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Viruses and the TNF-related cytokines, an evolving battle
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Abstract

Tumor necrosis factor (TNF)-related cytokines are critical effector molecules in the immune response to viral pathogens. Engagement of
the TNF receptors by their cognate ligands activates apoptotic and non-apoptotic signaling pathways, both of which can mediate antiviral
activity. In response, viruses have evolved mechanisms to inhibit signaling by some cytokines of the TNF superfamily. These strategies
are largely unique to each class of virus, but are similar in that they all target key regulatory checkpoints of the TNF pathway. In recent
years, studies directed towards dissecting the mechanisms of TNF signaling and the viral retort have led to several significant discoveries,
and form the basis for this review.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Signaling by the tumor necrosis factor (TNF)-related
cytokines contributes to the immune response against for-
eign pathogens through various mechanisms including
the formation of secondary and tertiary lymphoid tissues,
promoting NK and lymphocyte differentiation and acting
as direct effector molecules in host defense[1]. Conse-
quently, TNF-family ligands impose significant pressure
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upon viruses to evolve counterstrategies in order to com-
plete their replication cycle, or in the case of persistent
viruses such as the herpesviruses, to establish a lifelong in-
fection. The advances in our understanding made in recent
years dissecting the molecular mechanisms of TNF recep-
tor (TNFR) signaling has in turn led to the identification
of a multitude of viral proteins that regulate this pathway.
Viruses target virtually every step of TNF signaling from
expression, to inhibition of ligand–receptor binding, to the
modulation of downstream signaling pathways[2], and sev-
eral examples of convergent evolution directed towards key
regulatory checkpoints of the cellular apoptotic machinery
exist.
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2. The TNF superfamily

The role of TNF-family ligands in modulating vari-
ous developmental processes and immune responses can
largely be attributed to the ability of these cytokines to
regulate cell death and survival. TNF-related cytokines
are type II transmembrane glycoproteins that signal via
their cognate receptors, which are single transmembrane
domain glycoproteins. The trimeric structure of the ligand
clusters receptors, initiating signal transduction. Signal-

Fig. 1. Viral inhibition of death receptor signaling. Viruses have evolved strategies to target virtually every level of death receptor signaling. Secreted
orthologues of TNFR-2 and CD30 are encoded by poxviruses, and can bind their respective ligands in the extracellular space. Adenoviral E3 region
proteins can mediate Fas, TRAIL-R1 and TRAIL-R2 downregulation from the cell surface, desensitizing cells to apoptosis. HPV proteins E5 and E6 and
HCV NS5A alter TNFR DISC formation by competing for or directly binding to TRADD. The viral FLIPs (vFLIPs) encoded by several�-herpesviruses
and MCV can interact directly with FADD and caspase-8. Cowpox CrmA inhibits activation of caspase-8 and caspase-1, and vICA of HCMV blocks
activation of caspase-8. The death receptor pathway can cross-talk with the mitochondrion death pathway through cleavage of Bid to tBid by caspase-8.
Viral Bcl-2 orthologues (vBcl-2) can inhibit mitochondrion-dependent apoptosis, and vMIA of HCMV may function by a similar mechanism. A viral
IAP (vIAP) orthologue exists in African swine fever virus.

ing by the TNFRs can be generally subdivided into two
pathways, induction of apoptosis by those receptors that
encode a cytoplasmic death domain (DD), and promo-
tion of inflammation and/or cell survival through TNF
receptor-associated factor (TRAF) adaptors that propagate
signals leading to the activation of transcription factors
and gene induction. Importantly, these signaling pathways
are not mutually exclusive, and several of the DD encod-
ing receptors activate both proapoptotic and cell survival
pathways.



