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ABSTRACT

In recent years it has become apparent that innate lymphoid cells (ILCs) play major roles
in infectious, inflammatory and allergic diseases as well as tissue homeostasis. However
many of the models used to study the requirement for ILCs, also have effects on other cells
of the immune system, particularly T cells. This deficit in ILC-specific deletion models,
highlights a need to better understand ILC development for the identification of ILC specific
master regulators. Our lab has recently identified a committed ILC precursor in the bone
marrow and fetal liver based on the high expression of the NKT master regulator PLZF. This
precursor gives rise to all known ILC lineages, ILC1, 2, and 3, but not LTi or NK. However the
stages of development and factors involved in the emergence of the PLZF expressing precursor
and factors involved in the trifurcation of the ILC precursor into ILC1, 2, and 3 remain to
be identified. We use single-cell multiplex qPCR of defined ILC precursors to assess their
transcriptional profiles and establish a hierarchy of ILC development and ILC developmental
transcription factors. We identified early clusters of precursors that corresponded to aLLP
that expressed Id2, Nfil3 and Toz, but lacked expression of ILC lineage specific markers.
We also identified a transitional cluster of precursors that marked the bifurcation of ILCP
and LTiP and interestingly expressed high levels of Sox4 and Runx1, which heretofore have
not been well studied in ILC development. We also identified the ILCP as the stage of
lineage trifurcation of ILCs, a process which we show to occur through multi-lineage priming.
These results are the basis for a blueprint of ILC development and provide insight into the
differentiation of ILC lineages. The precise definition of ILC developmental precursors and
intermediates will allow for the identification of novel regulators and the development of

improved models to study the function of ILCs and their importance in human disease.
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CHAPTER 1
INTRODUCTION

1.1 Innate Lymphoid Cells

The human body is constantly exposed to microbes and viruses that have the potential to
harm us. In order to battle such pathogens, we have evolved an intricate network of cells
and molecular signals, the immune system, that is absolutely essential for our survival. The
two major arms of the immune system are the adaptive and the innate immune system.
Whereas cells of the adaptive immune system have the capacity to develop memory to
specific pathogens through the rearrangement of antigen receptors, the cells of the innate
system function to sense pathogens and induce inflammation and the priming of the adaptive
immune system.

Although many cells of the innate immune system have been known for a long time,
the last decade revealed a new group of cells, present in both mice and humans, that had
been overlooked previously and was termed Innate Lymphoid Cells (ILCs). ILCs are pre-
dominantly found at barrier tissues, such as the skin, lung and intestine, but can also be
found in adipose tissue, salivary glands and the liver. Several different ILC types have been
identified, that show strong correlations with T helper effector types in their cytokine and
transcription factor expression profiles!, but unlike T helper cells, ILCs have set effector
programs, allowing ILCs to respond at the earliest stages of infections?. ILCs have gained
much attention due to their function in tissue homeostasis, autoimmunity and asthma, pro-
tection from disease as well as their potential role in the acceleration of the development of
colon cancer?.

However studies about the function of specific ILC types are complicated by the lack
of adequate models to test their requirement, highlighting the necessity to study ILC de-

velopment and identify the regulators of ILC development and the differentiation of specific
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subsets.

1.2 ILC Types

Unlike many other innate immune cells, ILCs are derived from common lymphoid progenitors
(CLPS)3’4, but do not rearrange antigen receptors and therefore are distinct from cells of
the adaptive arm of the immune system.

In a bid to consolidate the nomenclature in the field that was used to describe these
innate lymphoid cells, ILCs were grouped into three groups, type 1, type 2 and type 3 ILCs,
based on the expression of defining transcription factors and cytokines®.

Type 1 ILCs include conventional natural killer cells (¢NKs) and ILC1, which are similar
in their expression of T-bet and the production of IFN~v. ¢cNK and ILC1 share many pheno-
typic characteristics as well as a common effector program. A distinguishing marker between
cNK and ILC1 in the liver is the transcription factor Eomes, which is exclusively expressed in
circulating cNK, but not in the tissue-resident ILC1. Originally it was thought that Eomes™
CD3e " NK1.17 cells in the liver would be precursors to ¢cNK, however CD3e¢ " NK1.1TEomes™
cells do not convert to Eomes™ ¢NK in culture and Eomes™ ILC1 depend on T-bet while
Eomes™ ¢NK do not%?. Eomes in fact is sufficient to impart the ¢NK phenotype on ILC1
if overexpressed 0. Other markers that distinguish ¢cNK from ILC1 are CD49a (integrin aq
subunit of aq 1) and Trail on ILC1s and DX5 (clone name for CD49b or integrin as subunit
of apf1) on ¢NKY. Unlike ¢NK, ILC1 are thought to be not cytotoxic, with low granzyme
B and perforin expression and little evidence of degranulation in in vitro assays'12. ¢NK
also circulate in the body, whereas ILC1 are tissue resident !3.

