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The members of the Tumor Necrosis Factor (TNF) superfamily, the ligand lymphotoxin a1f2 (LTa132) and its unique receptor
lymphotoxin (3 receptor (LTPR), play a pivotal role in the establishment and regulation of the immune system by allowing a tight
communication between lymphocytes and stromal cells. Recent advances using transgenic mice harboring a specific deletion of
the Ltbr gene in distinct stromal cells have revealed important roles for LTPBR signaling in the thymic function that ensures the
generation of a diverse and self-tolerant T-cell repertoire. In this review, we summarize our current knowledge on this signaling axis
in the thymic homing of lymphoid progenitors and peripheral antigen-presenting cells, the trafficking and egress of thymocytes,
the differentiation of medullary thymic epithelial cells, and the establishment of central tolerance. We also highlight the importance
of LTa1B2/LTRR axis in controlling the recovery of the thymic function after myeloablative conditioning regimen, opening novel

perspectives in regenerative medicine.
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FACTS

® Immunological tolerance is established in the thymus through
the elimination of autoreactive T cells and the selection of
Foxp3™ regulatory T cells.

® |TalP2/LTPRR interactions act as a communication signal
between developing lymphocytes and thymic stromal cells.

® The lymphotoxin axis controls the cell trafficking, the
differentiation of stromal cells and the death of autoreactive
T cells.

® LTal1P2/LTPR axis controls the regeneration of thymus by
boosting the recovery of stromal niches and the homing of T-
cell progenitors.

OPEN QUESTIONS

® Given the recent identification of TEC heterogeneity, what is
the implication of the LTa1B2/LTBR axis in the development of
each TEC subset?

® What are the target genes of LTPR signaling in each thymic
stromal cell subset?

® What is the impact of the LTa1B2/LTPR axis on T-cell selection
and prevention of autoimmunity?

® To what extent does the LTa12/LTRR axis regulate chemo-
kines in the thymic stroma?

® What is the impact of the LTa1B2/LTBR axis in the thymic
regeneration in humans?

INTRODUCTION

Lymphotoxin a (LTa), also known as TNFB, has been originally
described in the 1960s as a cytotoxic factor produced by activated
lymphocytes that could kill transformed cell lines [1, 2]. LTa forms
a soluble homotrimer (LTa3), which binds to Tumor Necrosis
Factor Receptor 1 (TNFR1), TNFR2 and to the herpes virus entry
mediator (HVEM) [3, 4]. When co-expressed with lymphotoxin 3
(LTB) that possesses a transmembrane domain, LTa forms a cell
surface-bound heterotrimer (LTa1f2) that exclusively binds to the
LTB receptor (LTRR) [5-7]. LTRR has a second ligand, LIGHT that
also binds to HVEM. LTa1B2 is expressed by lymphoid cells such as
activated T lymphocytes, B cells, natural killer cells (NK), and type 3
innate lymphoid cells (ILC3). LTPR is expressed mainly by stromal
cells including endothelial, mesenchymal, and epithelial cells and
by myeloid cells such as dendritic cells (DC) and macrophages [8-
10]. This specific expression pattern implies that LTal1B2/LTPR
interactions act as a communication signal between lymphocytes
and stromal cells. A seminal study based on the generation of Lta-
deficient mice has revealed the critical role of LTa in the
development of lymph nodes (LN) and Peyer’s patches [11].
These mice also show abnormal splenic architecture with
defective segregation of B and T cells. Mice harboring a point
mutation induced by N-ethyl-N-nitrosourea (ENU) in the Lta gene
also lack LN and Peyer’s patches and display disorganized splenic
architecture [12]. Similarly Ltb- and Ltbr-deficient mice lack LN and
Peyer’s patches and have disrupted splenic organization [13, 14].
Nevertheless, unlike Lta-deficient mice, Ltb-deficient mice have
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Fig. 1
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Cortico-medullary organization and cellular composition of the thymus. A Representative image of a wild-type thymic section

stained with the mTEC-specific marker keratin-14 (red) and counterstained with DAPI (blue). B Major thymocyte and APC subsets of the cortex
and medulla are depicted. cDC conventional dendritic cells, cTEC cortical thymic epithelial cells, DN double negative thymocytes, DP double
positive thymocytes, ETP early thymic progenitors, mTEC medullary thymic epithelial cells, M® macrophages, pDC plasmacytoid dendritic

cells, SP single positive thymocytes.

cervical and mesenteric LN, indicating that LTa3 is implicated in
the development of these secondary lymphoid structures.
Accordingly, the inhibition of LTBR signaling in pregnant mice at
9 days of gestation with the LTBR-Ig fusion protein blocks the
development of all lymph nodes, except cervical and mesenteric
LN, and disrupts splenic architecture [15, 16]. These observations
further highlight a dominant role of LTa1p2 in lymphoid organ
development with the potential for LTa3 in promoting cervical
and mesenteric LN [17].