C.A. Benedict / Cytokine & Growth Factor Reviews 14 (2003) 349–357 351

2.1. Apoptotic signaling by TNFRs

The DD-containing receptors (including Fas, TNF-related
apoptosis inducing ligand (TRAIL)-receptor 1 (TRAIL-R1)
and TRAIL-R2, and TNFR-1) initiate apoptosis following
ligand binding through the recruitment of adaptor proteins
and procaspases (cysteine-based aspartate-directed pro-
teases) to the plasma membrane to form the death inducing
signaling complex (DISC) (seeFig. 1). This recruitment
occurs through protein–protein interactions mediated by
homologous, modular domains that include DD, death ef-
fector domains (DEDs) and caspase recruitment domains
(CARDs) [3]. Upon formation of the DISC, the proxi-
mal positioning of procaspase-8 and/or procaspase-10 (the
‘initiator’ caspases) in the DISC is thought to lead to
autocatalysis and conversion to an active enzyme. Acti-
vated caspase-8 or caspase-10 can then directly convert
procaspase-3 (an ‘executioner’ caspase) to its active form,
completing the initiation phase of the pathway[4]. Death
receptor-initiated apoptosis is commonly referred to as the
‘extrinsic’ pathway, and contrasts with the ‘intrinsic’ cell
death pathway, which senses the general metabolic sta-
tus of the cell and is dependent upon signals propagated
through the mitochondria. However, it is likely that there
is cross-talk between the extrinsic and intrinsic cell death
pathways through death receptor-induced cleavage of the
proapoptotic Bcl-2 family member Bid[5,6].

2.2. Non-apoptotic TNFR signals

The second, non-apoptotic, TNFR signaling pathway
involves the recruitment of TRAFs and/or kinases (e.g. re-
ceptor interacting protein (RIP)) to the receptor following
ligand binding, resulting in the downstream activation of
transcription factors (e.g. NF�B and AP-1) and subsequent
expression of proinflammatory and cell survival genes[7].
For the TNFR superfamily, activation of NF�B and AP-1
has been most well studied in the case of TNF binding to
TNFR-1 and TNFR-2. AP-1 activation is dependent upon
the mitogen activated protein kinases (MAPKs), with the
p38 MAPKs and the c-Jun amino-terminal kinases (JNKs)
being the most relevant to TNFR signaling[8]. Activation
of NF�B (p50 and p65/RelA) occurs through phosphory-
lation and ubiquitin-mediated degradation of cytoplasmic
inhibitor proteins, the I�Bs, by the I�B kinase (IKK) com-
plex, and subsequent translocation of NF�B to the nucleus.
Other NF�B family members (p100/NF�B2) are phospho-
rylated directly by the IKK complex, resulting in proteolytic
processing of p100 to form p52 and transport of a transcrip-
tionally active p52/RelB heterodimer to the nucleus[9].
Signaling by TNFR-1 results in activation of the ‘classical’
p50/p65 NF�B pathway through an I�B-dependent mech-
anism requiring IKK� [10]. Recent results indicate that the
LT� receptor (LT�R) can activate both the classical NF�B
pathway and an ‘alternative’ pathway that is independent of
IKK � but dependent upon IKK� and NF�B inducing kinase

(NIK) and requires the processing of p100[11]. The TNFR
superfamily members CD40[12] and B cell activating factor
(BAFF) receptor[13] also induce processing of p100, indi-
cating that the alternative NF�B pathway plays a significant
role in signaling by several, but not all, TNF-family ligands.

3. Viral targeting of the death receptors

3.1. Modulating ligand expression

The death receptors Fas, TRAIL-R1 and TRAIL-R2 are
expressed constitutively on most cell types, but expression
of their cognate ligands is tightly regulated. Several viruses
target this critical control point through their induction of
Fas ligand (FasL) and/or TRAIL in infected cells. Induction
of these death receptor ligands has been reported in cells
infected with human cytomegalovirus (CMV)[14–17], her-
pes simplex virus (HSV)[18], adenovirus[19,20], reovirus
[21] and human immunodeficiency virus (HIV)[22]. Al-
though the mechanism for induction of FasL and TRAIL
has not been delineated, viral replication is not required in
the case of CMV and adenovirus[16,19,20]. It is known
that both interferon (IFN)� and type I IFN (IFN�/�) can up-
regulate TRAIL expression in various cell types[14,23,24].
Thus, a possible mechanism for viral induction of TRAIL
observed in cell culture systems could be via an autocrine
loop through the production of IFN�/� by the infected cells
themselves (seeFig. 2).

One possible consequence of FasL and TRAIL induction
following virus infection may be to arm the infected cell,
allowing it to kill infiltrating immune effector cells, thereby
functioning as an immune evasion tactic. HSV infection of
T cells promotes apoptosis of HSV-specific T cell clones in
culture[18], and FasL/TRAIL-dependent death of activated
T cells is also observed upon co-incubation with human
CMV-infected dendritic cells[17]. Additionally, induction
of FasL on the surface of HIV-infected T cells[22] may
contribute to the death of uninfected, “bystander” T cells
observed in lymph nodes[25]. Although inducible expres-
sion of death receptor ligands by NK and T cells serves as
an important antiviral host response, it appears that expres-
sion of these ligands in the infected cells themselves may
turn the host against itself in an example of virus-mediated
fratricide (Fig. 2).

