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ABSTRACT

Innate Lymphoid Cells (ILC) are involved in homeostasis and immunity. Their dynamic
differentiation and characterization depend on their tissue of residency and is adapted to
their role within these tissues. Lymphoid Tissue inducer (LTi) cells are an ILC member and
essential for embryonic lymph node (LN) formation. LNs are formed at pre-defined and
strategic positions throughout the body and how LTi cells are initially attracted towards
these areas is under debate. Besides their role in LN formation, LTi-like and the closely
related ILC type 3 (ILC3) cells have been observed within the embryonic gut. New studies
have now shown more information on their origin and differentiation within the embryo.
This review will evaluate the embryonic LTi cell origin from a specific embryonic hemo-
genic wave, which has recently been described in mouse. Moreover, I will discuss their
differentiation and similarities with the closely related ILC3 cells in embryo and adult.

The enigmatic Innate Lymphoid Cell (ILC) family consists of 3
main family members in which transcription factors for
development, marker expression and functionality are shared
[1-3]. These are the 1) ILC1 and natural killer cell (NK), 2) ILC2
and 3) ILC3 and Lymphoid Tissue Inducer (LTi) cell members.
Their role in defense and repair is versatile, as are their cues
for differentiation in situ determining their action. NK cells are

considered cytotoxic ILCs, while generally other ILCs are
considered ILC-helper cells. The LTi cells were previously
considered part of the ILC3 ontogeny, based on retinoic acid
orphan receptor isoform yt (RORyt) expression plus overlap in
marker and cytokine expression. However, in both human
and mice, ILC3 progenitors cells require the transcription
factor promyelocytic leukemia zinc finger (Plzf) (encoded by
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gene Zinc finger and BTB domain containing 16 -Zbtb16) for
differentiation [4,5], while in the mouse Zbtb16 knock-out LTi
cells were still observed [6]. Therefore, LTi cells are now
considered to be separate from ILC3 cells [7]. Additionally,
evolutionary the LTi cells emerged later when compared to
the other ILCs, and their function in LN formation was mainly
associated with placentation [8,9].

LTi cells are essential for the formation of the secondary
lymphoid organs during embryogenesis. They interact with
the Lymphoid Tissue organizer (LTo) cells at specific loca-
tions within the embryo to first form aggregates which are
named LN anlagen. There is some discussion on which cells
attract the first LTi cells involved in the initiation of LN
formation when using different mouse models [10-12].
ILC3s, which consists of Natural cytotoxicity triggering re-
ceptor 1 (NKp46)* and NKp46~ (LTi-like) cells, have immune
modulatory and homeostatic roles within the gut. LTi cells
have a unique function during embryogenesis and are the
first of the ILCs to be observed during embryogenesis [11]. In
later embryonic stages other ILCs were reported, mainly in
gut and lung [13—15], but their role during embryogenesis is
unclear. ILCs were shown to be derived from the HSC line-
age within the bone-marrow in adult [16—19]. However,
since there is no contribution from bone-marrow within the
mouse embryo, the embryonic ILCs, like embryonic LTi
cells, are likely to be derived from another hematopoietic
lineage than from the HSC derived lineage. During adult-
hood, these embryonic LTi cells are replaced by bone-
marrow derived LTi cells. The role of replaced LTi cells in
adult remains obscure.

In this review, I will discuss the role of the LTi cells within
LN formation and evaluate the newest insights on initiation of
LN formation. Furthermore, I will discuss the new de-
velopments in LTi cell ontogeny and functioning, also in
relation to the closely related ILC3s.

