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The poxvirus tumor necrosis factor receptor (TNFR) homologue T2 has immunomodulatory properties;
secreted myxoma virus T2 (M-T2) protein binds and inhibits rabbit TNF-«, while intracellular M-T2 blocks
virus-induced lymphocyte apoptosis. Here, we define the antiapoptotic function as inhibition of TNFR-medi-
ated death via a highly conserved viral preligand assembly domain (VPLAD). Jurkat cell lines constitutively
expressing M-T2 were generated and shown to be resistant to UV irradiation-, etoposide-, and cycloheximide-
induced death. These cells were also resistant to human TNF-«, but M-T2 expression did not alter surface
expression levels of TNFRs. Previous studies indicated that T2’s antiapoptotic function was conferred by the
N-terminal region of the protein, and further examination of this region revealed a highly conserved N-
terminal vPLAD, which is present in all poxvirus T2-like molecules. In cellular TNFRs and TNF-«a-related
apoptosis-inducing ligand (TRAIL) receptors (TRAILRs), PLAD controls receptor signaling competency prior
to ligand binding. Here, we show that M-T2 potently inhibits TNFR1-induced death in a manner requiring the
M-T2 vPLAD. Furthermore, we demonstrate that M-T2 physically associates with and colocalizes with human
TNFRs but does not prevent human TNF-« binding to cellular receptors. Thus, M-T2 vPLAD is a species-
nonspecific dominant-negative inhibitor of cellular TNFR1 function. Given that the PLAD is conserved in all
known poxvirus T2-like molecules, we predict that it plays an important function in each of these proteins.
Moreover, that the vPLAD confers an important antiapoptotic function confirms this domain as a potential

target in the development of the next generation of TNF-oa/TNFR therapeutics.

The leporipoxviruses myxoma virus and Shope fibroma virus
both encode a high-affinity tumor necrosis factor alpha (TNF-o)-
binding protein known as T2 (38, 49). The Shope fibroma virus T2
(S-T2) protein was reported to bind and neutralize both rabbit
and human TNF-« (49), but the myxoma virus T2 protein (M-T2)
exhibits strict species specificity and inhibits only rabbit TNF-a
(38). M-T2 is a genuine virulence factor, because rabbits infected
with the M-T2 open reading frame (ORF) knockout myxoma
virus vMyxT2G exhibit a markedly attenuated disease compared
to rabbits infected with the M-T2-expressing control virus vMyxlac
(54). On this basis, M-T2 has served as a model of poxvirus
subversion of host immune responses in vitro and in vivo,
emphasizing the importance of TNF-o/TNFR biology in the
immune response to poxvirus infection (41).

M-T2 also prevents apoptosis of myxoma virus-infected rab-
bit CD4" RL5 T cells (24). RL5 cells infected with the T2
knockout vMyxT2G virus die rapidly by apoptosis, thereby
precluding optimal virus replication. In contrast, RLS cells
infected with the T2-encoding virus vMyxlac or the vMyxT2R
revertant virus do not undergo apoptosis and support produc-
tive virus replication (24). However, it is the intracellular ver-
sion of the M-T2 protein that is required for this antiapoptotic
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activity because active purified M-T2 protein added to the
culture supernatants of vMyxT2G-infected RLS5 cells fails to
rescue these cells from virus-induced apoptosis (24). Thus,
M-T2 has two distinct activities; extracellular or secreted M-T2
binds and inhibits rabbit TNF-«, whereas intracellular M-T2 acts
to block virus-infected lymphocyte apoptosis. That M-T2 serves
two distinct host evasion functions highlights the intricacies of
virus-host interactions (41, 58).

Here, we define the intracellular mechanism of T2’s anti-
apoptotic activity as inhibition of TNFR-mediated cell death.
Because myxoma virus and other poxviruses encode a number
of other antiapoptotic proteins, including T4 (4), TS (29),
MIIL (24), and Serp-2 (28, 33), M-T2 was expressed in mam-
malian cells in the absence of other poxvirus proteins. M-T2-
expressing human Jurkat T cells were found to be resistant to
TNF-a- and TNFR-induced cell death, thereby confirming that
M-T2 is a bona fide antiapoptotic protein. We demonstrate
that M-T2 inhibits human TNFR-induced cell death in a man-
ner that requires a preligand assembly domain (PLAD) located
in the N terminus and which is present and conserved in all
poxvirus T2-like proteins. We define a novel dominant-nega-
tive mechanism of viral subversion of TNF-o/TNFR biology.

MATERIALS AND METHODS

Plasmids. The full-length M-T2 ORF was PCR amplified and cloned into
pcDNA3.1myc/his (Invitrogen). pcDNA3-M-T2APLADmyc was constructed by
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PCR amplification of the 5" PLAD-adjacent cDNA spanning the first 54 nucle-
otides cloned into the BamHI and HindIII sites of pcDNA3.1myc/his and PCR
amplification of the 3’ PLAD-adjacent T2 cDNA, beginning at the GGG codon
encoding glycine at nucleotide 166, cloned into the HindIII and Xhol sites of
pcDNA3.Imyc/his. The 5’ pre-PLAD BamHI-HindIII and 3’-post-PLAD
HindIII-XhoI M-T2 fragments were then ligated together into BamHI/Xhol-
digested pcDNA3.1myc/his. pcDNA3-humanTNFR1 and humanTNFR2 were
kindly provided by Chris Benedict (La Jolla Institute for Allergy and Immunol-
ogy, San Diego, Calif.), and pcDNA3-TNFR1-cyan fluorescent protein (CFP)
was generated by Francis Chan and is described elsewhere (8). Full-length
p16INK4a was subcloned into pCMV-myc (Clontech) and was kindly provided
by Helen Rizos (Westmead Millennium Institute, Westmead, Australia).

