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22The LTα1β2 and LIGHTTNF superfamily cytokines exert pleiotropic physiological functions through the activation
23of their cognate lymphotoxin-β receptor (LTβR). Interestingly, since the discovery of these proteins, accumulating
24evidence has pinpointed a role for LTβR signaling in carcinogenesis. Early studies have shown a potential
25anti-tumoral role in a subset of solid cancers either by triggering apoptosis in malignant cells or by eliciting
26an anti-tumor immune response. However, more recent studies provided robust evidence that LTβR signaling is
27also involved in diverse cell-intrinsic and microenvironment-dependent pro-oncogenic mechanisms, affecting
28several solid and hematological malignancies. Consequently, the usefulness of LTβR signaling axis blockade
29has been investigated as a potential therapeutic approach for cancer. Considering the seemingly opposite roles
30of LTβR signaling in diverse cancer types and their key implications for therapy, we here extensively review
31the different mechanisms by which LTβR activation affects carcinogenesis, focusing on the diverse contexts
32and different models assessed.
33© 2016 Published by Elsevier B.V.
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71 1. Introduction

72 Lymphotoxin-β receptor (LTβR) is a member of the tumor necrosis
73 factor receptor superfamily (TNFRSF) identified as a key mediator
74 controlling the development, organization, and homeostasis of
75 lymphoid tissues and organs [1–3]. Moreover, it was reported to
76 play a role in the adaptive immune response against pathogens [1],
77 thymic medullary epithelial cell differentiation, and central tolerance
78 induction [4]. Currently, it is known that LTβR is involved in many other
79 biological processes such as liver regeneration [5], lipid homeostasis [6],
80 high endothelial venule (HEV) differentiation and function [7], and
81 protection against atherosclerosis [8]. Considering the immune system
82 functions of LTβR signaling, it is not unexpected that its deregulation
83 leads to autoimmune and inflammatory diseases, including rheumatoid
84 arthritis [9,10], Sjögren's syndrome [11], autoimmune pancreatitis [12],
85 hepatitis [13], and colitis [14]. Importantly, LTβR signaling has also been
86 reported to be involved in cancer [15,16], albeit with contrasting,
87 context-dependent effects. These effects and the current understanding
88 of the LTβR signaling role in cancer development are the main focus of
89 this review.

90 2. LTβR and its ligands: lymphotoxin and LIGHT

91 The human LTβR gene (LTBR or TNFRSF3) is located on chromosome
92 (Chr) 12 (Fig. 1A), in proximity to genes encoding other TNFRSF
93 members, namely, TNFR1 (TNFRSF1A) and CD27 (TNFRSF7) [17,18].
94 The LTBR full-length transcript encodes a 435-amino acid type I
95 glycosylated protein consisting of three main domains: extracellular
96 (ECD), transmembrane (TMD), and intracellular domain (ICD), also
97 known as cytoplasmic domain (CD) (Fig. 1B). Like other TNFRSF
98 receptors, LTβR displays four cysteine-rich domains (CRD) in the
99 ECD, which confer receptor specificity and affinity for the cognate
100 ligands [17], but it does not contain a death domain in the cytoplasmic
101 tail. It rather harbors here a proline-rich membrane proximal region [17]
102 and two binding sites for members of the TNF receptor-associated factor
103 (TRAF) family of zinc RING finger proteins [19]. Indeed, TRAF2 [20],
104 TRAF3 [21], TRAF4 [22], and TRAF5 [23] have been reported to associate
105 with LTβR. Moreover, within the TRAF-binding domain, distinct regions
106 mediate self-interaction, receptor intracellular trafficking, and the activa-
107 tion of downstream signaling pathways like those activating NF-κB and
108 those leading to cell death [24].
109 LTβR has been shown to be constitutively expressed by a wide
110 variety of cells in lymphoid and visceral tissues such as epithelial
111 and endothelial cells, follicular dendritic cells (FDCs), fibroblasts,
112 and myeloid lineage cells (e.g., monocytes, dendritic cells (DCs), and
113 mast cells), but not on lymphocytes [14,18,25,26]. Since the only two
114 known ligands for LTβR, lymphotoxin (LT) α1β2 heterotrimers and
115 LIGHT/TNFSF14 homotrimers, are physiologically expressed in lympho-
116 cytes [27–29], this pattern of expression suggests that most if not all
117 signals mediating LTβR activation are paracrine or juxtacrine in nature.
118 The genes encoding LTα, the TNF superfamily (TNFSF) member 1
119 (TNFSF1 or LTA) and LTβ, the TNFSF member 3 (TNFSF3 or LTB), reside
120 in a tightly linked locus within the MHC class III region in human
121 Chr 6, flanking the gene encoding TNFα (TNFSF2 or TNFA) (Fig. 1A)
122 [30–33]. The human full-length LTα mRNA encodes a 205-amino
123 acid type II glycosylated protein, also known as TNFβ [33], while
124 the full-length LTβmRNAencodes a 244-amino acid type II glycosylated
125 protein [30]. In contrast to the LTβ protein, which comprises a short
126 N-terminal CD, a TMD, and a C-terminal ECD [30], LTα lacks a TMD

127(Fig. 1B). Therefore, when expressed in the absence of LTβ, LTα forms
128soluble LTα3 homotrimers stabilized primarily by interactions between
129hydrophobic and aromatic side chains [18,34,35]. When LTα is
130expressed together with LTβ, these proteins oligomerize, generating
131cell-surface LTα1β2 heterotrimers [18,36,37]. LTα2β1 heterotrimers
132can also form, but these are a minor form detectable only in vitro and
133representing less than 10% of total LTαβ heterotrimers [37]. The LTα
134subunit contributes primarily to the conformation of the heterotrimer
135[35], while the LTβ subunit provides the membrane anchor for LTα1β2

136and confers specificity for LTβR binding [17]. LTB but not LTA expression
137in lymphocytes is constitutive, but both are induced by cell stimulation
138[30]. The reported basal levels of LTB mRNA in lymphoid cells may be
139important to interact with and transport LTα to the cell surface as an
140LTα1β2 heterotrimer (instead of LTα2β1 or even soluble LTα3). Being
141inducible, LTα production is probably the rate-limiting step in this
142process [30,38,39].
143The LTα- and LTβ-encoding genes display a restricted and similar
144pattern of expression, being mainly expressed in hematopoietic cells
145including activated T and B cells, natural killer (NK) cells [27,29], DCs
146[40], and lymphoid tissue inducer (LTi) cells [41]. Cell-surface LTα1β2

147heterotrimers are upregulated through lymphocyte activation, but also
148by cytokine and chemokine induction. For example, LTα1β2 is induced
149by IL-2 on human peripheral blood T cells [29], and IL-4, IL-7, CCL19,
150and CCL21 in murine splenic T cells [42]. The induction of LTα1β2

151expression by viral proteins in infected hepatocytes [13,43] and cervical
152epithelium [44] was also reported.
153The other known LTβR ligand is encoded by the human TNFSF
154member 14 (TNFSF14) or LIGHT gene and is located within an MHC
155paralog region on Chr 19, in close proximity to other TNFSF genes
156such as those encoding CD27L/CD70 (TNFSF7) and CD137L/4-1BB
157(TNFSF9) (Fig. 1A) [45,46]. The LIGHT full-length transcript is translated
158into a 240-amino acid glycosylated type II transmembrane protein (Fig.
1591B) [45]. LIGHT monomers form homotrimers at the cell surface of
160activated lymphocytes [28], which can be shed upon proteolytic cleavage
161[45]. Similarly to lymphotoxin genes, the LIGHT-encoding gene displays a
162restricted expressionpattern beingmainly expressedon activatedperiph-
163eral blood T lymphocytes [28], monocytes, granulocytes, and immature
164DCs [40,47,48], and also on mucosal tissue-derived CD4+ T and NK cells
165[49]. LIGHT was shown to be expressed also in thymic stromal cells such
166as DCs, fibroblasts, and endothelial and epithelial cells [26].
167Some TNFSF members can bind the same receptor, as is the case for
168LTα/LTβ-containing ligands and LIGHT. LTα3 binds TNFR1, TNFR2 [50,
16951], and herpes virus entry mediator (HVEM) [28,50], a receptor
170expressed by T and B cells, NK cells, DCs, and monocytes [52]. Since
171the LTβR discovery, no other receptor for LTα1β2 has been found [37].
172By contrast, LTα2β1 heterotrimers may bind not only LTβR, albeit
173with low affinity [17,35,37], but also TNFR1 and TNFR2 [17,37]. LIGHT
174forms only homotrimers, which can bind and activate LTβR and HVEM
175[28], and the soluble decoy receptor 3 (DcR3), which acts as a negative
176regulator [53]. Although several of these interactions were reported
177in vitro (e.g., LTα2β1 binding to TNFR1/2), their physiological relevance
178in vivo remains questionable.
179Even though both LTα1β2 heterotrimers and LIGHThomotrimers are
180often found at the cell membrane, in certain contexts they can be shed
181from the cell surface. For instance, LTα1β2 can be shed from human
182activated T cells, upon proteolysis mediated by matrix metalloproteinase
183(MMP)-8 and ADAM17/TNFα converting enzyme (TACE), to induce the
184expression of pro-inflammatory genes on synovial fibroblasts from
185rheumatoid arthritis patients [10]. LIGHT can also be actively shed from
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186 the cell surface of CD4+ T lymphocytes by MMPs in rheumatoid arthritis
187 [54] but also in the context of immune cell regulation [55]. Although the
188 soluble form of LIGHT binds and activates HVEM, the membrane-bound
189 homotrimer shows the enhanced activation of this receptor [45,56,
190 57]. Interestingly, the membrane-bound form of LIGHT expressed in T