Beyond lymphoid organogenesis, subsequent studies have
revealed that lymphotoxin members control the development
and/or homeostasis of distinct immune cells as well as numerous
aspects of the immune response (reviewed in [10, 18, 19]. For
example, LTBR promotes NK and NKT cell development [20] and
the homeostasis of CD8a” DC in lymphoid tissues [9, 21]. LTa1@2/
LTBR interactions between helper CD4" T cells and DC are
necessary for CD8" T-cell expansion [22]. LTa1B2/LTRR interac-
tions between B cells and follicular DC allow the recruitment of DC
and CD4" T cells that promotes helper T-cell responses [23]. LT
members are critical for the formation of germinal centers and
humoral immunity [24, 25]. LTBR signaling also controls the
production of type | interferons in stromal cells and macrophages
of lymphoid organs upon virus infections [18]. LTa1B2 expressed
by ILC3 drives IL-22 production required for mucosal pathogen
clearance [26, 27]. Furthermore, LTa3 secreted by ILC controls T-
cell homing in the gut and thus T-cell-dependent IgA induction,
whereas LTa1B2 expressed by ILC controls T-cell-independent IgA
induction [28].

In contrast to the complete absence of LN and Peyer’s patches,
the thymus develops in Lta-, Ltb-, and Ltbr-deficient mice
[11, 13, 14]. This primary lymphoid organ, organized into an outer
cortical region and an inner medullary region, ensures the
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production of self-tolerant naive T cells (Fig. 1A). The cortex
supports early stages of T-cell development such as the
proliferation and survival of T-cell progenitors, the development
of double positive (DP) thymocytes into CD4" and CD8" single
positive (SP) thymocytes and the deletion of DP thymocytes
bearing T-cell receptors (TCR) specific for ubiquitous self-antigens.
In contrast, the medaulla sustains the induction of central tolerance,
characterized mainly by the clonal deletion of autoreactive SP
thymocytes and the production of Foxp3™ regulatory T cells
(Treg). The cortex and the medulla contain a large variety of
stromal cells including cortical and medullary thymic epithelial
cells (cTEC and mTEC, respectively), DC, macrophages and
fibroblasts that participate in T-cell development and selection
(Fig. 1B). LTa1f32 expression is mainly restricted to SP thymocytes
and a subset of ILC3 while LTBR is expressed by TEC, DC,
endothelial cells and fibroblasts [29-33]. This large expression
pattern of LTBR explains why LTBR signaling has a pleiotropic role
in the thymic activity. In this review, we discuss recent advances
that have unraveled novel roles of the LTa132/LTPR axis in distinct
aspects of the thymic function.

LTBR controls the thymic homing of lymphoid progenitors
and thymocyte egress

Normal T-cell development requires a continuous homing of
lymphoid progenitor cells (LPC) derived from the bone marrow
(BM) into the thymus via blood vessels localized at the cortico-
medullary junction [34]. This colonization relies on a multi-step
process involving P-selectin, ICAM-1, and VCAM-1 adhesion
molecules, expressed by endothelial cells, and CCL19, CCL21,
CCL25, and CXCL12 chemokines expressed by both endothelial
cells and TEC (Fig. 2A). These adhesion molecules allow the
attachment of LPC to the endothelium whereas the chemokines
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Fig.2 LTPR signaling controls the homing of LPC and the egress of mature thymocytes. A LTPR expression in endothelial cells is required
for the homing of lymphoid progenitor cells (LPC) into the thymus by regulating Ccl19, Ccl21, Icam1, and Vcam1 expression. LTa, 3,-delivered
by SP thymocytes also controls the development and homeostasis of thymic portal endothelial cells (TPEC). B LTBR expression in endothelial
cells is required for the thymic egress of mature SP thymocytes by driving their entry into the perivascular space (PVS).

direct their migration into the thymus via CCR7, CCR9, and CXCR4
chemokine receptors [35-39]. Disruption of these molecules alone
or in combination leads to altered thymus homing.

Recent studies have demonstrated the involvement of LTPR
signaling in the homing of LPC into the thymus (Table 1).
Lin CD4 CD8 CD44*"CD25 c-Kit" cells, which represent the early
thymic progenitors (ETP), are drastically reduced in Ltbr/~ mice
[40, 41]. LTBR expression in endothelial cells controls the numbers
of ETP as shown by reciprocal BM chimeras and Ltbr deletion
specifically in endothelial cells with the endothelial-specific
receptor tyrosine kinase (Tek) promoter [40]. Short-term homing
assays using BM transfer in Ltbr '~ and Ltbr x Tek™ recipients
have demonstrated that LTPR is required for the homing of LPC.
Given that LTPBR signaling can be triggered by either LTa1p2 or
LIGHT, the implication of both ligands has been studied. ETP are
normal in Light '~ mice and slightly altered in Lta™’~ mice.
Interestingly, they are substantially reduced in Lta ™'~ x Light /™
double-deficient mice, to a similar degree to Ltbr~’'~ mice,
indicating that LTa;B, and LIGHT act in cooperation for ETP
colonization [40].