Viruses and cells. Control virus vMyxlac, T2 knockout virus vMyxT2G, and T2
revertant virus VMyxT2R were described previously (24, 54). Myxoma virus
stocks were grown in BGMK monkey kidney cells (obtained from S. Dales,
University of Western Ontario, London, Ontario, Canada) in Dulbecco’s mod-
ified Eagle’s medium (Gibco BRL) with 10% fetal bovine serum (FBS). Recom-
binant Autographa californica nucleopolyhedrosis virus encoding M-T2 (AcM-
T2) was constructed by insertion of the M-T2 ORF into the BamHI site of the
baculovirus vector, and recombinant baculovirus was propagated in Sf21 cells in
TNM medium with 10% FBS or in SF900-II serum-free medium (Gibco BRL).
The M-T2 ORF from plasmid pMTN-6 (54) was inserted into the Xhol site of
the BMG-neo plasmid and used to generate stable M-T2-expressing human
Jurkat T cells by electroporation with a Gene Pulser II instrument (Bio-Rad) at
250 V and 960 wF capacitance. Multiple Jurkat lines constitutively expressing
M-T2, designated T20-a, T20-11, T2L-4, and T2L-3, were generated by limit-
ing-dilution cloning and expansion in 1 mg/ml G418 (Invitrogen). A BMG-neo
plasmid was used to generate the control G418-resistant line JNeo. Jurkat T cells
and M-T2-expressing Jurkat lines were cultured in RPMI 1640 medium with 10%
FBS; human embryonic kidney (HEK) 293T cells (kindly provided by Grant
Logan, Children’s Medical Research Institute, Westmead, Australia), Vero cells
(originally from the American Type Culture Collection), and U20S human os-
teosarcoma cells (gift from Helen Rizos, Westmead Millennium Institute, West-
mead Australia) were cultured in Dulbecco’s modified Eagle’s medium with 10%
fetal calf serum.

Detection of M-T2 expression in Jurkat cell lines. Jurkat cell RNA, DNA, and
protein extracts were prepared with TRIzol reagent (Invitrogen) according to the
manufacturer’s directions. M-T2-specific oligonucleotide primers were used to
confirm T2 DNA incorporation by PCR and M-T2 mRNA expression by reverse
transcription-PCR. TRIzol protein extracts were precipitated with isopropyl al-
cohol, washed with 0.3 M guanidine hydrochloride in ethanol, and pelleted by
centrifugation at 7,500 X g at 4°C. Secreted M-T2 protein in culture medium was
precipitated with 100 pg/ml sodium deoxycholate in 6% trichloroacetic acid for
1h at 4°C. For controls, BGMK cells were infected with vMyxT2G or vMyxlac at
a multiplicity of infection of 10 and harvested 12 or 24 h postinfection.

M-T2-specific antibody B5. M-T2 protein expressed by the recombinant bac-
ulovirus AcM-T2 was purified from 20 mM Tris HCI (pH 7.5)-dialyzed culture
supernatants with a Hi-trap ion-exchange column (Pharmacia Biotech) equili-
brated with 20 mM Tris HCI (pH 7.5) and eluted with a 0 to 1 M linear NaCl
gradient. M-T2-containing fractions identified by Western immunoblotting were
purified on a Mono-Q column and eluted with a linear 0 to 300 mM NaCl
gradient in 20 mM bis-Tris (pH 6.4). Purified M-T2 protein was emulsified in
Freund’s complete adjuvant and injected intramuscularly into naive New Zeal-
and White rabbits (Riemens Co., St. Agatha, Ontario, Canada) housed at the
Robarts Animal Facility in accordance with approved ethics protocols. Rabbits
were boosted by a second injection of M-T2 in incomplete Freund’s adjuvant and
subsequently euthanized and exsanguinated. Serum containing M-T2-specific
antibody B5 was affinity purified with an M-T2-conjugated cyanogen bromide-
activated Sepharose 4B column (Pharmacia) by standard procedures (20).

Apoptosis assays. Rabbit peripheral blood lymphocytes were isolated from
peripheral blood from a healthy naive New Zealand White laboratory rabbit
(Riemens Co., St. Agatha, Ontario). Rabbit lymphocytes were isolated from
blood by centrifugation over Ficoll-Paque (Amersham Pharmacia Biotech) and
separated into nonadherent lymphocytes or adherent monocytes by adherence to
plastic petri dishes, exactly as described previously (13). The nonadherent cells,
which are primarily lymphocytes, were infected with vMyxlac, vMyxT2G, or
vMyxT2R at a multiplicity of infection of 10. Apoptosis of virus-infected cells was
detected by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) staining with fluorescein isothiocyanate-conjugated
dUTP (Boehringer Mannheim) according to the manufacturer’s instructions and
as described previously (24). Rabbit lymphocytes were judged to be infected by
detecting LacZ expression, staining with 1 mg/ml 5-bromo-4-chloro-3-indolyl-B-
p-galactopyranoside (X-Gal) in dimethylformamide, 5 mM potassium ferricya-
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nide, 5 mM potassium ferrocyanide, and 2 mM MgCl, for 45 min at 37°C and
examining cells by light microscopy to detect blue cells. In this situation, LacZ
expression is an indication of virus infection and replication because it is ex-
pressed by these viruses; the LacZ cDNA has been incorporated into an inter-
genic region of vMyxlac and hence is also present in the vMyxT2G and vMyxT2R
viruses (24).

Jurkat Jneo and M-T2-expressing cell lines were seeded in triplicate, exposed
to various inducers of apoptosis, and then incubated with Annexin-V-Fluos
(Boehringer Mannheim) and propidium iodide (Sigma) and analyzed by flow
cytometry. Specifically, cells were exposed to 10,000 J of UV irradiation, 20 pM
etoposide (VP-16; Sigma), and 10 pM cycloheximide (CHX; Sigma) and ana-
lyzed by flow cytometry. Additionally, cells were cultured in 30 pM cisplatin or
120 pM melphalan (both from Sigma), LZ-humanTRAIL (TNF-a-related apop-
tosis-inducing ligand), LZ-humanFasL, LZ-humanCD40L (all from Immunex),
or recombinant human TNF-a (R&D Systems), and cell death was assessed by
a chromium release assay with a Hewlett-Packard gamma counter. Percent
specific lysis was calculated as x = [(experimental release — minimum release)/
(maximum release — minimum release)] X100. In some assays, the blocking
agents human Fas-Fc, human TRAIL-R2-Fc, and human TNFR1-Fc (Immunex
Corporation) were added.

Flow cytometric measurement of TNFR expression and TNF-« binding. For
surface and intracellular staining, Jurkat cells were incubated for 1 h at 4°C with
5% normal human serum and then incubated with 10 ug of the following
antibodies: mouse immunoglobulin G1 (IgG1) M180 anti-huTRAIL, mouse
IgG1 M271 anti-huTRAILR1, mouse IgG1l M413 anti-huTRAILR2, mouse
IgG1l M430 anti-huTRAILR3, mouse IgGl M444 anti-huTRAILR4, mouse
IgG1 M38 anti-Fas, or isotype control antibody mouse IgG1 M330 anti-RANK
(receptor activator of NFkB) IgG1, which were described previously (12, 18, 43).
Binding of primary antibodies was detected by incubation with biotinylated
F(ab’)2 goat anti-murine IgG (Jackson Laboratories) and avidin-phycoerythrin
(Av-PE; Pharmingen). Jurkat cells and transfected 293T cells were also incu-
bated in PE-conjugated mouse IgG1 (clone 16803.1) anti-human TNFR1, PE-
conjugated mouse IgG2a anti-human TNFR2 (clone 22235), PE-conjugated
mouse IgG1 (clone 11711), or PE-conjugated mouse IgG2a (clone 20102) isotype
control antibodies, according to the manufacturer’s instructions (all from R&D
Systems). For intracellular staining, cells were fixed in 2% paraformaldehyde in
phosphate-buffered saline (PBS) for 10 min at 4°C and stained and washed in
0.1% saponin (Sigma).