191lymphocytes has been shown to act as a T-cell receptor (TCR)
192costimulatory signal when bound either to an agonistic antibody or
193to its receptor DcR3, a phenomenon denominated reverse signaling
194[58,59]. Nevertheless, the biological significance of these different
195LIGHT forms is still not fully understood especially regarding LTβR

Fig. 1. LTβR, lymphotoxin and LIGHT proteins and genes. (A) Genomic localization and exon-intron structure of LTBR, LTA, LTB, and TNFSF14/LIGHT human genes. Boxes represent exons,
blue being coding and grey non-coding regions. (B) Schematic representation of the LTβR, LTα, LTβ, and LIGHT protein primary structure. Numbers represent amino acid position. CRD,
cysteine-rich domain; ECD, extracellular domain; ICD, intracellular domain; RBD, receptor-binding domain; SP, signal peptide; TMD, transmembrane domain; TRAF, TRAF protein-binding
domains. (C) Schematic representation of interaction between LTβR and its two main ligands, LTα1β2 heterotrimers (left) and LIGHT homotrimers (right). Blue shapes represent LTβR
CRDs interacting with the groove formed each by 2 ligand subunits. Pink shapes represent TRAF-binding domains.
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196 activation. In certain contexts, LIGHT shedding may induce distal
197 functional effects on LTβR activation or may serve as a mechanism
198 of self-inactivation [45].

199 3. LTβR activation, NF-κB signal transduction, and target gene
200 regulation

201 The TNFRSF members are typically activated by ligand-induced
202 trimerization or even higher-order oligomerization through the interac-
203 tion of receptor CRD domains with each monomer-monomer interface
204 groove [60]. As no exception to this notion, the central initiating event
205 for LTβR signaling is receptor aggregation. However, unlike other TNF
206 receptors, each LTβR subunit can bind only two sites in the LTα1β2

207 heterotrimer, the LTα-LTβ (higher affinity) and the LTβ-LTβ′ (lower
208 affinity) interfaces for productive receptor activation [61]. Similarly,
209 LIGHT has been shown to present only two high-affinity binding sites
210 for LTβR [62]. Thus, the binding of LTα1β2 or LIGHT to LTβR brings two
211 receptor molecules in close proximity (Fig. 1C) [61,62] and the LTβR
212 self-interaction region in the cytoplasmic domain promotes receptor
213 aggregation and consequent conformational changes [24]. These events
214 lead to the sequential recruitment of cytosolic adaptor proteins to the
215 cytoplasmic region of LTβR, mainly TRAF proteins. These proteins may
216 activate or repress signaling initiation leading to gene transcription

217through different signaling pathways such as the classical and the
218alternative NF-κB pathways, the c-Jun N-terminal kinase (JNK) MAP
219kinase pathway, and other signaling pathways leading to cell death [63]
220(Fig. 2). LTβR-dependent downstream signaling can also be initiated
221independently of ligand binding either artificially by anti-LTβR agonistic
222antibodies that induce receptor aggregation [21,64], or pathologically by
223receptor overexpression leading to self-association [19,65,66].
224Although LTβR activation has been reported to induce gene
225expression through ASK-MKK-JNK-dependent AP-1 activation [67,68]
226and LTβR interacts with the AP2 adaptor/clathrin complex to mediate
227unknown NF-κB-independent functions [19], cell death induction and
228NF-κB activation are the most studied events downstream LTβR.
229Despite lacking a cell death domain in its cytosolic domain, LTβR has
230been shown to induce death of cancer cell lines (e.g., HT-29, WiDr,
231Hep3BT2, and MCF-7) and to arrest tumor growth in cell line-derived
232xenograft models [69,70]. LTβR activation was shown to lead to cell
233death in the presence of IFN-γ [69] by either caspase-dependent
234(apoptosis) and/or caspase-independent (necroptosis/necrosis)
235mechanisms [20,71–74]. In addition, LTβR activation in combination
236with TNFR1 was proven essential to sensitize cortical thymic epithelial
237cells (cTECs) to TNFR1-mediated cell death [75,76]. The mechanism
238was shown to rely on NIK activation and on assembly of the RIP1/
239FADD/caspase 8 death complex (Fig. 2), but not on processing of p100

Fig. 2. LTβR-mediated signal transduction pathways leading to target gene expression and cell death. The activation of LTβR signaling by LIGHT or LTα1β2 can induce specific target gene
expression and cell death. NF-κB classical pathway induction leads sequentially to the activation of the IKK complex, IKK-mediated IκBα phosphorylation and subsequent degradation,
nuclear translocation of RelA/p50 heterodimers, and induction of pro-inflammatory cytokine, chemokine, and adhesion molecule expression. On the other hand, the alternative NF-κB
pathway relies on NIK and IKKα-dependent processing of p100 into p52, leading to the translocation of RelB/p52 heterodimers to the nucleus where they activate the expression of genes
mainly involved in lymphoid organogenesis and homeostasis. LTβR-induced the activation of NIK is also involved in TNFR1-mediated RIP1-dependent apoptosis. Furthermore, LTβR
activation induces cell death by other ill- characterized mechanisms involving reactive oxygen species (ROS) production, ASK-1, and either caspase-independent or caspase-dependent
apoptosis. LTβR was also shown to activate JNK leading to AP-1-induced gene expression in addition to cell death.
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240 to p52, an essential step in the NF-κB alternative pathway [77]. Despite
241 these findings, further research is warranted to fully understand the
242 mechanisms of cell death induced by LTβR, which may depend on cell
243 type, nature of the LTβR-activating stimulus and co-activation of other
244 receptors.
245 Unlike the prototypical TNF receptors, which activate the classical
246 but not the alternative NF-κB pathway (i.e., TNFR1), but like other
247 TNFRSF members (e.g., BAFFR, CD40, CD27, Tweak, and CD30), LTβR
248 binding by its ligands leads to both classical and alternative NF-κB
249 pathway activation [19,78]. The activation of one or the other NF-κB
250 signaling pathway is spatially and temporally regulated by LTβR
251 trafficking [19] and varying levels of receptor cross-linking may be
252 required for distinct conformational changes and activation of different
253 signal transduction pathways. Furthermore, the classical and the
254 alternative NF-κB signaling pathways control distinct patterns of gene
255 expression [78] and are therefore differentially involved in various
256 functions attributed to LTβR signaling (Fig. 2).
257 To activate the classical NF-κB signaling pathway, LTβR engagement
258 leads to TRAF2 recruitment to its CD and subsequent IKK-mediated IκBα
259 phosphorylation and degradation by the proteasome [79]. These events
260 lead to p50-RelA heterodimer activation [78,80]. When upregulated,
261 TRAF3was shown to inhibit TRAF2 recruitment to LTβR, thus negatively
262 regulating NF-κB activation [79].When LIGHT or LTα1β2 accumulates at
263 the surface of LTβR-inducing cells, higher-order clusters of LTβR may
264 form on the target cell that seemingly trigger dynamin-2-dependent
265 endocytosis of the receptor [19]. During this process, the LTβR CD was
266 shown to remain exposed towards the cytosol and to compete with
267 NIK for the binding of its inhibitory complex composed by TRAF3/
268 TRAF2/cIAP1/cIAP2 [81,82]. As a consequence, the constitutive
269 proteasomal degradation of NIK is alleviated, leading to NIK accumu-
270 lation and activation of IKKα. These events lead to p100 processing
271 to p52 and the translocation of p52/RelB dimers to the nucleus (Fig. 2)
272 [19,83]. The LTβR-mediated activation of alternative NF-κB signaling is
273 terminated by a mechanism of negative feedback control relying
274 on IKKα-dependent destabilization of NIK [84]. Thus, TRAF3 inhibits
275 NF-κB signaling by being part of a complex that mediates NIK targeting
276 to proteasome degradation and, thus inhibits the processing of p100 to
277 p52 [79,85]. Regarding kinetics, ligand binding to LTβR can induce a
278 rapid and transient activation of the classical NF-κB pathway, followed
279 by a delayed but sustained the activation of the alternative pathway
280 [78,80]. The delayed activation of the alternative pathway may be at
281 least partially due to the requirement for increased Nfkb2 gene
282 transcription (encoding p100), which is mediated by the IKKβ-
283 dependent classical pathway [78,80]. Alternatively, it was proposed
284 that LTβR activation induces the IKKα-dependent alternative pathway
285 alone, resulting in p100 degradation and eventually activating
286 RelA-containing and RelB-containing dimers [86]. Through the
287 activation of p50/RelA heterodimers, LTβR signaling promotes for
288 instance the upregulation of pro-inflammatory molecules, including
289 the CCL4/macrophage inflammatory protein (MIP)-1β, CXCL2/MIP-2,
290 and vascular-cell adhesion molecule 1 (VCAM-1) in mouse embryonic
291 fibroblasts (MEFs) [78], and CXCL1, CXCL2, intercellular adhesion
292 molecule 1 (ICAM-1), VCAM-1, and E-selectin in endothelial cells [87].
293 Conversely, the LTβR-mediated activation of p52/RelB heterodimers
294 results in the production of lymphoid chemokines such as the CCL19/
295 EBl1-ligand chemokine (ELC), CCL21/secondary lymphoid tissue
296 chemokine (SLC), CXCL12/stromal cell-derived factor-1α (SDF-1α),
297 CXCL13/B lymphocyte chemoattractant (BLC), and the cytokine B cell
298 activation factor (BAFF), being all involved in lymphoid organogenesis
299 and homeostasis [26,78].