Interestingly ¢NK are only sufficiently produced after birth, while ILC1 predominate
in the fetus!®. Although ¢NK precursors in the bone marrow have been described previ-

15,16

ously , it has become apparent that both the pre-NKP (pre Natural Killer Precursor;

Lin~Ly6D~CD244TCD27FIL-7RaTF1t3~CD122™) and the tINKP (refined NKP; Lin~
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Ly6D~CD2441TCD277IL-7TRa T Flt3~CD122") in the bone marrow have a history of PLZF
(Promyelocytic leukaemia zinc finger)expression, which is an exclusive marker for an ILC1, 2
and 3 precursor. Due to the similarity in expression profiles it is therefore hard to distinguish
ILC1 from ¢NK precursors and it remains to be determined what the last common precursor
between ¢cNK and ILC1 is.

Type 2 ILCs are composed of ILC2 only, which depend on the transcription factors
Gata3, RORa and Bclllb. ILC2s are innate sources of 1L-5, IL-13 and the growth factor
amphiregulin. ILC2 can be found at a range of barrier tissues, like the gut, lung, skin
and interestingly also in adipose tissue lining the intestine!”18. The production of Ty2
cytokines by ILC2 in response to IL-33 and IL-25 signaling has been shown to be protective in
helminth infections in the absence of the adaptive immune system and leads to eosinophilia in
models of lung inflammation 9722, TLC2s can also be stimulated by TSLP (Thymic Stromal
Lymphocpoietin) in the skin and lung, where TSLP mediated activation of ILC2s and in fact
exacerbated the disease phenotype in models of skin inflammation 2325 ILC2 interestingly
also function in fat homeostasis, whereby ILC2 promote the beiging of fat, leading to higher
energy consumption26:27. Loss of ILC2 and ILC2 mediated IL-4R signaling in these tissues
is causative of obesity. Interestingly ILC1 also play a role in obesity, where IFN-y production
by ILC1 can lead to hyperglycemia and diabetes in mice 28

Type 3 ILCs are a heterogenous population that like Ty17 depend on ROR~t expression
and produce IL-17 and especially IL-22, a cytokine that exclusively acts on non-lymphoid
cells to promote healing and production of antimicrobial peptides22930. At steady state
ILC3 appear to be the predominant producers of IL-22, highlighting their importance in
tissue homeostasis of the gut 2931,

ILC3 come in a variety of different flavors, Lymphoid Tissue Inducer Cells (LTis), NCR™
(Natural Cytotoxicity Receptor) and NCR™ ILC3s.

LTis are essential for the formation of lymph nodes, Peyer’s Patches and Isolated Lym-



phoid Follicles2, where interactions of LTi and stromal cells via lymphotoxin receptors,
primes stromal cells in the developing fetal tissue to attract lymphocytes and form the
structures of secondary lymphoid tissues. In the mouse LTi come in two flavors, CD4" and
CD4~. Whether there are any functional differences between CD4" and CD4~ LTi is not
well understood. LTi can be distinguished from other ILC3 types by the expression of the
chemokine receptor CCR633.

NCR™* ILC3s, which are marked by the expression of the NK receptor NKp4612:30 have
been shown to differentiate from NCR™ ILC3s by the upregulation of T-bet expression 343
This process is specific to NCR™ ILC3s and does not appear to occur in LTis, which are a
stable population in culture. Once NCR™ ILC3s have acquired NCR and T-bet expression,
they in fact can entirely lose the ILC3 phenotype by downregulation of ROR~t, converting
NCR™ ILC3 into ILCI. Interestingly the appearance of NCR™ ILC3s only occurs after

birth upon the colonization with commensal bacteria36:37

, reflecting the need for higher
production of antimicrobial peptides and therefore ILC3 mediated I1L-22 signaling and barrier
maintenance3®. It was suggested that the conversion of NCR™ to NCR* ILC3s also depends
on the level of Gata3 expression in ILC3s3Y. Gata3 mediated repression of ROR~t is what
allows for the conversion of NCR™ to NCR™ ILC3s. However it is not clear what signals
lead to a shift in the balance of ROR~t and Gata3 in ILC3s. In addition to Gata3, Notch
signaling in NCR™ ILC3s appears to be a requirement for T-bet expression and the efficient
generation of NCRT ILC3s40.