Mechanistically, during the development of LN, LTBR signaling
induces the expression of Vcam-1, Ccl19 and Ccl21, which are also
implicated in the thymic homing of LPC [42, 43]. It has been
reported that the expression of Vcam-1 and Icam-1 is likely
reduced in thymic endothelial and mesenchymal cells of Ltbr~'~
mice whereas Selp expression is normal [41]. However, another
study found normal levels of Icam-1, Vcam-1 and Selp in
endothelial cells from Ltbr~/~ mice [40]. Thus, the implication of
LTBR in the regulation of adhesion molecules in the thymus
remains unclear. Moreover, reduced expression of Cc/19 and Ccl21
has been reported in mTEC of Ltbr™'~ mice, whereas only Cc/19
was reduced in mTEC of Lta’~ and Ltb™/~ mice [32, 44l
Accordingly, the stimulation of fetal thymic stroma with anti-LTR
agonist antibody upregulates Ccl19 [45]. Furthermore, LTBR was
shown to regulate the development of CCL21" mTEC [46]. Thus, it
seems that LTBR controls LPC homing by regulating the
expression of adhesion molecules and chemokines implicated in
this process (Fig. 2A).

Recently, another interesting hypothesis emerged indicating
that LTBR promotes the homing of LPC by inducing the
differentiation of functional endothelial cells [40]. Several studies
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have shown that LTPR signaling in endothelial cells, stimulated by
LTa1B2-expressing DC, promotes the development and main-
tenance of high endothelial venules that are responsible for T-cell
entry into LN [47]. The direct role of LTBR signaling in the
development of functional high endothelial venules was demon-
strated by the selective deletion of Ltbr gene in endothelial cells
[48]. In the thymus, CD317Ly6CSelp™ endothelial cells, termed
thymic portal endothelial cells (TPEC), have been proposed to
correspond to a specialized population implicated in LPC homing.
Interestingly, Ltbr~’~ mice have reduced frequency of TPEC.
Moreover, in vivo treatment with agonistic LTBR antibody
increases TPEC, whereas LTPR-Ig blockade decreases TPEC. These
observations indicate that LTBR sig;naling controls the develop-
ment of TPEC. Furthermore, Tcra™’~ and Zap70~'~ mice, which
both lack SP thymocytes due to an arrest at the DP stage, have
reduced ETP [40, 49]. Accordingly, Tcra~'~ mice exhibit diminished
numbers of TPEC, suggesting that SP thymocytes regulate their
development. This is consistent with the fact that the LTPR ligand,
LTa,B,, is mainly provided by SP thymocytes [29, 50]. Thus, a
model emerged in which SP thymocytes, through the LTa1p2/
LTBR axis, induce the development of TPEC, responsible for LPC
homing. Taken together, these studies have revealed that LTBR
signaling controls the homing of LPC into the thymus via the
regulation of chemokines and adhesion molecules as well as the
development of functional TPEC (Fig. 2A).

The LTa,B,/LTPR axis is also implicated in the egress of mature
SP thymocytes. Ltbr '~ mice show increased mature SP thymo-
cytes with a phenotype of recent thymic emigrants [29]. The
normal proliferation of these over-represented cells in Ltbr~/~
mice suggested that LTBR might control their egress. Given that
mature SP thymocytes egress involves their migration across the
endothelial barrier that expresses LTPR, unsurprisingly LTBR on
endothelial cells regulates this process [51, 52] (Table 1). LTBR
controls the access of the most mature SP thymocytes to the
perivascular space, where they induce the development of TPEC
(Fig. 2B). During their egress, mature SP thymocytes seem to
regulate the homing of LPC by providing instructive signals to
endothelial cells via LTa,3,/LTRR interactions. Thus, this feedback
loop could allow the thymus to tightly control T-cell production.
While further investigations are required, TPEC likely act as
gatekeepers of thymus entry and exit.
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Table 1. Thymic phenotypes of mice deficient for the lymphotoxin signaling.
Biological processes Mouse models
Lymphoid progenitor Ltbr~'~ mice
homing
Lta™’~ mice

Lta~’~ x Light '~ mice
Tek"® x Ltbr"?