300 4. Physiological roles of lymphotoxin signaling

301 LTα1β2/LIGHT-induced LTβR signaling is critically involved in lym-
302 phoid organogenesis andmaintenance of secondary lymphoid structures,

303in addition to its roles in regulation of innate and adaptive immune
304response, inflammation, and tissue homeostasis.
305Lymphoid organogenesis is largely associated with LTβR signaling
306induced by the LTα1β2 heterotrimer, as shown by studies blocking
307ligand-receptor interaction [88,89] or using LTβR, LTα, LTβ, or LIGHT
308knockout mice [1–3,90]. LTβR knockout mice lack several secondary
309lymphoid organs, including peripheral and mesenteric lymph nodes
310(LNs), Peyer's patches, and gut-associated lymphoid tissues (GALT)
311[1]. LTα knockout mice generally lack peripheral and mesenteric LNs
312and Peyer's patches, although mesenteric lymphoid aggregates were
313observed in a few mice [3,91]. LTβ knockout mice lack most LNs but in
314contrast to LTα and LTβR-deficientmice conserved fully organizedmes-
315enteric LNs and cervical lymph node-like structures [2,92]. Mesenteric
316LNdevelopmentwas impaired by simultaneous LTβ and LIGHT inactiva-
317tion,meaning that LIGHT can compensate for LTβ absence inmesenteric
318LN development [90]. In addition, LTα-, LTβ-, and LTβR-deficient mice,
319but not LIGHT-deficient mice presented splenic structural defects.
320Discrepancies in the effects of ligand-receptor gene inactivation led to
321the supposition, yet to be confirmed, that either an alternative unknown
322ligand for LTβR or other nonspecific interactions could account for such
323phenotypic differences [1–3].
324In the adult, LTβR signaling was reported to be critically involved in
325the adaptive immune response against pathogens due to its intervention
326in processes such as DC homeostasis and expansion [93,94], and lympho-
327cyte maturation and survival [95–98]. Furthermore, its activation is con-
328tinuously required for the maintenance of the integrity and organization
329of microenvironments from secondary lymphoid organs [1,88,89]. For
330example, LTβR is important for the development and structural mainte-
331nance of fibroblastic reticular cells (FRCs) in LNs and spleen [99,100]. In
332the spleen, LTβR activation was also shown to be essential for FDC differ-
333entiation [101]. Accordingly, LTβR-deficient mice present disrupted FDC
334and germinal center formation and, consequently deficient B cell affinity
335maturation [1]. LTβR signaling is also important for the trafficking of
336lymphoid and other hematopoietic cells, namely, the recruitment, migra-
337tion, and organization inside organs, and themigration to other tissues [4,
33826,42,102].Moreover, it is involved in the regulation of acute inflammato-
339ry reactions and in the development of inflammation-associated ectopic
340lymphoid structures [41,103]. In the latter process, LTβR-dependent
341stromal cell differentiation into reticular networks and induction of
342chemokines, cytokines, and adhesionmolecules play a critical role. Finally,
343LTβR activation favors the recruitment of hematopoietic cells to lymphoid
344compartments by instructing the development and function of high
345endothelial venules (HEVs) [7,104].
346Importantly, LTβR signaling leading to NIK/IKKα-dependent alterna-
347tive NF-κB activation has been shown to be a key player for thymic
348medullary epithelial cell differentiation [105] and the maintenance of
349the thymic structure [4], considered essential for central tolerance induc-
350tion. In this context, T-cell development and selection and the mainte-
351nance of the thymic microenvironments require reciprocal interactions
352between thymocytes and stromal cells where LTβR signaling is a critical
353mediator of this thymic cross talk [4]. In addition, cTEC cell deathmediat-
354ed by LTβR and TNFR1 combined and NIK activationwas proven essential
355for thymic involution in pathological conditions [75–77].
356Although LTβR and its ligands are widely recognized as key players
357in immunity, they are also involved in many other biological processes
358such as liver regeneration [5,106], hepatic lipid metabolism [6], and
359adipocyte differentiation [107]. Importantly, LTβR signaling has also
360been reported to be involved not only in cell death and tumor growth
361inhibition, but also in cancer development and progression [15,16].

3625. LTβR suppressor functions in solid tumors

3635.1. LTβR activation leading to cancer cell death

364The lymphotoxin designation was first attributed upon LTα identifi-
365cation as a cytokine similar to TNFα that presented cytolytic/cytostatic
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366 effects on target cells [108]. Indeed, LTβR activation was first shown
367 to mediate cytotoxic effects in tumors, thus pointing to a potential
368 anti-cancer therapy, especially because this receptor was found to be
369 expressed in a wide range of tumor types [65,70,73].
370 The direct anti-cell growth role of LTβR has been demonstrated in a
371 subset of human epithelial cancer cell lines (e.g., HT-29,WiDr, Hep3BT2,
372 MCF-7, and HeLa), where LTβR activation was shown to induce death
373 with slow kinetics (36–72 h) either in the presence of IFN-γ [69,71] or
374 through LTβR ligand-independent self-association caused by overexpres-
375 sion [66]. Furthermore, LTβR activation was reported to arrest tumor
376 growth in mice xenografted with colorectal cancer cell lines and patient
377 samples [69,70]. The molecular mechanism by which LTβR contributes
378 to cancer cell line death has however remained elusive.
379 To study LTβR-induced anti-growth effects in cancer, Hu and co-
380 workers used a lung experimental metastasis model in which mouse
381 colon carcinoma cells were injected i.v. into BALB/c mice and found
382 that CD11b+myeloid cells, NK cells, and CD8+ and CD4+T cells collected
383 from lungmetastases expressed LTα1β2 and LIGHT [73]. This observation
384 supported a previous report indicating that monoclonal antibody
385 (mAb)-mediated LTβR activation in established CT26 cell line-derived
386 subcutaneous tumors led to both T-cell infiltration, probably mediated
387 by pro-inflammatory chemokines, and tumor necrosis [70]. Supporting
388 the notion that immune cells interact with tumor cells through LTβR to
389 suppress spontaneous tumor development, recombinant LTα1β2 and
390 LIGHT proteins or an agonist LTβR mAb could inhibit in vitro growth
391 of human colon carcinoma and soft tissue sarcoma cell lines [73].
392 Likewise, using a syngeneic mouse model of sarcoma metastasis to the
393 lung together with adoptive transfer of tumor-specific cytotoxic T
394 lymphocytes (CTL), Yang and co-workers previously showed that
395 LTβR was a direct effector of CTL-mediated tumor rejection in vivo
396 [109]. Regarding the mechanism, LTβR stimulation by an agonistic
397 mAb-induced caspase- and mitochondrial-dependent apoptosis
398 and activated classical and alternative NF-κB pathways in human
399 cancer cell lines [73]. Furthermore, NF-κB inhibition promoted
400 CT26 colon cancer cell metastatic potential in vivo, suggesting
401 that in this context LTβR-mediated apoptosis and activation of the
402 NF-κB signaling pathway might act in concert to suppress tumor
403 development [73].
404 It has been suggested that LTα1β2 and LIGHT ligand expression by
405 immune cells such as T cells [109], NK cells [110], or DCs [111] may
406 engage LTβR on tumor cells and thus trigger anti-tumor cytotoxicity.
407 Yet tumor cell death in these studies was induced by recombinant
408 ligands and/or LTβR agonistic antibodies, which may not reflect the
409 physiological levels and activity of ligands expressed at the surface of
410 immune cells. This caveat is underscored by results showing that LTβR
411 activation and downstream signaling pathways induced in vitro by
412 recombinant ligands or agonistic antibodies may depend on the
413 duration and degree of receptor oligomerization [64]. Nevertheless,
414 LTβR-mediated tumor suppression by either agonistic mAbs [69,70] or
415 adoptively transferred tumor-specific CTLs [109] was put forward
416 as a therapeutic approach to halt tumor growth and to override
417 colon carcinoma and soft tissue sarcoma chemo- and radiotherapy
418 resistance [70,73].