For TNF-a binding, HEK 293T cells were transfected with pcDNA3-TNFR1
and either pcDNA3-M-T2myc or pcDNA3-M-T2APLADmyc or with each plas-
mid alone, incubated 24 h later in recombinant human TNF-a (R&D Systems)
for 10 min at 4°C or room temperature, and washed three times in PBS with 5%
fetal calf serum to remove unbound TNF-a. Remaining bound TNF-a was
detected by flow cytometry with anti-human TNF-a—PE antibody (clone 6402.31;
R&D Systems) and compared to staining with isotype control PE-conjugated
mouse IgG1 (clone 11711; R&D Systems). The expression of ectopically ex-
pressed TNFRs in these experiments was also checked by flow cytometry with the
PE-conjugated TNFR-specific antibodies listed above. Cells were analyzed on a
FACScan or FACScalibur flow cytometer (Becton Dickenson), and 10,000 or
30,000 events were collected and analyzed with Cell Quest system software (BD
Biosciences).

Transfection and immunoprecipitation studies. For viability studies, HEK 293T
cells seeded in six-well tissue culture plates were transfected with various combina-
tions of pcDNA3.1myc/his, pcDNA3-M-T2myc/his, pcDNA3-T2APLADmyc/his,
and pcDNA3-TNFRI1, together with pcDNA3-LacZ, by a calcium phosphate trans-
fection method described previously (17). B-Galactosidase activity was quantitated
as follows. Lysates were prepared by three cycles of freezing-thawing on dry ice and
centrifugation at 13,000 rpm for 15 min to remove debris and then incubated with
o-nitrophenyl-B-p-galactopyranoside in 0.1 M MgCl, plus 5 mM B-mercaptoethanol
in 0.1 M sodium phosphate buffer (pH 7.3), and LacZ expression was measured by
absorbance at 415 nm with a Titertek Multiskan plate reader.

For immunoprecipitation studies, HEK 293T cells seeded in 10-cm dishes were
transfected with pcDNA3-TNFR1 or pcDNA3-TNFR2 and either pcDNA3-M-
T2myc, pcDNA3-M-T2APLADmyc, or pcDNA3 (empty vector) and 48 h later
harvested directly into RIPA buffer containing complete protease inhibitors
(Roche). Lysates were precleared with a 50/50 mixture of a protein A and protein
G-Sepharose (Sigma) slurry in PBS. Beads were pelleted by centrifugation, and
supernatants were incubated with protein A/G-Sepharose plus 1 wl of rabbit
anti-human TNFR1 antibody (HS; Santa Cruz) or 1 ul of goat anti-human
TNFR2 antibody (C20; Santa Cruz) and incubated overnight at 4°C with rota-
tion. Beads were washed three times, resuspended in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) reducing sample buffer, and
examined by SDS-PAGE and immunoblotting. Briefly, samples were subjected
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to 12% SDS-PAGE, blotted onto polyvinylidene difluoride membrane (Bio-
Rad), incubated overnight in 10% skim milk in PBS plus 5% Tween 20 to block
nonspecific binding, then incubated with BS anti-M-T2 rabbit serum and biotin-
ylated goat anti-rabbit antibody (Sigma), and developed with 5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside (BCIP)-nitroblue tetrazolium alkaline phos-
phatase substrate (Sigma). Alternatively, lysates were analyzed directly by
immunoblotting with B5 anti-M-T2, HS anti-TNFR1, or C20 anti-TNFR2 anti-
body (Santa Cruz).

M-T2myc and M-T2APLADmyc binding to human and rabbit TNF-a was also
determined by immunoprecipitation. In these experiments, TNF-a binding was
determined by mixing 500 g of total protein from pcDNA3.1, pcDNA3.1-M-
T2myc, and pcDNA3.1-M-T2APLADmyc transfected HEK 293T cells with ly-
sates and supernatants from Vero cells infected with vaccinia viruses (VV)
encoding human or rabbit TNF-«, which have been described previously (39). In
these assays, M-T2myc and M-T2APLADmyc were mixed with anti-c-Myc anti-
body (clone 9E10; Santa Cruz) overnight at 4°C. Antibody-bound M-T2 com-
plexes containing TNF-a were then immunoprecipitated with protein G-Sepha-
rose beads (Upstate) for 1 h. Sepharose beads were washed four times in lysis
buffer containing 0.5% deoxycholate and proteinase inhibitor cocktail (Roche),
and immunoprecipitates were subjected to SDS-PAGE. TNF-a was detected by
Western immunoblotting with the TNF-a-specific antibodies rabbit anti-human
TNF-a (BioSource International) and goat anti-rabbit TNF-« (Fitzgerald Indus-
tries). These antibodies were detected with goat anti-rabbit immunoglobulin and
donkey anti-goat immunoglobulin secondary antibodies, respectively (both from
Jackson Immunoresearch). Immunoblots were visualized with Western Light-
ning chemiluminescence reagent plus (Perkin-Elmer).

Confocal microscopy. Confocal microscopy was performed on U20S cells
seeded onto 13-mm round glass coverslips that were placed in six-well tissue
culture dishes. pcDNA3-TNFR1-CFP and pcDNA3-M-T2myc or pcDNA3-M-
T2APLADmyc transfected U203 cells were fixed in 2% paraformaldehyde at 24 h
posttransfection. M-T2myc and M-T2APLADmyc proteins were detected by
staining with rabbit anti-myc antibody (clone 9E10; Santa Cruz) and then goat
anti-rabbit immunoglobulin Cy3-labeled antibody (Amersham Pharmacia Bio-
tech) in 0.1% saponin-PBS. TNFR1-CFP and T2myc were visualized in U20S
cells with a Leica SP2 confocal microscope with helium neon and argon lasers.
Images were captured with Leica confocal software.

Statistical analysis. Where appropriate, data were analyzed statistically by a
two-tailed Student ¢ test. A P value of <0.05 was considered statistically signif-
icant.