ILC ontogeny
Hemogenic endothelium progenitors

During early embryogenesis, few endothelial cells undergo
Endothelial to Hematopoietic cell Transition (EHT) to become
hematopoietic progenitor cells [20—22]. Small clusters of he-
matopoietic progenitors appear within the yolk-sac and em-
bryo, from which cells bud off and are transported through the
vascular system. Recent studies using single cell sequencing
have contributed to the understanding of the earliest genes to
facilitate EHT, such as CD44 and RUNX family transcription
factor 1 (Runx1) [23—25]. The first wave of hematopoietic pro-
genitors originates from the yolk-sac and occurs between
embryonic gestation day 7.5 (E7.5) until around E9 in mouse.
This wave includes progenitors for microglia, erythroid-
myeloid progenitors, neutrophils, and mast cells [26—28].
Later lineages and progenitors for hematopoietic stem cell
precursors (pre-HSCs) appear from embryonic arterial walls
between E8.5-E11.5 [20,21]. The most studied embryonic
hemogenic site in different organisms is the aorta-gonad-
mesonephros (AGM) [29], although other hemogenic endo-
thelial sites to generate hematopoietic progenitors such as the

vitelline artery, heart endocardium, head somitic region and
umbilical cord were described in mouse [30—33]. Macrophages
located in the heart-valves in mouse were shown to be derived
from the heart endocardium [33]. However, it is not clear
which other specific hematopoietic lineages appear from
these embryonic sites.

In vitro cultured mouse yolk-sac cells isolated at E8.5 had a
potential to become NK cells [15]. To directly show a relation
between the yolk-sac and NK cells fate mapping models are
required. Simic et al. [19] used the Cxcr4-CreErt2 fate mapping
model to exclude a yolk-sac contribution as chemokine re-
ceptor Cxcr4 is not expressed within the yolk-sac [19,34,35].
Consequently, progenitors from the yolk-sac don't express
Cxcr4 [35]. Fate mapping in the Cxcr4-CreErt2 model only
labelled embryonic derived progenitors [35] and it was shown
that LTi cell progenitors originated around E8.5 from an em-
bryonic hemogenic source [19]. Since the first hemogenic
clusters in the AGM are observed after E8.5 [20,23], the LTi
hemogenic source could either be the embryonic vitelline ar-
tery or the AGM [32]. Described as active in later stages, other
embryonic regions were less likely to be the source for LTi cells
[30,31,33]. The appearance of the embryonic LTi progenitors
preceded the appearance of the pre-HSCs, making it unlikely
that embryonic LTi cells are derived from HSCs. On the con-
trary, embryonic LTi cells involved in LN formation were
replaced in the adult mice by bone-marrow HSC derived LTi
cells, as was also shown for ILC2s and some ILC3s [14,36]. In
human, ILCs were observed in the fetal gut but it has not been
shown if they are HSC derived, nor if they will be replaced in
the neonate by ILCs from HSCs in the bone-marrow [37].
Interestingly, thymic LTi cells in the mouse embryo around
E18 were described to originate from HSC and could indicate
the first LTi cells to originate from a HSC origin [38]. How the
HSC derived ILCs functionally relate to the embryonic derived
ILC they replace is not yet known.

Fetal liver

Hematopoietic progenitors migrate from the hemogenic
endothelial sites towards the fetal liver (FL). Intriguingly, in
mouse embryos the FL is mostly colonized around E11.5, so it
is unclear where earliest hematopoietic progenitors reside
between E7.5-E11. Within the FL, progenitors expand and
differentiate toward precursors stages of their respective lin-
eages, except for the microglial precursors which differentiate
within the brain [39]. The FL plays an important role in the
expansion of the progenitors as it was estimated that the
progenitors multiply up to 33 times within this environment
[40].

