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TRAIL: not just for tumors anymore?

Chris A. Benedict and Carl F. Ware

Since the discovery of TNF-related apoptosis-inducing ligand (TRAIL) and its
network of receptors, the majority of attention has focused on the clinical
potential of manipulating this pathway in cancer therapy. However, the
widespread expression of TRAIL under inflammatory conditions and the ability
to induce both apoptotic and prosurvival signaling pathways has suggested
that TRAIL plays broader roles in regulating immune processes. Two new
studies now show that expression of TRAIL by neutrophils in the lung facili-
tates defenses against bacterial pathogens, whereas expression of TRAIL by
cells within arterioles exacerbates vascular disease. These differentiating
results highlight that the context of TRAIL signaling can determine whether
the outcome is beneficial or pathogenic for the host.

TRAIL/Apo2L (TNFSF10) was origi-
nally identified in searches of EST
databases for genes with homology to
known TNF superfamily ligands (Wiley
etal., 1995;Pitti et al., 1996). In humans,
TRAIL binds two proapoptotic death
receptors (DRs), TRAIL-R1 and -R2
(TNFRSF10A and 10B), as well as two
other membrane receptors that do not
induce death and instead may act as
decoys for death signaling. Mice encode
only a single TRAIL DR, with highest
homology to TRAIL-R2, and also sev-
eral decoy receptors (Schneider et al.,
2003). Similar to the DR Fas, TRAIL
binding to its cognate DRs induces
formation of a death-inducing signaling
complex, ultimately leading to caspase
activation and initiation of apoptosis
(Bodmer et al., 2000). However, a
widely held consensus is that only tumor
cells are susceptible to TR AIL-mediated
apoptosis, although this varies widely
depending on the type of cell, whereas
nontransformed cells are largely resistant
to death mediated by TRAIL DR. Decoy
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receptors can contribute to resistance to
death signaling by competing for TR AIL
and/or by activating cell survival path-
ways via NF-kB, ERK, and p38 (Shirley
et al., 2011), and the TRAIL DR can
also activate these pathways in certain
situations, underscoring the potential of
this pathway to regulate inflammation at
multiple levels. This nonapoptotic sig-
naling may parallel other DRs such as
TNFR-1 and Fas, which can induce in-
flammation and necroptosis via RIP fam-
ily kinases (Green et al., 2011; Mocarski
et al., 2012). Nevertheless, the rationale
for targeting the TRAIL system in can-
cer is based on its ability to induce apop-
tosis. This follows from much work
showing that TRAIL preferentially in-
duces apoptosis of transformed human
cells and that tumorigenesis and metas-
tasis is enhanced in TRAIL-deficient
mice (Tiail”’"; Cretney et al., 2002).
Consequently, recombinant TRAIL or
agonistic antibodies targeting TRAIL
receptors have entered phase I and II
clinical trials (Fox et al., 2010; Gerspach
et al.,2011). Although patients appear to
tolerate these drugs quite well, in gen-
eral it appears that they will have to be
used in combination with additional tar-
geted biologics or chemotherapy regi-
ments to achieve clinical efficacy. This
complexity in predicting the outcomes
of signaling by DRs of the TNFR
superfamily is illustrated in two papers
published in this issue of the JEM.

Both studies investigate the role of
TRAIL-mediated signaling in regulating
immune responses in the lung. Steinwede
et al. show that neutrophils rapidly
recruited to the lung during Streptococcus
pneumoniae infection release high levels
of soluble TR AIL that induce apoptosis
of alveolar macrophages, thereby limit-
ing bacterial replication and restricting
inflammation and the resulting lung
damage (Steinwede et al., 2012). In
contrast, work by Hameed et al. reveals
that TR AIL can also play a harmful role
in the lung. They find that TR AIL pro-
motes disease development in several
animal models of pulmonary arterial
hypertension (PAH; Hameed etal.,2012).
Consequently, the two papers illustrate
the proverbial double-edged sword
theme common among the TNF-family
cytokines: a rapid, proapoptotic role for
TRAIL that facilitates host defense ver-
sus a sustained, proinflammatory func-
tion that contributes to vascular disease.
Notably, pharmacological modulation
of TRAIL signaling showed significant
benefit in both studies, highlighting po-
tential new applications for TR AIL-
targeted therapeutics.

The pros of TRAIL-mediated immunity...

