYXV strains through the
alternative pathway of complement. Indeed, sialic acids could promote recruitment of factor H of
complement. With that goal in mind, sera were collected from healthy rabbits. These sera did not
contain antibodies against MYXV. These sera neutralized MVs or EVs from the different strains
similarly (Fig. 3B-C). This neutralizing activity was observed only in sera in which the comple-
ment activity had been preserved. Altogether, these results indicate that M138L expression by
MYXV does not modify the sensitivity of MYXV virions to neutralization by a sialic acid-specific
lectin and does not confer resistance to the alternative pathway of complement.

Effects of M138L disruption on MYXV virulence
To address the roles of the M138L gene in vivo, 100 PFUs of WT, M138L Del, M138L STOP or
M138L Rev strains were delivered by the intradermal route of inoculation to the left flank of

Fig 2. Growth of the Myxoma virusWT, M138L Del, M138L STOP and M138L Rev strains. A. Rabbit PBMCs were cultured ex vivo and infected with a
MOI of 0.05. Infected cells and their supernatants were harvested together at different times post-infection and the quantity of infectious virus was determined
by titration on RK13 cells. The data presented are the average +/- SEMs for 3 independent experiments. B. RK13 cells were infected with a MOI of 0.01 with
the viral strains WT, M138L Del, M138L STOP and M138L Rev. Infected cells and their supernatants were harvested together at different times post-infection
and the quantity of infectious virus was determined by titration on RK13 cells. The data presented are the average +/- SEMs for 3 independent experiments.
The data were analyzed by 2way ANOVA and Bonferroni post-tests. No significant difference was observed between the different viral strains.

doi:10.1371/journal.pone.0118806.g002
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European rabbits. Mock infected rabbits (PBS) were used as controls. Clinical scores that re-
flected the rabbits' overall physical conditions and clinical signs of myxomatosis were obtained
daily as described [23]. Infection with the M138L Rev strain showed a similar progression of
myxomatosis and the same fatality rate (100%) as WT as these rabbits had to be euthanized at
day 9 p.i. because they displayed clinical scores above 15 for two consecutive days (Fig. 4A-B,
Table 1). At the same time, most of the rabbits infected with the M138L Del and STOP strains
(12/13) started to recover from the attenuated signs of myxomatosis that they had presented
(Fig. 4A-B, Table 1). Only one rabbit infected with the M138L Del strain had to be euthanized
at day 14 p.i. due to a severe bacterial respiratory tract infection. Interestingly, analysis of clini-
cal scores (Fig. 4A) shows that their evolutions were similar between strains until day 7 p.i.
From day 8 p.i., clinical scores of rabbits infected by the M138L knockout strains started to de-
crease and reached zero at day 35 p.i. (Fig. 4A).

These clinical scores reflected important differences in the size and progression of skin le-
sions, the onset and the severity of secondary bacterial infections and the presence of secondary
lesions. Firstly, while primary myxomas grew similarly until day 7 (Fig. 4C), some primary le-
sions of rabbits infected with the M138L knockout strains appeared slightly more inflammato-
ry at day 4 p.i. (Fig. 4E). In contrast, at day 7 p.i., all the rabbits infected by the M138L
knockout strains displayed primary myxomas that were much less hemorrhagic and less ne-
crotic than those fromWT or M138L Rev infected rabbits (Fig. 4E). This difference was con-
comitant with the growth arrest of the primary lesions observed with the M138L Del or M138L
STOP viruses (Fig. 4C). Interestingly, body temperatures of rabbits infected by the M138L
knockout strains appeared to rise slightly faster than those of rabbits infected with WT or re-
vertant strains although this difference was not statistically significant (Fig. 4D). This could
suggest that the inflammatory response observed with the M138L knockout strains is more
pronounced at the earlier time points. Finally, rabbits infected with the M138L knockout
strains displayed fewer (if any) and smaller secondary lesions than rabbits infected with the
WT or M138L Rev strains that displayed numerous skin secondary lesions throughout the
body (nose, eyelids, ears, . . .). Most of the rabbits infected by the WT or M138L Rev strains
showed symptoms of bacterial colonization of the respiratory tract or conjunctiva (Table 1).
Altogether, these symptoms of myxomatosis were severe enough to require euthanasia of all
WT and M138L Rev infected rabbits at day 9 p.i. In contrast, only one rabbit infected by a
M138L knockout strain became moribund and had to be euthanized at day 14 p.i. The remain-
ing 12 rabbits infected by the M138L Del or M138L STOP strains, completely recovered by day
35 p.i. (Fig. 4A).