419 5.2. LTβR or HVEM activation leading to immune-mediated tumor rejection

420 5.2.1. LIGHT-induced recruitment and activation of anti-tumoral
421 lymphocytes
422 Rather than identifying a direct effect of LTβR signaling in tumor
423 regression, Winter and co-workers found that LTβR-mediated tumor
424 regression could occur through an indirect pathway [112]. These
425 authors used an experimental pulmonary metastasis model generated
426 by intravenous injection of the D5 melanoma cell line (a B16 cell line
427 subclone) in syngeneic mice and found that infiltrating effector T cells,
428 which expressed LTβR ligands, activated LTβR but did not induce
429 apoptosis of D5 tumor cells in vitro. Instead, LTβR activation in D5

430melanoma cells induced the secretion of chemokines that mediate
431macrophage migration [112]. Although, direct anti-tumor effects could
432not be excluded, this report indicates that LTβR activation by LTα1β2

433and/or LIGHT is involved in the induction of chemotactic molecules that
434create a tumor microenvironment favorable for lymphocyte homing,
435which in turn may boost anti-tumor immunity and contribute to tumor
436suppression. Also in this context, Yu and colleagues disclosed a role for
437LTβR signaling in tumor immune rejection [113]. LIGHT overexpression
438in a fibrosarcoma cell line that was then subcutaneously inoculated in
439C3B6F1 mice-induced LTβR-mediated CCL21 andMAdCAM-1 expression
440in tumor microenvironmental cells. This in turn led to CD8 naïve T-cell
441infiltration and activation, leading to the rejection of the established
442tumor. Furthermore, the direct inoculation of LIGHT-expressing tumor
443cells in established non-LIGHT-expressing primary tumors led to their
444regression. Primary tumor rejection was also achieved when LIGHT-
445expressing tumor cells were inoculated in another subcutaneous site,
446indicating that LIGHT can generate a systemic immune response
447against distal tumors. These data support the rationale of using
448LIGHT-expressing tumor vaccines as a therapeutic tool [113]. In this
449line, other researchers genetically engineered attenuated Salmonella to
450express LIGHT and used it as a targeting vehicle for local expression of
451LIGHT in tumors. This approach led to LTβR andHVEM-dependent inhi-
452bition of both primary and metastatic tumor growth in subcutaneously
453injected syngeneic immunocompetent mice [114]. LIGHT expression
454induced both T and B lymphocyte infiltration and production of the
455CXCL9 chemoattractant in subcutaneous tumors, but it remained to be
456established whether these two effects were causatively linked [114].
457LIGHT expressionwas also found to be frequent in patient-derivedmet-
458astaticmelanoma cells and inmelanoma cell line-derivedmicrovesicles,
459and to be correlated with T-cell infiltration [115]. In addition, another
460approach based on LIGHT-expressing adenovirus was tested for local
461tumor treatment. These viruses initiated priming of tumor-specific
462CD8+ T cells directly in the primary tumor, followed by the exit of
463CTLs, which homed to distal tumors to elicit immune-mediated eradica-
464tion of spontaneousmetastases [116]. Several studies therefore indicate
465that LIGHT is a potent primer of T-cell responses that can counter tumor
466growth and that it can be used as a therapeutic tool.

4675.2.2. LTβR-mediated HEV differentiation and recruitment of anti-tumoral
468lymphocytes
469In addition to its role in chemokine production and chemoattraction,
470LTβR activation was shown to correlate with lymphocyte extravasation
471through HEVs and tumor infiltration, thus leading to tumor regression
472[117,118]. HEVs are specialized postcapillary vessels of secondary
473lymphoid organs, also found in chronically inflamed non-lymphoid
474tissues [119] and tumors [120]. These vessels mediate the extravasation
475of naïve and central memory lymphocytes from the peripheral blood to
476lymphoid tissues to initiate immune responses [121] and express LTβR,
477which is required for HEV differentiation and function [7]. In this
478context, Martinet and co-workers have recently found that in human
479breast cancer, higher numbers of LTα1β2-expressing DCswere correlated
480with increased HEV density and T and B lymphocyte infiltration.
481Moreover, LTβ expression correlated with expression of chemokines
482associated with HEV-mediated lymphocyte extravasation (CCL19,
483CCL21, and CXCL13) [118]. Interestingly, these authors showed that
484the tumor HEV density was inversely correlated with breast cancer
485progression, from in situ ductal carcinoma to invasive ductal carcinoma,
486and found that high density of HEVs in breast tumors was correlated
487with a favorable prognosis [118]. These findings contradict the generally
488accepted assumption that tumor angiogenesis correlates with tumor
489progression and worse prognosis and highlight the notion that different
490types of tumor blood vessels play distinct roles. A similar mechanism
491was also found in a mouse model of methylcholanthrene-induced
492fibrosarcoma, in which depletion of T regulatory cells (Tregs) led to
493HEV development, T-cell infiltration, LTα and LTβ upregulation, and
494decreased tumor growth [117].
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495 In summary, LTβR can mediate anti-tumor effects by direct
496 cytotoxicity (Fig. 3A) but also by other indirect mechanisms, like
497 tumor cell sensitization to chemotherapeutic agents and radiation [70].
498 Furthermore, LTβR can stimulate host-mediated anti-tumor immune
499 responses either by inducing the expression of pro-inflammatory
500 cytokines and chemokines that chemoattract and activate lymphocytes
501 [70,112] (Fig. 3B), or by inducing the differentiation of HEVs that mediate
502 lymphocyte trafficking to both normal organs and tumors [7,118]
503 (Fig. 3C).

504 6. LTβR-mediated promotion of solid tumors

505 In contrast to the previously discussed anti-cancer roles of LTβR, a
506 tumor-promoting role for this receptor has been disclosed in a wide
507 variety of contexts. Cancer cells from different origins express LTβR
508 [65,70,73], being often this expression increasingly more prevalent
509 with cancer progression and metastasis [65,73,122]. Furthermore,
510 LTBR gene upregulation or structural alterations leading to LTβR consti-
511 tutive activation were reported to correlate with carcinogenesis [65,
512 122–124] (Fig. 4A). As shown below, LTβR is thought to promote
513 oncogenesis either by directly fostering survival and/or proliferation
514 of malignant cells or by generating a pro-tumorigenic inflammatory
515 microenvironment.

5166.1. LTBR genetic alterations leading to LTβR constitutive activation

517An early study reporting an LTβR pro-tumorigenic role identified an
518NH2 terminally truncated form of LTβR in a pancreatic ductal carcinoma
519cell line. This truncated receptor and the full-length LTβR protein were
520shown to have fibroblast transforming activity in vitro and in vivo, even
521in the absence of their cognate ligands [123]. In another study, the
52212p13.3 region, including the LTBR locus, was found to be in higher
523copy number in 51% and amplified in 7% of nasopharyngeal carcinoma
524(NPC) cases [122]. Additionally, LTβR protein was found to be frequently
525overexpressed in NPC tumors. Subsequently, LTβR overexpression in an
526immortalized nasopharyngeal epithelial cell linewas shown to contribute
527to ligand-independent cell proliferation. Importantly, LTβR knockdown
528inhibited in vivo tumor growth in an NPC xenograft mouse model [122].
529Since LTβR stimulation activated NF-κB in nasopharyngeal cells [122],
530the same authors showed that in cases without evident LTBR ampli-
531fication genetic alterations affecting other NF-κB signaling regulators
532(TRAF3, TRAF2, NFKBIA, and A20/TNFAIP3) were present [125]. These
533results therefore support a role for LTβR-mediated NF-κB activation
534in NPC development.
535The oncogenic potential of LTβR has also been reported inmelanoma.
536Dhawan and co-workers have shown that LTβR expression is upregulated
537in human metastatic melanoma samples when compared to normal
538melanocytes and other melanoma lesions. In melanoma cell lines, LTβR

Fig. 3. LTβR anti-oncogenic roles. The activation of LTβR signaling leads to anti-oncogenic effects due to three mainmechanisms. (A) Death of LTβR-expressing cancer cells likely induced
by immune cells expressing LTα1β2 and/or LIGHT. (B) Recruitment of anti-cancer LTα1β2- and/or LIGHT-expressing immune cells mediated by LTβR-expressing cancer or stromal cell
chemokine production [112,113]. (C) Increased anti-tumor immune response linked to high endothelial venule neogenesis triggered by LTβR stimulation of endothelial cells by
LTα1β2-expressing DCs [118].
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539 activates the NF-κB pathway and induces cell proliferation and invasive-
540 ness, all in a ligand-independent manner [65]. These findings suggest
541 that, like in pancreatic cancer, the elevated expression of LTβR inmelano-
542 ma is by itself sufficient to drive cancer progression.