Migration of SP thymocytes into the Ltbr~'~ mice
medulla i~ ez

Ltb~’~ mice
Egress of mature T cells Ltbr '~ mice

Ltbr '~ x Rag2GFP mice

Foxn1< x Ltbr™™ mice

Lta

Recruitment of peripheral APC

~/~ mice

Medullary architecture Ltbr~'~ mice

Lta~’~ mice
Ltb~'~ mice

Light™~ mice
Lta~’~ x Light '~ mice
Ltb~'~ x Light '~ mice

Foxn1<" x Ltbr" mice
K145 x Ltbr"® mice

mTEC composition Ltbr '~ mice

Foxn1<"® x Ltbr™ mice

Lta~’~ mice

K14 % Ltbr"® mice
Aire-independent TRA expression Ltbr '~ mice

Twist2“® x Ltbr"™ mice
Clonal deletion Lta~’~ mice

OTII-Rag2~’~ x Lta~’~ mice

OT-I/Rip-mOVA x Ltbr '~ mice
OT-I/Rip-mOVA x Ltbr '~ mice

TAG-I/TRAMP X Lta~’~ mice

LTBR-Ig blockade
in TGB/TRAMP mice

Phenotype References
Reduced Vcam1 and Icam1 in endothelial cells  [40, 41]
Drastic reduction of ETP

Reduction of ETP [40]
Drastic reduction of ETP [40]
Drastic reduction of ETP [40]
Reduced Ccl19 and Ccl27 in mTEC [44]
Reduced Ccl19 in mTEC [32]
Reduced Cc/19 in mTEC [32]
Augmentation of RTE [29]
Defective emigration of mature SP [51]
thymocytes

Increased thymic cDC2 [69]
Enhanced recruitment of peripheral [67]

cDC2, pDC and M®

Smaller medullary islets
Loss of UEA-1" mTEC homogeneous

[29, 82, 83, 94]

distribution )

Reduced ICAM-1"VCAM-1" mesenchymal

cells

Smaller medullary islets [76, 82, 83]
Disrupted 3D medulla organization

Loss of UEA-1" mTEC homogeneous [29]
distribution

No major alteration [82]
Smaller medullary islets [82]
Loss of UEA-1" mTEC homogeneous [29]
distribution

Smaller medullary islets [69]
Smaller medullary islets [86]

Reduced UEA-17, Aire™, CCL21T
and post-Aire mTEC

[29, 44, 46], [83, 84]

Reduced mTEC'"®, mTEC", Aire* and [69, 85]
CCL21" mTEC

Loss of thymic tuft cells

Not affected [31, 83, 88]
Reduced mTEC progenitors [86]
Reduced TRA expression [32, 92, 93]
Reduced self-antigens expression [33]
Enhanced [67]
Enhanced [67]
Reduced [44]

Not affected [83]
Reduced [91]
Reduced [91]

APC antigen-presenting cell, cDC2 type 2 conventional dendritic cell, ETP early thymic progenitor, mTEC medullary thymic epithelial cell, M® macrophage, pDC
plasmacytoid dendritic cell, RTE recent thymic emigrant, SP single positive thymocytes, TRA tissue restricted self-antigen.

LTa1B2/LTBR axis regulates the trafficking of thymocytes and
peripheral antigen-presenting cells

The migration of SP thymocytes from the cortex into the medulla
is essential for the negative selection of autoreactive T cells and
the generation of Foxp3™ Treg. This migration mediated by the
chemokine receptor CCR7, expressed by positively-selected SP
thymocytes, allows them to be exposed to tissue restricted self-
antigens (TRA) in the medulla. In mice deficient for Ccr7 or its two
ligands Ccl19 and Ccl21, predominantly expressed by mTEC, SP
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thymocytes are arrested in the cortex and fail to accumulate in the
medulla [53]. This impaired migration in Ccr7- or Ccr7 ligand-
deficient mice causes defective medullary size and tissue-specific
autoimmunity due to impaired negative selection [54-56].
Conversely, premature expression of CCR7 leads to abnormal
migration of DP thymocytes into the medulla [57]. Cc/l27a and
Ccl21b/Ccl21c genes encode for CCL21Ser and CCL21Leu proteins,
respectively [58]. Interestingly, CCL21Ser plays a non-redundant
role in the migration of SP thymocytes into the medulla [56].

Cell Death & Differentiation (2021) 28:2305-2314
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Fig. 3 The LTa1B2-LTBR axis regulates the cell trafficking into the thymus and clonal deletion. A The LTa,p,-LTBR axis regulates the
migration of SP thymocytes into the medulla by regulating Cc/79 and Ccl21 expression in mTEC. B LTa, f3,-delivered signal by SP thymocytes
upon antigen (Ag)-specific interactions with mTEC negatively controls the expression of CCR2 ligands, thereby regulating the homing of
CCR2-expressing peripheral DC and macrophages (M®). Thus, the LTa4f,-LTAR axis regulates the efficiency of clonal deletion by controlling
the recruitment of peripheral APC into the thymus. C LTfR signaling is also required for the maturation of thymic mesenchymal cells,
characterized by the co-expression of ICAM-1 and VCAM-1. D Moreover, the LTPR signaling is implicated in thymocyte selection by regulating
Fezf2 expression in mTEC and inducing the expression of self-antigens in medullary fibroblasts.

