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Abstract. Tumor necrosis factor—« (TNF-«) and TNF receptors (TNFR) are members of
the growing TNF ligand and receptor families that are involved in immune regulation.
The present report will focus on the role of the prototypic ligand TNF and its two
receptors, TNFR1 and TNFR2, in viral pathogenesis. Although TNF was reported years
ago to modulate viral infections, recent findings on the molecular pathways involved
in TNFR signaling have allowed a better understanding of the molecular interactions
between cellular and viral factors within the infected cell. The interactions of viral
proteins with Intracellular components downstream of the TNFR have highlighted at
the molecular level how viruses can manipulate the cellular machinery to escape the
immune response and to favor the spread of the infection. We will review here the role
of TNF and TNFR in immune response and the role of TNF and TNFR signaling in viral

pathogenesis.
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embers of the TNF ligand and receptor family act

via a common set of signaling molecules to regu-

late cell differentiation, activation, and viability.
Among TNF family members, the first discovered TNF-a,
formerly cachectin, is a proinflammatory cytokine that
plays a key role in both inflammatory and infectious dis-
eases, especially in viral infections (1-3). TNF binds to two
TNF receptors, TNF-R1 and TNF-R2, that transduce intra-
cellular signals when expressed on the cell surface, while
blocking TNF signaling when released as soluble decoys in
body fluids. TNF interferes with viral replication in several
ways. TNF enhances or inhibits viral replication depending
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on the virus involved and the cell type infected. The binding
of TNF to the TNF receptors can activate, differentiate, or
kill target cells thereby interfering with the viral life cycle.
In contrast, viruses have evolved to appropriate the TNF/
TNFR pathway to evade immune responses and favor viral
dissemination. TNF is also involved in a network of cyto-
kines and chemokines that stimulate the recruitment of im-
mune cells in the infectious foci, thereby enhancing the
spread of the viral infection. TNF also can block the viral
replication by interfering with the viral life cycle especially
the viral entry. Thus an intricate balance between the viral
life cycle and the cytokine network, especially the TNF/
TNFR pathway, is a key component that will influence the
pathogenesis of many viral diseases. We will define the role
of both TNF and TNFR in immune modulation, describe
their signaling pathway, and delineate their role in viral
pathogenesis.

TNF and TNF Receptors in the
Immune Response

TNF-a binds to two distinct TNFR called TNFR1 and
TNFR2 that belong to a broader group of related proteins,
the TNFR family. The members of the TNFR family have a
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characteristic repeating extracellular cysteine-rich motif
(Fig. 1) (4). Among the members of the TNFR family are
the TNFR1 and TNFR2, TNFRrp (TNFR related protein),
the low-affinity nerve growth factor (NGF) receptor, the Fas
antigen, CD40, CD27, CD30, 4-1BB, 0X40, DR3, DR4,
DRS, and HVEM (herpesvirus entry mediator). Although
the extracellular domains of TNFR members are very simi-
lar, the intracellular domains that are involved in signal
transduction show more diversity. The family of ligands for
these receptors is composed of TNF-a, lymphotoxin (LT),
nerve growth factor (NGF), Fas ligand, CD40 ligand, CD27
ligand, CD30 ligand, 4-1BB ligand, OX40 ligand, APO3
ligand, TRAIL, and LIGHT. Three of these ligands, TNF,
LT-a homotrimers, and TRAIL, are each capable of binding
to two of the receptors, the TNFR1 and the TNFR2 for TNF
and LT, and DR4 and DRS5 for TRAIL. All of the other
ligands and their receptors interact, as far as is known, with
one-to-one correspondence; each ligand has one and only
one receptor target. All of the TNF ligand family members
are believed to be trimeric proteins, and ail exert their ef-
fects by causing receptor trimerization at the cell surface.

In this review we will focus our attention on the role of
the TNF/TNFR (1 and 2) pathway in viral pathogenesis.
TNF is expressed on two forms, a 26-kDa transmembrane
and a 17-kDa secreted form. The 26-kDa pro-TNF, the pre-
cursor of mature TNF, is a type-II transmembrane protein
that is first displayed on the plasma membrane and then
proteolytically cleaved by a metalloproteinase to release the
mature 17-kDa TNF. Both secreted and membrane-bound
TNFs are present as trimers, and the trimeric structure of
TNF is important for its biological activity (5).

TNF is produced by a wide variety of cells including T
cells and macrophages (1). In macrophages, TNF synthesis
can be induced by various pathogens including viruses, bac-
teria, and parasites as well as by cytokines (IL-1, IL-2,
IFN-v, GM-CSF, M-CSF, and TNF itself). Lipopolysaccha-
ride (LPS), a component of the wall of Gram negative bac-
teria, induces TNF, among other proinflimmatory cyto-
kines. Inhibitors of TNF production in macrophages, such
as cytokines (TGF-B, IL-4, IL-10) and viral products (ad-
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Figure 1. The TNF ligand and receptor families.
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enovirus), have also been described. TNF inhibits inter-
feron-y priming for production of high levels of IL-12 by
macrophages (6). By blocking TH1 cytokine production,
TNF might limit the extent and duration of inflammatory
response in vivo. Chronic TNF exposure suppresses the re-
sponse of both THI and TH2 T-helper subsets and attenu-
ates T-cell receptor signaling (7). Thus chronic TNF stimu-
lation suppresses T-cell function in vivo and might have
important implications for our understanding of pathogen-
esis in chronic inflammatory diseases (7).

The biosynthesis of TNF is highly regulated at multiple
levels, transcriptional, translational, but also post-
translational. TNF is produced in small quantities in quies-
cent cells, but becomes one of the major factors secreted in
activated cells (1). The multiple activities of TNF are me-
diated through two distinct but structurally homologous
TNFR, type 1 (p55 or p60) and type 2 (p75 or p80) with
molecular masses of 60 and 80 kDa, respectively. Both
TNFR are type I transmembrane glycoproteins and mem-
bers of the TNFR superfamily characterized by the presence
of multiple cysteine-rich repeats of about 40 amino acids in
the extracellular amino-terminal domain (Fig. 1). These two
receptors are present virtually on all cell types except for the
red blood cells (8), but TNFR1 is more ubiquitous, and
TNFR2 is often more abundant on endothelial cells and
cells of hematopoietic lineage (8-10). TNFR2 signaling ap-
pears to be mainly confined to cells of the immune system
that makes it of high relevance in understanding immune
processes involved in viral infections. Both receptors can
bind to TNF with high affinity, but the exact role of the two
receptors in mediating the effects of TNF is still debated.
Although recent data suggest that 17-kDa soluble TNF
binds with high affinity to TNFR1, the 26-kDa membrane-
bound TNF interacts with high affinity to TNFR2 (11, 12).
It has been generally believed that TNFRI1 is responsible for
the majority of biological activities of TNF. A “passive
model” has been suggested to explain the role of TNFR2 in
mediating the TNF response (13). The rapid rate of disso-
ciation of the TNF/TNFR2 complex may facilitate the in-
teraction of TNF with TNFR1, suggesting a role for the
TNFR?2 in passing TNF to TNFRI, which has been postu-
lated to be the main TNF signal transducer. However, recent
data have demonstrated that TNFR2 is able to mediate TNF
biological activity independently (14, 15). TNFRI is the
major mediator of TNF biological functions including the
effects on apoptosis or programmed cell death, cytotoxicity,
fibroblast proliferation, synthesis of prostaglandin E2, and
resistance to chlamydiae (13, 16, 17). These various activi-
ties and their coordinated induction are likely to be medi-
ated by the heterogeneity of the adapter proteins with which
TNFR1 functional domains interacts (18). TNFR2 is in-
volved in the proliferation of thymocytes and the murine
cytotoxic T-cell line, in the TNF-dependent proliferative
response of human mononuclear cells, in the induction of
GM-CSF secretion, in the inhibition of early hematopoiesis,



and in downregulating activated T cells by inducing apop-
tosis (14, 19-22). Due to the lack of intracellular death
domain, TNFR2 may use a distinct signaling pathway to
induce apoptosis. Recent studies suggest that TNFR2-
induced apoptosis is associated with the down-
regulation of the antiapoptotic proteins, Bcl-xL and/or Bcl-2
(23, 24).