543 6.2. Ligand-dependent activation of LTβR in cancer development

544 Despite reports indicating that LTβR signaling can be activated in the
545 absence of ligands, other studies have shown that these may play im-
546 portant roles in promoting cancer. Genetic studies in humans identified
547 single nucleotide polymorphisms (SNPs) in the LTα gene that may be
548 either cancer-protective or lead to an increased cancer risk. For exam-
549 ple, one common SNP, LTA + 252 A N G or rs909253, was described in
550 meta-analysis studies to be positively associated with cancer suscepti-
551 bility to different types of cancer [126,127]. Such susceptibility was
552 also found for specific cancer types, such as non-Hodgkin lymphoma
553 [128,129], breast cancer [130,131], and gastric cancer [132,133]. Despite
554 conflicting data on the association between LTA gene polymorphisms
555 and risk for different types of cancer in different ethnic populations,
556 and on whether the polymorphic allele is present in homozygosity or
557 heterozygosity, it was reported that different LTA alleles may result in
558 differential gene transcription and protein expression [134,135]. Since
559 LTα plays a key role in immunity and inflammation [136], alterations
560 in its production may affect anti-cancer immunity and inflammation-
561 induced cancer. Yet the exact mechanism by which it affects cancer

562risk in each context remains to be defined. Furthermore, the involved
563LTα-containing ligand, either LTα3 homotrimer or LTα1β2 heterotrimer,
564was not determined by these studies.

5656.3. LTβR pro-oncogenic roles mediated by interactions with the tumor
566microenvironment

567Immune cells are the main source of LTβR ligands and the interaction
568of these cells with tumor cells can either restrain, as discussed above, or
569promote tumor progression. Tumor and/or stromal cells respond to
570injury, infection, and tissue stress byproducing cytokines and chemokines
571that attract immune cells [137]. As a result, these cells migrate to
572the tumor microenvironment where they secrete inflammatory,
573pro-angiogenic, and pro-tumorigenic factors that may affect tumor
574progression andmetastasis. Thus, depending on the tumormicroenviron-
575ment chemokine milieu, tumor-infiltrating immune cells can stimulate
576the immune response against tumor cells or rather help these to subvert
577the immune response and promote oncogenesis. As a signaling axis
578involved in immune cell communication, in addition to its involvement
579in the induction of tumor-suppressive microenvironments, as discussed
580above, LTβR signaling can also contribute for the induction of pro-
581oncogenic, inflammatory microenvironments. A wide range of studies
582have shown that inflammation can promote tumorigenesis by promoting
583angiogenesis, release of growth and survival factors, invasiveness,
584metastasis, and evasion of host defense mechanisms [138].

Fig. 4. LTβRpro-oncogenic roles. Activation of LTβR signaling favors oncogenesis due to fourmainmechanisms. (A)Genetic alterations in the LTBR gene leading either to its overexpression
or the expression of alternative forms, result in ligand-independent LTβR activation, which supports cancer cell proliferation and/or survival [65,122–124]. (B) LTα1β2- and LIGHT-
expressing lymphocytes induce pro-angiogenic factors in LTβR-expressing cancer cells and induce angiogenesis [140,141]. (C) LTα1β2- and LIGHT-expressing lymphocytes induce
chemokines in LTβR-expressing cancer cells, thus fostering a pro-oncogenic inflammatory microenvironment [13,43,146,147]. (D) LTα1β2-expressing cancer cells induce production of
chemokines and pro-survival factors in LTβR-expressing tumor stromal cells, thus triggering cancer cell migration and favoring tumor progression [148,152–154]. See Fig. 3 for symbol legend.
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585 6.3.1. LTβR-induced angiogenesis
586 The importance of angiogenesis for the growth of solid tumors has
587 since long been recognized. As tumor growth and metastasis require
588 persistent new blood vessel formation, a developing tumor shifts from
589 the avascular phase to the angiogenic phase, the so-called angiogenic
590 switch [139]. This switch is controlled by a balance between pro- and
591 anti-angiogenic factors, which are secreted by the tumor cells themselves
592 or by cells in the tumor microenvironment, in particular resident stromal
593 cells and immune cells. It is known that the expression of pro- and
594 anti-angiogenic factors by cancer cells can be controlled either directly
595 by oncogenes, tumor suppressor genes, and transcription factors or
596 indirectly by extrinsic factors. Yet the roles and the interplay among the
597 various inflammatory cytokines and chemokines in the angiogenic switch
598 are still poorly understood.
599 In this context, Hehlgans and co-workers have shown that inhibition
600 of LTβR signaling can block angiogenesis and tumor growth [140,141].
601 Using methylcholanthrene-induced murine fibrosarcoma BFS-1 cells,
602 these authors have shown that LTβR activation by LTα1β2- or LIGHT-
603 expressing T and B lymphocytes induced the expression of the angio-
604 genic mediator CXCL2 [140]. CXCL2 induction in BFS-1 cells depended
605 on NF-κB activation and contributed for solid tumor growth in vivo.
606 The described pro-tumorigenic effect was assumed to be due to the
607 modulation of the tumor microenvironment through LTβR-mediated
608 angiogenesis induction (Fig. 4B) because LTβR inhibition blocked BFS-1
609 tumor angiogenesis while direct LTβR stimulation (with an agonistic
610 anti-LTβRmonoclonal antibody) did not increase proliferation or survival
611 of fibrosarcoma cells [141].

612 6.3.2. LTβR-induced chronic inflammation
613 Tumors often arise in sites of chronic inflammation [142], which pro-
614 vide a microenvironment containing various mediators (e.g., cytokines,
615 chemokines, and prostaglandins) with tumor-promoting properties,
616 including enhanced cell proliferation, survival, angiogenesis, and migra-
617 tion. In this context, Haybaeck and co-workers have found the involve-
618 ment of LTβR signaling in the development of virus-induced chronic
619 hepatitis and hepatocellular carcinoma (HCC) [13]. In hepatic primary
620 tissue from hepatitis B or C (HBV- or HCV)-induced chronic hepatitis
621 and HCC patients, these authors found upregulation of not only LTβR
622 and its ligands (LTα, LTβ, and LIGHT) but also pro-inflammatory
623 chemokines (CCL2, CCL3, and CXCL10). LTBR was highly expressed in
624 liver cell populations depleted of hematopoietic (CD45-positive) cells,
625 while LTA, LTB, and LIGHT were expressed both in hematopoietic and
626 non-hematopoietic HCV-induced hepatitis and HCC liver cell fractions.
627 Furthermore, expression of LTBR, LTA, LTB, LIGHT, and inflammatory
628 chemokines in a human hepatocyte cell line Huh-7.5 was shown to be
629 directly linked to the presence of HCV infection. In transgenic mice
630 expressing high levels of LTα and LTβ in a liver-specific manner, LTβR
631 signaling induced chronic hepatitis characterized by inflammation, T
632 and B lymphocytic infiltrates and hepatocyte apoptosis. Further experi-
633 ments demonstrated that T and B cells, which express LTβR ligands, and
634 LTβR-mediated canonical NF-κB signaling activation in hepatocytes
635 were both required for LTβR-induced chronic hepatitis and HCC develop-
636 ment [13]. These findings indicate that persistent lymphocyte-derived
637 LTα1β2 and LTβR-induced NF-κB activation are tumor-promoting, and
638 that rather than having direct oncogenic properties, LTβR signaling
639 reshapes and generates an inflammatory, oncogenic hepatic microenvi-
640 ronment (Fig. 4C). Interestingly, it was recently reported that short-
641 term LTβR stimulation led to degradation of HBV-derived covalently
642 closed circular DNA (cccDNA) in infected hepatocytes [143]. This
643 anti-HBV effect was shown to be mediated by LTβR-induced APOBEC3B
644 deaminase expression and indicates that LTβR agonists could be incorpo-
645 rated in anti-HBV combined therapeutic regimens [143]. Importantly,
646 these data suggest that in contrast to the HCC-causing inflammation-
647 related persistent LTβR stimulation, transient stimulation may actually
648 prevent HBV-induced HCC.