RESULTS

M-T2 protects primary rabbit lymphocytes from virus-in-
duced apoptosis. M-T2 can protect rabbit RL5 CD4* T lym-
phocytes from virus-induced apoptosis (24). In order to deter-
mine whether this is a biologically relevant phenomenon or a
peculiarity of this rabbit cell line, primary rabbit lymphocytes
were examined. Rabbit peripheral blood leukocytes were col-
lected, lymphocytes were separated from monocytes by adher-
ence to plastic, and the nonadherent lymphocytes were in-
fected with the M-T2-deficient vMyxT2G virus or the parental
M-T2-expressing control virus and assessed by flow cytometry
by fluorescein isothiocyanate-dUTP (TUNEL) staining. Infec-
tion with vMyxT2G resulted in an increase in apoptotic cells in
primary blood lymphocytes, in that there were 14% TUNEL-
positive cells in vMyxLac-infected leukocytes, but this was in-
creased to 26% in vMyx-T2G-infected leukocytes at 24 h
postinfection (data not shown). Primary rabbit lymphocytes
were judged to be infected because approximately 70% of
rabbit lymphocytes were expressing LacZ, which is encoded by
these viruses (data not shown). Thus, M-T2 inhibits apoptosis
of primary rabbit blood lymphocytes (data not shown), not just
that of the transformed rabbit RL5 T-cell line (24).

Expression of M-T2 from stably transfected Jurkat clones.
Myxoma virus encodes a number of gene products that can
inhibit apoptosis (for a review, see reference 31). In order to
characterize the antiapoptotic properties of M-T2 in lympho-
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cytes and to circumvent the limitations of secreted M-T2’s
ability to neutralize only rabbit TNF-« and not human TNF-a
(38), we expressed M-T2 in human Jurkat T cells in the ab-
sence of virus infection. Human CD4" Jurkat T-cell clones
T20-a, T20-11, T2L-4, and T2L-3 were generated and found
to express M-T2-specific mRNA (data not shown). M-T2 pro-
tein was judged to be properly synthesized in each of these
lines, as both lysates and culture supernatants contained the
55-kDa M-T2 protein (Fig. 1A and data not shown). No M-T2
protein was present in Jneo control cells (Fig. 1A). Since the
intracellular form of M-T2 was required for protection against
apoptosis (24), the relative amount of intracellular M-T2 ex-
pressed by the Jurkat clones was quantitated by immunoblot-
ting and densitometry. Jurkat clone T20-a expressed the high-
est level of intracellular M-T2, followed by Jurkat clone
T20-11 and then clones T2L-4 and T2L-3 (Fig. 1A). Thus,
M-T2 was efficiently expressed in human Jurkat lymphocytes in
the absence of virus infection and without DNA codon opti-
mization. Importantly, detection of M-T2 protein in both ly-
sates and supernatants of the Jurkat clones is completely anal-
ogous to the normal expression of M-T2 or S-T2 during virus
infection or when expressed via plasmid transfection in rabbit
RK13 fibroblasts (2, 53; L. Sedger, unpublished data).

M-T2 inhibits TNF-«-mediated apoptosis. Next, we investi-
gated whether Jurkat T cells expressing M-T2 are more resis-
tant to apoptosis induced by different stimuli. To determine
whether M-T2 blocks UV-induced apoptosis, control Jneo
Jurkat cells and M-T2-expressing Jurkat cells were exposed to
10,000 J of UV irradiation, which induced 32% of the Jneo
cells tested to undergo apoptosis (Fig. 1A). In contrast, only
9% of Jurkat T20-a cells, 14% of Jurkat T20-11 cells, 16% of
Jurkat T2L-4 cells, and 22% of Jurkat T2L-3 cells underwent
apoptosis after UV irradiation (Fig. 1A). In order to determine
whether M-T2 also protects Jurkat T cells against other induc-
ers of apoptosis, these cells were tested for sensitivity to eto-
poside (VP-16) and CHX. All M-T2-expressing Jurkat cells
were more resistant to VP-16- and CHX-induced apoptosis
compared to Jneo control cells, and the cells that had the
highest M-T2 expression (T20-a) also exhibited the greatest
resistance (Fig. 1A). M-T2-expressing Jurkat T-cell clones
were also tested for sensitivity to the UV-mimetic agents cis-
platin and melphalan. Death induced by these agents is much
slower, and hence, 24-h and 48-h >'Cr release assays were used
to measure apoptosis. However, Jurkat lines expressing M-T2
were not more resistant to these cytotoxic agents than Jneo
control cells (data not shown). Together, these data indicate
that M-T2 expressed in the absence of myxoma virus infection
induced resistance to UV irradiation-, VP-16-, and CHX-in-
duced cell death but not cisplatin- or melphalan-induced cell
death.

UV irradiation is known to induce TNF-a production and
also increase the expression and aggregation of TNFR in ke-
ratinocytes and other cell lines (3, 23, 50), whereas the UV-
mimetic agents cisplatin and melphalan do not (46). Moreover,
caspase-8~/~ cell lines are reportedly more resistant to apop-
tosis induced by both UV irradiation and etoposide (22).
Therefore, M-T2-expressing Jurkat clones were tested for the
ability to resist apoptosis induced by TNF-a and other caspase-
8-sensitive death receptor-binding cytokines TRAIL and FasL.
Recombinant human TNF-a, LZ-TRAIL, LZ-FasL, and LZ-
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FIG. 1. Expression of M-T2 in stably transfected Jurkat T-cell lines and susceptibility to apoptosis. (A) M-T2 expression in stably transfected
Jurkat T-cell clones T20-a, T20-11, T2L-4, T2L-3, and Jneo analyzed by Western immunoblotting and densitometry. Percent apoptosis induced
in M-T2-expressing and control Jurkat T cells after exposure to 10,000 J of UV irradiation, 20 wM etoposide (VP-16), and 10 puM CHX for 8 h.
Data shown are means * standard deviations and are representative of replicate experiments. (B) Susceptibility of Jneo (unfilled squares) and
M-T2-expressing Jurkat T cells (filled symbols) after 8 h of culture in LZ-TRAIL, LZ-FasL, LZ-CD40L (control), or recombinant human TNF-a.
Data are means * standard errors of the means, which were =5%, and error bars have been omitted for clarity. (C) Flow cytometry analysis of
death receptor expression in Jurkat T-cell clones. Histograms show death receptor expression on the control Jneo Jurkat line (solid lines), both
at the cell surface and intracellularly, relative to staining with isotype control antibodies (filled histograms). Death receptors on M-T2-expressing
Jurkat lines T20-a (dots), T20-11 (spaced dots), T2L-4 (small dashes), and T2L-3 (large dashes) are overlaid with control Jneo cells (solid lines).