Besides membrane receptors, soluble TNF receptors
(sTNFR) can also be produced from both membrane-bound
TNFR1 and TNFR2 proteolytic cleavage. Soluble TNFR
retain the ability to bind TNF and act as inhibitors of TNF
in experimental systems (25-27). In vivo, sSTNFR may act to
neutralize or modulate TNF activity (28). However, in some
cases, low levels of sSTNFR may stabilize the activity of
TNF by stabilizing the trimeric structure of TNF and pro-
viding a reservoir of TNF (29). Both sSTNFR1 and sTNFR2
are normally present in blood and urine (26, 27) and may be
produced by monocytes and macrophages that can release
sTNFR spontaneously in vitro (30, 31). Increased levels of
sTNFR are found in inflammatory diseases or infectious
diseases characterized by a chronic immune activation such
as AIDS (32-36). Stimuli such as LPS, IL-1, and TNF itself
can trigger the cleavage of TNFR. The biological response
to TNF is believed to be a result of the balance of multiple
signals delivered via both TNFR1 and TNFR2. For ex-
ample, in latently HIV-infected lymphocytic cells (ACH-2),
the TNFR1 plays a major role in stimulation of HIV pro-
duction (37). In contrast, when both TNFR are activated
simultaneously by agonistic antibodies or co-culture with
cells expressing a noncleavable membrane form of TNF,
HIV production is downregulated, and cell death is en-
hanced (37).

By engaging TNFRI1, TNF activates the transcription
factors nuclear factor-xB (NF-kB) and activator protein 1
(AP-1), leading to induction of proinflammatory and im-
munomodulatory genes (38). Unlike CD95 ligand, TNF
rarely triggers apoptosis unless protein synthesis is blocked,
which suggests the preexistence of cellular factors that can
suppress the apoptotic stimulus generated by TNF. Expres-
sion of these suppressive proteins probably is controlled
through NF-«kB and c-Jun N-terminal kinase (JNK) JNK/
AP-1, as inhibition of either pathway sensitizes cells to
apoptosis induction by TNF (39-42).

Recent studies have unveiled the intracellular pathways
triggered by TNF binding to TNFR (Fig. 2). TNF trimerizes
TNFR1 upon binding (43), inducing association of the re-
ceptor’s death domains. Subsequently, an adapter termed
TRADD (TNFR-associated death domain) (44) binds
through its own death domain to the clustered receptor death
domains. TRADD functions as a platform adapter that re-
cruits several signaling molecules to the activated receptor:
TNFR-associated factor (TRAF)~ 2 (45, 46) and receptor-
interacting protein (RIP) (46, 47) stimulate pathways lead-
ing to activation of NF-kB and JNK/AP-1, whereas Fas-
associated death domain (FADD) mediates activation of ap-
optosis via the caspase cascade (46, 48, 49). Of these, only
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Figure 2. Signaling by TNF receptors.

RIP has enzymatic activity, namely that of a serine-
threonine kinase; however, a role for RIP's kinase activity
in the activation of NF-kB or INK/AP-1 has yet to be
established.

TRAF2 and RIP activate the NF-kB~inducing kinase
(NIK), which in turn activates the inhibitor of kB (I-xB)
kinase complex, IKK (50-55). IKK phosphorylates I-xB,
leading to I-xB degradation and allowing NF-«B to move to
the nucleus to activate transcription. The pathway from
TRAF2 and RIP to JNK involves a cascade that includes the
mitogen-activated protein (MAP) kinases MEKK1 (MAP/
Erk kinase kinase-1), INKK (JNK kinase), and JNK (56,
57). MEKKI1 is related to NIK, and it is implicated in the
pathway because kinase-active MEKK1 mutants block INK
activation by TNF; however, MEKK1 does not bind to
TRAF2 (58), suggesting that another TRAF2-binding ki-
nase acts upstream or instead of MEKKI1.

Cells from TRAF2 gene knockout mice or from trans-
genic mice expressing a dominant negative TRAF2 mutant
have only a slight defect in their NF-kB response to TNF
(59, 60). Thus, TRAF2 may not be essential for NF-xB
activation by TNF; alternatively, there may be other TRAF
family members that bind to TRADD and NIK and substi-
tute for TRAF2. TRAF2-deficient cells are totally lacking in
JNK activation in response to TNF, demonstrating a critical
role for TRAF2 in this response. The picture emerging from
RIP-deficient cells is inverse: NF-xB activation in response
to TNF is absent, whereas JNK activation is preserved (61).
Hence, RIP is required for coupling TNFR1 to NF-kB, but
it may not be crucial for coupling TNFR1 to JNK. Both
TRAF2 and RIP knockout mice display atrophy of the thy-
mus, spleen, and adipose tissue, depletion of B-cell precur-
sors that cannot be ascribed to defects in TNF signaling,
which suggests that each of these proteins has additional
functions. TRAF2 also binds to cIAP1 and cIAP2 (cellular
inhibitor of apoptosis-1 and -2) (62), which belong to a
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family of mammalian and viral proteins with antiapoptotic
activity. In addition to interacting with TNFR1, TRAF?2 also
binds directly to TNFR2 and, like TNFRI, can stimulate
NF-«B via the NIK, IKK, and I-kB pathway (45). TNFR2-
TRAF?2 interaction results in the stimulation of NF-«B, but
is not involved in the apoptotic process mediated via the
caspase pathway.

FADD couples the TNFRI-TRADD complex to acti-
vation of caspase-8, thereby initiating apoptosis (46, 48,
49). Cells from FADD knockout mice are resistant to TNF-
induced apoptosis, demonstrating an obligatory role of
FADD in this response (63). Besides FADD, TNFR1 can
engage an adapter called RAIDD (64). RAIDD binds
through a death domain to the death domain of RIP and
through a CARD (caspase recruitment domain) motif to a
similar sequence in the death effector caspase-2, thereby
inducing apoptosis. Recently, a widely expressed 60-kDa
protein, named SODD for silencer of death domain, has
been described to be associated with the death domain of
TNFR1 (65). SODD is a negative regulatory protein that is
normally associated with the death domain of TNFRI.
SODD could inhibit the intrinsic self-aggregation properties
of the death domain and maintain TNFRI in an inactive,
monomeric state. This inhibition is relieved by TNFR1
cross-linking, which triggers the rapid release of SODD
from the death domain of TNFR1. The uncomplexed death
domains of TNFR1 are then able to self-associate and bind
the adapter protein TRADD, which in turn recruits TRAF2,
RIP, and FADD to form an active TNFRI signaling com-
plex. These signaling proteins begin to dissociate from the
receptor within minutes of complex formation in a process
that is accompanied by the phosphorylation of TRADD
(65). The subsequent reassociation of SODD with the un-
complexed TNFR1 then reestablishes the normal silent state
for TNFRI.