A role for TRAIL in promoting host
defense to pathogens is not unprece-
dented. Several studies in mice have
shown that TRAIL can promote or
hamper immunity to influenza infection
(Ishikawa et al., 2005; Herold et al.,
2008; Brincks et al., 2011). Interestingly,
early replication of influenza in the lung
is not increased in the absence of TR AIL,
and can even be reduced (Ishikawa
et al., 2005), but ultimately virus clear-
ance is significantly delayed. However,
whether TRAIL ultimately promotes or
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attenuates inflammation, apoptosis, and
lung damage during flu infection is not
entirely clear, as differing results have
been reported (Herold et al., 2008;
Brincks et al.,2011). Paralleling aspects
of influenza infection, control of West
Nile virus is also normal at early times
in Thail”’~ mice, but clearance from the
central nervous system is delayed due to
a reduced ability of CD8 T cells to kill
infected cells (Shrestha et al., 2012).
Better control of the Listeria bacterium
in the spleen and liver of Tiail™’~ mice
is also observed, commensurate with de-
creased macrophage apoptosis and in-
creased inflammatory cytokine levels
(Zheng et al.,, 2004). The TRAIL-
dependent suppression and killing of
macrophages that is seen in these infec-
tions is likely mediated through its cognate
DR. Consistently, Trail-r~'~ mice show
enhanced inflammatory cytokine pro-
duction and control of the B-herpesvirus
cytomegalovirus at early times, likely
caused by increased NK cell activation
resulting from hyperactivated myeloid
cells (Diehl et al., 2004). Consequently,
pathogen defenses in the absence of
TRAIL or its DR are unhindered in
the early stages of infection, or even
enhanced, as a result of an increased
innate response. However, if infection is
not effectively controlled in the initial
period, which likely depends on charac-
teristics of the specific pathogen, then
adaptive immunity suffers, clearance is
delayed, and tissue damage is increased.
A new piece of this rather compli-
cated mechanistic puzzle has now been
added by the work of Steinwede et al.
(2012). These authors show that during
S. pneumoniae infection of mice, neutro-
phils that are rapidly recruited to the lung
express high levels of TRAIL, which is
released in soluble form into the air-
ways. Secreted TRAIL then promotes the
apoptosis of alveolar macrophages within
the first 24 h of infection (Fig. 1 A).
Alveolar macrophages are one of the
first cell types infected by S. pneumoniae,
and their rapid death is required to limit
bacterial replication and pathogenesis
(Marriott et al., 2006). Macrophages in
the lungs of Trail '~ mice showed much
less apoptosis, and instead appeared to
die more frequently by necrosis. This
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“switch” in the amount and apparent
mechanism of macrophage death at this
very early time in mice lacking TRAIL
resulted in higher levels of S. pneumoniae
replication in the lung, more lung damage
due to inflammatory cytokines, and in-
creased mortality. Interestingly, neutrophils
themselves are subject to TRAIL-depen-
dent apoptosis in models of LPS-induced
lung inflammation/damage (McGrath
et al., 2011), but this was not observed in
Tiail™"~ mice infected with S. preumoniae.
Depletion of neutrophils during S. pneu-
moniae lung infection resulted in sub-
stantially decreased levels of soluble
TRAIL, supporting the claim that neu-
trophils are the major source of TRAIL
in the lung in this model. Moreover,
macrophage apoptosis in the airways
decreased after neutrophil depletion,
although the impact of this on S. pneu-
moniae infection was not evaluated. The
clinically relevant observation of this
study is the demonstration that admin-
istration of recombinant TR AIL to wild-
type mice carrying a heavy burden of
invasive S. pneumoniae improved lung
function and reduced pathology, resulting
from enhanced macrophage apoptosis,
and decreased bacterial loads. Similar
enhanced resistance was also seen when
an agonistic antibody to the mouse
TRAIL DR was administered. This
approach was effective even in mice
depleted of neutrophils, suggesting
therapeutic potential of targeting the
TRAIL system in immune-compro-
mised patients suffering from severe
S. pneumoniae infection.

....and the cons

The study by Hameed et al. (2012)
shows that TRAIL signaling does not
always benefit the host. In several rodent
models of PAH, TRAIL expression pro-
moted the progression of PAH, and
blocking TRAIL ameliorated disease.
PAH is a debilitating vascular disease
that affects ~1-5 in 100,000 persons in
the United States, preferentially impact-
ing females (~4:1), in which vasocon-
striction of distal lung arterioles leads to
increased arterial pressure and eventual
death resulting from right ventricular fail-
ure of the heart (Frumkin, 2012). It is
largely accepted that chronic inflammation

plays a key role in PAH pathogenesis,
likely promoting the proliferation of
vascular smooth muscle cells that con-
tributes to occlusion (Price et al., 2012).
Familial PAH results from mutations in
the bone morphogenic type II receptor
(Newman et al., 2001), a member of
the TGF-3 family, further supporting a
contributing role for inflammation. How-
ever, the nature of the effector cells,
cytokines, and signaling pathways that
initiate PAH remain unclear.