649Supporting the aforementioned studies on hepatitis and HCC [13],
650Simonin et al. (2013) have shown in a recent report that LTβ expression
651can be induced by the HCV NS5B polymerase in a human hepatoma cell
652line. Using transgenic mice with hepatocyte-targeted expression of the
653entire ORF of the genotype 1b HCV, Simonin and co-workers have also
654shown that LTβ hepatocyte expression in HCV transgenic liver tumors
655was associated with NF-κB activation, chemokine synthesis, and intra-
656tumoral recruitment of macrophages and T and B lymphocytes [43]. In
657addition to these studies on viral-induced HCC, LTβR was shown to be
658also involved in the pathogenesis of non-viral HCC. Using a mouse
659model of long-term choline-deficient high-fat diet, Wolf et al. (2014)
660identified CD8+ T cells andNKT cells recruited to the liver as key players
661in the development of steatosis and HCC. These cells were shown to
662interact with hepatocytes leading to their activation and to the release
663of soluble factors such as LIGHT and lymphotoxin. In addition, LTβR
664and classical NF-κB signaling were shown to be activated in hepato-
665cytes, thus facilitating liver tumorigenesis [144]. More recently, LTβR
666signaling was found to participate in oncogene-driven HCC progression
667[145]. In an HCC mouse model initiated by constitutively active Akt
668(in combination with mutated β-catenin or Notch1), LTβ and LTβR
669expression were found to be upregulated in liver tumors. More impor-
670tantly, the blockade of LTβR signaling reduced tumor progression and
671prolonged mouse survival [145]. Together, these reports demonstrate
672that independently of the causing agent, LTβR-persistent signaling in
673the context of chronic inflammation promotes HCC progression and
674may be a potential therapeutic target.
675Cancer therapy-induced cell death can also elicit an inflammatory
676response that may contribute to therapeutic resistance. This is the case
677of castration-resistant metastatic prostate carcinoma, the emergence of
678which constitutes a major complication limiting the success of androgen
679ablation therapy and underlyingmost prostate cancer-associatedmortal-
680ity. Using two animal models, the SV40 large T antigen-driven transgenic
681adenocarcinoma mouse prostate (TRAMP) cancer model and the mouse
682androgen-dependent CaP prostate cancer cell line subcutaneously
683allografted in castrated FVB mice, Ammirante et al. (2010) unveiled a
684mechanism underlying the emergence of castration-resistant prostate
685cancer. These researchers found that following androgen ablation thera-
686pies, the death of androgen-deprived primary cancer cells induced an
687inflammatory response with concomitant production of CXCL13 and
688other inflammatory chemokines, and the recruitment of leukocytes,
689mostly B cells, into the regressing tumor. IKKβ activation in B cells,
690presumably by inflammatory cytokines, induced the expressionof surface
691LTα1β2 in these cells. These LTα1β2-expressing B cells led to LTβR
692activation and IKKα nuclear translocation in prostate cancer cells to
693promote androgen-independent growth and survival [146].
694Amore recent study has shown that the endogenous “danger signal”
695HMGB1 protein was induced during prostate tumor progression in
696TRAMP mice, and that it was required for the infiltration and activation
697of T cells (but not B cells) within the tumor [147]. Prostate tumor-
698infiltrating T cells were shown to express LTα1β2 and, through LTβR
699activation in stromal cells, to promote the recruitment of tumor macro-
700phages, presumably by inducing CCL2 expression. More importantly,
701LTβR signaling was shown to facilitate progression from hyperplasia
702to invasive prostate carcinoma [147]. Considering these findings with
703those obtained by Ammirante et al. (2010), it can be concluded that
704LTβR signaling may contribute to several phases of prostate oncogenesis,
705through different molecular mechanisms (CXCL13 or CCL2 production)
706and involving different cellular players (T or B lymphocytes), and may
707therefore be of therapeutic value.

7086.3.3. Induction of a pro-tumorigenic niche supported by LTβR-expressing
709stromal cells
710LTβR signaling has been implicated in other epithelial cancers, as for
711example ovarian cancer [148]. Lau and co-workers detected LTA and LTB
712overexpression in ovarian cancer cells and demonstrated that LTα1β2-
713expressing human ovarian primary cancer cells induce LTβR-expressing
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714 cancer-associated fibroblasts (CAFs) to express chemokines through NF-
715 κB signaling. One of the chemokines identified as being induced in CAFs
716 was CXCL11, which was able to promote proliferation and migration of
717 CXCR3-expressing ovarian cancer cells [148]. Thus, in this setting cancer
718 cells generate a pro-tumorigenic microenvironment through increased
719 lymphotoxin expression and LTβR activation in stromal cells.

720 6.3.4. Immune evasion mediated by LTβR
721 Anotherway bywhich LTβR signaling is involved in cancer promotion
722 is by dampening the host adaptive immune response to cancer. Because
723 LTα1β2-LTβR signaling plays a role in immune self-tolerance due to its
724 key role in medullary thymic epithelial cell development and function
725 [4], blocking this signaling axis may rescue tumor-reactive effector T
726 cells from thymic clonal deletion and thus counter cancer development
727 [149]. To test this hypothesis, Zhou et al. (2009) used the TRAMP animal
728 model co-expressing a TCR specific for SV40 large T antigen. Targeted
729 mutation of the Lta gene was found to impair thymic negative selection
730 of tumor-reactive T cells, resulting in decreased prostate cancer incidence
731 and in milder malignant phenotype. Confirming the impact of LTβR
732 signaling in prostate oncogenesis, short-term LTβR blockade in TRAMP
733 mice rescued T cells from clonal deletion, reduced the progression of
734 primary prostate cancer and prevented metastasis [150]. This study thus
735 suggests that LTβR signalingmay constitute a non-antigen-based strategy
736 of immune cancer prevention potentially useful for patients with high
737 genetic risk for prostate cancer. Another report has highlighted an alter-
738 native role for LTβR in tumor immunoevasion. Kim and co-workers
739 showed that thehumanpapillomavirus 16 (HPV16) E6 oncogene induced
740 LTα, LTβ, and LTβR expression in cervical cancer cell lines [44]. More
741 importantly, LTβR signaling led to MHC class I downregulation in these
742 cells and to resistance to cytotoxic T lymphocyte-mediated lytic activity
743 [44]. Whether such mechanism of cancer cell evasion from the host
744 immune system takes place in vivo and results in tumor progression
745 remains to be determined.

746 7. LTβR role in hematological malignancies

747 Several reports indicate that hematological malignancies are
748 fostered by LTβR signaling, either intrinsically to cancer cells or indirectly
749 through microenvironmental cells. Studies aiming to identify genetic
750 abnormalities underlying multiple myeloma pathogenesis identified
751 alterations (e.g., deletions, amplifications, and pointmutations) in several
752 NF-κB regulators, in about 15% of patient samples and 30–40% of cell lines
753 [124,151]. Such alterations included LTBR amplification in one patient
754 sample and one cell line [124]. Despite the low frequency of abnormalities
755 in LTBR and other functionally related genes, these studies indicated that
756 the constitutive activation of the LTβR-activated noncanonical NF-κB
757 pathway promotes multiple myeloma oncogenesis [124].
758 LTα1β2-LTβR signaling has also been shown tomediate paracrine or
759 juxtacrine tumor-stroma interactions leading to microenvironment
760 modulation and establishment of chemoattractive tumor-permissive
761 niches in secondary lymphoid organs (Fig. 4D). Rehm and co-workers
762 identified the homeostatic chemokine receptor CCR7 as a determinant
763 factor in dictating the location and survival of B-cell lymphoma cells
764 within secondary lymphoid organs [152]. Using the Eμ-Myc transgenic
765 mouse model of aggressive human B-cell lymphoma, these researchers
766 found that CCR7 controls lymphoma cell dissemination to LNs and to
767 the splenic T-cell zone where, through LTα1β2 expression, cancer cells
768 stimulate LTβR in gp38+ FRCs. This molecular cross talk results in the
769 expansion of stromal FRC networks and release of chemoattractant
770 homeostatic chemokines (e.g., the CCR7 ligands, CCL19, and CCL21)
771 and trophic factors (e.g., IHH/Indian hedgehog) that confer a survival
772 advantage to lymphoma cells [152]. More recently, these authors used
773 the murine Eμ-Tcl1 model of B-cell chronic lymphocytic leukemia to
774 show that the CXCL13-CXCR5 signaling axis mediates leukemic B cell
775 access to a stromal compartment enriched with FDCs in splenic B cell
776 follicles [153]. Here, leukemic B cells, and FDCs engage in a reciprocal

777cross talk in which LTα1β2-expressing leukemic cells activate LTβR
778and thus stimulate the differentiation of FDC networks and the produc-
779tion of CXCL13, CCL21, and other pro-proliferative and pro-survival
780growth factors [153]. In both studies, the inhibition of LTβR-mediated
781interactions between malignant and microenvironmental cells impaired
782disease progression and was therefore pointed as a possible strategy to
783complement standard cytotoxic therapies [152,153]. Recently, high
784expression of LTα and LTβ-encoding genes was identified in human
785primary T-cell acute lymphoblastic leukemia expressing TAL or LMO
786oncogenes (TAL/LMO molecular subtype) [154]. Highlighting the
787relevance of these findings, LTβR activation in thymic stromal cells was
788shown to promote T-cell leukemogenesis in a mouse model of T-cell
789acute leukemia/lymphoma [154]. Leukemic cells from these mice were
790shown to express high levels of LTα and LTβ, from an early stage, and
791importantly, both early appearance ofmalignant cells andmouse survival
792were delayed in the absence of stromal LTβR. Since stromal cells
793dependent on RelB expression were shown be involved in mouse
794leukemogenesis [155], these studies support the notion that LTβR
795activation in stromal cells promotes T-cell leukemogenesis through
796NF-κB activation.