Caspases (cytosolic aspartate-specific proteases) are the
components that destroy the cell machinery, either by them-
selves or by activating other destructive factors. Caspases
are a family of proteases that contain cysteine at the active
site and cleave the target protein following an aspartic acid
residue. The prototype of this family of proteases is inter-
leukin-1B-converting enzyme, ICE, now termed caspase-1.
So far more than 10 different human caspases have been
discovered and are known by a variety of different names
(66-68). All caspases are synthesized as proenzymes and
are processed to remove an NH,-terminal prodomain and
are divided into two subunits that associate to form an active
heterodimeric enzyme. Among several caspases, caspase-8,
caspase-9, and caspase-3 are situated at pivotal junctions in
apoptotic patways. Caspase-8 initiates apoptosis in response
to extracellular apoptosis-inducing ligands such as TNF and
is activated in a complex associated with the receptor’s
cytoplasmic death domains. The interaction of caspase-8
with the adapter protein FADD on TNFRI/TRADD com-
plex initiates the caspase cascade. Caspase-9 activates ap-
optosis in response to agents or insults that trigger release
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of cytochrome-c¢ from the mitochondria (69). Both
caspase-8 and caspase-9 can activate caspase-3 by proteo-
lytic cleavage (70). Caspase-3 cleaves the 116- kDa death
substrate, poly (ADP-ribose) polymerase (PARP), to gen-
erate a 102- kDa fragment that will lead to DNA fragmen-
tation and apoptosis.

c-Myc, a transcription factor, is widely known as a
crucial regulator of cell proliferation in normal and neoplas-
tic cells, but until relatively recently its apoptotic properties,
which appear to be intrinsic, were not fully appreciated.
Recently connections between the TNF pathway and the
c-Myc pathway have been found that suggest a role for the
c-Myc-interacting adaptor protein Binl in mediating cell
death (71).

TNF and TNF Receptors in Viral Infections

TNF and TNFR usually have been considered as a main
component of antiviral activity, often acting synergistically
with IFN-vy. However, in recent years, growing evidence has
shown that both DNA and RNA viruses can interfere with
the TNF/TNFR pathway to escape the immune surveillance.

DNA Viruses. See Table I for details on TNF, TNFR,
and DNA viruses.

Poxviridae. Poxviridae is a family of viruses that in-
cludes Myxoma virus, Vaccinia virus, and Tanapoxvirus.

Myxoma virus. Many poxviruses encode a plethora of
immunomodulatory proteins, including homologs of host
cytokines and cytokine receptors, also referred to as viro-
receptors. These receptors mimic function by binding and
sequestering host cytokines, thus allowing the virus to es-
cape the immune defense. The T2 protein of myxoma virus
(M-T2 protein) is a TNF receptor homolog that displays two
distinct activities. The secreted dimeric M-T2 glycopro-
tein binds TNF with high affinity, and thereby inhibits
TNF-mediated cytotoxicity. The intracellular M-T2 is an
endoglycosidase H-sensitive species that prevents myxoma-
infected CD4™ T lymphocytes from undergoing apoptosis
and thereby supporting greater replication of the virus in T
lymphocytes (72, 73). To compare the domains of M-T2-
mediating extracellular TNF inhibition and intracellular ap-
optosis inhibition, recombinant myxoma viruses expressing
nested C-terminal truncations of M-T2 protein were con-
structed. One mutant, containing intact copies of only two
cysteine-rich domains, was not secreted and was incapable
of binding TNF, yet the mutant retained full ability to inhibit
virus-induced apoptosis. Thus, the minimal domain of in-
tracellular M-T2 protein required to inhibit apoptosis is dis-
tinct from that required by the extracellular M-T2 for func-
tional TNF binding and inhibition. M-T2 is an example of a
virus-encoded immunomodular protein with two distinct
anti-immune properties.

Vaccinia virus. The vaccinia virus strain Western Re-
serve B3R gene encodes a 38.5-kDa intracellular polypep-
tide. This polypeptide is nonessential for virus replication
and has 92% amino acid identity with the cowpox virus
cytokine response modifier A (CrmA) protein that inhibits



Table I. TNF, TNFR, and DNA Viruses

Virus

Family Etfects Mediated by Reference
Myxoma virus Poxviridae 1) Inhibits TNF-mediated 1) Secreted M-T2 viral 72,73
cytotoxicity protein is a TNFR homolog
2) Inhibits apoptosis of 2) Intracellular M-T2 viral
infected cells protein is an endo-
glycosidase H-sensitive
protein
Vaccinia virus (WRB13R)  Poxviridae Inhibits apoptosis mediated by  38.5-kDa intracellular 75
TNF and anti-Fas antibodies polypeptide similar to CrmA
from cowpox virus
Tanapox virus Poxviridae Inhibits the TNF-mediated 38-kDa glycopeptide inhibits 76
induction of cell adhesion TNF-induced activation of
molecules NF-xB
Epstein-Barr virus Herpesviridae 1) Immortalizes EBV-infected 1) LMP1 is a pseudo-TNFR 77-85
B lymphocytes via NF-«x8 with two distinct sites
activation within the cytoplasmic tail:
one similar to TNFR1, the
other similar to TNFR2
2) Protects intestinal cells 2) BHRF1 is involved in
from apoptosis induced by blockade of intestinal cell
TNF apoptosis )
Herpes simplex virus Herpesviridae 1) Reduced susceptibility of 1) Inhibits caspase-3- 89-93
HSV-infected celis to independent and
apoptosis caspase-dependent
pathways
2) Binds and enters into target  2) Envelope glycoprotein gD
cells via HVEM, a member binds to HVEM
of the TNFR family
Cytomegalovirus Herpesviridae  Upregulates TNF gene activity Immecc]iiatte early (IE) viral 96
products
Herpesvirus saimiri Herpesviridae  Immortalizes infected T STP oncoproteins associate 103
lymphocytes with TRAFs
Hepatitis B virus Hepdnaviridae 1) Sensitizes infected cells to 1) HBx protein effect is not 104, 105
apoptotic killing by TNF mediated by TNFR
upregulation
2) Upregulates TNF gene 2) HBx protein activates
expression NF-AT by a cyclosporin
A-sensitive mechanism
Parvovirus Parvoviridae Induces apoptosis via Activates the caspase-3 111,112

downregulation of c-myc

the interleukin (IL)-1B converting enzyme (ICE) that is in-
volved in the apoptotic process (74). The B13R protein does
block apoptosis mediated by TNF and anti-Fas antibodies.
Using DNA fragmentation, chromium release and micro-
scopic analyses, it was shown that cells infected with wild-
type vaccinia virus strain WR, or a revertant virus in which
the BI3R gene had been re-inserted into the B13R deletion
mutant, are more resistant than uninfected cells or deletion
mutant—infected cells to apoptosis mediated by TNF and
anti-Fas (75).