Fig 3. Neutralization of MYXV virions.MYXV virions were neutralized by the sialic acid-specific lectin MAA
(Maackia amurensis) and by the alternative pathway of complement. A.MYXVWT, M138L Del, M138L STOP
and M138L Rev mature virions (MVs) were incubated with dilutions of MAA lectin. After incubation (2h, 37°C)
the viruses were plaque assayed for infectivity on RK13 cells. Data are expressed as plaque number relative
to untreated equivalent virus samples. Data are the average +/- SEMs for 2 independent experiments and
were analyzed by 2way ANOVA and Bonferroni post-tests. B-C.MYXVWT, M138L Del, M138L STOP and
M138L Rev mature virions (MVs) (B) or freshly-prepared extracellular virions (EVs) (C) were incubated with
serum from naïve rabbits, either untreated (continuous lines) or heat-inactivated (dashed lines). After
incubation (2h, 37°C) the viruses were plaque assayed for infectivity on RK13 cells. Data are the average +/-
SEMs for 3 independent experiments and were analyzed by 2way ANOVA and Bonferroni post-tests. No
significant difference was observed between the different viral strains.

doi:10.1371/journal.pone.0118806.g003
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Fig 4. Pathogenesis of the M138L deficient strains in NZW rabbits. NZW rabbits were inoculated with 100 PFUs of Myxoma virus WT, M138L Del,
M138L STOP or M138L Rev strains in the left flank. A. Daily clinical scores that evaluated the physical condition and clinical signs of primary and systemic
infection were obtained. Clinical scores in theWT and M138L Rev groups were recorded until animals reached euthanasia criteria (significant respiratory
distress, or no food or water intake for 48 h, or a clinical score of 15 for two consecutive days). B. The results were analyzed for survival rates among the
groups. The daily percentage of survival in each group was plotted to generate the survival curve. The data were analyzed by log-rank (Mantel-Cox) test,
* p<0.05.C. Size of the primary lesions of NZW rabbits infected with the different Myxoma virus strains. Daily measurements of the lesion area were
recorded. The data presented are the average +/- SEMs.D. Evolution of the temperatures of the infected rabbits. The data presented are the average
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Expression of M138L by MYXV contributes to interference with the
cellular immune response
A detailed histological analysis was performed on tissues harvested in the time course of the ex-
periment described above (summarized in Table 2). At day 4 p.i., epidermal hyperplasia was
observed in the four groups (Fig. 5A). In the dermis, edema, widespread collagenous degenera-
tion, myxomatous stroma infiltration and congestion were observed. Primary site of infection
of rabbits infected with the M138L Del and STOP strains exhibited striking differences in the
cellular infiltrates compared to rabbits infected with the WT and M138L Rev strains. Indeed,
while a mild focal inflammatory response with infiltrating neutrophils was visible in the dermal
tissue of the WT and M138L Rev primary lesions, very few inflammatory cells were present in
the region of the dermis adjacent to the epidermal hyperplasia (Fig. 5A). In contrast, an intense
neutrophil infiltration was observed throughout the dermis of the lesions generated by the
M138L Del and M138L STOP strains (Fig. 5A). At day 9 p.i., although hyperplasia was still ob-
servable in all groups, ballooning degeneration was only found in WT and M138L Rev primary
lesions (Fig. 5B). For these groups, a cellular inflammatory reaction was observed. However,
approximately ninety percent of the cells infiltrating the dermis were neutrophils and most of
them were localized in the deep dermis (Fig. 5B). Moreover, a lot of these cells appeared necrot-
ic. By contrast, in the M138L Del and STOP primary lesions, an intense and widespread mono-
nuclear cell infiltrate was present and neutrophils were almost absent. Strikingly, in these
groups, severe inflammatory infiltrates were observed adjacent to sites of ulceration or myxo-
matous cells and accumulation of inflammatory cells within the deeper dermis was not ob-
served (Fig. 5B). These results therefore suggest that M138L expression by MYXV contributes
to a block of innate immune cell migration into the primary site of viral replication.