Common Lymphoid Progenitors (CLP) are present within
the FL and express Fms related receptor tyrosine kinase 3 (F1t3)
[7,19,41]. They are driven towards an ILC lineage by the
expression of the Inhibitor of DNA binding 2 (Id2), which in-
hibits Single-stranded DNA-binding protein (E2A) functioning
and thereby excludes commitment to a B-cell lineage [42]. At
this stage, they are named a4f7-Integrin expressing Lymphoid
Precursor («LP) cells. FIt3 RNA transcripts were not observed in
this stage, and protein expression was detected on a oLP
subset [7,19,43]. An oLP FIt3™ subset is sensitive to Notch
signaling and affects its proliferation [43] (please see the
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review by Golub in this issue for the role of Notch in ILC dif-
ferentiation). Within the oLP FIt3™ stage, transcription factor
Plzf marks differentiation into the ILC-Precursor (ILCP), which
will generate ILC1, 2 and 3 cells in both human and mouse
[4—6]. In adult mouse Plzf expression was reported to be
lowered, while it remained high in human ILCs [4]. LTi-
precursors (LTiP) in mouse, on the other hand, do not
require Plzf, express chemokine receptors CXCRS5 and CXCRS6,
and appear to segregate from the other ILC populations
[6,7,44,45](reviewed in Ref. [46]) [Fig. 1]. These chemokine re-
ceptors expressed during the LTiP stage could aid their
migration to- and retention within the LN anlagen, essential
for the next phase in LTi differentiation.

The role of mature ILC3 and LTi cells within the mouse FLis
unclear. Several studies reported on the RORyt expressing
(mature) ILC3 and LTi cells within the mouse FL [7,36,47]. On
the other hand, the number of LTip and LTi, cells within the FL
was very low compared to LN anlagen enriched tissue [19,48].
Single cell sequencing of the FL and LN anlagen enriched tis-
sue revealed that there was no direct connection in ontogeny
between LTiP and LTi cells within the FL, while this was
evident within the peripheral studied LTi cells [19]. Therefore,
the final maturation would be most likely to occur within the
LN anlagen, and in this scenario LTi cells present within the FL
migrated back from the embryo.

ILC3s and LTi cells in LN anlagen and embryonic gut

oLP-LTiP cells migrate out from the FL towards the LN anlagen
to differentiate into LTiy and finally the mature LTi, cells.

During this transition, RORyt expression is induced by retinoic
acid which leads to LTi lineage commitment. Lack of retinoic
acid signaling within these cells halts LTi differentiation [49].
RORyt drives the transcriptional program for LTi cells in both
human [50] and mice [51], although there have been RORyt
deficient LTi cells observed [51,52]. However, these are not
sufficient for continuation of LN formation, as Rorc (RORyt)
knock-out mice are devoid of LN [51,53] and RORc deficient
humans did not have palpable LNs [50]. Notch was shown to
be involved in proliferation of the oLP population [43], but
Notch signaling is not necessary for LTi commitment nor
differentiation [44](please see the review by Golub in this issue
for the role of Notch in ILC differentiation). The LTi, cells do
not yet express the molecules necessary for interaction with
mesenchymal cell within the lymph node anlagen niche
[49,54]. Only after differentiation into the mature LTi, stage,
these cells interact and amplify the synthesis of cytokines and
adhesion factors [Fig. 2]. This leads to the attraction and
retention of more LTiP and LTi cells.