Tanapoxvirus. Tanapoxvirus (TPV)-infected cells se-
crete an early 38-kDa glycopeptide that selectively inhibits
the induction by TNF of cell-adhesion molecules such as
E-selectin, intercellular adhesion molecule-1 (ICAM-1),
and vascular cell adhesion molecule-1 (VCAM-1) on the
surface of endothelial cells (76). Mobility shift assays and
Northern blot analyses show that the supernatants from
TPV-infected cells inhibit TNF-induced activation of NF-

kB and transcriptional activation of the E-selectin, VCAM-
1, and ICAM-1 genes.

Herpesviridae. Herpesviridae is a family of viruses
that includes Epstein-Barr virus, Herpes simplex virus, Cy-
tomegalovirus, and Herpesvirus saimiri.

Epstein-Barr virus. The latent membrane protein 1
(LMP1) of Epstein-Barr virus (EBV) contributes to the im-
mortalizing activity of EBV in primary human B lympho-
cytes (77). LMPI is targeted to the plasma membrane and is
a constitutively aggregated pseudo-TNFR that activates
transcription factor NF-kB through two sites in its C-
terminal cytoplasmic domain. One site is similar to acti-
vated TNFR2 through interactions with TRAF! and
TRAF2, and the second site is similar to TNFR1 by asso-
ciation with the TNFR1 death domain interacting protein
TRADD. TNFR1 recently has been shown to activate NF-
kB through association with TRADD, RIP, and TRAF2;
activation of the NF-«kB-inducing kinase (NIK); activation
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of the inhibitor kBa kinases (IKKa and IKKP); and phos-
phorylation of I-kBa (Fig. 2). I-kBa phosphorylation on
Ser-32 and Ser-36 is followed by its degradation and NF-«B
activation and translocation to the nucleus of the cell. NF-
kB activation by LMP1 or by each of its effector sites is
mediated by a pathway that includes NIK, IKKc, and
IKKB. Dominant negative mutants of NIK, IKKa, or IKKB
substantially inhibits NF-kB activation by LMP1 or by each
of its effector sites (78). LMP1 mediates NF-kB activation
via two independent domains located in its C-terminal cy-
toplasmic tail, a TRAF-interacting site that associates with
TRAF]I, -2, -3, and -5 through a PXQXT/S core motif and
a TRADD-interacting site. LMP1 has been shown to in-
crease TRAF1 in EBV-negative Burkitt lymphoma cells via
TRAF binding to the PXQXT/S motif (79). An LMPI mu-
tant that does not aggregate fails to induce TRAF1 expres-
sion confirming the essential role for aggregation in LMP1
signaling. Over-expression of a dominant form of I-kBa
blocks LMP1-mediated TRAF1 upregulation, indicating
that NF-«B is an important component of LMP1-mediated
gene induction from both the TRAF- and TRADD-
interacting sites.

LMP1 interacts with TRAFs that bind to the cytoplas-
mic tail of TNFR1 and TNFR2 (80). Among the several
members of TRAF family, TRAFI, TRAF2, and TRAF3
appear to associate independently with LMP1 but bind an
overlapping target site. TRAF3 associates with LMP1 the
most avidly and can compete with TRAF1 and TRAF2 for
binding to LMP1 (81). TRAF2 associates with truncated
derivatives of the carboxy terminus of LMP1 more effi-
ciently than with the intact terminus, indicating that LMP1’s
conformation may regulate its association with TRAF2.

TRAF? binds in vitro to the LMP1 carboxyl-terminal
cytoplasmic domain (CT), co-precipitates with LMP1 in B
lymphoblasts, and localizes to LMP1 plasma membrane
patches. A dominant negative TRAF2 deletion mutant that
lacks amino acids 6-86 (TRAF/5 6-86) inhibits NF-«kB ac-
tivation from the LMP1 CT and competes with TRAF2 for
LMP1 binding. TRAF23 6-86 inhibits NF-«B activation
mediated by the first 45 amino acids of the LMP1 CT by
more than 75% but inhibits NF-xB activation through the
Jast 55 amino acids of the CT by less than 40%. A TRAF
interacting protein, TANK, inhibits NF-kB activation by
more than 70% from both LMP1 CT domains. Thus,
TRAF?2 aggregation is implicated in NF-xB activation by
the first 45 amino acids of the LMP1 CT and shows that a
different TRAF-related pathway is involved in NF-«kB ac-
tivation by the last 55 amino acids of the LMP1 CT (82).
Re-induction of LMP1 expression or activation of the cel-
lular CD40 receptor, both induce NF-kB activation and
JNK cascade and stimulate the proliferation of the B cells.
This suggests that LMP1 mimics B-cell activation processes
that are physiologically triggered by CD40-CD40 ligand
signals (83). Since LMPI acts in a ligand-independent
manner, it replaces the T-cell-derived activation signal to
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sustain indefinite B-cell proliferation. LMP1-mediated sig-
naling through the TRAF system has been shown to play a
role in the pathogenesis of EBV-positive lymphomas that
arise in immunosuppressed patients (84). Another EBV pro-
tein, BHRF1, has been shown to protect intestinal epithelial
cells from apoptosis induced by TNF (85). EBV infection of
T-cell lymphoma lines causes upregulation of TNF gene
expression and increased secretion of TNF. In combination
with interferon-y, these changes can activate macrophages
and might contribute to the pathogenesis of hemophagocytic
syndrome (86).

Herpes simplex virus. TNF has been shown to protect
mice from infection with herpes simplex virus type 1 (HSV-
1) (87). Human monocytes activated with LPS and then
infected with HSV-1 secrete higher amounts of TNF and
show less susceptibility to HSV-1 infection (88). HSV-1
recently has been reported to block caspase-3-independent
and caspase-dependent pathways involved in cell death
(89). The block in the caspase-dependent pathway may oc-
cur downstream of caspase-3 activation (89). Both mecha-
nisms might account for reduced susceptibility of HSV1-
infected cells to apoptosis.

HSV entry into cells is mediated by a recently de-
scribed novel member of the TNF receptor family (90).
Hamster and swine cells resistant to viral entry become
susceptible upon expression of a human ¢cDNA encoding
this protein, designated HVEM (herpesvirus entry media-
tor). HVEM mediates the entry of several wild-type HSV
strains of both serotypes. Mutations in the HSV envelope
glycoprotein gD significantly reduce HVEM-mediated en-
try (90, 91). Glycoprotein gD is a structural component of
the HSV envelope that is essential for entry into the host
cells and has been shown to bind directly to HVEM (91,
92). Gel filtration chromatography assays show the forma-
tion of a complex of 113 kDa at a molar ratio of 1:2 sug-
gesting that HVEM is a receptor for virion gD and that the
interaction between these proteins is a step in HSV entry
into HVEM-expressing cells (91). HVEM is a member of
the TNFR family by virtue of its four cysteine-rich pseudo-
repeats (4). HVEM mRNA expression is detected in several
human fetal and adult tissues, although the predominant
sites of expression are lymphocyte-rich tissues such as adult
spleen and peripheral blood leukocytes. Interestingly, the
cytoplasmic region of HVEM binds to several members of
the TRAF family, namely TRAF1, TRAF2, TRAF3, and
TRAFS5 (93). Transient transfection of HVEM into human
293 cells causes marked activation of NF-kB, and also
marked activation of Jun N-terminal kinase, and of the Jun-
containing transcription factor AP-1 (93). This suggests that
the attachment of the HSV envelope glycoprotein gD to
HVEM is linked via TRAFs to signal transduction pathways
that activate the immune response, especially in T lympho-
cytes. Recently a new member of the TNF family, named
LIGHT, has been shown to be the cognate ligand for HVEM
(94). LIGHT is a 29-kDa type 1l transmembrane protein



produced by activated T cells. HSV1 gD inhibits the inter-
action of HVEM with LIGHT, and LIGHT and gD interfere
with HVEM-dependent cell entry by HSV-1 (94).