+/- SEMs. E. Pictures of primary myxomas at days 4 and 7 p.i. These pictures are representative of observations done at least on 4 rabbits. The scale bar on
the first image refers to all the images.

doi:10.1371/journal.pone.0118806.g004

Table 1. Pathogenicity of the M138L knockout strains in the European rabbit.

Day WT or M138L Rev MYXV strains M138L Del or STOP MYXV strains

0 Inoculation of rabbits intradermally with 100
PFUs in the left flank.

Inoculation of rabbits intradermally with 100 PFUs
in the left flank.

4 Primary lesions at the inoculation sites, 10–15
mm, soft and slightly necrotic in the center.

Primary lesions at the inoculation sites, 10–15
mm, soft and highly necrotic in the center.

7 Primary lesion hard, 25 mm, highly necrotic in
the center. Multiple secondary lesions on body,
face and ears. Bacterial infections of nasal and
conjunctival mucosa.

Primary lesion hard, 25 mm but less inflammation
than in WT or M138L Rev lesions. Rare
secondary lesions on body, face and ears,
smaller than observed with WT or Rev strains.
Bacterial infections of nasal and conjunctival
mucosa.

9 Severe bacterial infections in conjunctiva and
respiratory tract. Secondary skin lesions turning
necrotic. Rabbit sacrificed due to increasing
severity of symptoms.

Bacterial infections undetected in most of the
rabbits, severe in 2 of 13 rabbits. Secondary
lesions rare and small.

14 - Primary and secondary lesions regressing,
bacterial infection mild to absent. 1 of 13 rabbits
sacrificed due to severity of bacterial respiratory
tract infection.

28 - Absence of bacterial infections. Primary lesions
consist of small, dry scabs. Small scars remain
from secondary lesions.

doi:10.1371/journal.pone.0118806.t001
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Consequently, it also appears to block the subsequent recruitment of specific lymphocytes as
M138L deletion was associated with an intense and widespread mononuclear cell infiltrate
throughout the dermis at day 9 p.i.

Very striking differences were also observed in lymphoid tissues. At day 4 p.i., a massive
neutrophil and macrophage infiltration was observed in draining lymph nodes (axillary nodes
[24]) fromWT and M138L Rev infected rabbits (Fig. 6A). Moreover, significant necrosis of
lymphocytes was evident and was associated with an absence of lymphocyte reactivity in the
germinal centers. In contrast, draining lymph nodes fromM138L Del and M138L STOP in-
fected rabbits displayed no necrosis and normal lymph node architecture was observed
(Fig. 6A). At day 9 p.i., most of the neutrophils were necrotic in lymph nodes fromWT and
M138L Rev infected rabbits. Moreover, the architecture was totally disorganized and lympho-
cytes were nearly absent. In contrast, draining lymph nodes fromM138L Del and M138L
STOP infected rabbits exhibited numerous germinal centers and intense congestion of the
blood vessels (Fig. 6A). Very similar damage was observed at day 9 p.i. in popliteal lymph
nodes (Fig. 6B). These results therefore suggest that animals infected by the WT or M138L Rev
strains mounted a poor cellular adaptive immune response against MYXV while the adaptive
response is particularly strong against the M138L knockout strains.

Dissemination of the M138L knockout strains
The lesions observed in lymphoid organs of rabbits infected by the WT or M138L Rev strains
suggest that replication of the virus in these organs and therefore dissemination could be lower
in M138L knockout strains. This would be in accordance with the much lower number of sec-
ondary lesions observed in rabbits infected with the M138L Del and M138L STOP strains in
comparison with the WT and M138L Rev strains.

To investigate the importance of M138L expression in the dissemination of MYXV, we as-
sayed the number of MYXV genome copies by quantitative PCR of DNA from PBMCs over
time (Fig. 7). While the number of MYXV genome copies per PBMC was similar between
strains at day 4 p.i., it was significantly lower in M138L knockout infected rabbits at day 9 p.i.

Table 2. Major histological differences between European rabbits infected by the WT and M138L
Rev strains of the Myxoma virus and the M138L knockout strains.