Itis unclear whether there is only one LTi, cell population.
Mosaic CD11b and MHCII expressing LTi cells were observed
within the embryo [48,51,55]. Using single cell sequencing of
the LN anlagen enriched tissue, two separate LTi, clusters
were observed. The first LTis population expressed I122, a
cytokine involved in gut immunity. Also, Argl is expressed
within this LTi, population, which was also associated with
fetal gut ILC precursors (ftILCP) and ILC2s [13]. Specifically, in
the same study, the fetal gut contained Arginase 1(Argl)YFP™
LTifate mapped cells and a smaller ArglYFP™ population [13],
confirming two separate LTi, populations also within the
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Fig. 1 Embryonic LTi cell ontogeny. LTi ontogeny and associated markers from the origin in the hemogenic endothelium to their
presence within the LN anlagen. Progenitors originate from the embryonic hemogenic endothelium between E7.5-9 as observed
by the use of Cxcr4 and Cdh5 fate mapping models [19]. Subsequent hematopoietic precursors reside, proliferate and
differentiate within the fetal liver towards the ILC lineage [7,19,43,106]. The «LP/LTiP population migrate towards the LN
anlagen, where these cells differentiate into LTi cells, marked by the expression of Rorc. Two clusters of LTi cell populations
were observed within the LN anlagen enriched tissue, mainly segregated based on MHCII related genes and hence named LTi,
and LTi,-II cells. Genes (in italics) and proteins upregulated at a specific stage are shown below the populations, while genes
enriched in the two LTi, cell populations are shown to their right [7,19,43,44,106,107].
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Fig. 2 Overview of embryonic lymph node formation. Earliest phases in lymph node formation. 1) Retinoic acid, possibly
produced by nerve fibers, induces the expression of (2) CXCL13 by mesenchymal cells in specific areas. This attracts LTiP and
LTi cells from the blood to form the first clusters. Retinoic acid also induces expression of RORyt (encoded by Rorc) in LTiP cells,
which will differentiate them into LTi, cells. (4) Subsequently, when the LTi aggregation is dense enough, RANK-L expressed on
LTi cells and mesenchymal cells interacts with RANK on the LTi cells which leads finally to (5) Lymphotoxin-a4{3, (LTa;135)
expression on LTi, cells. (6) Interaction of LTa4B,-expressing LTi, cells with lymphotoxin-p receptor (LTBR)-expressing stromal
cells results in differentiation into stromal organizer cells, which are induced to express more and different chemokines,
adhesion molecules and cytokines. These factors support the attraction and retention of more LTi and/or LTiP cells.(7) After
lymphotoxin signaling, lymphatic endothelial cells migrate to the LN anlagen and circumvent it to eventually form the
subcapsular sinus. LTi cells from the skin are drained into the LN anlagen by newly formed lymphatic vessels. The flow of the
lymphatic vessel is also important for the maintenance of Cxcl13 expression within the LN anlagen. The attraction, retention
and migration of new LTi- and LTiP cells towards the LN anlagen leads to an exponential increase of the lymph node anlagen.

intestines. The ftILCPs could generate ILC1, 2 and 3 and were
not fate mapped by the RORyt-Cre reporter, indicating that
they are likely analogous to «LP and ILCP cells. Argl tran-
scripts were not observed within fetal liver progenitors but
only in the LN anlagen enriched tissue [19], indicating that
Argl could be expressed after leaving the FL and entering
peripheral LN anlagen or fetal gut. The second LTis popula-
tion observed in the single cell sequencing study was segre-
gated based on genes associated with Mayor
histocompatibility complex II (MHCII), and hence named
LTi,-II. Within the LTis-II population, Cfp (Complement Factor
Properdin) was observed, a ligand for binding to NKp46 [56].
This could indicate that the LTiy —II population produce the
ligand for NKp46* NK, ILC1, ILC3 cells, but this has not yet
been shown within the adult. A relation between the two
embryonic LTi populations in the LN anlagen enriched tissue
and the Argl™* or MHCII" ILC3 and LTi-like cells observed in
the gut remains to be established.

Origin of ILCs and LTi cells in adult

Hematopoietic lineages within the adult are almost all derived
from HSC residing within the bone-marrow. Bone-marrow
derived ILC precursors in the mouse do not express Argl,
while embryonic ILCPs express Argl [13]. This is an indication
that the differentiation pathway towards embryonic derived
ILCs is likely different than those derived from HSCs in the
adult bone-marrow. The mouse embryonic LTi cells, ILC3s and
ILC2s were shown to be replaced by bone-marrow HSC derived
ILCs [14,19,36]. Also, it was shown that ILCs can be generated
from the bone-marrow using elegant reporter mouse models
and in vitro differentiation [13,16—18], although only 1 study
reported the generation of LTi cells from bone marrow, while
the other reporter mouse models could not follow LTi cells in
their fate-mapping models [41]. The discrepancy between
these studies can be explained by the differentiation stage
that is used as source for the in vitro- or in vivo differentiation
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studies. Similar as their differentiation within the mouse
embryo, LTi cells follow a slightly different pathway for their
formation as other ILCs, and the precursors used in the
studies could have lost their LTi cell potential. In immuno-
deficient patients who received bone-marrow transfer lym-
phocytes were regained, but not ILCs [57]. This observation
could reflect the inability of some studies to observe LTi cell
differentiation within the adult from HSCs. Similar as for LTi
cells, it is important to understand from which hematopoietic
precursor exactly ILCs originate in (human) fetus. Possibly,
other human HSCs or progenitors need to be isolated which
still have the potential to become ILC after transfer, as was
shown for circulating and tissue resident ILCp cells [58]. The
presence of different types of ILC1, 2, 3 or LTi cells in different
tissues could also reflect their difference in origin, i.e. em-
bryonic resident ILCs vs. bone-marrow derived ILCs, and thus
affect their functioning. More studies are required to under-
stand the precise ILC progenitors and their differentiation
pathways and what the functional difference is between the
embryonic vs. adult ILCs.

