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Abstract
The herpesvirus entry mediator (HVEM; TNFRSF14) can activate either proinflammatory or
inhibitory signaling pathways. HVEM engages two distinct types of ligands, the canonical TNF-
related cytokines, LIGHT and Lymphotoxin-α, and the Ig-related membrane proteins, BTLA (B
and T lymphocyte attenuator) and CD160. Recent evidence indicates that the signal generated by
HVEM depends on the context of its ligands expressed in trans or in cis. HVEM engagement by
all of its ligands in trans initiates bidirectional signaling. In contrast, naïve T cells coexpress
BTLA and HVEM forming a cis-complex that interferes with the activation of HVEM by
extraneous ligands in the surrounding microenvironment. The HVEM network is emerging as a
key survival system for effector and memory T cells in mucosal tissues.

Introduction
Herpesviruses are true masters at manipulating the immune system without overtly
compromising the host. The molecular mechanisms of immune evasion are revealing new
clues on how to selectively modulate immune responses. The persistent lifestyle of these
DNA viruses, despite eliciting strong adaptive immunity, demands a sophisticated immune
evasion strategy. In contrast to HIV’s dominance over the immune system by global
elimination of CD4 T cells, herpesviruses target specific molecules in key signaling
pathways including antigen processing and cytokines, providing a subtle, almost tolerant-
like impact on host defense. From the point of entry into a cell, Herpes Simplex virus
(HSV-1 and 2, α-herpesviradae) manipulates cytokine and cell-to-cell communication
pathways [1, 2]. The virus attaches to the cell surface via the herpes virus entry mediator,
(HVEM, TNFRSF14), aptly named as the first discovered entry route for HSV[3]. HVEM is
a cell surface molecule in the TNF Receptor Superfamily, known to activate cell survival
genes through NFκB transcription factors. The cellular ligands for HVEM come from two
distinct families: the TNF-related cytokines, LIGHT (TNFSF14) and lymphotoxin-α (LTα)
[4] and the Ig superfamily members, BTLA (B and T lymphocyte attenuator) and
CD160[5-7]. HSV uses envelope glycoprotein-D (gD) as a viral ligand for HVEM and
Nectin-1 to infect epithelial cells – the major site of host entry. The cross utilization of
ligands by HVEM, the LTβ receptor and the two receptors for TNF (Figure 1) create a rather
complex set of signaling systems that together form a network of pathways regulating
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inflammation and adaptive immune responses[8]. Viewed within this Network context, the
manipulation of HVEM by herpesviruses reveals a deeper appreciation for the evolution of
virus-host interactions. Understanding these strategies may provide lessons in how to limit
inflammation in autoimmune diseases.

HVEM Connectivity
Much of the action that directs the proinflammatory and inhibitory signaling by HVEM is
controlled at the cell surface. These distinct signaling outcomes stem from three key
biophysical parameters: the specific pairing of ligand and receptor, the form of the ligand in
soluble or membrane-anchored positions, and the cis or trans context of ligand-receptor
engagement. The specificity of the ligand and receptor provides the primary mechanism that
directs inflammatory and inhibitory signaling. HVEM plays dual roles as both receptor and
ligand since BTLA and LIGHT engage distinct sites on HVEM, which is itself an activating
ligand for BTLA. The ectodomain of HVEM contains four repeats of a cysteine-rich
domain, the signature motif of the TNFR superfamily [9]. BTLA binding site is located in
the first cysteine-rich domain at the N-terminus of HVEM, whereas homology modeling
indicates LIGHT binds in the second and third domains, but on the opposite face of
HVEM[10-13]. LIGHT, a type II transmembrane protein[14], can be proteolyzed releasing a
soluble, bioactive form[15]. Soluble LIGHT binds HVEM with high affinity, but does not
compete with BTLA, allowing both ligands to simultaneously occupy HVEM. In fact,
soluble LIGHT and LTα enhance the binding of BTLA to HVEM, implicating the formation
of a trimolecular complex[12, 13]. In striking contrast, the membrane form of LIGHT
interferes with HVEM-BTLA binding, by an uncompetitive mechanism, presumably steric
hindrance due to proximity of the membrane.