Moreover, Ccl19-deficient mice exhibit normal medulla architec-
ture, suggesting that CCL19 alone is dispensable for the medullary
migration of SP thymocytes [59]. Similarly, whereas Ccl197/~ x
Ccl217~ mice lack segregation of B- and T-cell areas, Ccl19~/~
mice do not show any defect, indicating that CCL21 alone is
sufficient for maintaining normal architecture of peripheral
lymphoid organs [59].

In the thymus, LTBR is required for the migration of SP thymocytes
into the medulla. Abnormal migration of SP thymocytes in Ltbr~/~
mice was initially attributed to a reduced expression of Cc/19 and Ccl21
in mTEC [44]. Intriguingly, only Cc/79, that is unlikely implicated in this
process, was reduced in mTEC of Lta '~ and Ltb/~ mice [32]. The
expression of Cc/19 and Ccl21 was also diminished in mice deficient for
the Autoimmune regulator (Aire) [60]. Aire™ and CCL21" mTEC seem
to correspond to two distinct populations, although their develop-
mental relationship remains unclear. CCL21" mTEC development was
proposed to be regulated by LTBR and to a lesser extent by Aire,
which could explain the reduction of Ccl21 observed in both Ltbr/~
and Aire '~ mice [46). Therefore, defective migration of SP thymocytes
into the medulla of Ltbr’~ mice may be attributed to altered
development of CCL21" mTEC. Nevertheless, since CCL21 protein
detection was used to identify CCL21-expressing mTEC, it remains
unclear whether LTPBR regulates the development of these cells or
alternatively controls Ccl21 gene expression. The identification of
specific markers of CCL21" mTEC as well as biochemical approaches
aimed at deciphering Ccl27 gene regulation in mTEC are needed to
clarify both possibilities. This clarification appears important because
Ccl21 expression was reported to be regulated by IKKa and NIK,
upstream kinases of the non-canonical NFkB pathway, activated by
LTBR stimulation [42, 61]. Regardless the underlying mechanisms,
LTPBR is implicated in the migration of SP thymocytes into the medulla
(Fig. 3A and Table 1).

The induction of central tolerance requires the recruitment of DC
that transport and display innocuous self-antigens captured in the
periphery [62-65]. Two main DC subsets, type 2 conventional DC
(cDC2; CD11c"PDCA-1'°CD8A'Sirpa™) and plasmacytoid DC (pDC;
CD11c™ PDCA-1") have the ability to home into the thymus [66].
Our group recently identified that LTal1B2/LTBR interactions

Cell Death & Differentiation (2021) 28:2305-2314

between CD4*" SP thymocytes and mTEC regulate the recruitment
of peripheral DC into the thymus (Fig. 3B and Table 1) [67]. The
expression of LTa is induced in CD4" SP thymocytes upon antigen-
specific interactions with mTEC. In contrast to OTIl-Rag2 ™'~ mice,
LTa expression is upregulated in CD4" SP thymocytes of OTII-
Rag2™'~ mice carrying a RIP-mOVA transgene driving the synthesis
of membrane-bound OVA in mTEC [68]. This upregulation was also
recapitulated in vitro by co-culturing OVAs;3 330-lcaded purified
mTEC with OTII CD4" SP thymocytes [67]. Interestingly, Lta~/~
mice contain increased numbers of cDC2 and pDC as well as F4/
80"CD11b* macrophages in their thymus. In line with these
observations, a TEC-specific deletion of Ltbr also leads to increased
thymic numbers of ¢cDC2 [69] (Table 1). The adoptive transfer of
blood-derived donor cells in Lta™’~ recipients demonstrated that
this phenotype was due to an increased recruitment of these cells,
revealing that LTa acts as a repressor of peripheral antigen-
presenting cell (APC) entry into the thymus [67]. Mechanistically,
LTa1B2/LTRR interactions with CD4" SP thymocytes negatively
regulate in mTEC the production of CCL2, CCL8 and CCL12. mTEC
of Lta™’~ mice overexpress these chemokines and blocking
LTa1P2/LTPR interactions with the LTBR-Fc soluble receptor in an
antigen-specific co-culture of mTEC and CD4% SP thymocytes also
results in the upregulation of these chemokines. CCR2 and its
ligand, CCL2, were previously reported to control the thymic
representation of ¢cDC2 and pDC [64, 70]. The generation of BM
chimeras with Ccr2™’~ BM-derived cells revealed that CCR2 also
controls the numbers of F4/807CD11b* macrophages in the
thymus [67]. CCL8, a ligand for CCR1 and CCR5, is also
overexpressed in mTEC from Lta”’~ mice. BM chimeras with
Ccr1™~ or Car5™’~ BM-derived cells showed that these two
chemokine receptors participate in the thymic composition of
cDC2, pDC and F4/80"CD11b* macrophages, but to a lesser extent
than CCR2. The adoptive transfer of Ccr2~/~ blood-derived donor
cells in Lta™’~ recipients demonstrated that LTa controls APC
thymic homing in a CCR2-dependent manner. Given that LTa132/
LTBR signaling could regulate other chemokines in the thymic
stroma [45], future investigations are needed to reveal a broader
implication in the intrathymic cell trafficking.
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Fig. 4 The LTa,B,-LTPR axis controls the 3D organization of the thymus. A Upon Ag-specific interactions with mTEC, CD4" SP thymocytes
upregulate the expression of LT f,. In turn, the LTa;B,-LTRR axis controls the 3D organization of the medulla, characterized by a central
compartment surrounded by small isolated islets. B When the LTa;p,-LTPR axis is defective or when TCR-MHCII interactions are disrupted, the
medulla organization is altered, lacking the central compartment and showing only several small isolated islets.