Although ILC3s are very diverse, there is evidence that the phenotypic diversity does not
necessarily translate to functional diversity and that NCRTILC3 appear to be dispensable
in citrobacter rodentium infections in the presence of other ILC3 types41, which are likely
to compensate for the loss of NCRTILC3. However a functional deficiency NCRTILC3 has

42

been shown to impair the clearance of C.rodentium *~.

Plasticity in ILCs had been shown to occur for NCR™ and NCR™T ILC3s, but until



recently it was not known whether other ILC types also could exhibit plasticity in vivo.
Upon stimulation, ILC2s can be distinguished based on intermediate and high KLRG-1
expression?3. KLRG-1M ILC2 are induced by IL-25 stimulation and can develop an ILC3
phenotype. Some of the KLRG-1M ILC2 cells also express ROR~t and have the capacity to
produce IL-17. Tt is however not clear whether bona fide ILC2 are the precursors for KLRG-
1M TLC2. It was not definitively shown that KLRG-1M TLC2 are generated by KLRG-1
upregulation and ST2 downregulation after stimulation. Stimulation of ILC2 with IL-173
and IL-12; leads to the upregulation of T-bet and IFN-y production in ILC2s*. This
process occurred through priming of ILC2s by IL-15 to become IL-12-responsive and lose
Gata3 expression.

Studies on human ILCs have also shown that a subset of ILC1s can upregulate ROR~t
and become ILC3s. It was suggested that these ILCls are in fact NCR' ILC3s that up-
regulated T-bet expression and converted to ILCls (eX—ILCBS)45. This conversion back to
ILC3s, is dependent on an optimal cytokine milieu (IL-15 and IL-23) and the vitamin A
metabolite retinoic acid (RA), which has been shown to influence the balance between ILC3
and ILC2 and which is discussed below 40,

Although ILCs have been shown to play many roles in tissue homeostasis and diseases,
it is not clear whether they are strictly required in the presence of a fully functioning immune
system, due to the lack of tools to specifically ablate ILCs or their specific subsets, while
keeping the rest of the immune system intact. An interesting hint towards addressing the
fundamental question of whether ILCs are required for protection from infections, came
from a study of human patients with immunodeficiencies*’. Stem cell transplants for SCID
(Severe combined immunodeficiency) patients showed that although B, T, ¢NK and ILC1
cells were reconstituted normally in these patients, ILC2 and ILC3 could not always be
recovered. Reconstituted SCID patients did not show a higher propensity to contract in

particular common herpes virus infections, suggesting that the loss of ILCs can most likely



be overcome by redundant mechanisms of other cell types, including v0T cells and Tycells.
However this finding does not preclude that in their presence, ILCs are not protective during
early stages of infection.

Bone Marrow reconstitution studies in mice have shown that ILCs can be generated
from donor bone marrow and many bone marrow precursors have been identified that are
described below. However recent studies have shown that ILCs are predominantly tissue
resident and that peripheral ILCs can be replenished by self-renewal in the tissues. Modest
exchange of ILCs between tissues only takes place in models of chronic inflammation 13:48.
This finding is corroborated by the study of human SCID patients described above and a
study of HIV (Human Immunodeficiency Virus)-infected patients, which irreversibly lose
peripheral ILCs%?. ILCs in HIV infected patients could only be maintained if viral prolif-
eration was repressed early in infection, presumably preserving the peripheral pool of ILCs
required for the repopulation of the tissues. It therefore seems likely that adult tissues are
first seeded with ILCs derived from fetal liver precursors during embryonic development and

that they are then maintained locally throughout adult life, although bone marrow output

of ILCs persists.

1.3 ILC Precursors

Many studies have focused on peripheral ILCs and their functions in a host of varying
diseases. However studying the function of ILCs has been difficult due to the lack of a
system to specifically knock out only ILCs or specific ILC subsets. Therefore there is a great
interest in determining ILC lineage specific developmental master regulators.

Recently several bone marrow or fetal liver Precursors to ILCs have been described.
These precursors vary in their lineage potential as well as their expression profiles and it is
an ongoing effort of our group to consolidate the existing data and develop a precise map of

ILC development V.