Cytomegalovirus. The effect of TNF on the major im-
mediate early (IE) enhancer/promoter activity is determined
by the degree of differentiation of the infected cells. TNF
stimulates human cytomegalovirus (HCMV) major imme-
diate early (IE) enhancer/promoter activity in the HL-60
granulocyte/monocyte progenitor cell line when added to
transfected cells. In contrast, in the differentiated HL-60
cells and in the mature THP-1 monocytic cell line, addition
of TNF causes inhibition of the IE enhancer/promoter ac-
tivity (95). Since premonocytic cells are suggested to be
sites of HCMYV latency, the stimuiation by TNF could be of
potential physiological significance. Products of the HCMV
IE gene region are potent trans-activators. /E gene products
of HCMV have been shown to upregulate TNF gene activity
as judged by increased promoter activity, steady state
mRNA, and protein production (96). These studies suggest
that activation of the TNF gene expression by HCMV /E
gene products may result in the inflammatory response as-
sociated with HCMYV infections. Furthermore, in in situ hy-
bridization experiments, TNF mRNA has been shown to be
present abundantly in colonic mucosa from AIDS patients
with HCMV colitis but not in colonic mucosa from control
(AIDS and normal) subjects. The TNF transcripts are iden-
tified in mucosal macrophages containing cytomegalic in-
clusions that were positively associated with HCMV, but
not HIV-1, within the mucosa (97). TNF in synergy with
interferon-y have been shown to be produced by CD4* T
cells specific for the HCMV major regulatory protein IEl
and to have a synergistic effect on the inhibition of HCMV
replication and viral protein expression (98). Thus IEl-
specific CD4" T cells display in vitro anti-CMV activity
through TH1 cytokine secretion and may play a role in the
control of in vivo latent HCMYV infections. In murine mod-
els, late gene transcription, assayed by the genes encoding
glycoprotein B and the murine CMV (MCMYV) homolog of
ICP 18.5, is blocked by synergistic TNF/interferon-vy treat-
ment and results in an alteration of nucleocapsid formation
(99). MCMV infection also induces release of TNF that
inhibits MCMYV infection as shown by enhanced viral rep-
lication following neutralization of TNF with soluble TNFR
(100, 101). Besides the TNF-mediated inhibition of MCMV
replication, virus-induced TNF can cause significant liver
pathology such as hepatic necrotic foci and increased levels
of liver enzymes in the serum (102). Together these data
show that, although usually a delicate balance between TNF
production and viral replication allows the virus to grow in
the absence of tissue damages, in some cases high produc-
tion of TNF following CMV infection might result in sig-
nificant tissue injury.

Herpesvirus saimiri. The STP oncoproteins of the her-
pesvirus saimiri (HVS) are stably associated with TRAFI,
2, or 3. Mutational analyses identified residues of PXQXT/S

in STP-A11 as critical for TRAF association. In addition, a
somewhat divergent region of STP-C488 is also critical for
TRAF association. Mutational analysis reveals that STP-
C488 induces NF-kB activation that is correlated with its
ability to associate with TRAFs. Thus TRAF/STP associa-
tion might be involved in immortalization of T lymphocytes
following HVS infection (103).

Hepatitis B virus. Hepatitis B virus (HBV) HBx pro-
tein sensitizes cells to apoptotic killing by TNF. This effect
is not mediated by upregulation of TNFR. Enhanced apop-
totic killing by HBx and TNF might select for neoplastic
hepatocytes that survive by synthesizing mitogenic growth
factors (104). Recently HBx protein has been reported to
upregulate transcriptionally the production of TNF in HBV-
infected hepatocytes. Upregulation of TNF gene expression
by HBx involves nuclear factor of activated T cells (NF-
AT)-dependent activation (105). HBx activates NF-AT by a
cyclosporine A-sensitive mechanism involving dephos-
phorylation and nuclear translocation of the transcription
factor. Luciferase gene expression assays demonstrate that
HBx transactivates transcription through NF-AT-binding
sites and activates a Gal4-NF-AT chimeric protein. Thus,
HBx may play a role in the intrahepatic inflammatory pro-
cesses by inducing locally the expression of cytokines that
are regulated by NF-AT.

High levels of both TNF and TNFR are detected in
infiltrating mononuclear cells and hepatocytes in chronic
HBV infection (106, 107). HBV infection is controlled by
virus-specific cytotoxic T lymphocytes (CTL) that secrete
both TNF and interferon-y after antigen recognition. Until
recently viral clearance during HBV infection has been
thought to reflect the destruction of infected hepatocytes by
CD8* CTL. In contrast, recent reports show that the viral
clearance during HBV infection results from a noncyto-
pathic antiviral mechanism mediated via both TNF and
IFN-y production (108, 109). Both TNF and interferon-y
purge HBV replicative intermediates from the cytoplasm
and covalently closed circular DNA from the nucleus of
infected hepatocytes (108, 109). A TNF promoter polymor-
phism at position 238 is associated with the development
of chronic HBV infection and linked to defective viral
clearance (110).

Parvovirus. Parvovirus H-1 infection leads to the ac-
tivation of caspase-3, which cleaves the enzyme poly(ADP-
ribose) polymerase and induces morphologic changes that
are characteristic of apoptosis in a way that is similar to
TNF treatment. This effect is also observed when the U937
cells are infected with a recombinant H-1 virus that ex-
presses the nonstructural proteins but in which the capsid
genes are replaced by a reporter gene, indicating that the
induction of apoptosis can be assigned to the cytotoxic non-
structural proteins in this system. The c-Myc protein, which
is over-expressed in the monocytoid cell line U937, is rap-
idly downregulated during parvovirus infection, in keeping
with a possible role of this product in mediating the apop-
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totic cell death induced by H-1 virus infection. Interestingly
several clones derived from U937 cell line and selected for
their resistance to H-1 virus (111) fail to decrease c-Myc
expression upon treatment with differentiation agents and
also resist the induction of cell death after TNF treatment
(112).

African swine fever virus (ASFV). ASFV induces
TNF production both in culture in vitro and in vivo. TNF
mRNA expression is observed in ASFV-infected alveolar
macrophages, and high levels of TNF protein are detected
by enzyme-linked immunosorbent assay (ELISA) in culture
supernatants. When animals are experimentally infected
with a virulent isolate (E-75), enhanced TNF expression in
mainly affected organs correlates with viral protein expres-
sion. TNF-containing supematants from ASFV-infected
cultures induce apoptosis in uninfected lymphocytes. This
effect is partially abrogated by preincubation with a neu-
tralizing anti-TNF antibody (113).