7978. Signaling pathways mediating LTβR activity in cancer

798As highlighted in the above sections, the classical or alternative
799NF-κB pathways appear to be the main mediators of most cellular
800events stemming from LTβR signaling that contribute to its pro- and
801anti-oncogenic effects. However, a number of reports suggest that this
802is not always the case. In fact, some anti-oncogenic effects of LTβR
803signaling leading to cancer cell death were reported to be mediated by
804other downstream components such as the reactive oxygen species-
805induced apoptosis signal-regulating kinase (ASK1) [72] and caspases
806(e.g., caspases 3 and 8) [66,71,73]. On the other hand, only few pro-
807tumorigenic effects of LTβR signaling were found to result from the
808activation of mediators other than NF-κB. Ammirante et al. (2010)
809reported that LTβR activation in prostate carcinoma cells by lymphotoxin
810expressed on B cells infiltrating regressing tumors after castration was
811required for IKKα translocation to the nucleus and STAT3 activation;
812nevertheless, a collaboration with another unidentified critical cytokine/
813receptor activating STAT3 was predicted [146]. Although JNK has been
814shown to be activated by LTβR (Fig. 2) and to be implicated in cancer, in
815promoting or suppressing it [156], no report has so far addressedwhether
816this kinase is involved in cancer-related LTβR activity.

8179. Signaling pathways with context-dependent outcomes in
818carcinogenesis

819Taken together, the aforementioned reports demonstrate the dual
820role of LTα1β2/LIGHT-LTβR signaling axis in cancer development.
821These proteins are not unique in that, other signaling proteins, such as
822tumor necrosis factor alpha (TNFα), transforming growth factor beta
823(TGFβ), NOTCH1, and NF-κB, share this context-dependent role in
824oncogenesis.
825In accordance with its designation, TNF has been shown to induce
826apoptosis or necrosis in a variety of cancer cell types. TNF was shown
827to kill directly cancer cells [157], but its anti-oncogenic effects seem to
828involve mainly damage to the tumor vasculature through endothelial
829cell apoptosis [158,159] and the stimulation of anti-tumoral immune
830responses [160–162]. In contrast to these findings, higher levels of
831TNFα were detected in the serum of cancer patients and in pre-
832neoplastic and tumor tissues, being associated with tumor progression
833[163–165]. Accordingly, in many studies, TNF was reported to prompt
834a broad range of pro-carcinogenic signaling mechanisms leading to
835tumor initiation and promotion (often in the context of chronic inflam-
836mation), including survival, proliferation, angiogenesis, invasion, and
837metastatic dissemination of cancer cells [166–170]. These contradictory
838roles in carcinogenesis seem to be associatedwith different tumor types
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839 and cellular contexts and can be partly explained by levels of TNF
840 production, chronic low doses leading to cancer development and
841 progression, and acute high doses leading to tumor regression [171].
842 TGFβ signaling is known to play dual roles in cancer [172–174]. In
843 early stages of carcinogenesis, TGFβ mediates tumor-suppressing
844 effects through cell-autonomous mechanisms, including suppression
845 of cell proliferation and induction of apoptosis [173,175]. Supporting
846 this tumor-suppressive role of TGFβ signaling, genetic and epigenetic
847 alterations attenuating or inactivating TGFβ receptors and downstream
848 signaling components were reported in diverse types of cancer
849 (reviewed in [175]). TGFβ was also shown to suppress oncogenesis
850 indirectly by preventing the molecular cross talk between TGFβ
851 receptor-expressing stromal cells and cancer cells [176]. On the
852 other hand, TGFβ can also promote tumor cell growth, invasiveness,
853 and metastasis in advanced tumors. Throughout tumor progression
854 cancer cells dampen the growth-inhibitory TGFβ response, while
855 its production increases in the tumor microenvironment [177]. As a
856 consequence, by mechanisms such as increased chemokine expression
857 and inflammation, immune response evasion, sustained angiogenesis,
858 and epithelial–mesenchymal transitions (EMT), TGFβ leads to enhanced
859 invasiveness and metastasis [177–180]. Therefore, the role played by
860 TGFβ signaling likely depends on cancer type and cellular context.
861 However, unlike LTβR signaling, TGFβ tumor-suppressing or -promoting
862 effects appear to rely on the stage of tumor development.
863 Notch signaling was also reported to mediate contradictory effects
864 on oncogenesis. Activating mutations were identified in NOTCH1 and
865 NOTCH2 genes in hematological malignancies (T-cell acute lymphoblas-
866 tic leukemia, chronic lymphocytic leukemia,mantle cell lymphoma, and
867 marginal cell lymphoma) and in breast adenocarcinoma [181–186].
868 Although the mechanisms are not fully understood, Myc induction
869 seems to be a common downstream target in these different tumor
870 contexts [187]. More recently, evidence was gathered, indicating that
871 NOTCH1 and NOTCH2 can also act as a tumor suppressor gene in
872 malignancies where inactivating mutations were detected. These
873 included squamous cell carcinomas from skin, head and neck, and
874 lung [188–190] and chronic myelomonocytic leukemia [191]. In
875 addition, NOTCH1 protein expression was found tomediate acute mye-
876 loid leukemia growth arrest and apoptosis [192,193]. The mechanisms
877 remain to be identified but likely involve the resulting impaired the
878 activation of targets mediating pro-differentiation and anti-growth
879 effects and the promotion of an inflammatory state caused by Notch
880 loss-of-function [187,194].
881 Interestingly, the main signaling pathway downstream LTβR activa-
882 tion, leading to NF-κB activation, has also been recognized to have
883 opposing effects in cancer development. Although mutations affecting
884 NF-κB and inhibitors of IκB kinase β (IKK) are rarely found in human
885 cancer, NF-κB subunits are frequently activated, resulting from either
886 the induction of upstream pathways or loss of negative feedback
887 mechanisms. Regardless of the causes of NF-κB aberrant activation,
888 these transcription factors play prominent tumor-promoting roles,
889 intrinsic, by rendering cancer cells resistant to apoptosis and/or highly
890 proliferative, and extrinsic, by stimulating neoangiogenesis and induc-
891 ing pro-invasive/pro-metastatic inflammatory microenvironments
892 [195]. Contrasting with a large body evidence supporting their pro-
893 oncogenic action, some reports have revealed an unexpected tumor
894 suppressor role for NF-κB proteins in essentially two types of scenario.
895 First, NF-κB exhibits tumor suppressor activity when acting in concert
896 with well-characterized tumor suppressors, like p53 and ARF. These
897 tumor suppressors bind NF-κB subunits to repress the potentially
898 tumorigenic genes normally induced by NF-κB activation, most likely
899 in an early stage of cancer development before cancer cells undergo
900 loss of the implicated tumor suppressor genes [196,197]. Second, in
901 contexts where pro-survival signals derive from other oncogenes,
902 NF-κB activation may enhance cytotoxic drug-mediated senescence
903 in tumors, thereby exerting a tumor suppressor function [198,199].
904 Therefore, the NF-κB role in carcinogenesis is highly dependent on

905the tumor stage, tumor type, and presence of specific genetic
906alterations.