CD40 (control) were used because they induce ligand-medi-
ated receptor-specific signaling (56). In an 8- or 18-h >'Cr
release assay, all M-T2-expressing Jurkat clones were signifi-
cantly more resistant to TNF-a-mediated death compared to
control Jneo cells (Fig. 1B and data not shown), but they were
not more resistant or susceptible to LZ-FasL or LZ-TRAIL,
and as expected, there was no proapoptotic effect by the con-
trol reagent LZ-CD40L (Fig. 1B). Thus, M-T2 expression con-
ferred specific protection from human TNF-o-mediated cell
death, which is consistent with resistance to UV, etoposide,
and CHX, which inhibit the synthesis of antiapoptotic proteins
such as inhibitors of apoptosis.

Ectopic expression of M-T2 does not alter the expression of
TNFR, Fas, or TRAIL receptors. The finding that M-T2-ex-
pressing Jurkat clones were more resistant to human TNF-«
was surprising because secreted M-T2 binds to and inhibits
only rabbit TNF-a and not human TNF-a (38). Thus, we rea-
soned that forced expression of M-T2 might have influenced
TNFR expression on Jurkat cell lines, potentially explaining
these results. Therefore, death receptor-specific monoclonal
antibodies and flow cytometry were used to assess TNFR fam-
ily molecule expression levels on control Jneo cells and M-T2-
expressing Jurkat lines T2-Oa, T20-11, T2-L3, and T2-L3.
First, Jneo cells were assessed and found to express detectable
surface levels of Fas but only low levels of surface TRAIL-R2
and TNFRI1 and no surface TRAIL, TRAIL-R1, TRAIL-R3,
TRAIL-R4, or TNFR2 relative to staining with isotype control

antibodies. All M-T2-expressing Jurkat cells expressed essen-
tially similar levels of these molecules at the cell surface, with
only a very minimal reduction in surface TNFR1 (Fig. 1C). The
intracellular levels of death receptors found in each of these
cell lines were also assessed with permeabilized cells; however,
none of these molecules, including TNFR1 and TNFR2, were
significantly altered in M-T2-expressing Jurkat lines (Fig. 1C).
Thus, M-T2 expression did not significantly alter surface or
intracellular TNFR molecule expression levels.

Poxvirus T2 ORFs contain a highly conserved PLAD. The
N-terminal cysteine-rich repeat domain (CRD)-containing re-
gion of the myxoma virus and S-T2 ORFs are highly similar to
human TNFR (41), and previous mutational studies had indi-
cated that the N-terminal region of M-T2 contains distinct
domains responsible for TNF-a binding and inhibition of virus-
induced apoptosis (40). Further analysis of the first 200 N-
terminal amino acids of the M-T2 and S-T2 proteins and hu-
man TNFR1 and TNFR?2 identified a highly conserved region
in M-T2 and S-T2 which resides within the first CRD (8) and
has clear homology to the PLAD of human TNFRs (Fig. 2).
The human TNFR PLAD is important in conferring a confor-
mation change in the structure of TNFRs and allows TNFR
self-association prior to ligand binding and signaling (8). As
such, the PLAD is required for signaling competency. This
VvPLAD is present in all poxvirus T2-like molecules: myxoma
virus M-T2 (Lausanne strain; accession no. NC_001132) (7),
Shope fibroma virus S-T2 (Kasza strain; accession no.
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end of PLAD end of CRD1

FIG. 2. Poxvirus T2-like molecules contain a conserved PLAD. Sequence similarity analysis of the N-terminal region of the myxoma virus
(MV), Shope fibroma virus (SFV), VV strain Lister and Copenhagen, camelpox virus (CMLV), variola major virus strain Bangladesh (VAR bsh
major), variola minor virus strain Garcia (VAR gar minor), monkeypox virus (MPV), and ectromelia virus (EV) T2 ORFs and human TNFR1 and
TNFR2 reveals a highly conserved PLAD that overlaps the first CRD. Identical amino acids (bold) and conserved amino acid differences (gray)

are indicated.

NC_001266) (57), camelpoxvirus CMLV002 and CMLV210
(Kazakhstan M-96 strain; accession no. NC_003391) (1), var-
iola minor virus G2R (strain Garcia; accession no. Y16780)
(45), variola major virus G2R (strain Bangladesh-1975; acces-
sion no. L.22579) (26), monkeypox virus J2L (strain Zaire 96-
1-16; accession no. NC_003310) (44), ectromelia virus CrmD
(strain Moscow; accession no. NC_004105) (9), and even the
fragmented T2-like ORFs in VV (strains Lister; accession no.
U86871 [V. N. Lopareyv, J. M. Parsons, and J. J. Esposito, unpub-
lished data], and Copenhagen; accession no. NC_001559) (16)
(Fig. 2). In fact, there is 22 to 37% amino acid identity and 27 to
47% amino acid similarity between human TNFR1 and TNFR2
PLAD/CDRI1 and the vVPLAD present in poxvirus T2-like ORFs
(Fig. 2 and data not shown). Hence, all known viral T2 family
ORFs contain a highly conserved vPLAD that overlaps the first
CRD in viral and cellular TNFR molecules.

M-T2 inhibits TNFR1-mediated apoptosis acting via its con-
served VPLAD. Because M-T2 specifically inhibited Jurkat T
cells from human TNF-a-mediated apoptosis (Fig. 1B) and
since secreted M-T2 does not bind or inhibit human TNF-a
(38) nor influence endogenous human TNFR expression levels
(Fig. 1C), we hypothesized that M-T2 functions as a dominant-
negative TNFR inhibitor molecule (31, 41). To determine
whether M-T2 specifically inhibits TNFR1-induced death and
the relative importance of this VPLAD, a series of cotransfec-
tion experiments were performed with full-length M-T2 or a
T2 mutant in which the vVPLAD was deleted (M-T2APLAD).
Plasmid pcDNA3-M-T2myc, pcDNA3-M-T2APLADmyc, or
pcDNA3 was cotransfected with pcDNA3-TNFR1 and
pcDNA3-LacZ, and TNFR-induced cell death was assayed by
measuring P-galactosidase activity in surviving HEK 293T
cells. Overexpression of TNFR1 alone (or with an empty con-
trol plasmid) induced significant cell death (P = 0.001) com-
pared to pcDNA3, and most cells appeared rounded and be-
came detached from the culture dish. In contrast, expression of
full-length M-T2myc significantly inhibited TNFR1-induced
HEK 293T cell death (P = 0.001) (Fig. 3 and data not shown).
In all T2-cotransfected cultures, 293T cells appeared healthy,
as judged by phase-contrast microscopy (data not shown). In
contrast, M-T2APLADmyc did not protect 293T cells from
TNFRI1-induced death, and in fact, M-T2APLADmyc con-
ferred increased sensitivity to TNFR1-induced death (P =
0.01) for reasons that are unclear (Fig. 3). As expected, both

M-T2myc and M-T2APLADmyc proteins were detected in
transfected 293T cells (Fig. 3, insert), and interestingly,
M-T2myc also inhibited transfection-induced HEK 293T cell
death (Fig. 3), perhaps implying that the transfection proce-
dure itself induces TNF-a and/or TNFR-mediated cell death.
Moreover, S-T2 similarly inhibited human TNFR1-induced
cell death even in the presence of saturating amounts of puri-
fied human TNFR1-Fc, which was added to the culture super-
natants to sequester any possible production of transfection-
induced TNF-a (data not shown). Thus, leporipoxvirus T2
proteins inhibit human TNFR1-induced death in vitro, and for
M-T2, this activity requires an intact vVPLAD.