RNA Viruses. See Table II for details on TNF,
TNFR, and RNA viruses.

Human immunodeficiency virus (HIV). HIV infec-
tion is characterized by a progressive depletion of CD4* T
cells resulting in cellular immunodeficiency (114). There
are also increases in both cellular and soluble markers of
immune activation corresponding to the magnitude and du-
ration of viremia. Among cellular markers, CD38, HLA-
DR, CD44, and TNF have been used to determine the state
of activation of both T cells and macrophages (115). Mark-
ers of activation are also detected in body fluids and include
neopterin, B2 microglobulin, soluble CD30, and soluble
TNFR2. Thus, both TNF and TNFR are useful markers of
immune activation during HIV infection, and their role in
HIV pathogenesis has been investigated intensively.

TNF and TNFR modulate the viral life cycle in HIV-
infected cells. TNF modulates the viral cycle of HIV-1 in
both T cells and macrophages. TNF targets two main stages
of the viral life cycle: viral entry and transcription. TNF has
been shown to inhibit HIV-1 entry into macrophages, but
not into peripheral blood lymphocytes (116). The inhibition
of HIV-1 entry has been reported for the HIV-1 ADA strain,
which is macrophage-tropic and uses CCRS5 as a co-receptor
(designated as RS strain). TNF pre-treatment results in a
delayed and reduced detection of HIV DNA long-terminal
repeat (LTR) reverse transcripts in primary macrophages, a
marker for early events of the viral life cycle that include
viral entry. The step(s) of HIV-1 cycle inhibited by TNF is
prior to reverse transcription, as shown by reduced detection
of genomic viral RNA in the macrophages within 2 hr fol-
lowing infection (116). Thus, the step of the viral life cycle
inhibited by TNF might be membrane fusion or viral un-
coating. Both CD4 and the C-C chemokine CCRS are, di-
rectly or indirectly, downregulated on the cell surface by
TNF (117-119). The CCR5 downregulation on the macro-
phage surface and the subsequent inhibition of viral entry
might also result from increased C-C chemokine production
following TNF treatment (120). Another explanation is that
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TNF triggers the release of granulocyte-macrophage
colony-stimulating factor (GM-CSF) that has been shown to
downregulate CCRS and subsequently block entry of R5
viruses into macrophages (121). Macrophages activated by
TNF treatment might also display increased ability to de-
grade viral RNA especially within phagolysosomes. The
inhibition of R5 HIV entry into primary macrophages by
TNF involves the TNFR2 (116) as shown by the increased
inhibition of HIV-1 entry following treatment with an ago-
nistic TNF-mutated protein that recognizes specifically the
TNFR2 but not the TNFR1 (116, 122). Interestingly,
TNFR2 triggers GM-CSF secretion that has been shown to
block RS HIV-1 entry via CCRS downregulation (121).
TNF stimulates HIV-1 replication in chronically infected
promonocytic Ul cell line through activation of NF-kB and
subsequent transactivation of the proviral LTR (123-125).
Stimulation with TNF of HIV-1 replication in U1 cell lines
that contain two HIV proviral copies per cell is mediated via
the TNFR1, but not the TNFR2 (126, 127). During oppor-
tunistic infections, a hallmark of progressive HIV-1 disease,
tissue macrophages can increase their production of virus
dramatically (128). Production of proinflammatory cytokines
such as TNF might be involved in increased HIV production
by macrophages. TNF binding to TNFR1 stimulates the viral
transcription via NF-«kB activation (123-125); meanwhile,
TNFR2 activation by inhibiting viral entry might block HIV
superinfection. During opportunistic infections, LPS might
also be produced that, either directly or indirectly via TNF
production, might block HIV entry into macrophages (129,
130). Therefore opportunistic infections during HIV disease
might result in a controlled viral production within infected
macrophages that could be critical to avoid macrophage death
and to optimize viral production.

TNF and TNFR modulate T-cell death in uninfected
T cells. HIV-1 infection is characterized by the progressive
depletion of CD4" T cells, but also at a later stage of the
disease of CD8" T cells (114, 131-134). Several hypotheses
have been advanced to account for the loss of T cells. They
include: (i) direct cell lysis by the virus infection (135, 136);
(ii) syncytium formation (137-139); (iii) autoimmunity
(140); (iv) cellular and humoral virus-specific immune re-
sponses (141); (v) superantigen-mediated depletion of spe-
cific T-cell subpopulation (142); and (vi) apoptosis or pro-
grammed cell death (143). The potential role of apoptosis in
both CD4* and CD8* T cell depletion during HIV infection
has been examined in several studies (144-146), and in-
creased apoptosis of freshly isolated CD4* and CD8* T
lymphocytes in cultures grown with blood isolated from
HIV-positive individuals has been reported (147-150). Ap-
optosis occurs in both uninfected and infected T cells (133,
151). Due to the low number of infected T cells and the
extent of T cell depletion in HIV-infected patients, most of
the apoptosis is observed in uninfected bystander CD4"* and
CD8* T cells. CD4* T cell apoptosis is mediated usually by
Fas/Fas ligand interaction although TNF/TNFR interaction
has also been described (152, 153). The viral envelope gly-



Table ll. TNF, TNFR, and RNA Viruses

Virus

Family Effects Mediated by Reference
Human immunodeficiency Retroviridae 1) TNF inhibits entry of R5 1) TNFR2 116, 123-127,
virus strains into macrophages 132, 133, 150,
2) TNF stimulates the HiV 2) TNFR1 152-154, 158
LTR
3) Depletes CD4 T cells via 3) TNF/TNFR and
CD4 cross-linking Fas/FasL interaction
4) Depletes CD8 T cells via 4) TNF/TNFR2
gp120/CXCR4 interaction
interaction
Hepatitis C virus Flaviviridae 1) Inhibits TNF-induced cell 1) HCV core protein 159-162
death in human breast blocks the TNF-
carcinoma cells (MCF7) induced proteolytic
cleavage of the
poly-(ADP-ribose)
polymerase
2) Chronically activates 2) HCV core protein
HCV-infected celis stimulates NF-xB via
elevated and
prolonged retention of
P50 and p65 and
enhanced degradation
of IkB
3) Enhances TNF-induced 3) HCV core protein
apoptosis (HepG2, interacts with the
Hela) death domain of
TNFR1 blocking the
TNF-induced
activation of
RelA/NF-xB
Influenza virus Orthomyxoviridae 1) Stimulates TNF gene 170,171,177
transcription and
stabilizes TNF mRNA
2) Activation of NF-xB 2) Virion hemagglutinin
binding and
transactivation
Respiratory syncytial Paramyxoviridae  Persistent NF-xB activation  I«B proteolysis 184, 185
virus in airway epithelial cells independent of the
26S proteosome
pathway
Measles virus Paramyxoviridae  Control of experimental TNF in synergy with 187
measles virus-induced IFNy
encephalitis by virus-
specific TH cells
Vesicular stomatitis Rhabdoviridae Blockade of VSV TNF in synergy with 192
virus replication in fibroblasts IFNy
Dengue virus Togaviridae Immunopathological Dengue virus capsid 194
response mediated via protein-specific CD4
CD4* CTL clones CTL clones produce
TNF and IFNy
Ebola virus Arenaviridae High immune activation High serum levels of 195