90710. Conclusions

908Since the discovery of the lymphotoxin signaling system, several
909researchers have investigated its role in cancer, including solid and
910hematological malignancies. As discussed in this review, early studies
911have uncovered a potential anti-tumoral role in several cancer types
912(Table 1). The LTα1β2- and/or LIGHT-induced activation of LTβR in a
913subset of solid cancers was reported to promote direct cytotoxic effects
914(Fig. 3A) and/or indirect effects involving alterations in the tumor
915microenvironment (e.g., induction of chemokine expression and
916development of HEV), which lead to increased anti-tumoral immune
917response (Fig. 3B, C). These reports disclosed a role for acute LTβR acti-
918vation in anti-cancer immunity, and so thiswas suggested as a potential
919therapeutic approach. Conversely, during the last decade, several
920studies provided firm evidence that LTβR signaling can promote both
921solid and hematological malignancy carcinogenesis. In some instances,
922pro-oncogenic LTβR signaling is intrinsic to cancer cells; in others, it
923acts in tumor-promoting microenvironmental cells (Table 2). In the
924first setting, LTβR signaling can be activated either independently of
925ligandbinding due to LTBR gene amplification or othermolecular events
926leading to LTβR overexpression (Fig. 4A), or by increased expression of
927LTα1β2 and/or LIGHT in the microenvironment (Fig. 4B and C). In the
928latter situation, LTβR signaling in cancer cells leads to the secretion of
929factors (e.g., homeostatic chemokines and cytokines) that stimulate
930angiogenesis (Fig. 4B) and/or attract infiltrating tumor-promoting
931immune cells (Fig. 4C), thus stimulating cancer progression. Finally, in
932the setting where LTα1β2-expressing cancer cells activate LTβR in
933stromal cells, the latter can secrete chemokines or potentially other
934factors that favor cancer progression (Fig. 4D). The role of infiltrating
935immune cells is rather complex since in some contexts these can impair
936tumor progression through the induction of host-mediated immuno-
937logical responses as discussed above, while in other contexts, they
938support tumor development by upregulating pro-inflammatory cyto-
939kines and by modulating the microenvironment. The balance between
940tumor-suppressing and tumor-promoting immune cell activity most
941likely depends on tumor stage, on the nature of recruited cells and on
942the type of factors produced by the tumor microenvironment.
943Altogether, the reports previously cited have disclosed several
944factors influencing the pro- or anti-oncogenic activities of LTβR signal-
945ing. Several variables such as the tumor type, the progression stage,
946the cancer-intrinsic genetic and epigenetic alterations, the status of
947activated signaling pathways, the microenvironmental factors, and the
948experimental model usedmay ultimately determine if the overall effect
949of LTβR activation is pro- or anti-tumorigenic. Moreover, the mecha-
950nisms by which LTβR may foster or counter tumor progression are not
951completely understood. Nevertheless, the classical and alternative
952NF-κB signaling pathways are both activated by LTβR in all scenarios,
953which corroborates the dual role of NF-κB signaling observed in different
954cancer contexts [195].
955Another important issue to consider when studying LTβR role in
956carcinogenesis is the mechanism of activation. It may be constitutively
957activated due to overexpression and self-oligomerization, or it may be
958activated only in the presence of its ligands. In the latter case, heterotypic
959interactions with cells present in the tumor microenvironment are
960usually involved. Furthermore, it is important to determine which LTβR
961ligand is involved, if LTα1β2, LIGHT, or both. Importantly, how the
962ligand-induced activation of LTβR is achieved (e.g., membrane-bound or
963soluble ligand) or experimentallymimicked (e.g., lymphoid cells express-
964ing the ligand, recombinant soluble ligand, or soluble or immobilized
965agonistic LTβR antibody) should be carefully considered since they may
966lead to different cellular outcomes. For instance, it was reported that the
967degree of receptor clustering and the varying lifetime of the oligomerized
968statesmay lead to diverse cellular responses following receptor activation
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t1:1 Table 1
t1:2 LTβR-induced anti-oncogenic effects in different cellular contexts.

t1:3 Cancer type

Cell types expressing LTβR or its ligands

Biological context Cellular effects Ref.t1:4 LTαβ LIGHT LTβR

t1:5 Epithelial
cancers

n.d. n.d. Human carcinoma
cell lines (HT-29,

WiDr, MDA-MB-468,
HT-3, HeLa,
Hep3BT2)

In vitro cell culture Direct cell growth inhibition by apoptosis
induction

[66,69,70,71,73]

t1:6 Colon
carcinoma

Tumor-infiltrating
immune cells

Tumor-infiltrating
immune cells

Human cell lines
(HT-29, WiDr) and
primary samples

Immunodeficient mouse
subcutaneous xenografts

Tumor growth inhibition and increased
chemosensitivity

[69,70]

t1:7 Murine cell line CT26 Syngeneic mouse allografts Tumor necrosis, growth inhibition and T
lymphocyte infiltration

[70,73]

t1:8 Soft tissue
sarcoma

Immune cells Immune cells Sarcoma cells Mouse experimental
pulmonary metastasis

derived from the CMS4 cell
line

Tumor growth inhibition [73,109]

t1:9 Melanoma Infiltrating
effector T cells

Infiltrating
effector T cells

Melanoma cells Mouse experimental
pulmonary metastasis

derived from the D5 subclone
of B16 cell line

Secretion of chemokines that mediate
macrophage homing, and tumor regression

[112]

t1:10 Fibrosarcoma n.d. Fibrosarcoma
cells
(overexpression)

Stromal cells in the
tumor

microenvironment

Murine subcutaneous tumors
derived from inoculated

Ag104 fibrosarcoma cell line

Forced expression of LIGHT induces
chemokines and adhesion molecules in

microenvironmental cells, which attract CD8
T cells leading to tumor infiltration and

regression

[113]

t1:11 n.i. n.d. n.d. Methylcholanthrene-induced
murine spontaneous

fibrosarcoma

HEV development followed by immune cell
extravasation and tumor regression

[117]

t1:12 Breast cancer DCs
(mainly)

n.i. HEVs Primary human breast
tumors

Increased HEV density with subsequent
immune cell extravasation and tumor

regression

[118]

t1:13 n.i., expressing cells not identified; n.d., not determined; DCs, dendritic cells; HEVs, high endothelial venules.

t2:1 Table 2
t2:2 LTβR-induced pro-oncogenic effects in different cellular contexts.

t2:3 Cancer type

Cell types expressing LTβR or its ligands

Biological Context Cellular effects Ref.t2:4 LTαβ LIGHT LTβR

t2:5 Solid Cancers
t2:6 Nasopharyngeal

carcinoma
– – Carcinoma

cells
Nude mouse subcutaneous xenografts LTβR amplification leading to

overexpression and tumor growth
[122]

t2:7 Pancreatic ductal
carcinoma

– – Carcinoma
cells

Nude mouse subcutaneous xenografts LTβR transforming activity [123]

t2:8 Melanoma – – Melanoma
cells

In vitro cell culture Autonomous growth of melanoma cells [65]

t2:9 Fibrosarcoma T, B lymphocytes n.i. Fibrosarcoma
cells

Syngeneic mouse intradermal allografts Induction of angiogenesis and tumor
growth

[140,141]

t2:10 Liver cancer T and B lymphocytes
(mainly)

Hepatocytes
(HBV/HCV-infected)

T and B
lymphocytes

Hepatocytes
(mainly)

FL-N/35 transgenic mouse
Transgenic mouse with liver-specific,

high-level expression of LTαβ

Virus-induced chronic hepatitis and
HCC

[13,43]

t2:11 CD8+ and NKT
lymphocytes

CD8+ and NKT
lymphocytes

Hepatocytes Long-term choline-deficient high-fat diet
mouse model

Diet-induced nonalcoholic
steatohepatitis and HCC

[144]

t2:12 Prostate
carcinoma

B lymphocytes n.d. Murine cell
line myc-CaP

Syngeneic mouse subcutaneous allografts Emergence of castration-resistant
carcinoma

[146]

t2:13 T lymphocytes – Carcinoma
cells

TRAMP model Progression from preneoplasia to
carcinoma

[147]

t2:14 Cervical
carcinoma

Cervical cancer cells
(HPV-infected)

n.d. Cervical cancer
cells

In vitro cell culture Immune escape [44]

t2:15 Ovarian
carcinoma

Ovarian cancer cells n.d. CAFs In vitro co-culture Promotion of a pro-carcinogenic niche [148]

t2:16 Hematological cancers
t2:17 Multiple

myeloma
– – MM cells Human myeloma cell lines and primary

samples
LTβR amplification activating NF-κB

and myelomagenesis
[124]

t2:18 B-cell lymphoma Malignant B cells n.d. FRCs Eμ-Myc transgenic mouse model Promotion of a pro-carcinogenic niche [152]
t2:19 B-CLL Malignant B cells n.d. FDCs Eμ-Tcl1 transgenic mouse model Promotion of a pro-carcinogenic niche [153]
t2:20 T-ALL/LBL Malignant T cells n.d. Thymic

stromal cells
TEL-JAK2 transgenic mouse model Promotion of a pro-carcinogenic niche [154]

t2:21 –, not expressed; n.i., expressing cells not identified; n.d., not determined; B-CLL, B-cell chronic lymphocytic leukemia; CAFs, cancer-associated fibroblasts; FDCs, follicular dendritic cells;
t2:22 FRCs,fibroblastic reticular cells; HCC, hepatocellular carcinoma;HBV/HCV, hepatitis virus B/C;HPV, human papillomavirus; T-ALL, T-cell acute lymphoblastic leukemia; LBL, lymphoblastic
t2:23 lymphoma; TRAMP, transgenic adenocarcinoma of the mouse prostate.
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969 [21,64,69]. Moreover, during the course of LTβR stimulation, which may
970 be short or prolonged, different NF-κB complexes are activated and may
971 result in the expression of different sets of target genes [78,80].
972 Considering the described LTβR pro-oncogenic functions and the
973 notion that this receptor is most often activated by ligand binding, the
974 blockade of LTβR signaling and interruption of cross talk between
975 tumor and microenvironmental cells has been proposed as a therapeutic
976 approach [200]. Because of the dual functions of LTβR in cancer
977 development and progression, it is imperative to learn more about the
978 mechanisms and contexts inwhich LTβRmay exert pro-oncogenic effects
979 and thus pave theway for the development of rational andmore effective
980 cancer therapiesQ3 .
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