Day WT or M138L Rev MYXV strains M138L Del or STOP MYXV strains

4 Primary sites Primary sites

Epidermal hyperplasia, dermal edema and
congestion. Mild focal inflammatory reaction with
sparse number of infiltrating neutrophils visible in
the dermal tissues below areas of viral replication.

Epidermal hyperplasia, dermal edema and
congestion. Intense neutrophil infiltration
throughout the dermis.

Lymph nodes Lymph nodes

Lots of neutrophils. High number of apoptotic
bodies.

Mainly lymphocytes. Presence of germinal
centers.

9 Primary sites Primary sites

Epidermal hyperplasia with ballooning
degeneration and micro-vesicle formation. Acute
coagulation necrosis of epidermis and dermis,
dermal edema and congestion. Intense
inflammatory reaction in deep dermis with
neutrophils dominating (90%).

Epidermal hyperplasia. Coagulation necrosis of
epidermis and dermis, dermal edema and
congestion. Intense, widespread
mononuclear cell infiltrate throughout the
dermis. Neutrophils almost absent.

Lymph nodes Lymph nodes

Architecture disorganization. Edema and
neutrophils. Nearly no lymphocytes

Intense congestion. Lots of germinal
centers. No neutrophils.

doi:10.1371/journal.pone.0118806.t002
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in comparison with WT and M138L Rev infected animals. This difference could reflect a differ-
ence of tropism between the different strains. Indeed, subtle differences of sialic acid expression
at the surface of the virion could allow interaction with different sialic acid binding immuno-
globulins-like lectins (siglecs) at the surface of leukocytes [25]. In order to test this hypothesis,
the M138L Del strain and a WTeGFP strain were used to infect PBMCs from naive rabbits ex

Fig 5. Histological differences at the primary myxoma site from rabbits infected by the Myxoma virus strains. NZW rabbits were inoculated with 100
PFUs of Myxoma virusWT, M138L Del, M138L STOP or M138L Rev strains in the left flank. A. Haematoxylin-eosin staining at day 4 p.i. B. Haematoxylin-
eosin staining at day 9 p.i. These pictures are representative of observations done at least on 4 rabbits. E: epidermis, D: dermis. Black arrows show
neutrophils, black arrowheads showmononuclear cells and white arrowheads show ballooning degeneration.

doi:10.1371/journal.pone.0118806.g005
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vivo (Fig. 8). Twenty-four hours p.i., the number of eGFP positive cells was compared between
the strains in CD3 (general T cells), CD4 (T helper), CD8 (cytotoxic T cells), CD14 (mostly
monocytes) and IgM positive cells (B cells). For each cell type, no significant difference was ob-
served between the strains (Fig. 8A). Moreover, no difference in the survival of infected cells
was observed between the strains (Fig. 8B). These results therefore suggest that the main differ-
ence in the dissemination of MYXV observed between the strains could be a consequence of a
better immune response raised against M138L knockout strains.

Antibody response against the M138L knockout strains
We further compared the capacity of sera from rabbits of the different groups to neutralize
MYXVWT virions (Fig. 9A). Briefly, MYXVWT virions were incubated with sera of rabbits
infected with the WT, M138L Del, M138L STOP and M138L Rev taken at day 9 p.i. and then
titrated on RK13 cells (Fig. 9A). Sera fromM138L Del and M138L STOP rabbits neutralized
significantly better MYXVWT virions than sera from the WT and M138L Rev infected rabbits.
After day 9 p.i., rabbits infected by the M138L knockout strains developed a strong antibody re-
sponse against MYXV (Fig. 9B).

Challenge
Animals previously infected with either the M138L Del or M138L STOP strains were chal-
lenged with a lethal dose of WT strain (100 PFUs) 100 days post-initial infection. As expected,
non-immune rabbits (Mock-WT) developed severe myxomatosis and had to be euthanized 9
days post-challenge. In contrast, M138L Del or M138L STOP infected rabbits (M138L Del—
WT and M138L STOP—WT) exhibited complete resistance to the challenge (S1 Fig.). Rabbits
from the two groups displayed low clinical scores and the myxomas at the site of injection
stopped growing around 4 days post-challenge (S1 Fig.).