LTa1B2/LTBR axis controls medulla organization and central
tolerance induction

The medulla constitutes a privileged microenvironment for the
negative selection that consists in the deletion of SP thymocytes
bearing TCR with a high affinity for self-antigen/MHC complexes
[71]. This specialized niche is also the main site for the generation
of Foxp3™ Treg [72]. mTEC largely contribute in both processes
through their unique ability to express thousands of TRA [73]. In
turn, mTEC differentiation and organization require signals from
developing T cells. This bi-directional relationship is called “thymic
crosstalk” [74, 75]. The 3D reconstruction of wild-type mouse
thymic lobes unraveled a complex medulla organization with a
large central compartment surrounded by ~200 medullary islets
(Fig. 4A) [76, 77]. Furthermore, the medulla topology exhibits a
highly convoluted shape, controlled by SP thymocytes. Tcra™~
and Zap70~'~ mice lacking SP thymocytes have a well-developed
cortex but a severely reduced medulla [50, 78-80]. Similarly,
Rag2™'~ mice showing an early block at the DN3 stage exhibit
only ~20 small unconnected medullary islets [76]. This complex
organization de})ends preferentially on CD4" SP thymocytes.
Whereas B2m~’~ mice, lacking CD8" SP thymocytes, have
medullary regions closely resembling to those of WT mice, H2-
Aa~’~ mice show underdeveloped medulla characterized by small
individual islets [68]. CD4" SP thymocytes induce the develop-
ment of the medulla upon TCR reactivity with TRA expressed by
mTEC. Compared to OTI-Rag2 '~ mice that do not express the
cognate antigen, RIP-mOVA x OTI-Rag2~’/~ mice, in which
antigen-specific interactions can occur, exhibit enlarged medulla.
In agreement with TCR reactivity, the CD28-CD80/86 and CD40-
CDA40L costimulatory axes are also required for normal medulla
development [76, 81].

Antigen-specific interactions with mTEC induce in CD4" SP
thymocytes the upregulation of LTa, expressed as a membrane-
bound heterotrimer LTa1f2 [29, 68]. The LTalP2/LTRR signal
delivered in the context of these interactions controls medulla
organization (Table 1). The 3D reconstruction of thymic lobes of
Lta™’~ mice showed that the medulla is composed of small islets
with no apparent central compartment [76]. Ltb~'~ mice also show
disrupted medulla organization, whereas no major alterations were
observed in Li;]ht’/ ~ mice [29, 82]. No additional defects were found
between Ltb~~ and Ltb™'~ x Light™~ mice [29]. In contrast, double-
deficiency for Lta and Light induces a more profound defect in
medulla architecture than in single Lta~’~ mice, suggesting that LTa
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and LIGHT cooperatively drive medulla development [82]. Further-
more, the small remaining medullary islets observed in Lta~’~ x
Light ™~ mice are also found in Ltbr~'~ mice [29, 82, 83]. Thus, the
lymphotoxin axis crucially controls the 3D organization of the thymic
medulla (Fig. 4B).

Ltbr "~ mice display abnormal mTEC development character-
ized by reduced numbers of MHCII'°CD80'° and MHCIIMCD8OM
mTEC, known as mTEC and mTEC", respectively. A further
characterization of mMTEC subsets in these mice showed a
reduction in Aire™ mTEC™, CCL21" mTEC'®, DCLK1™ tuft-like and
terminally differentiated involucrin® mTEC [46, 82-85]. In line with
these observations, the treatment of fetal thymic lobes with an
agonistic anti-LTBR antibody increases mTEC numbers [68]. In
contrast, Lta deficiency alone does not affect mTEC development
and cellularity but rather their spatial organization [31, 83].
Nevertheless, the composition of mTEC subsets remains to be
determined in Lta™’~ x Light”’~ and Lta™/~ x Ltb™’~ mice.
Interestingly, a TEC-specific deletion of Ltbr using Ltbr"? x
Foxn1“"® mice recapitulates the medullary disorganization and
altered mTEC composition observed in Ltbr ™~ mice, indicating
that the LTBR signaling in TEC controls medulla organization and
mTEC development [69]. The use of LtbrV" x K14 mice also
showed that TEC-intrinsic LTBR controls medulla organization and
mTEC from their progenitor stage [86]. Therefore, LTPR signaling
in mTEC not only drives the 3D organization of the medulla but
also its mTEC composition (Table 1).