TNF

coprotein gpi20 cross-links CD4 on the surface of macro-
phages and CD4" T cells that results in upregulation of Fas
ligand and Fas, respectively. Upregulated Fas ligand on the
surface of macrophages interacts with upregulated Fas ex-
pressed on the surface of uninfected CD4* T cells resulting
in enhanced CD4* T-cell apoptosis and depletion (150,
152-154). Depletion of CD4* T cells by activated macro-
phages in HIV infection has been reported to involve not
only Fas/Fas ligand interaction, but also TNF/TNFR inter-

action (153). Antigen-induced apoptosis of CD4* T cells
from HIV-infected individuals may be mediated by TNF
although other members of the TNFR family known to in-
duce apoptosis, such as the TNF-related apoptosis-inducing
ligand (TRAIL), might aiso play a role (155, 156).

CD8" T-cell depletion in HIV-infected patients is me-
diated via apoptosis. In AIDS patients, the absolute number
of CD8" T cells is decreased in peripheral blood, and their
turnover rate is increased suggesting that there is more cell
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death and cell renewal. CD8" T cell killing in HIV-infection
is enhanced by macrophages both in vitro and ex vivo (132,
133, 157, 158). CD8* T-cell apoptosis increases proportion-
ally to the number of macrophages present in the co-culture
(132). Intercellular contacts between macrophages and
CD8" T cells are required to induce CD8" T cell apoptosis
after HIV infection. CD8" T-cell apoptosis is mediated by
TNF/TNFR2, but not Fas/Fas ligand interaction, and can be
blocked by neutralizing antibodies directed against TNF and
TNFR2 (132). The TNF/TNFR2 interaction that triggers
CD8* T cell killing by macrophages is a consequence of the
immune activation observed in HIV-infected patients espe-
cially at the late stage of the disease. Immune activation
results in upregulation of TNF on the surface of macro-
phages following gp120 treatment independently on the tro-
pism of the viral strain (132). In contrast, immune activation
of CD8* T cells by the envelope glycoprotein gp120 of X4
T-cell tropic viruses, usually observed late in the disease,
and to a lesser extent of R5 macrophage-tropic viruses,
results in TNF/TNFR2 interaction and subsequently CD8*
T-cell killing by macrophages (132). Ex vivo, apoptosis of
CD8* T cells isolated from HIV-infected patients is also
mediated by macrophages through interaction between TNF
and TNFR2 (132). Thus, immune activation, especially
TNF/TNFR interaction, plays a critical role in the killing of
CD8* T cells during HIV infection. Because CD8" T cells
are thought to limit the spread of the infection either by their
cytotoxic activity and/or the release of soluble factors, the
depletion of CD8" T cells could contribute to the develop-
ment of AIDS.

Hepatitis C virus. The role of hepatitis C virus (HCV)
core protein with regard to apoptosis is controversial. HCV
core protein has been shown to inhibit TNF-induced apop-
totic cell death of human breast carcinoma cells (MCF7) as
determined by cell viability and DNA fragmentation analy-
sis (159). Additionally, HCV core protein blocks the
TNF-induced proteolytic cleavage of the death substrate
poly(ADP-ribose) polymerase from its native 116- kDa pro-
tein to the mature 85- kDa polypeptide. The ability of HCV
core protein to inhibit TNF-mediated apoptotic signaling
pathway may provide a selective advantage for HCV rep-
lication, allowing for evasion of host antiviral defense
mechanisms. Recently, HCV core protein has been shown
to inhibit TNF-mediated apoptosis via NF-kB activation
(160, 161). The expression of HCV core protein prolongs or
enhances the TNF-induced NF-kB DNA binding activity in
HUH-7 and B cells. Stimulation of NF-kB activity by HCV
core protein is due to elevated or prolonged nuclear re-
tention of p50 or p65 species of NF-kB in core protein-
producing cells. Furthermore, the HCV core protein en-
hanced or prolonged I-xBB degradation triggered by TNF.
Thus the HCV core protein potentiates NF-kB activation
that in turn may contribute to the chronically activated,
persistent state of HCV-infected cells.

In contrast, HCV core protein has also been reported to
bind to the cytoplasmic domain of TNFR1 and enhances
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TNF-induced apoptosis (162). HCV core protein binds to
amino acid residues 345407 within the death domain of
TNFRI1. Stable transfection of the core protein in human
cell lines HepG2 and HeLa cells sensitize them to TNF-
induced apoptosis as determined by the TNF cytotoxicity or
annexin V apoptosis assay. The TNF-mediated enhance-
ment of apoptosis is not due to upregulation of TNFRI1, but
rather to interaction of the HCV core protein with the death
domain of TNFR1 blocking the TNF-induced activation of
RelA/NF-kB that delivers an antiapoptotic signal (162). The
HCV core protein, by enhancing TNF-mediated apoptosis,
may provide a selective advantage for HCV replication,
allowing for evasion of host antiviral defense mechanisms.
Differences reported in TNF-mediated cell death following
HCV core protein expression might result from differ-
ent cell types used and/or different protocol for TNF
stimulation.

In patients with chronic HCV infection, both serum
TNF and TNFR are upregulated (163, 164), which corre-
sponds to enhanced hepatocellular expression of both TNF
and TNFR as demonstrated by immunohistochemical stain-
ing (164). Increased levels of TNF and TNFR are enhanced
in chronic HCV infection and reflect histologic activity of
the disease. A TNF promoter polymorphism at position 238
is a host factor contributing to the development of chronic
active hepatitis C (165).

Influenza virus. Among leukocytes, lymphocytes and
especially monocytes/macrophages are highly susceptible to
infection with influenza A virus (166-169). After infection
of macrophages, de novo viral protein synthesis is initiated
resulting in production of proinflammatory cytokines,
especially TNF and C-C chemokines. TNF production by
influenza-infected macrophages is regulated at both tran-
scriptional and post-transcriptional stages (169-171). Influ-
enza A virus stimulates TNF gene transcription and stabi-
lizes TNF mRNA by delaying its degradation (170). Both
LPS, which is associated with bacterial infections, and GM-
CSF potentiate the production of TNF by influenza-infected
macrophages (170, 172, 173). Following the synthesis of
proinflammatory cytokines and C-C chemokines, the in-
fected macrophages die by apoptosis within 24-36 hr (168).
The release of TNF and C-C chemokines may result in the
recruitment of mononuclear leukocytes in the context of
proinflammatory reaction that may condition the infected
host for subsequent virus-antigen-specific defense. The re-
lease of TNF by influenza-infected macrophages and by
influenza-primed cytotoxic T lymphocytes (CTL) (174,
175) results in an antiviral effect mediated usually by both
TNF and interferon-y (175, 176). In vitro, influenza virus
nucleoprotein peptide, SDYEGRLI, associated with the
plate-bound class [ molecule, and the resulting MHC-
peptide complex have been shown to trigger TNF release by
influenza-primed CTL (174). The release of TNF also in-
duces systemic effects such as fever. At the molecular level,
the expression of the virion surface hemagglutinin activates
NF-kB DNA binding and transactivation (177).