M-T2 physically associates with TNFR1 and TNFR2. Due to
the highly conserved N-terminal region of leporipoxvirus T2
with human cellular TNFRs (41), we hypothesized that M-T2
inhibited TNFR signaling by directly interacting with TNFRs
themselves, forming an inhibitory heterocomplex (31, 41). To
determine whether M-T2 specifically interacts with human TN-
FRs, cotransfections were again performed and TNFR1 or

pcDNA3

MT2APLAD

MT2
TNF-R1+MT2APLAD
TNF-R1+MT2
TNF-R1+pcDNA3

TNF-R1

T T
0.4 0.6
Absorbance (415 nm)

FIG. 3. T2 protects against TNFR1-induced cell death. Survival of
HEK 293T cells 48 h posttransfection with pcDNA3-TNFR1 and
pcDNA3-M-T2myc or pcDNA3-M-T2APLADmyc together with LacZ,
and other control plasmids, as indicated. Viability was determined by
measuring -galactosidase activity in surviving cells. Data shown are
means * the standard errors of the means of triplicate transfections, each
measured in quadruplicate, and are representative of repeated assays. An
asterisk indicates a statistically significant difference (P < 0.05). (Insert)
Western immunoblot detection of M-T2myc and M-T2APLADmyc in
transfected HEK 293T cells.
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FIG. 4. Immunoprecipitation analysis of M-T2 and TNFR. HEK
293T cells were cotransfected with pcDNA3-TNFR1 or pcDNA3-
TNFR2 and either pcDNA3-M-T2myc, pcDNA3-T2APLADmyc, or
pcDNA3-LacZ. TNFR1 was immunoprecipitated with anti-TNFR1-
specific HS antibody, TNFR2 was immunoprecipitated with TNFR2-
specific C20 antibody, and TNFR-associated M-T2 was detected with
anti-M-T2 BS antibody. IP, immunoprecipitation; WB, Western im-
munoblotting.

TNFR2 was immunoprecipitated and examined for the pres-
ence of associated M-T2myc or M-T2APLADmyc protein. An-
tibodies specific to either TNFR1 or TNFR2 bound to a TNFR
complex that contained M-T2myc (Fig. 4). In contrast, the T2
mutein T2APLADmyc interacted considerably less well and
not at all with TNFR1 and TNFR2, respectively (Fig. 4). Anal-
ogous experiments also demonstrated that S-T2 physically as-
sociates with human TNFRs (data not shown). Taken together,
these data indicate that leporipoxvirus T2 physically associates
with human TNFR1 and TNFR2 and that the interaction
largely requires the presence of the vPLAD.

Intracellular localization of the M-T2-TNFR1 complex. To
determine where M-T2 physically associates with TNFRs, we
examined TNFR and T2 expression by confocal microscopy.
For this, the TNFR1-CPF and M-T2myc or M-T2APLADmyc
proteins were coexpressed by transfection into U20S human
osteosarcoma cells and examined for CFP (TNFR1) expres-
sion and M-T2myc expression with a Cy3-tagged anti-myc an-
tibody. TNFR1-CFP was clearly detectable intracellularly in a
compartment resembling the Golgi apparatus, which is consis-
tent with the fact that most TNFR1 protein is found in intra-
cellular compartments within cells and specifically in the trans-
Golgi (21). Although M-T2 was historically described as a
secreted protein (54), it was clearly detectable within lysates
from virus-infected cells or cDNA-transfected 293T cells (Fig.
3 and data not shown), and confocal-microscopy examination
demonstrated that M-T2myc and M-T2APLADmyc are
abundantly present intracellularly in transfected U20S cells
(Fig. 5 and data not shown). Furthermore, M-T2myc and
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FIG. 5. Intracellular localization of the M-T2-TNFR1 complex.
Confocal-microscope detection of human TNFR1-CFP, M-T2myc
(Cy3), or pl6INKmyc (Cy3) in cotransfected U20S cells. Cells were
fixed with 2% paraformaldehyde, permeabilized in 0.1% saponin,
stained, and examined at 24 h posttransfection with a Leica SP2 con-
focal microscope. Shown are CFP fluorescence, Cy3 fluorescence, and
merged images of both. Results are representative of repeated
experiments.

M-T2APLADmyc clearly colocalized with TNFR1-CFP within
intracellular compartments (Fig. 5, merge panels). For control
purposes, U20S cells were also cotransfected with pcDNA3-
TNFR1-CPF and pCMV-pl6INK4a. pl6INK is found as a
diffuse cytoplasmic protein (34), and although both p16INK
and TNFR1-CFP are clearly expressed, pl6INK does not
colocalize with TNFR1-CFP (Fig. 5, merge panel). Hence,
M-T2’s inhibition of TNFR1-induced cell death occurs by vir-
tue of its association with TNFRI1, and these proteins are
clearly found localized together within cells.