Both Ltbr’~ and Lta~’~ mice show signs of autoimmunity
characterized by inflammatory infiltration of peripheral organs
and serum autoantibodies, suggesting that the LTPR signaling is
required for the establishment of central tolerance [29, 87, 88].
Although the medulla constitutes a specialized niche for the
generation of Foxp3" Treg, Ltbr’~ mice do not show major
defect in Treg development although further investigations are
required considering that these cells are heterogeneous in the
thymus [44, 87, 89]. To define the role of LTBR in the negative
selection, several MHCl-restricted TCR transgenic models have
been used such as RIP-mOVA x OTI, TAG-l x TRAMP and TGB x
TRAMP mice (Table 1) [90]. In these models, the LTa;B,/LTPR axis
seems to be implicated in the negative selection since Ltbr or Lta
deficiency prevents clonal deletion of TCR clones [44, 91].
Nevertheless, the degree of the involvement of lymphotoxin
varies according to the MHCl-restricted TCR transgenic system
used. Furthermore, in the MHClII-restricted TCR transgenic model,
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Rip-mOVA x OT-ll mice, this axis has little influence on clonal
deletion [83]. Although further investigations are required, these
observations suggest a differential role for the lymphotoxin
pathway in CD8 versus CD4 clonal deletion (Table 1). Mechan-
istically, the involvement of this pathway in clonal deletion could
be explained by the fact that it is suspected to be involved in the
regulation of Aire-independent TRA [32, 92]. In line with this
hypothesis, LTBR was reported to induce the expression of Fezf2
transcription factor, which controls the expression of a set of Aire-
independent TRA [93]. Furthermore, the lymphotoxin pathway is
involved in the migration of SP thymocytes into the medulla,
which could also explain in part its role in clonal deletion.
Surprisingly, the specific deletion of LTBR in TEC results in a milder
autoimmune phenotype than in Ltbr ™/~ mice [33, 69].
Interestingly, LTBR signaling is required for the maintenance and
maturation of thymic mesenchymal cells, characterized by the co-
expression of ICAM-1 and VCAM-1 [94] (Fig. 3C and Table 1). A
recent study also indicates that the deletion of LTRR in fibroblasts,
using Ltbr"1 x Twist2“® mice, causes a marked autoimmune
phenotype characterized by the production of autoantibodies
against lung, pancreas, salivary glands and liver accompanied by T-
cell infiltrates [33]. LTPR signaling in fibroblasts controls the
expression of a unique set of self-antigens that seems to contribute
to central tolerance. Nevertheless, Ltbr deficiency in fibroblasts
results not only in impaired development and/or maintenance of
medullary fibroblasts but also in Airet mTEC. Thus, LTBR is likely
required for central tolerance through the regulation of fibroblast-
specific antigens or indirectly by regulating the overall pool of Aire™
mTEC (Fig. 3D). Our group also recently reported that the thymic
entry of peripheral DC and macrophages is regulated by LTa, which
substantiall)/ impinges clonal deletion [67]. Similarly to Lta™’~ mice,
OTII-Rag2™"~ x Lta~’~ mice show an increased expression of CCR2
ligands in mTEC and consequently an enhanced recruitment of
cDC2, pDC and macrophages compared to OTI-Rag2~'~ mice.
Interestingly, OTI-Rag2~’~ x Lta '~ recipients adoptively trans-
ferred with OVAz;3339-l0aded DC and macrophage-enriched cells

Total body
irradiation
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show an augmented deletion of OTIl DP and Va2*tVB5"CD4" SP
thymocytes, demonstrating that LTa-regulated APC thymic entry
controls the clonal deletion of autoreactive thymocytes (Fig. 3B and
Table 1).

Besides its role in the selection of conventional af3 T cells, LTRR
by controlling the development of mTEC" subsets also regulates
the generation of invariant natural killer T (iNKT) cells. Mice with a
TEC-specific deletion of Ltbr show a reduction in Thet™ NKT1,
PLZF™ NKT2 and RORyt"™ NKT17 differentiated subsets [85].
Nevertheless, since all iNKT subsets are affected, it remains
unclear whether TEC expression of LTPR influences the iNKT
development from a common progenitor stage.