Respiratory syncytial virus (RSV). Human al-
veolar macrophages are susceptible to infection with RSV,
although the infection is abortive after the initial cycles of
virus replication (178, 179). RSV infection of alveolar mac-
rophages, but also of human respiratory epithelial cells, re-
sults in the production of proinflammatory cytokines
such as TNF-q, IL-1, IL-6, and IL-8 (178, 180-182), but
also of the TH2 cytokine IL-10 (183). IL-10 produced by
RSV-infected cells suppresses the production of early pro-
inflammatory cytokines (183) and might account for the
ineffective immune response to the virus.

RSV infection of airway epithelial cells results in per-
sistent NF-kB activation. In airway epithelial cells, TNF-
induced NF-«kB activation is transient. Neither increased
I-kBa production that occurs as a result of RSV-induced
NF-«kB activation nor inhibition of proteosome-mediated
I-kBa degradation results in a reversal of RSV-induced NF-
kB activation. Thus, whereas manipulation of I-kBa results
in reversal of TNF-induced NF-kB activation, manipulation
of I-kBa does not result in a reversal of RSV-induced NF-
«kB activation (184). Although TNF-induced NF-kB activa-
tion results in an I-kBa production due to the RelA/I-kBa
positive feedback loop, following RSV infection there is no
reaccumulation of I-kBa protein (185). This indicates that,
following RSV infection, the RelA/I-kBa positive feedback
loop is insufficient to restore control I-kBa levels. Although
I-kB proteolysis induced by TNF-a occurs through the
26S proteosome, RSV infection produces I-kBa proteo-
lysis through a mechanism independent of the proteosome
pathway (185).

Recently a structural homology of the central conserved
region of the attachment protein G of RSV with the fourth
subdomain of TNFR1 has been described (186). Although
the functions for both protein domains are not known, the
structural similarity of both protein domains suggests a
similar function. This homology suggests that the cysteine
noose of RSV-G may interfere with the antiviral and apop-
totic effect mediated by TNF-a.

Measles virus. Measles virus infection of the central
nervous system in the murine model of experimental
measles virus-induced encephalitis is successfully con-
troiled by virus-specific T-helper lymphocytes. T cells from
BALB/c mice that are resistant to measles virus encephalitis
proliferate well against measles virus in vitro, and bulk
cultures recognize viral nucleocapsid and hemagglutinin as
well as fusion proteins. The measies virus-specific T cells
secrete large amounts of IL-2, interferon-y, and TNF. In
contrast, cells obtained from measles virus—infected suscep-
tible C3H mice recognize measles virus proteins only
weakly and secrete little TNF and IFN-y. These results
suggest that interferon-y and TNF play a significant role in
the control of measles virus infection of the central nervous
system (187). '

Measles virus upregulates HLLA-class 1 expression on
the surface of glial cells but not on neurons (188, 189). The
enhancement of HLA-class I on glial cells depends on the

infectious virus, since antibody-neutralized measles virus
has no effect on class-I expression (189). Among cytokines
known to enhance HLA-class 1 expression, such as TNFa,
IFN-y, IFN-«, and IFNB, IFNB is the primary mediator of
enhanced MHC class I expression in measles virus-infected
glial cells, whereas TNFa, IFNa, and IFNYy are barely de-
tected in culture supernatants (189). In contrast to glial cells,
adult neurons normally lack the expression of MHC class I
molecules, which has implications on virus clearance from
the central nervous system. Measles virus infection of neu-
ronal cell lines (IMR-32 and CHP-126) fails to upregulate
HLA-class 1 expression, which is associated with an inabil-
ity of measles virus to induce IFNB in these cells (190).
Induction of IFNB gene expression by the measles virus
requires binding of NF-kB to the positive regulatory do-
main-II element of the IFNB promoter. Both measles virus
and TNFa induce NF-kB binding to positive regulatory
domain II in the glioma cell lines. In contrast, such activity
was induced by TNFa but not by measles virus in neuronal
cell lines (190). This indicates that HLA-class 1 expression
is differentially regulated in glial and neuronal cell lines in
response to the measles virus, which correlates with differ-
ential binding of NF-kB for the IFNB promoter and induc-
tion of IFNB gene expression. The absence of induction of
HLA-class I or IFNB in measles virus-infected neuronal
cells is associated with the failure to activate NF-kB in these
cells. This results from the inability of the measles virus to
induce the phosphorylation and degradation of I-kB, the
inhibitor of NF-kB (191). Thus the ability of the measles
virus to persist in neurons and to escape immunosurveil-
lance might result from the absence of MHC class I upregu-
lation due to both the absence of TNF-a secretion following
infection and the failure of the virus to activate NF-kB.

Vesicular stomatitis virus (VSV). The synergistic
antiviral action of both TNF and interferon-y was described
several years ago to block the replication of VSV in fibro-
blasts (192). TNF inhibits the multiplication of VSV in Hela
cells. Comparison of the kinetics of virus multiplication and
that of virus-induced apoptosis in the TNF-treated cells re-
vealed that the antiviral effect of TNF is accompanied by a
rapid induction of apoptosis in the cells upon infection. This
suggests that TNF can inhibit virus multiplication by accel-
erating an apoptotic response in the infected cells (193).

Dengue virus. Dengue hemorrhagic fever, the severe
form of dengue virus infection, is believed to be an immu-
nopathological response to a secondary infection with a het-
erologous serotype of dengue virus. Dengue virus capsid
protein-specific CD4" cytotoxic T lymphocyte (CTL)
clones produce TNF, interferon-vy, and TNFB in response to
stimulation with D2 antigen. Thus, CD4" CTL clones may
contribute to the immunopathology observed upon second-
ary dengue virus infections through direct cytolysis and/or
cytokine production (194).

Ebola virus infection. Markedly elevated serum lev-
els of TNF, interferon-a, and IL-2 are observed in fatal
cases of Ebola hemorrhagic fever (EHF). Similarly, mRNA

TNF, TNF RECEPTORS, AND VIRUSES 251



quantitation from blood clots of the same patients shows
relatively elevated levels of TNFa and IFN-a. This suggests
that a high degree of immune activation accompanies and
potentially contributes to a fatal outcome in EHF patients
(195). In EHF, TNF might be produced by macrophages,
endothelial cells, and fibroblasts that all have been involved
in the replication of Ebola virus (196).

Conclusion

TNF and TNFR are major components of the immune
system involved in the control of viral infection via direct
antiviral activity usually in association with interferon-y
and induction of apoptosis in infected cells. Nevertheless,
several viruses commandeer the immune defense by inter-
acting directly with the TNF/TNFR pathway to favor the
proliferation of infected cells (EBV), by producing viral
decoy proteins that will bind to TNF to diminish its antiviral
effect (poxviruses), or by triggering the killing of either
infected cells to select for malignant cells (HBV, HCV) or
uninfected bystander T cells to exhaust the immune system
(HIV). Thus, the TNF/TNFR pathway, which is a critical
component of the immune system, by dealing with cell
death and survival is also a main target for viruses that
subvert this system to escape the immune surveillance and
propagate in the organism.
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