3.2. Inhibiting ligand–receptor interactions

The bioavailability of the TNF-related ligands in the ex-
tracellular space can be regulated by soluble “decoy” recep-
tors generated by proteolysis uncoupling the ecto domain
of the receptor from its signaling domain (e.g. TNFR-1
and TNFR-2), or specific binding proteins (e.g. OPG and
DcR3). These strategies for neutralization of TNF-related
ligand activity have been usurped by several members of
the poxvirus family which contain orthologues of TNFR-2
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Fig. 2. Cross-talk between the interferon and death receptor pathways. IFN�/� and IFN� produced by host immune effector cells (e.g. NK/CTL/dendritic
cells) can activate the janus kinase (JAK) and signal transducers and activators of transcription (STATs), ultimately leading to transcription of TRAIL
(1). Viral infection upregulates TRAIL, and this may occur through production of IFN�/� by the infected cell itself or by a distinct mechanism. TRAIL
expressed on the surface of a virally infected cell may function as an immune evasion tactic, mediating apoptosis of infiltrating immune effector cells
(fratricide) (2). In the infected cell itself, TRAIL could potentially signal apoptosis in an autocrine fashion (suicide) if the virus cannot inhibit death
receptor signaling, for instance, in the case of replication defective virus (3). Release of IFN�/� by the virally infected cell can induce TRAIL expression
on the surface of immune effector cells (NK or CTL) (4). HCMV can suppress induction of IFN�/�, and this may involve the modulation of interferon
response factor-3 (IRF-3). Signaling by the LT�R in HCMV-infected cells can induce high levels of IFN�/�, circumventing this block (5).

secreted by virus infected cells[26] (Fig. 1). Interestingly,
cowpox contains four separate TNFR-2 orthologues that
bind TNF and/or LT� (CrmB, CrmC, CrmD and CrmE),
strongly supporting an important role for these cytokines in
controlling viral infection[27–30]. The secreted TNFR-2
orthologue (M-T2) in myxoma virus (rabbitpox) is one of
a very few viral immunomodulatory genes that has been
shown to contribute to viral pathogenesis in vivo[31], al-
beit these experiments were performed in European rabbits,
which are not the native host for myxoma and die rapidly
from viral induced myxomatosis.

In addition to poxviral orthologues of TNFR-2, an ortho-
logue of CD30 (vCD30) has recently been identified in cow-
pox and mousepox[32,33]. CD30 is expressed at low levels
on resting lymphocytes, macrophages and NK cells, and
enhanced levels are seen on activated or virally transformed
lymphocytes[34]. CD30 can be shed from the cell surface

in a form that can bind CD30 ligand (CD30L/CD153)[35],
and the level of soluble CD30 in the serum is used as a
prognostic indicator for patients with Hodgkin’s lymphoma
[36]. CD30L is expressed by activated hematopoietic cells,
and functions in host defense as a costimulation signal
supporting B and T cell survival and proliferation[39],
among other roles[37,38]. vCD30 binds to CD30L with
high affinity [32,33], effectively antagonizing the ability of
CD30L to signal via cell surface CD30, and can inhibit type
I cytokine responses in a murine model of antigen-induced
granuloma[33]. A role for vCD30 in poxviral pathogenesis
has not yet been established, but the conservation of this
orthologue in the poxviral genome suggests a previously
unappreciated role for CD30 in mounting antiviral immune
responses.

A separate strategy for inhibiting the interaction between
death receptors and their ligands is employed by adenovirus