Cell-associated M-T2 and TNF-« binding. Finally, we tested
whether the presence of cell-associated M-T2 impeded the
binding of human TNF-a. For this, HEK 293T cells were
transfected with TNFR1 and M-T2myc or M-T2APLADmyc or
with TNFR2 and M-T2myc or M-T2APLADmyc and 24 h
later, incubated with recombinant human TNF-« for 10 min at
4°C. Bound TNF-a was then detected by flow cytometry. Cell
surface-bound TNF-a was detectable at equal levels in cells
expressing TNFR1, TNFR1 and M-T2myc, or TNFR1 and
M-T2APLADmyc (Fig. 6A). Surface TNF-a binding was also
unaltered in 293T cells expressing TNFR2, TNFR2 and
M-T2myc, or TNFR2 and M-T2APLADmyc (Fig. 6A). Impor-
tantly, TNFR1 is only present at low levels at the cell surface
compared to TNFR2, which is abundantly present after trans-
fection (Fig. 6A). Therefore, at least for TNFR1-expressing
cells, TNF-a binding is likely to have reached saturation, and
hence coexpression of M-T2 does not impinge on human
TNF-a binding to this receptor. However, in order to accu-
rately interpret these data we investigated whether M-T2myc is
detectable at the cell surface. Confocal-microscopic examina-
tion of U20S cells transfected with TNFR1-CPF and M-T2myc
clearly detected M-T2myc at the cell surface, that is, on un-
permeabilized cells, but it is uncertain whether M-T2myc and
TNFR1-CFP colocalize at the cell surface, because all intra-
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FIG. 6. Cell-associated M-T2 and TNF-a-binding. (A) Flow cytom-
etry analysis of human TNF-a binding to the surface of HEK 293T
cells transfected with TNFR1, TNFR1 plus M-T2myc, or TNFR1 plus
M-T2APLADmyc (top row) or with TNFR2, TNFR2 plus M-T2myc,
or TNFR2 plus M-T2APLADmyc (second row) at 24 h posttransfec-
tion. Shown is the surface fluorescence of bound TNF-q, detected with
anti-human TNF-a—-PE antibody, after 10 min of culture with (red,
unfilled histograms) or without (black, unfilled histograms) recombi-
nant human TNF-a. Isotype control staining (filled histograms) and
surface expression levels of TNFR1 and TNFR2 24 h after transfection
are also shown, as are overlays of TNF-a staining in each transfec-
tion (orange, TNFR; green, TNFR plus M-T2; blue, TNFR plus
M-T2APLAD). Data shown are representative of independently re-
peated experiments. (B) Surface detection of TNFRI1-CFP and
M-T2myc protein at 24 h posttransfection on unpermeabilized U20S
cells (TNFR1-CFP, M-T2myc [Cy3], and merged images of both).
(C) Cell-associated M-T2myc and M-T2APLADmyc binding to rabbit
TNF-a. M-T2myc- and M-T2APLADmyc-containing HEK 293T trans-
fected-cell lysates were mixed with Vero cell lysates containing rabbit
TNF-a expressed by recombinant VV. M-T2myc-bound rabbit TNF-«
was detected by immunoprecipitation (IP) with anti-myc antibody and
Western immunoblotting (WB) with rabbit TNF-a-specific antibody
(as indicated). Expression of M-T2, M-T2APLAD, and rabbit TNF-a
was confirmed by Western immunoblotting.

WE: anti-Rabbit TNFo

cellular CFP-labeled TNFR1 protein is detected in this assay
(Fig. 6B). Hence, M-T2 is detectable at the cell surface but
does not interfere with human TNF-a binding to human
TNFR1 or human TNFR2 (Fig. 6A and B). Moreover, that
TNF-a binding is unaltered in HEK 293T cells expressing
M-T2myc alone (data not shown) or M-T2 plus TNFRI1 or
M-T2 plus TNFR2 (Fig. 6A) implies that cell-associated
M-T2myc does not itself bind human TNF-a. To confirm that
cell-associated M-T2 only binds rabbit TNF-a, we performed
a mixing experiment in which lysates from pcDNA3-M-
T2myc and pcDNA3-M-T2APLADmyc transfected 293T cells
were combined with lysates from Vero cells infected with re-
combinant VV encoding VV-rabbit TNF-a or VV-human
TNF-a. In these experiments, immunoprecipitated M-T2myc
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and M-T2APLADmyc bound rabbit TNF-a, as expected (Fig.
6C), but human TNF-a was not detected in complex with immu-
noprecipitated M-T2myc or M-T2APLADmyc (data not shown).
This is consistent with our previous reports that secreted M-T2
binds TNF-« in a species-specific manner; that is, it binds rabbit
TNF-o but not mouse or human TNF-a (38, 39). Furthermore,
these results confirm our previous findings that the TNF-a-bind-
ing and antiapoptotic functions of M-T2 are conferred by differ-
ent domains, both within the N-terminal TNFR-homologous re-
gion of M-T2 (37, 40, 41). Taken together, these data indicate that
M-T2 is a bone fide antiapoptotic protein that acts by virtue of its
ability to physically associate with cellular TNFRs in intracellular
compartments and through its highly conserved vPLAD. Thus,
cell-associated M-T2 inhibits TNF-a and TNFR1 signaling in a
species nonspecific manner by forming a dominant-negative in-
tracellular receptor complex, and this is independent of secreted
M-T2’s documented ability to bind and inhibit soluble TNF-q,
which is species specific.

DISCUSSION

We have demonstrated that leporipoxvirus M-T2, a viral
TNFR homologue, is a genuine antiapoptotic factor that can
inhibit human TNFR1-mediated apoptosis independently of its
known ability to bind rabbit TNF-«, and in the absence of any
other myxoma virus protein. Moreover, we demonstrated that the
ability of M-T2 to inhibit TNFR1-induced cell death is dependent
on an N-terminal PLAD-homologous domain within T2 (vP-
LAD) and involves the formation of an intracellular TNFR-
M-T2 heterocomplex. This complex appears to work by prevent-
ing TNFR signaling rather than by impeding TNF-a binding
to cellular TNFRs at the cell surface.

Although it is clear that poxviruses have evolved multiple
strategies to prevent apoptosis, including the specific ability to
inhibit secreted TNF-a (39, 54), we have described a mecha-
nism of viral inhibition of TNFR-mediated apoptosis that ap-
pears to be unique (42). It is different mechanistically from the
actions of the myxoma virus ubiquitin ligase M153R gene
product that down-regulates Fas from the surface of infected
cells (19, 25), and unlike the adenovirus receptor internaliza-
tion domain (RID) proteins that specifically interact with Fas,
TNFRs, and TRAIL-Rs, forcing their internalization and deg-
radation (15, 47, 51, 52). Moreover, there are no similarities to
other previously described antiapoptotic strategies utilized by
lymphotropic viruses (27). Although the papillomavirus E6
protein can specifically inhibit TNFR signaling without de-
creasing surface TNFR expression (14), there are no func-
tional or amino acid sequence similarities between T2 and E6.
Thus, these proteins appear to act via distinctly different mech-
anisms: papillomavirus E6 inhibits apoptosis by binding to the
intracellular region of human TNFR, preventing the associa-
tion of TRADD and FADD (14), while M-T2 acts via its
N-terminal vVPLAD to form a dominant-inhibitory T2-TNFR
complex (Fig. 3 and 4). Furthermore, the ability of M-T2 to
inhibit human TNF-a function by preventing cellular TNFR
signaling while not impeding TNF-« binding to cellular TNFRs
(Fig. 6) highlights how this mechanism of subverting TNF-a
prevents any potential exacerbation of immunopathological
effects of TNF-a. Indeed, because the cellular TNFRs can still
bind human TNF-« there is not likely to be an increase in
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FIG. 7. Secondary structural predictions of M-T2 and TNFR.
Structural data from human TNFRI1 (green) were used to generate a
predicted secondary structure for the N-terminal region of M-T2
(blue). Identical residues were given the same structural constraints as
in TNFR1, but nonidentical residues were weighted less stringently.
Panels: i, TNF-B bound to a parallel TNFR1:M-T2 dimer; ii, TNFR1
and M-T2AL113 mutein in parallel dimer conformation; iii, M-T2
dimer and M-T2:TNFR1 heterodimer in antiparallel conformation; iv,
M-T2AL113 dimer in antiparallel conformation.