While primary myxomas that developed in the Mock-WT group displayed all the features
described above for WT and M138L Rev rabbits, WTMYXV challenge of M138L knockout
surviving rabbits generated very different lesions at the site of challenge. Strikingly, at day 9
post-challenge, massive infiltration of mononuclear leukocytes was observed throughout the
dermis, including regions adjacent to the epidermis (Fig. 10). Moreover, draining lymph nodes
fromM138L Del—WT and M138L STOP—WT infected rabbits exhibited numerous germinal
centers in contrast to lymph nodes from rabbits of the Mock—WT group. Altogether, these re-
sults suggest that the immune evasion mechanisms allowed by M138L expression are not effec-
tive against the recruitment of immune cells during memory response.

Discussion
In this study, we characterized in details the phenotype of MYXV strains that do not express
the M138L gene which encodes an α2,3-sialyltransferase. While we did not reveal any in vitro
difference associated with M138L deficiency (Figs. 2 and 3), we observed that M138L knockout
strains were highly attenuated in vivo (Fig. 4). The resistance to the infection by these strains
was associated with an increased migration of neutrophils to the primary site of virus replica-
tion (Fig. 5) and the establishment of a better adaptive immune response that protected these
animals against a challenge with the MYXVWT strain (Fig. 10 and S1 Fig.).

Surprisingly, our M138L deficient strains displayed a bigger in vivo attenuation than initially
described by Jackson et al. [3]. Indeed, these authors showed that their M138L deficient strain
(Lu(lacZ+/MST3N-)) could be classed as grade II virulence (95–99% mortality, 13 to 16 days
mean survival) based on the classification of Fenner and Marshall [26]. In contrast, the two
M138L deficient strains described in this study would have been classed as grade V (<30%
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mortality and survival time not calculable) as only 1 inoculated rabbit out of 13 died (<8%).
These differences could be explained by environmental factors or differences in the sanitary
status of the rabbits. Moreover, the previously described endpoint criteria [23] that we used
were probably different from those used by Jackson et al.

Our results suggest that the M138L encoded sialyltransferase by MYXV contributes to im-
munosuppression by inducing, either directly or indirectly, a blockade of migration to the in-
fected sites of some inflammatory innate immune cells, especially neutrophils. In MYXVWT
and M138L Rev infections, the reduced afflux of innate sentinel cells to the site of infection
likely impedes the establishment of an efficient anti-MYXV specific immune response. Inter-
estingly, several attenuated MYXV strains induce a similar increased inflammation at the inoc-
ulation site [27, 28] showing that this is a crucial step for the development of myxomatosis.

Much evidence does exist to show that early stage innate immunity plays an important role
in the establishment of adaptive immune responses. Thus, while neutrophils have long been
considered as simple killer cells participating as first line of innate immune defense and as ef-
fectors of adaptive immunity, recent evidence has extended the functions of these cells [29, 30].
Indeed, several studies have showed that neutrophils participate at various levels in the shaping
of the adaptive immune responses [29–32] among which those aiming at controlling the early
stages of viral infections [33–35]. Therefore, during primary infection with MYXV, neutrophils
could have different roles that could justify the development of mechanisms to inhibit their
recruitment.

Fig 6. Histological differences of lymph nodes from rabbits infected by the Myxoma virus strains. A. Haematoxylin-eosin staining of the draining
lymph nodes at days 4 and 9 p.i. B. Haematoxylin-eosin staining of popliteal lymph nodes at day 9 p.i. These pictures are representative of observations
done at least on 4 rabbits. Black arrows show neutrophils and transparent arrows show congestion of blood vessels.

doi:10.1371/journal.pone.0118806.g006
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Firstly, they could exert a direct and potent antiviral effect. Thus, neutrophils restrict mouse
cytomegalovirus infection in peripheral tissues through a mechanism involving TRAIL expres-
sion [34]. Another study has recently showed that neutrophils recruited to the site of infection

Fig 7. Dissemination of Myxoma virus in PBMCs during in vivo infection.Rabbits (minimum 4 per strain)
were infected with 100 PFUs of WT, M138L Del, M138L STOP or M138L Rev strains. DNA was extracted
from PBMCs (collected by blood sample) of infected rabbits at different times post-inoculation (days 0, 4 and
9). Data are expressed as the number of MYXV genome copies per 100 copies of beta-globin cellular gene.
The data presented are the average +/- SEMs for 3 independent replicates and were analyzed by 2way
ANOVA and Bonferroni post-tests, **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0118806.g007