Hameed et al. (2012) show that in
a toxin-induced model of PAH in rats,
TRAIL expression is enhanced in lung
endothelial and epithelial cells at times
corresponding to the peak of vascular
remodeling and increased right ventricu-
lar blood pressure, and administration of’
a TRAIL-blocking antibody dramatically
reduced pulmonary hypertension. Mice
exposed to several weeks of hypoxic
conditions also develop a PAH-like dis-
ease, and the pathology in this model
was markedly reduced in Tail™’~ mice.
Work from this group showed that
TRAIL also regulates vascular disease in
atherosclerosis-susceptible Apoe™’~ mice.
These mice develop an IL-1-dependent
PAH-like disease when fed an interme-
diate fat diet (Lawrie et al.,2011), which
is abolished when they are crossed to
Trail”’~ mice. Supporting a key role for
TRAIL expression by lung epithelial or
endothelial cells in this model, bone mar-
row chimeras generated with Apoe "~/
Trail~'~ mice indicated that TR ATL ex-
pression by nonhematopoietic cells
was required. Interestingly, in two of
these animal models, intact TRAIL
signaling correlated with increased
smooth muscle cell proliferation and lung
remodeling and with reduced numbers
of apoptotic cells in the small arteries.
Administering a blocking TRAIL anti-
body in both the rat and mouse models
reduced established lung pathology,
suggesting a potential therapy in human
lung disease. Collectively, the authors
put forward a model whereby TR AIL
expression in endothelial or epithelial
cells of the lung vasculature promotes
the proliferation of smooth muscle
cells, remodeling of the small arteries
and arterioles, and the development of
PAH (Fig. 1 B).
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Figure 1. Protective and pathogenic roles for TRAIL signaling. (A) During infection with

S. pneumoniae, neutrophils that migrate to the lungs produce soluble TRAIL, which then promotes
apoptosis of infected alveolar macrophages. Macrophage apoptosis limits bacterial spread and
restricts the magnitude and duration of pathology-inducing inflammation. (B) TRAIL (soluble or
membrane-bound) produced by structural cells in small arteries induces the proliferation of smooth
muscle cells, possibly via TRAIL-R3, and may also promote the survival of other cells in the arterioles,

resulting in increased vascular remodeling and PAH.

What factors differentiate the na-
ture of TRAIL signaling in these two
studies that ultimately result in either
benefit or detriment for the host? First,
TRAIL expression in the context of
PAH is likely sustained for a longer time
period than during S. pneumoniae infec-
tion. Consequently, chronic activation
of proinflammatory TRAIL signaling
pathways, as opposed to proapoptotic
signaling, may be a key underlying dif-
ference. TRAIL induces proliferation,
but not apoptosis, of human smooth
muscle cells via activation of NF-kB
(Secchiero et al., 2004; Kavurma et al.,
2008). In contrast, tumor or pathogen-
infected cells oftentimes die in response
to TRAIL. This is exemplified by the
sensitivity of lung-resident macrophages
to TRAIL-induced apoptosis during
S. pneumoniae infection. What, precisely,
induces macrophage sensitivity remains

JEM Vol. 209, No. 11

an open question. Interestingly, TR AIL-
dependent killing of macrophages has
also been observed during HIV infec-
tion (Laforge et al., 2011; Zhu et al.,
2011). Whether TRAIL is soluble or
cell-associated, which cell type is ex-
posed to TRAIL, and whether TRAIL
decoy receptors contribute in these
two scenarios are also likely to be key
determinants. Increased expression of
TRAIL-R3 (a gpi-linked decoy recep-
tor for TRAIL) was observed in smooth
muscle cells isolated from PAH patients
in the Hameed et al. (2012) study, and
its blockade modestly reduced TRAIL-
induced proliferation. However, the
operable mechanisms for this decoy are
not known.

Together these studies reveal TRAIL
and its receptors as a complex, multi-
component signaling network, a con-
served theme in studies of the TNF

superfamily. Here, related cytokine net-
works, including the BAFF-APRIL and
TNE-LT-LIGHT networks (Ware,2005),
also function as double-edged swords to
coordinate host defense and homeostasis.
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