C.A. Benedict / Cytokine & Growth Factor Reviews 14 (2003) 349–357 353

which specifically downregulates the proapoptotic receptors
for FasL [40,41] and TRAIL [42,43] from the surface of
infected cells. Two transmembrane proteins present in the
E3 region of the adenoviral genome, E3-10.4K/RID� and
E3-14.5K/RID�, function together in a heteromeric com-
plex to downregulate Fas and target it for degradation in
lysosomes[40,41]. Highlighting the complexity involved
in receptor modulation by adenovirus, a third E3 protein,
E3-6.7K, is required for downregulation of TRAIL-R2 and
contributes to downregulation of TRAIL-R1[42]. Interest-
ingly, adenoviral gene therapy vectors that lack the E3 locus
induce significant levels of apoptosis in transduced hepato-
cytes, and this death is neutralized by treating with soluble
TRAIL-R2 protein[20]. These data suggest that downregu-
lation of TRAIL receptors by adenovirus, perhaps in combi-
nation with additional immunomodulatory functions of other
E3 proteins[44], may be critical for the virus to complete
its replication cycle in some cell types. E3 proteins function
to downregulate receptors in several cell types, including
bronchial epithelium[42] and lymphocytes[45], and may
also aid in the establishment of a persistent/latent infection
in lymphoid tissue[46].

Notably, the function of E3-10.4K/14.5K is not restricted
to death receptors as evidenced by their ability to downmod-
ulate the epidermal growth factor receptor (EGF-R) from the
cell surface[47,48]. However, various other death receptors
and protein tyrosine kinase receptors are unaffected[42,49],
indicating a significant degree of specificity. Because Fas
and TRAIL receptors do not show any primary sequence
homology with EGF-R, one plausible hypothesis is that the
E3 proteins may pirate the endosomal compartments where
these receptors traffic. This hypothesis is supported by re-
cent evidence indicating that mutation of a tyrosine-based
protein-sorting motif in the cytoplasmic tail of E3-14.5K
abolishes downregulation of Fas[50].

3.3. Applying DISC breaks

In addition to the ‘first line of defense’ strategies directed
towards inhibiting ligand–receptor interactions, viruses
have evolved several mechanisms to block death receptor
signaling downstream of ligand binding. One of the most
well-characterized examples of this is the viral FLIP pro-
teins (FLICE/caspase-8 inhibitory proteins), which inhibit
activation of the initiator caspases in the DISC and rep-
resent a successful example of molecular burglary by the
large DNA viruses (Fig. 1). The vFLIPs were first identified
in the sequence database as DED-containing proteins, and
are encoded in the genomes of various�-herpesviruses in-
cluding equine herpesvirus-2 (EHV-2), herpesvirus saimiri
(HVS), KSHV and bovine herpesvirus-4 (BHV-4), as well
as the human poxvirus, molluscum contagiosum virus
(MCV) [51–54]. The cellular orthologue of vFLIP was sub-
sequently cloned[55], and has been shown to exist in both
a short (∼26 kDa, cFLIPS) and long (∼55 kDa, cFLIPL)
form generated by alternative splicing.

cFLIPS is essentially the cellular orthologue of vFLIP, en-
coding two DED, while cFLIPL encodes an additional car-
boxy terminal domain with high homology to caspase-8 and
caspase-10. Although both isoforms of cFLIP are recruited
to the DISC and inhibit caspase activation, their mechanism
of action is distinct. Complete inhibition of caspase-8 pro-
cessing is seen by cFLIPS (similar to vFLIP), while cFLIPL
allows partial caspase processing[56]. In turn, the precise
requirements for the function of vFLIP from MCV encom-
pass more than just binding to FADD and caspase-8[57,58].
Finally, in addition to inhibiting death receptor apoptosis,
the vFLIPs have also been shown to interact in over expres-
sion systems with various adaptor proteins known to regu-
late expression of NF�B, including TRAF2, RIP, NIK and
IKK � [59], suggesting that these proteins may function to
regulate multiple aspects of death receptor signaling.

Human papillomavirus type 16 (HPV-16) encodes two
separate proteins that have been reported to inhibit apopto-
sis at the level of the DISC (Fig. 1). The HPV-16 E5 protein
inhibits apoptosis and decreases DISC formation in a hu-
man keratinocyte cell line treated with TRAIL[60], and the
E6 protein binds directly to the cytoplasmic tail of TNFR1,
competing for the binding of TRADD (TNFR1-associated
DD-containing protein) and inhibiting TNF killing of murine
fibroblasts[61]. The NS5A protein of hepatitis C virus has
also been reported to interact with TRADD, and inhibit TNF
killing of hepatocytes in vivo when expressed as a transgene
in mice[62]. Taken together, it seems clear that modulating
death receptor signaling by altering the recruitment of cy-
toplasmic adaptor proteins must be an effective strategy as
evidenced by its general utilization by viruses.