Trans Signaling
Based on the conservation seen in several TNF ligand-receptor crystal structures[16, 17], the
stereoconformation of membrane LIGHT must be in trans (in an adjacent cell or membrane)
to engage HVEM and activate signaling (Figure 2). The trimeric TNF ligands cluster the
TNFR providing the key step in initiating signaling, which is mimicked by bivalent anti-
receptor antibody. Surprisingly, BTLA when configured in trans also activates HVEM
signaling[18]. BTLA forms dimers in the membrane of viable cells as revealed by flow
cytometric-based FRET system. The dimeric conformation of BTLA suggested a
mechanism for clustering HVEM and this mechanism was confirmed in experiments
demonstrating that BTLA induces activation of HVEM as either a membrane protein or
engineered as a soluble dimeric fusion protein with Fc of IgG. CD160 assembles as a trimer
[19] providing a multimeric conformation that can function as an activating ligand for
HVEM.

Despite the location of the binding regions on the opposite sides of HVEM, both LIGHT and
BTLA induce the canonical NFκB RelA pathway through a TRAF2-dependent mechanism,
indicating signaling outcome is qualitatively the same for both ligands [18]. Whether this
conclusion will apply to other HVEM signaling pathways such as the AKT/AP1 pathway, is
not yet clear. Nonetheless, this result suggests both ligands provide HVEM with sufficient
conformational reorganization to initiate the TRAF2 E3 ligase pathway that activates NFκB.
HVEM does not recruit TRAF3 into its signaling complex as do other TNFR such as the
LTβR, and thus the signaling activity of HVEM is limited to the activation NFκB RelA.
TRAF3 is an essential component that limits NIK availability through ubiquitin-dependent
degradation[20-22]. This limited signaling capacity for only the RelA/p50 NFκB may reflect
HVEM’s restriction to the cell surface, in contrast to LTβR, which is internalized following
ligation[23, 24].
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The Cis and Trans of HVEM
Coexpression of HVEM and BTLA in T cells creates an intrinsic mechanism that interferes
with the ability of LIGHT and the other ligands to access and activate HVEM [25](Figure
2). Previous studies had largely assumed that the behavior of the soluble form of LIGHT
was representative of its membrane bound form. This assumption is indeed the case in the
ability of soluble LIGHT to activate the LTβR or HVEM in epithelia cells. However, a
distinction between soluble and membrane LIGHT emerged in studies of T cells, which in
contrast to epithelia cells, coexpress HVEM with its inhibitory receptor BTLA. T cells
derived from human blood and naïve mouse spleens constitutively coexpress HVEM and
BTLA. HVEM and BTLA are expressed independently of each other as shown in mice
genetically deficient in either gene. Together the HVEM-BTLA cis complex is stable and
expressed at the cell surface, although no signaling activity is associated with HVEM. The
formation of the cis complex required only HVEM to bind the ectodomain of BTLA and
mutations that affect BTLA binding to HVEM in trans, also impacted binding in cis,
indicating the HVEM-BTLA cis complex occupies the same binding sites as in trans.
Indeed, cells coexpressing HVEM and BTLA are unable to bind HVEM or BTLA-Fc, which
provided a method to quantify the HVEM and BTLA on the cell surface of T cells at a ratio
of 1:1 with >85% of the molecules in the cis complex. Some antibodies that recognize an
epitope in the HVEM-BTLA binding site likely underestimate the expression of these
molecules in lymphocyte populations[26]. Importantly, the addition of soluble LIGHT or
LTα failed to activate HVEM as detected by induction of NFκB, although binding of
LIGHT was detectable as expected, and in cells expressing HVEM alone, these ligands were
fully functional. BTLA or CD160 in either soluble or membrane positions also failed to
activate HVEM in cells expressing the cis complex. Thus, BTLA functions as an inhibitor
when coexpressed with HVEM.