The earliest studies of ILC precursors focused on ILC3 and LTi precursors, based on
their common requirement for the RAR-related orphan receptor ROR~t. An early study
showed that the accumulation of ROR~t-dependent cells was required for the formation of
lymph node anlagen in the fetus®'. These ROR~t-dependent LTis were also dependent on
the inhibitor of E-proteins, Id2 (Inhibitor of DNA binding 2)and express the gut homing
integrin a4(7, which led to the discovery of an o487 and IL-TRa expressing precursor
in the fetal liver. A subset of lineage negative (B220~CD3e~CD11b~CD11¢~ CD19~ GR-
1" NK1.1-TCRB™ Ter1197), a4BTTIL7-Ra™ fetal liver precursors expresses intermediate to
high levels or ROR~t and gives rise to LTi as well as ILC3°223. Interestingly this Lin~IL7-
RaTadB7T precursor lost B cell an granulocyte-macrophage-generating potential in culture
compared to LinTIL7-Ra™a4/37~ precursors, indicating that LTi are a distinct lineage from
myeloid and adaptive immune cells. Lin~IL7-Rata487T cells however do retain a T cell-
generating potential if cultured under conditions where high levels of Notch signaling is
available®®. This potential is lost upon further differentiation with the upregulation of ILC
lineage-defining markers®. Two further studies identified the upregulation of CXCR6 or
CXCR5 concomitantly with ROR~t on Lin~a4B87TIL7-Ra™ as markers of commitment to
the ILC3/LTi lineage 54,56 Since ILC3 and LTi share many developmental characteristics it
was assumed that they derive from a common type 3 ILC precursor. The same assumption
was made for cNK and ILC1. However, the further study of ILC precursors revealed that this
model of ILC development does not hold true. In fact we now know that LTi and ¢cNK are
separate lineages from ILC1, 2 and 3, showing that different ILC types converge functionally

upon maturation and have different precursors.

1.3.1 The Innate Lymphoid Cell Precursor

The first proof that ILC1, 2, 3, LTi and ¢cNK are in fact derived from developmentally distinct

precursors, came from a study by our group, in which we investigated the role of the natural



Table 1.1: Staining profiles of different ILC precursors.

Progenitor Staining Profile Reference

aLP Lin~CD127"a437TCXCR5~PLZF ~TCF-1~ 55,57

EILP Lin—CD127~ a4871Sca-11°"cKit TF1t3~ Thyl~ CD25~ 57
CD122~ CXCR6~TCF-1"

CXCR6TaLP | Lin~ CD127+ 4871 Sca-11°"cKit TF1t3~ CXCR6T 58

CHILP Lin~CD127"a437 cKit TF1t3~CD25~ CD27TCD244 T 1d2™ 59

ILCP Lin~CD127T 4871 Sca-11°VcKit TCD27TCD244 60
Thy1MPLZF+

LTiP Lin~CD127Ta4p7 cKit " CXCR5TRORAt T 55

Table is adapted from ref. 50

killer T cell (NKT) master transcription factor PLZF in ILC development .

Fate mapping of PLZF using a Zbth16 (gene coding for PLZF) reporter mouse strain,
in which a GFP-Cre fusion gene is expressed under the control of the Zbtb16 promoter, in
conjunction with a Rosa26-flox-Stop-flox-YFP strain, showed that peripheral ILCs, but not
LTi or ¢cNK were marked by a history of PLZF expression, although expression of PLZF
was not retained in peripheral ILCs. Of note, this tracing strategy showed about 30% YFP
expression in non ILC lineages as well, which seems to be due to the early embryonic expres-
sion of PLZF, since bone marrow chimeras of non-fate mapped CLP showed no background
labeling. This data suggested the presence of a PLZF-expressing precursor to ILCs and that
ILCs have a distinct developmental history from LTi and ¢NK.

The use of a Zbtb16 reporter mouse strain revealed the presence of a PLZF-expressing
precursor in the bone marrow and fetal liver that is Lin™, expresses a487 and IL7-Ra and
was termed the ILCP (Innate Lymphoid Cell Precursor) (Table 1.1). Transfers of ILCP
mixed with congenically marked CLP into Rag_/ _7(:_/ ~ lymphopenic hosts, showed that
ILCP could efficiently give rise to all ILCs, but not LTi, cNK, B and T cells.