3.4. Capturing the caspases

Several other viral strategies for the inhibition of caspase
activation by the death receptors also exist (Fig. 1). The
human CMVUL36 gene product (vICA) can inhibit Fas in-
duced apoptosis by directly interacting with caspase-8[63],
but shows no primary sequence homology to any known
cellular proteins. African swine fever virus (ASFV) encodes
an orthologue of the cellular inhibitor of apoptosis proteins
(IAPs) that is capable of inhibiting TNF-mediated killing
and activation of caspase-3 when overexpressed in Vero
cells [64]. IAPs were originally identified in baculovirus
[65], and require their zinc-binding baculoviral IAP repeat
(BIR) domains to inhibit caspase activity[66–68]. However,
deletion of the vIAP in ASFV does not alter viral pathogen-
esis[69]. Many poxviruses encode serpins (serine protease
inhibitors) that can bind and inhibit the activation of cellular
caspases[70], and the cowpox serpin CrmA can block or de-
lay apoptosis of mammalian cells in response to TNF, FasL
and TRAIL through its interaction with caspase-8[71–74].
Finally, p35, the pan caspase inhibitor from baculovirus,
which functions as a suicide substrate, inhibits death
receptor-mediated apoptosis when overexpressed in mam-
malian cells[75]. Although p35 and the poxviral serpins
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can suppress death receptor signaling in cell culture mod-
els, these proteins have evolved to block a broad spectrum
of protease-dependent processes, and are likely to have
multiple functions in promoting viral replication in vivo.

3.5. Targeting the mitochondria

Upon receiving a variety of apoptotic signals that activate
the intrinsic pathway of cell death, the proapoptotic Bcl-2
family proteins (e.g. Bad, Bid, Bak, Bim, Bax) can translo-
cate from the cytoplasm to the mitochondrial membrane,
promoting the release of cytochromec into the cytoplasm.
Cytochromec then associates with Apaf-1 and procaspase-9
(forming the apoptosome), resulting in the activation of
caspase-9 and subsequent downstream activation of the ex-
ecutioner caspases (e.g. caspase-3)[76]. This pathway can
be countered by the anti-apoptotic members of the family
(e.g. Bcl-2 and Bcl-XL), most likely through their ability
to heterodimerize with the proapoptotic members. As men-
tioned above, the extrinsic (death receptor) pathway can
cross-talk to the intrinsic pathway through the cleavage of
Bid. Cleaved Bid (tBid) can then either heterooligomer-
ize with Bak or Bax[77,78] or homooligomerize[79] in
association with the mitochondrial membrane.

Not unexpectedly, several examples exist for viral inhi-
bition of the mitochondrion-dependent cell death pathway
(Fig. 1). Several of the oncogenic�-herpesviruses encode
identifiable viral orthologues of the Bcl-2 family (vBcl-2).
Epstein-Barr virus (EBV), Kaposi’s sarcoma-associated her-
pesvirus (KSHV/HHV-8) and herpesvirus saimiri all encode
a vBcl-2 that can inhibit apoptosis when overexpressed in
tissue culture[80–82]. The vBcl-2 of murine�-herpesvirus
68 (MHV-68) inhibits killing of HeLa cells by Fas and TNF
[83] and is critical for efficient reactivation of latent virus
in vivo [84], and stands as the first evidence for a vBcl-2
protein contributing to virulence. The adenovirus vBcl-2
(E1B-19K) inhibits TNF-mediated apoptosis by directly in-
teracting with Bax, presumably disrupting the function of
tBid and ultimately resulting in blockade of procaspase-9
activation [85]. In contrast, the human CMVUL37 gene
product (vMIA) shows no primary sequence homology to
Bcl-2, but appears to be functionally similar as it associates
with the adenine nucleotide translocator in the mitochondrial
membrane and inhibits Fas-mediated apoptosis when over-
expressed[86]. Finally, the LMP-1 multimembrane span-
ning protein of EBV functions essentially as a constitutively
active form of the TNFR family member CD40[87], and
can upregulate cellular Bcl-2, potentially desensitizing cells
to death receptor mediated apoptosis[88].