The membrane form of LIGHT is the only cellular ligand capable of activating HVEM
within the cis complex with BTLA. However, this activation is reduced compared to
membrane LIGHT activation of HVEM in the absence of BTLA. The presence of antibodies
to BTLA that disrupt the cis-complex synergizes with LIGHT to activate HVEM, which
suggests the disassociation of HVEM from BTLA is a key biophysical feature of membrane
LIGHT’s ability to activate HVEM. Together, these results indicate that membrane LIGHT
has four distinct signaling functions: activation of HVEM, disruption of HVEM-BTLA cis
complex, activation of the LTβR, and in soluble form enhancing HVEM-BTLA complex
formation [4] .

The viral ligand, gD also forms complex in cis with HVEM, but in contrast to BTLA, does
activate NFκB signaling, reflecting evolutionary mastery of this pathway [25]. It is
reasonable to think that the regulation of prosurvival genes by NFκB may provide HSV with
a selective advantage in mucosal epithelium during the early phase of the primary infection
or following reactivation from latency. The ability of HSV gD to activate HVEM in cis
suggests gD may induce appropriate conformational reorganization of HVEM, which BTLA
cannot in the cis complex. gD also inhibited the binding of soluble and membrane LIGHT to
HVEM even though gD engages the same site on HVEM as BTLA. We suggested that the
HVEM-BTLA cis complex is a cellular representation of viral interference[25]. Herpesvirus
gD mediates viral interference in which the initial infecting pathogen blocks additional
pathogen infection by occupying the entry route [27, 28], and thus, functionally resisting
influence from the surrounding microenvironment. The remarkable diversity in viral
mimicry of the HVEM-BTLA complex [29] suggests this viral strategy serves as a key
selective pressure driving evolution of host defenses.
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The HVEM Network in Disease Models
The survival of memory and effector T cells has emerged as an important immune function
of the HVEM Network. Btla−/− CD4 or CD8 T cells proliferate more when activated in
vitro consistent with the inhibitory signaling of BTLA[25]. Inclusion of BTLA-Fc as a
surrogate ligand for HVEM to cultures of CD4 and CD8 T cells substantially enhanced
proliferation of Btla−/− T cells, but not the rate of division, suggesting HVEM impacted cell
survival. Rel A nuclear translocation correlated with the survival of Btla−/− T cells treated
with BTLA-Fc providing a mechanism linking BTLA-activated HVEM signaling to cell
survival gene expression.

T cell driven, intestinal [30] and lung [31, 32] inflammatory disease models in mice have
shown distinct roles for HVEM-BTLA and LIGHT-HVEM pathways. Transfer of CD4+T
cells into lymphopenic mice (Rag−/−) induces colitis over 6-10 weeks. HVEM expressed in
the host, likely in mucosal epithelium, is required to prevent the disease from dramatic
acceleration (two weeks). BTLA expression in T cells and host innate cells was also
essential to limit the accelerated colitis. This result is consistent with the idea that T
lymphocyte-epithelia cell interactions establish a bidirectional signaling pathway via
HVEM-BTLA. The mechanisms that HVEM activation in mucosal epithelium might play to
protect intestinal functions remain to be elucidated. Interestingly, the transferred Btla−/−
effector CD4+ T cells failed to survive in this colitis model [30]. More importantly, the
cotransfer of wild-type T cells with T cells deficient in both Btla and Hvem into Rag−/−
recipient mice showed a similar loss of gene-deficient T cells indicating that pathogenic
effector T cells required intrinsic expression of both BTLA and HVEM. This observation
implicates the HVEM-BTLA cis complex in sustaining survival effector CD4+ T cells.