LTi cells in embryonic lymph node formation

Secondary lymphoid organs, like mesenteric and peripheral
lymph nodes (LN) and Peyer's patches, are formed during
embryogenesis in which the LTi cells are critical. Consequently,
deleting or mutation of RORc in both mice [51] and human [50]
results in loss of LTi cells and concomitantly loss of LNs
(reviewed in Refs. [11]). RORc deficient humans lacked palpable
LNs but still had tonsils, but are surprisingly only more sensitive
to Mycobacteria and Candida due to defective v3-T cells and
CD4*CCR6"CXCR3"-a T cells [50]. The presence of the tonsils,
and other lymphoid structures like spleen which do not rely on
LTi cells could be sufficient to drive the adaptive immune
response. In mouse, initiation of most lymph nodes occurs be-
tween E12.5 until E15.5 [Figs. 2 and 3]. The aggregates of LTi- and
mesenchymal cells, called lymph node anlagen, are present
until birth in mouse. Final organization of the LN due to dif-
ferentiation of the stromal subsets and attraction of the specific

s Cervical
s \andibular
s Axillary

lymphocytes to their respective regions take place in the first
weeks after birth. On the contrary, in human, LN organogenesis
takes place around the 12—17th week of pregnancy and humans
are born with a fully organized LN at birth [59].

The first event which can be visualized in embryonic LN
formation is the aggregation of the LTi cells at fixed positions
within the embryo [Fig. 2]. The chemokine CXCL13 is essential
for the aggregation of the LTi cells in most LN anlagen, except
the mesenteric LN [60,61]. CXCR5" LTiP cells are present within
the LN anlagen, to be retained by local CXCL13 expression
within the niches where LN are formed [7,19,43]. The role of
CXCR6 [43,44] on these cells remains unknown in the attrac-
tion toward the LN niche. Only CCR7 was shown to be very
potent in attracting LTi cells, but only when lymphatic endo-
thelial cells secrete the ligand CCL21 [12,52,61]. In later LN
formation stages, after lymphotoxin signaling and when the
mesenchymal cells have differentiated into lymphoid tissue
inducer (LTo) cells, the other CCR7 ligand CCL19 is expressed
by LTo cells within the LN anlagen. This occurs around the
time when the lymphatic endothelial cells have circumvented
the LN anlagen. Some rescue could be observed by the
lymphatic endothelial cell (LEC) expressed chemokine CCL21
[61], although these are likely to be aggregations within
lymphatic vessels [12]. The presence of LECs and thus
expression of CCL21 occurred after initial LTi cell aggregation
and initial CXCL13 expression within the LN anlagen [12,52].
Moreover, lack of all lymphatic endothelial cells in the Prox1
knock-out mouse model did not affect the initial aggregation
of the LTi cell clusters [62]. Initial Cxcl13 expression, but not
other chemokines like Ccl21 and Ccl19, is induced by retinoic
acid. Cxcl13 expression is required to attract the first precursor
LTi cells towards the LN anlagen niche. It was proposed that
nearby neurons synthesize the retinoic acid, thus inferring to a
neuronal influence on LN formation [52]. However, it is unclear
which type of neurons are involved in LN formation. After the
initial LTi cell differentiation, Receptor activator of nuclear
factor k B Ligand (RANK-L), also known as TNFSF11A, either on
LTi cells [54,63] or mesenchymal cells [64] activates RANK on
LTi cells. RANK signaling induced expression of Lymphotoxin-
o113, ligand on the LTi cells, which is the latest maturation step
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Fig. 3 Overview of the timing of initiation for LTi cell dependent lymphoid organs including Peyer's patches (PP) at specific
locations within the embryo. The table is based on the earliest observation of LTi cell clusters within the specific regions