Fig 8. Ex vivo infection of rabbit PBMCs by MYXV eGFP expressing strains. PBMCs were infected with WT eGFP or M138L Del strains. 24h p.i., cells
were analyzed by flow cytometry for eGFP expression (A) and for apoptosis by Annexin V-APC staining (B). The data presented are the average +/- SEMs
for 3 independent replicates and were analyzed by Student's test. No statistical difference was observed between groups.

doi:10.1371/journal.pone.0118806.g008
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could protect from virus infection by releasing neutrophil extracellular traps (NETs) [35]. In-
terestingly, one of the virus stimulus used in this study was the systemic administration of
MYXV [35]. Importantly, this study showed that after MYXV infection, NETs play a role in

Fig 9. Antibody response against the M138L deficient strains in NZW rabbits.NZW rabbits were
inoculated with 100 PFUs of Myxoma virus (MYXV)WT, M138L Del, M138L STOP or M138L Rev strains in
the left flank or mock infected.A. Sera collected at day 9 p.i. were compared for their capacity to neutralize
MYXVWT virions. Briefly, MYXVWT virions were incubated with various amounts of sera from the different
rabbits infected by the different strains. After incubation (2h, 37°C) the viruses were plaque assayed for
infectivity on RK13 cells. MYXV titers are expressed relative to virus without antibody. The data presented
are the average +/- SEMs for 3 independent replicates and were analyzed by 2way ANOVA and Bonferroni
post-tests, * p<0.05, ** p<0.01, *** p<0.001.B. The titer of anti-MYXV antibodies was estimated by ELISA
as described in the Materials and Methods. Each value represents the mean +/- SEMs of the data obtained
for the rabbits of each group. The sera of mock infected rabbits were taken as controls. Only samples until
day 9 p.i. are shown for the rabbits infected byWT and M138L Rev strains as they had to be euthanized at
day 9 post-infection.

doi:10.1371/journal.pone.0118806.g009

Fig 10. Histological differences after a challenge with 100 PFUs of theWTMyxoma virus strain.Mock
infected rabbits and rabbits previously infected with the M138L Del strain 100 days before were infected with
theWT strain. The primary myxoma were stained with haematoxylin-eosin staining at day 9 post-challenge.
These pictures are representative of observations done at least on 2 rabbits. E: epidermis, D: dermis. Black
arrows show neutrophils.

doi:10.1371/journal.pone.0118806.g010
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protecting host cells from disseminating viral infection. Interestingly, we observed that the
M138L knockout strains display reduced dissemination (Fig. 7).

Secondly, neutrophils could also have a role in the establishment of a specific adaptive im-
mune response against MYXV. Indeed, neutrophils can affect adaptive immune responses by
either direct or indirect interaction [36, 37]. Thus, neutrophils have been shown to affect adap-
tive immunity by direct effects on B and T cells [38], but also by affecting the function of den-
dritic cells (DCs) [30, 39–41]. Interestingly, after vaccinia virus intradermal inoculation,
neutrophils were identified as the cells transporting the antigens from the dermis to the bone
marrow and allowing the emergence of specific CD8+ T cells at that place [42].

How expression of an α2,3-sialyltransferase contributes to block migration of neutrophils
remains unanswered. Interestingly, our results showed that this mechanism is effective during
primary infection but not when an established adaptive immune memory is present as mono-
nuclear cells, likely memory lymphocytes, invade the entire dermis at the site of challenge with
the WT strain of MYXV in immune rabbits (Fig. 10). M138L appears therefore involved in
blocking, either directly or indirectly, the recruitment of innate immune cells in the absence of
pre-existing specific immunity.

Firstly, one chemoattractant for neutrophils is complement fragment 5a. Interestingly, sur-
face sialic acids appear to be crucial in protecting membranes from activation of the alternative
complement pathway by allowing recruitment of factor H and inhibition of cell-bound C3b
[43]. Thus, some viruses such as Sindbis virus, take advantage of the expression of sialic acids
by the host cell to resist complement [44] and this resistance correlates with the amounts of si-
alic acid that are expressed on the cells in which the virus was grown [20–22]. By increasing the
presence of sialic acids at membrane surfaces, M138L expression could allow the recruitment
of factor H and could therefore inhibit the activation of the alternative pathway of complement
and reduce neutrophil influx. However, despite many attempts, we did not observe any effect
of M138L expression on complement activation on either virions (Fig. 3) or infected cells.
Moreover, what was observed was not a reduced recruitment of neutrophils from the blood-
stream as these cells were able to extravasate and migrate for some distance in the dermis
(Fig. 5). It therefore seems that the problem is less a defect of chemoattractant release on the
site of infection than a blockade of their action.