Recent studies in a T cell dependent, lung inflammation model implicate the LIGHT-HVEM
pathway in the survival of memory CD4+ Th2 cells[31]. Antigen-specific memory CD4+ T
cells deficient in Hvem failed to persist following exposure to recall antigen, although the
initial response to antigen was normal. Furthermore, both Th2 and Th1 effector cells
depended on LIGHT and HVEM signaling to differentiate into memory cells. Importantly,
therapeutic intervention with LTβR-Fc decoy, a competitive antagonist of LIGHT and LTαβ
ligands, inhibited effector Th2 accumulation and disease symptoms. The LIGHT-HVEM
pathway seems to be the dominant pathway in the lung, although BTLA remains to be fully
explored in this model. The different roles played by HVEM-BTLA and LIGHT-HVEM as
T cell survival pathways in these two different organ systems is striking. Together, perhaps
these models are showing that different organ systems utilize different ligands. Or possibly
LIGHT or BTLA may be more relevant to the generation of memory T cells because of
distinct cellular interactions, involving T cells with dendritic cells vs macrophages, or
perhaps, a yet unknown feature of the HVEM network.

It is cogent to recall that HVEM-BTLA functions as an inhibitory pathway in the
homeostasis of dendritic cells. The HVEM-BTLA pathway counter-regulates the
proliferation inducing activity of the LTαβ-LTβR pathway that stimulates CD8α-dendritic
cell subsets in the lymph organs[33, 34]. Adoptive transfer experiments revealed that
expression of both HVEM and BTLA were required in the hematopoietic cells and in host,
implicating both cis and trans signaling configurations are operative in the regulation of
dendritic cell proliferation.

Conclusions
The HVEM network controls the behavior of lymphocytes as they engage cells in their
niches during the recognition, effector and memory phases of immune responses. Both the
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TNF and Ig superfamily ligands of HVEM can initiate the activation of HVEM survival
signaling in trans via the NFκB pathway. HVEM-BTLA cis complex provides intrinsic
regulation in T cells serving as an interference mechanism silencing signals coming from the
microenvironment. Each ligand-receptor pairing in the HVEM network provides both
proinflammatory and inhibitory signaling. The complexity of the HVEM network in
regulating lymphocyte behavior has been thoroughly exploited by herpesviruses, which offer
insights into selectively modulating pathogenic immune responses.
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Highlights

HVEM has five distinct ligands: LIGHT and LTα in the TNF family and BTLA, CD160
and herpesvirus gD in the Ig family.

HVEM-BTLA forms a bidirectional signaling pathway in trans.

Naïve T cells coexpress HVEM and BTLA forming an inhibitory complex in cis
interfering with extraneous ligands in the microenvironment.

The HVEM Network is critical for the survival of memory CD4 T cells in persistent
mucosal inflammation.
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Figure 1. The HVEM Network
The diagram depicts the specificity of the ligands (upper panel) and cognate receptors (lower
panel) in the HVEM network. The arrows define the specific ligand-receptor interaction.
The TNF related ligands are shown as trimers (unboxed). LTα is secreted as a homotrimer,
and has modest affinity for HVEM (dashed line). The Ig superfamily members, BTLA and
CD160, and herpes simplex virus (HSV) glycoprotein D (boxed) are ligands for HVEM.
Human cytomegalovirus UL144, an HVEM ortholog, binds BTLA. Decoy receptor-3
(DcR3) binds LIGHT and the paralogous ligands, Fas Ligand and TL1a.
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Figure 2. Cis and Trans interactions of HVEM
The diagram illustrates the signaling outcomes for HVEM with its ligands in the trans (left
side) or cis configurations (right side). Engagement of HVEM in trans initiates bidirectional
signaling between adjace cells. LIGHT, BTLA or CD160 trigger HVEM to induce
formation of the transcription factor NFκB RelA/p50 via the TRAF2 adapter mechanism.
Ligation of HVEM with either LIGHT or BTLA promotes survival of effector and memory
T cells. HVEM acts as a ligand for BTLA inducing recruitment of the SHP phosphatase1
and 2, to suppress antigen-receptor signaling. The cis configuration, present on naïve T cells,
interferes with signaling via LIGHT, BTLA or CD160 when those ligands are in trans.
Soluble LIGHT enhances the binding between HVEM and BTLA, but cannot activate
HVEM in the cis complex. Membrane LIGHT can drive the disassociation of the HVEM-
BTLA cis complex alleviating inhibitory signaling by BTLA.
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