[19,51,68].
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of the LTi cell. Thus, loss of this signaling resulted in the loss of
LTi4 cells and consequently loss of lymph nodes [54,64]. Lym-
photoxin- a;13, will subsequently interact with its LTB-receptor
on the mesenchymal cells. This interaction triggers the
expression of cytokines like IL7, chemokines like Cxc13 and
adhesion molecules like Madcam-1 [63,65], which attract and
retain more (precursor) LTi cells. These increasing interactions
results in an amplification of the process and hence a strong
increase in the size of the aggregate.

There is currently a discussion on the definition of the
initial phase of LN formation. It was suggested that embryonic
lymphatic vessels interacted with LTi cells through lympho-
toxin signaling and that this delineated the initial event of LN
formation [10]. Indeed, lymphatic vessels play an important
role in lymph node formation but notably during the expan-
sion phase. During the earliest clustering of LTi cells, well
before E14.5, lymphatic vessels were not present nor required
[12,52,62]. Starting at E14.5 in the anterior lymph node anlagen
and later in the posterior located anlagen, LECs circumvent
the LN anlagen and connect the lymphatic vasculature to the
LN anlagen. This allows the migration of LTi cells from the
skin towards the LN anlagen [12,62,66]. Notably, an elegant
study by the Petrova lab showed that flow from the lymphatic
vasculature was important for Cxcl13 expression within the
inguinal lymph node anlagen. Blocking lymphangiogenesis by
administering vascular endothelial growth factor receptor 3
(VEGFR3)-blocking antibodies resulted in an arrest of the
small, initial, LTi cell aggregate and significant fewer LTi, cells
within the inguinal LN anlagen [12].

The first visible LN anlagen during human fetal develop-
ment are found after week 12 [67], although the initial clus-
tering of LTi cells occurs most likely earlier. In the mouse, the
first LTi cell aggregate was observed at E12.5, either in hCD2¢%?
embryos [68] or analysis by flow-cytometry and (3D) immu-
nofluorescence of RORyt“** embryos [19,51] [Fig. 3]. In time,
other lymph node anlagen appear, notably in an anterior to
posterior chronological manner, with the popliteal lymph
nodes appearing the latest after E14.5 [19,69]. During initiation
at E12.5, the anterior situated mandibular and cervical LTi cell
clusters are very closely situated near each other within the
cervical region. Separation of the cervical and mandibular LN
anlagen occur clearly at E13.5. The brachial lymph node
anlagen is present after E14.5 and located near the axillary LN
anlagen. In the posterior region, initially at E12.5-E13.5, a large
LTi cell cluster was observed next to mesonephros. The renal,
inguinal and popliteal LN anlagen could be separately identi-
fied after E14.5 [19]. Since in the adult renal LNs are not bigger
than the inguinal LNs and LTi aggregation in the inguinal LN
anlagen dramatically increases in size within a day while the
number of LTi cells within the renal LN anlagen uncharac-
teristically plateau at the same stage [19], it could be that the
large aggregation of the initial renal LN anlagen in the meso-
nephros region could aid formation of other LN anlagen
nearby by ‘donating’ LTi cells to the new niche nearby.