bioavailable TNF-a which might otherwise affect neighboring
uninfected cells or act systemically. Thus, the ability of M-T2 to
specifically inhibit human TNFR function indicates its ability
to indirectly limit human TNF-a. In this sense, M-T2 vPLAD
confers intracellular M-T2 with a potent species nonspecific
inhibitory activity against both TNF-a and TNFR, while se-
creted M-T2 inhibits only soluble TNF-a and acts in a strictly
species-specific manner (38). Therefore, M-T2 is a “dominant-
negative” inhibitor that appears to be acting in a manner some-
what similar to that recently ascribed to TRAIL-R4 PLAD in
inhibiting TRAIL-R2-mediated cell death (10).

Modeling of a predicted secondary structure of M-T2 to-
gether with the known secondary structure of TNFRs (30)
illustrates how M-T2 might exert its TNFR-inhibitory activity
(Fig. 7). These modeling predictions suggest that the N-termi-
nal TNFR-homologous region of M-T2 is structurally similar
to the N-terminal regions of human TNFRs (Fig. 7). This is
consistent with the predicted secondary structures of the N-
terminal regions of other TNFR superfamily molecules which
are also remarkably similar (32). Because the extracellular
regions of TNFRs have been found as parallel and antiparallel
dimers (30), it is possible that T2 can form heterocomplexes in
either of these conformations. The antiparallel conformation is
found under low-pH conditions, which are thought to mimic
the environment in intracellular compartments. The modeling
predictions indicate that antiparallel T2-TNFR heterocom-
plexes would share considerably more surface interface than a
parallel T2-TNFR heterocomplex (Fig. 7) and thus predicts
that M-T2 occurs in an antiparallel conformation with cellular
TNFR within intracellular vesicles, where we find these mole-
cules colocalized (Fig. 5). However, this model also potentially
explains how even the most severely truncated M-T2 protein,
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T2AL113 (which we described previously [40, 41]), retains its
antiapoptotic function, as it likely retains a strong propensity to
stably associate with TNFR in an antiparallel, apoptotic sig-
naling-incompetent conformation (Fig. 7). These modeling
predictions are consistent with our experimental data, but fur-
ther experiments, such as with FRET technology and C- and
N-tagged proteins, are needed to confirm these hypotheses.
Nevertheless, our data clearly suggest that when bound to
M-T2, TNFRs are in a conformation that is nonconducive to
death signaling. TNFR1 transduces a number of other signal-
ing pathways in addition to caspase-mediated apoptotic signal-
ing; TNFRI1 can transduce activation of NFkB, Jun, and MAP
kinase, and TNFRI1 induces neutral and acid sphingomyelin-
ase, resulting in the production of ceramide (55). Recent evi-
dence suggests that these pathways appear to be tightly regu-
lated by TNFR internalization (36). Our data indicate that
M-T2 prevents TNFR1-induced apoptotic signaling from in-
tracellular locations, and in this regard it will be interesting to
determine whether M-T2 affects the recruitment of particular
TNFRI1-association proteins and hence other TNFR1 signaling
pathways.

It is clear that apoptosis is an innate response to virus in-
fection, and in many situations this necessitates that viruses
express multiple antiapoptotic proteins in order to maintain
cellular viability for long enough periods to sustain productive
virus replication in different cell types (31). Apoptosis of virus-
infected parenchymal cells can dramatically influence the virus
burden, and apoptosis of virus-infected lymphocytes is thought
to be a key event controlling the dissemination of lymphotropic
virus in vivo. However, in many cases the trigger(s) that ini-
tiates virus-induced apoptosis has not been defined. We have
demonstrated that M-T2 protects against virus-induced lym-
phocyte apoptosis (24) and specifically inhibits TNFR1-medi-
ated cell death. The fact that viruses encode proteins that act
to subvert nearly all aspects of TNFR signaling (5, 6, 42)
emphasizes the importance of the TNF-o/TNFR axis in anti-
viral immunity and virus-host interactions. Indeed, it is par-
ticularly noteworthy that there is virtually no detectable
alteration in gene expression of TNFR or TNFR signaling
molecules in variola virus (smallpox virus)-infected cells, which
strongly implies that variola virus employs a nontranscriptional
and nontranslational strategy to inhibit these pathways (35).
We have identified a VPLAD within all poxvirus T2-like
VvINFR ORFs and demonstrated that it is required for M-T2’s
inhibition of TNFR-induced death without altering TNFR ex-
pression levels. Given that the vPLAD is also present within
variola virus G2R, these T2-like proteins are prime candidates
for mediating variola virus’s subversion of the TNFR axis. It is
unknown whether other vINFR molecules, such as the poxvi-
rus CrmB, -C, -D, and -E proteins, vCD30, and human cyto-
megalovirus UL144, act in an analogous manner to M-T2 by
forming inhibitory complexes with their cellular homologues
TNFR, LTBR, CD30, and HVEM, but this can easily be tested.
Finally, the demonstrated role of N-terminal vPLAD as critical
for the inhibition of TNFR signaling confirms that this is a
functional region within the ectodomain of TNFRs that regu-
lates TNFR biology, and notably, it is distinct from the ligand-
binding domain which resides within CRD2 and CRD3 (8, 41,
42). The M-T2 vPLAD spans amino acids 18 to 52, which lies
within CRD1, and this is entirely analogous to the situation
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already demonstrated for PLAD in human TNFR and Fas
receptors (11, 48). Furthermore, for Fas, dominant interfering
mutations are only effective when this N-terminal PLAD of
CRD1 is intact (48). Finally, targeting cellular PLAD function
by recombinant protein mimotopes or humanized monoclonal
antibodies is likely to be efficacious clinically in any disease in
which anti-TNF-a-based therapies are currently used, and in
fact, cellular “PLAD-only” proteins have recently been dem-
onstrated to have clinical efficacy in murine models of exper-
imental inflammatory arthritis (11). Therefore, this study not
only defines a novel mechanism of viral subversion of TNF-o/
TNFR biology, but it also substantiates the targeting the
TNFR PLAD in the development of the next generation of
anti-TNF-o/TNFR-based therapeutics.
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