Secondly, sialylation could affect the secretion [45], the activity or the half-life [46] of tar-
geted proteins. MYXV possesses a vast and complex arsenal of immunomodulatory proteins
[6] that could be affected by expression of its α2,3-sialyltransferase. Several of these proteins
are secreted and could interfere with leukocyte chemotaxis [47]. M-T1 (M001R/L) is a secreted
viral protein that has been shown to bind and inhibit chemokines of the CC-subfamily [48, 49].
However, deletion of M-T1 had no significant effects on disease progression or in the overall
fatality rate of infected European rabbits [48]. M-T7 (M007R/L) is abundantly secreted and is
able to bind interferon-γ as well as chemokines of the CXC-, CC- and C-subfamilies [50–53].
Interestingly, rabbits infected by a M-T7 deficient strain of MYXV displayed a dramatic reduc-
tion in disease symptoms [51] that is very similar to the one observed in this study. The poten-
tial sialylation of M-T7 and its functional consequences will therefore have to be investigated
in the future. MYXV encodes also another kind of viral immunomodulatory proteins, serpins
(serine protease inhibitors), which inhibit pro-inflammatory serine proteases. Interestingly,
SERP-1 (M008R/L) is secreted and has been shown to interfere with inflammation in primary
lesions [54]. Moreover, this is the only protein that has been shown to date to be post-transla-
tionally modified by the M138L encoded α2,3-sialyltransferase [14]. However, when we com-
pared the progression of the disease and the lesions induced by a SERP-1 deficient strain with
the M138L knockouts used in the study, we observed that, in comparison with M138L deficien-
cy, absence of SERP-1 had only moderate effects on disease progression or in the overall fatality
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rate as only 30% of the infected rabbits survived (data not shown). Moreover, an important epi-
dermal damage was observed and the immune cell infiltration was reduced in comparison with
M138L deficient strains (data not shown). Therefore, even if M138L expression could have an
effect through sialylation of SERP-1, it does not appear to be its main target.

Thirdly, the phenotype that we observed for the M138L knockout strains could also be inde-
pendent of the sialyltransferase activity of the M138L gene product. As the structure-activity
relationship of sialyltransferases in general is still not known precisely [55], a panel of different
mutants for specific sites will have to be generated [56] and the association between their sialyl-
transferase activity and their in vivo phenotype could then be analyzed.

In conclusion, we showed in this study that the M138L gene of MYXV is a virulence factor
that affects the pathogenesis of myxomatosis in European rabbits. Indeed, M138L deficiency
was associated with an increased influx of neutrophils at the primary site of infection and with
a subsequent better adaptive immune response against the virus. In the future, these results
could help us to better understand some immune evasion mechanisms developed by MYXV in
particular but also to better understand antiviral immunity in general.

Supporting Information
S1 Fig. Protection of the rabbits infected with the M138L knockout strains against a WT
strain challenge. NZW rabbits were inoculated with 100 PFUs of MYXVM138L Del or
M138L STOP strains in the left flank or left uninfected (Mock). 100 days p.i., rabbits of all
groups were challenged with the inoculation of 100 PFUs of the MYXVWT strain. A. Daily
clinical scores that evaluated the physical condition and clinical signs of primary and systemic
infection were obtained. Clinical scores in the Mock vaccinated group were recorded until ani-
mals reached euthanasia criteria (significant respiratory distress, or no food or water intake for
48 h, or a clinical score of 15 for two consecutive days). B. The results were analyzed for surviv-
al rates among the groups. The daily percentage of survival in each group was plotted to gener-
ate the survival curve. The data were analyzed by log-rank (Mantel-Cox) test, � p<0.05. C. Size
of the primary lesions of NZW rabbits from the different groups. Daily measurements of the le-
sion area were recorded. The data presented are the average +/- SEMs.
(PDF)
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