4. It’s a good day to die, or is it?

Although apoptosis can be an effective strategy for clear-
ing virally infected cells, it does not come without potential
cost to the host. In this regard, activation of non-apoptotic,

proinflammatory signaling by the TNF-related cytokines can
contribute to host defense in several models. During the
acute phase of hepatitis B virus (HBV) infection a large per-
centage of hepatocytes are actively replicating virus. In this
case, unmitigated induction of apoptosis would result in liver
destruction with serious consequences to the host, requiring
that the immune system adopt a non-cytolytic strategy for
controlling virus spread[89]. Consequently, the clearance
of HBV genomic DNA from the liver in murine and pri-
mate models has been shown to be non-apoptotic and depen-
dent upon both TNF and IFN� production by virus-specific
T cells [90,91]. More recently, the antiviral mechanism of
TNF in HBV-transgenic mice has been shown to be through
its synergy with IFN� [92], and IFN�/� also exhibits po-
tent, non-cytolytic anti-HBV activity in this model[92,93].
The synergy between TNF and IFNs to suppress virus repli-
cation has been recognized for some time[94,95], but the
underlying mechanism for this synergy is still unclear and
is likely to be virus and cell-type specific.

Another non-cytolytic, IFN-dependent antiviral pathway
has recently been described for LT�� and LIGHT, members
of the ‘core’ TNF family. In human CMV-infected fibrob-
lasts, signaling by these cytokines through either TNFR-1
or the LT�R induces high level expression of IFN� that
reversibly inhibits viral replication in an autocrine fash-
ion [96] (Fig. 2). FasL or TRAIL are unable to activate
this pathway or provide an antiviral activity. Importantly,
IFN� is not induced by receptor signaling in the absence
of CMV infection, highlighting the need for viral and host
factors to establish a state of détente. Human CMV actively
suppresses induction of IFN� [15,16], and signaling by
LT/LIGHT may function to circumvent this block. Addi-
tionally, since TNF has previously been reported to induce
IFN� in serum starved fibroblasts[97], it suggests that
non-apoptotic signaling by both DD and non-DD-containing
TNFRs may cross-talk to the interferon response pathway
in cells receiving a ‘second signal’ (such as viral infection,
growth factor deprivation, etc.). Physiologic significance is
added to these in vitro observations by the fact that mice
deficient in LT� or that express a soluble decoy inhibitor of
LT�R signaling (LT�R–Fc) [98] are highly susceptible to
infection by mouse CMV[96].

5. Costimulation

Several TNF-related ligands and their receptors are clas-
sified as costimulatory molecules for T or B cell activation
(CD40L, CD30L, OX40L, 4-1BBL, LIGHT and CD27L),
and impairment of some of these signaling pathways can al-
ter the development of specific antiviral immune responses.
CD40L-deficient mice show decreased humoral responses
and CD4+ T cell responses after infection with lympho-
cytic choriomeningitis virus (LCMV), vesicular stomatitis
virus (VSV), Pichinde virus and HSV[99–101], and inhi-
bition of CD40/CD40L signaling can negate the ability to
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control a persistent LCMV infection[102]. Additionally, an
agonistic anti-CD40 antibody can substitute for the absence
of CD4+ T cells to control reactivation of latent MHV-68
[103]. In contrast, 4-1BBL-deficient mice show decreased
CD8+ T cell responses to LCMV[104]. Finally, as men-
tioned previously, CD30/CD30L signaling is likely to play a
role in controlling poxvirus pathogenesis based on the pres-
ence of a soluble CD30 orthologue in the mousepox and
cowpox genome[32,33].

6. Summary

In summary, it is clear that in order for a virus to success-
ful propagate it must exert some control over the host im-
mune response. Signaling by the TNFR superfamily can me-
diate antiviral activity via both apoptotic and non-apoptotic
mechanisms, requiring that viruses evolve strategies to deal
with both. The discussion in this review is limited to the
TNF family, however, it is important to remember that the
non-cytolytic, antiviral activity of TNF-family ligands may
be closely linked to the induction of, or synergy with, the
interferons, and IFN-regulated genes. The majority of TNF
signaling modulators to date have been described for the
large DNA viruses. However, this may merely be a product
of the fact that their larger genome size allows for the reten-
tion of usurped genes, with readily identifiable primary se-
quence homology to their cellular counterparts. The smaller
RNA and DNA viruses are likely to practice similar mod-
ulation of the TNF-related cytokines. These viral proteins
may have evolved to perform multiple functions, losing their
primary sequence homology to cellular orthologues. Further
characterization of the mechanisms utilized by viruses to
thwart immune surveillance should yield attractive targets
for therapeutic intervention.
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