ILC3 and LTi-like in adult lymph nodes and gut

In the adult mouse, RORyt"CCR67CD4" LTi, cells are mainly
observed in lymph nodes and in gut. Lymph nodes are

important for the functioning of the adaptive immune system,
as they organize and facilitate the interaction between anti-
gen presenting cells and the lymphocytes. The antigens are
transported towards the lymph nodes by the afferent
lymphatic vessels either unbound or bound to antigen pre-
senting cells. The lymphatic vessels are connected to the
lymphatic subcapsular sinus circumventing the lymph node.
The antigen and cells are spread over the subcapsular sinus
and migrate into the B-cell follicles or into the T-cell areas,
depending on the antigen size or type of antigen presenting
cell [70—72](reviewed in Ref. [73]). Each immune reaction is
taking place in a specialized region within the lymph node,
thus compartmentalizing the immune response. These re-
gions are meticulously organized and maintained by special-
ized stromal cells. Initially, only T-cell zone stromal cells
(fibroblastic reticular cells) in the paracortex, B-cell stromal
zone cells (follicular dendritic cells) and endothelial cells were
described (reviewed in Ref. [74]). This was later amended by
the marginal reticular cells (MRC), positioned in the para-
cortex, adjacent to the B-cell follicles and just below the sub-
capsular sinus [75]. However, the use of single cell sequencing
has allowed the identification of nine stromal cell clusters
within the lymph node [76], each with specific expression
profiles and functions (reviewed in Ref. [74]). These stromal
cells differentiate from mesenchymal precursor cells, or LTo
cells, in the first weeks after birth in the mouse [77-79].
Although there are indications that lymphotoxin signaling,
retinoic acid or microbiota mediate mesenchymal differenti-
ation [52,78,80], the specific cues for differentiation towards a
specific stromal cell subset are yet unclear [81].

Embryonic LTi cells, which are involved in embryonic LN
formation, are replaced in the adult by LTi cells derived from
the bone-marrow [19,36]. Thus, since their origin is different,
the LTi cells in adult are likely to be functionally different
compared to the embryonic LTi cells. Within the lymph node,
LTi cells were found adjacent to the MRC without an apparent
function. Since the MRCs were assumed being a precursor for
other stromal cells during expansion of the lymph node dur-
ing inflammation [77], the MRC-LTi cell communication might
reflect the interaction between embryonic LTi cells with LTo
cells occurring during embryonic lymph node formation. Be-
sides the obvious role for LTi cells during embryonic lymph
node formation, there is not much known on their role in the
adult. There is phenotypically not much difference, although
adult LTi cells endogenously express 0X40 and CD30 ligands,
involved in clonal expansion and memory of lymphocytes,
while the fetal LTi cells need DR3 stimulation to express these
ligands [82]. It was described that adult LTi cells were involved
in the formation of tertiary lymphoid structures during cancer
[83]. They have been described in the restoration of lymphoid
tissues, as they were involved in spleen restoration after viral
infection [84] and rescue of mucosal associated lymphoid
tissue (MALT) in an Id2-knock out model [85].

A close related LTi cell subset within the ILC3 branch is the
LTi-like population, present in high numbers within the adult
gut mucosa. These cells are different than the closely related
NKp46"CCR6 RORyt" ILC3 cells, which originate from
NKp46 CCR6™ progenitors driven by T-Bet which upregulates
IFN-y and NKp46 expression [86,87]. LTi-like cells are charac-
terized as NKp46 CCR6" (CD4*/") ILC3 cells, and found to be
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involved in antigen presentation and immune modulation
and secrete IL22 [88,89]. They are guided by CCR7 expression
[90] and play an important role in interaction between follic-
ular Th-cells and IgA producing B-cells [91]. An embryonic LTi
cell subset (LTis —1II) expressed MHCII related genes [19], and it
is interesting to establish whether there is a lineage and
functional relationship between embryonic LTi,-II and LTi-
like cells in the adult gut.

There are numerous reports stating the importance of
ILC3s in the immune defense. They are involved in immune
cells interactions to induce IgA production on B-cells [90,91].
They secrete IL17 and notably IL22 secretion upon IL23R acti-
vation, shown in mice and human and in different disease
settings [88,92—94]. Besides their role in immune reactions,
IL22 secreted by ILC3s was shown to be also important for
maintenance of epithelial integrity. IL22 from ILC3/LTi-like
cells induced the fucosyltransferase 2 (Fut2) expression in
gut epithelial cells, which is required for fucosylation and
resistance to Salmonella typhimurium infection [95].