LTa,B,/LTBR axis controls thymic regeneration

The thymus is highly sensitive to cytoablative treatments such as
radiation or chemotherapy, used to prepare patients to hemato-
poietic stem cell or bone marrow transplantation (BMT). Thymic
damages engendered by the conditioning regimen result in delayed
T-cell reconstitution that could lead to serious clinical complications
such as opportunistic infections, autoimmunity, tumor relapse or
secondary malignancies. Interestingly, LTa expression is upregulated
in radio-resistant CD4" SP thymocytes and host-derived lymphoid
tissue inducer cells (LTi) during the early phase of thymus recovery
after total body irradiation and BMT [31]. LTi cells, which belong to
the ILC3 subset, have been identified as important actors of thymic
regeneration [95]. LTa upregulation by LTi cells during the early
phase of thymus recovery suggests that LTa is implicated in thymic
repair. Short-term homing assays in irradiated Lta ™'~ recipients
revealed that LTa controls the homing of LPC into the thymus [31].
Accordingly, LTa controls the expression of Icam-1, Vcam-1, and Selp
adhesion molecules in endothelial cells and Cc/l719 and Ccl21
chemokines in TEC, all implicated in LPC homing [35, 36, 39].
Similarly to Lta™"~ mice, Ltbr’~ recipients show an altered
recruitment of LPC after irradiation [40]. Furthermore in vivo
treatment with agonistic anti-LTBR antibodies after BMT enhances
LPC homing [41].
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Fig. 5 LTa,B,-LTBR axis controls thymic regeneration. Total body irradiation induces the production of RANKL by radioresistant CD4" SP
thymocytes and LTi cells, which triggers the upregulation of LTa,p, expression, mostly on LTi cells. Total body irradiation also enhances LTpR
expression on all TEC subsets. LTa3,-LTBR axis favors thymic regeneration and thereby enhances T-cell reconstitution trough (i) TEC recovery
by stimulating their proliferation, differentiation and survival and (ii) the homing of lymphoid progenitor cells (LPC) by increasing the
expression of CCL19 and CCL21 chemokines in TEC and P-selectin, ICAM-1 and VCAM-1 adhesion molecules on endothelial cells.
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Mechanistically, LTa upregulation in LTi cells depends on
RANK signaling induced by RANK ligand (RANKL) stimulation
(Fig. 5). In vivo administration of RANKL recombinant protein
after sublethal total body irradiation upregulates LTa selectively
in LTi cells, whereas the administration of a neutralizing anti-
RANKL antibody prevents this upregulation [31, 96]. LTa protein
is expressed as a membrane-bound heterotrimer LTa1f2, which
is upregulated in a radiation dose-dependent manner in this cell
type. Interestingly, total body irradiation also induces the
upregulation of LTBR in both cTEC and mTEC, as well as in a
TEC population described to be enriched in thymic epithelial
progenitor cells (TEPC), defined as a6-integrin™Sca-1" in the
TEC® (MHCII'®UEA-1'°) subset.

Whereas LTa is dispensable for TEC cellularity in the steady state
[31, 83], this cytokine has a unique role in TEC regeneration since
the recovery of cTEC, mTEC”, Aire~ mTEC", Aire™ mTEC" and
TEPC-enriched cells is defective in BM-transplanted Lta™/~
recipients [31]. The LTa,[3,/LTBR axis therefore controls both the
thymic homing of LPC and the recovery of TEC, which constitutes
two important aspects of thymic regeneration (Fig. 5). Conse-
quently, T-cell reconstitution from the DN to the SP stage is
impaired in BM-transplanted Lta~’~ recipients. The stimulation of
the LTa,B,/LTBR axis constitutes an interesting potential immu-
notherapeutic target to boost T-cell recovery not only after BMT
but also in the elderly in which the thymic activity is severely
altered [97, 98]. It is worth mentioning that LTBR is also required
for spleen and liver regeneration, indicative of a conserved repair
mechanism in other tissues [99-101].

CONCLUDING REMARKS

The lymphotoxin pathway was initially described to regulate
medulla organization and the trafficking of thymocytes. However,
given that LTBR is expressed by distinct stromal cells, this pathway
plays a broader role in several aspects of the thymic function. In
particular, transgenic mice with a conditional deletion of Ltbr in
specific stromal cells have recently ameliorated our understanding
of the implication of this pathway in the thymus. These recent
discoveries have highlighted novel roles including in the homing
of LPC, thymocyte egress, the recruitment of peripheral DC, mTEC
composition and clonal deletion (Table 1). A particular focus on
the embryonic versus postnatal stage is nevertheless expected to
unravel specific functions of this pathway at different stages of life.
Additional studies are also needed to identify the downstream
target genes induced by LTBR activation in the distinct thymic
stromal cells such as cTEC, mTEC, endothelial cells, fibroblasts and
dendritic cells. The LTa;B,/LTBR axis controlling two important
facets of thymic regeneration, i.e. LPC homing and TEC recovery,
the stimulation of this axis could constitute an interesting
therapeutic target to ameliorate de novo thymopoiesis in patients
in which the thymic activity is compromised. In conclusion,
improving our knowledge on the lymphotoxin axis in the thymus
is expected to pave the way toward preclinical studies in both
autoimmunity and regenerative medicine.
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