There is discussion on the possible redundancy of NKp46™
ILC3s in the gut-immune response. A Ncr1 (NKp46)- Cre model
was used to delete ILC3 cells or specifically knock-out 1122
within NKp46™ ILC3s during gut infection. In these models, the
NKp46* ILC3 population was shown to be redundant during an
infection with Citrobacter rodentium and ILC3 deletion only
affected cecal homeostasis [87]. However, 1122 expression in
the NKp46 CCR6™ LTi-like cell population was not affected in
these models [87] and it remains unclear whether this popu-
lation could (partially) rescue the loss of IL22 from the NKp46*
ILC3 population. Indeed, it was shown that the ILC3 are
partially redundant but play an essential role in T-cell defi-
cient mice [96]. In another example of possible redundancy it
was observed that in patients with severe combined immu-
nodeficiency (SCID), the restoration of the hematopoietic
compartment did not restore the ILC family without any
obvious susceptibility to a disease [57]. Lastly, in human pa-
tients with a RORc loss of function mutation, lacking RORyt
functionality and thus all ILC3 and LTi-like cells, were only
more susceptible to Mycobacterium and Candida infections.
This effect was attributed to defective y3- and af- T-cells but
not ILC3's [50]. Therefore, it remains unclear what the unique
roles of ILC3 and LTi-like cells are within the gut. Is there
indeed redundancy, as was proposed before [57,87], or is there
a rescue mechanism which arises during fetal development
and neonatal stages? Better mouse models, in which specif-
ically ILC3 and/or LTi like cells can be deleted by induction ata
specific time point to prevent a rescue mechanism during
development, are required to answer this question. Addi-
tionally, the use of a unique gene for each population, but not
genes such as Ncr1 or Rorc as drivers, are required to establish
the specific effect of a specific ILC3 cell during disease.

Neuropilin-1 (NRP-1) was found to be expressed by ILC3
and LTi cells in mouse and human and involved in the for-
mation of ectopic lymphoid organs, especially in the lungs of
smokers and COPD patients [97]. Recently, Neuropilin-1 was
also associated as host factor for Sars-Cov2 entry and the virus
was associated with NRP-1 positive cells within the nasal
cavity [98,99]. If Sars-Cov2 specifically transfects ILC3 and LTi
cells is still unknown. It will be important to establish whether
during this infection LTi cells could mediate ectopic lymphoid

formation in lungs, which possibly exacerbates the immune
reaction.

In general, ILC differentiation in embryo and adult is very
flexible in order to adapt to the niche they reside in. Also, ILCs
can be derived from different progenitors (reviewed in
Ref. [100,101]). Therefore, marker expression for the ILC family
members can vary and depend on their origin and differenti-
ation program. This complicates the determination of the ILC
members and induces discussion on their nomenclature.
Especially for the characterization of enigmatic ILC1 subset
this has been problematic [102] and based on CyTOF analysis it
was even suggested that there is no specific human ILC1
population [103]. Other testimonies on ILC dynamicity are that
the ILC3 cells within the gut could differentiate into ILC1 cells
[87], fetal human intermediate-ILC1 were observed to become
NK and ILC3s [37] progenitors in the gut differentiate to ILC2
cells which migrate to the lung [104](reviewed in Ref. [100]).
Since the tissue residency and its immune status is of
importance to the phenotype of the ILC, it is therefore of
importance to isolate different tissues to characterize the ILC
in question. The use of tonsil alone will skew characterization
or provide a partial marker expression for human ILCs [105].
The origin of the ILCs, being embryonic or adult, is important
to understand their eventual functioning. Therefore, it re-
mains of much interest to pinpoint the embryonic hemogenic
source of the ILCs and when they are replaced in the neonate
by bone-marrow derived ILCs. This knowledge will aid our
understanding of their miscellaneous roles in immunity and
how to possibly dampen them in unwanted immunological
reactions.
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