On a single-cell level the ILCP was able to produce all three types of ILCs, showing

that the ILCP is a population of bona-fide precursors for all ILCs (Table 1.2). Interestingly
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however, the ILCP gives rise to multi-potential colonies at a rather low frequency (12.2%
of all colonies grown), whereas the majority of ILCP derived colonies give rise to a single
specificity of ILCs, suggesting that the ILCP rapidly differentiates into single ILC lineages.
A fraction of ILCPs also express ICOS, which is associated with immature bone marrow and
mature ILC2s. It is therefore very likely that the ILCP is the stage of lineage trifurcation
and development of ILCs with characteristics of mature cells can be observed as early as one

or two days after culturing the precursor.

1.3.2 The Common Helper Innate Lymphoid Precursor

An important observation for the study of ILC precursors is, that all ILCs, including LTi and
cNK at some point during their development, depend on the E-protein inhibitor 121761,
Early models of ILC development therefore included a common 1d2 expressing ILC precursor.
The ILCP in fact expresses Id2, but does not give rise to the two other ILC lineages, LTi
and cNK, suggesting the existence of another upstream precursor with Id2 expression.

Klose and colleagues identified a precursor using an Id2 reporter mouse strain that in
addition to ILC1, 2 and 3 can also give rise to LTi%?. The common helper innate lymphoid
precursor (CHILP) is Lin~a4B7TIL-TRa™CD25~ and expressed high levels of 1d2 (Table
1.1). In transfer studies the CHILP gives rise to all ILCs and LTi, but not ¢NK, placing
it upstream of the ILCP, which lacks LTi producing potential. However this indicates that
there must be another common precursor that also can give rise to ¢cNK in addition to LTi
and ILC1, 2 and 3.

Although the CHILP appears to be an early ILC precursor, it also seems to be a mixture
of different precursors. The CHILP exhibits bimodal expression of PLZF, indicating that
the CHILP most likely contains the ILCP. Although the CHILP did not show expression of

RORAt, it is also important to note that the analysis was performed on bone marrow, which

very inefficiently gives rise to LTi and shows little to no ROR~t expression, compared to



fetal liver 62

. Therefore it is very likely that the expression of ROR~t in the bone marrow
CHILP was underestimated.

Single-cell cultures of the CHILP clearly showed that single precursors could give rise
to all ILC lineages (Table 1.2). However in these cultures LTi and ¢NK cells could not
be differentiated from ILC3 and ILCI1 respectively, it therefore remains to be determined
whether the CHILP is a bona fide precursor to all ILCs and LTi as opposed to being a

mixture of ILC and LTi precursors.

1.3.3 The adB7 Expressing Precursor

Yu and colleagues identified the aLP (o457 expressing lymphoid progenitor) as a com-
mon precursor to ILCs, LTi and ¢NK in the bone marrow”®. The aLP was characterized as
Lin~cKitl°Sca1lo
F1t3"IL-7Ra ™ a437 and, unlike the CHILP, does not express PLZF (Table 1.1), although
we could not confirm the lack of PLZF expression using this expression profile in our hands.
Expression of CXCR6 on the alLP was associated with a loss of T cell generating po-
tential, but did not impair this precursor’s ability to give rise to all ILCs, ¢cNK and LTi
in transfer studies. In single-cell cultures the alLP gives rise to colonies with multiple ILC
lineages at a much higher frequency than the ILCP and the CHILP, further suggesting that
it is developmentally an earlier stage than the ILCP or CHILP. LTi could not be identified in
single-cell cultures, making it unclear whether the aLP is a single common precursor to LTi
and ILCs (Table 1.2). ¢NK in single-cell cultures were identified based on the expression of
the ¢cNK marker Eomes, but data generated in our group suggests, that Eomes expression,
as well es DX5 expression in culture is unstable and more promiscuous and can also be found
on ILCI (unpublished data). Eomes therefore is not a reliable marker in culture to identify
cNK.

It remains to be determined whether the aLP on a single-cell level can give rise to a
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mixture of ILC, LTi and ¢cNK lineages, and therefore is a precursor to all ILCs.

1.3.4 The FEarly Innate Lymphoid Precursor

Recently an additional bone marrow precursor was identified using a ch’/GF P

reporter
strain®’. This precursor was termed the Early Innate Lymphoid Precursor (EILP) and
was identified based on the expression of Tcf-1 among Lin~a437 T Thyl~IL-7Ra~ (Table
1.1). When transferring this precursor into Rag_/ _yc_/ ~ hosts, the EILP gave rise to all
ILCs, LTi and ¢cNK, but not T or B cells, showing that it is a common precursor to all ILC
lineages, similar to the aLP. The EILP also expresses high levels of Tox and Nfil3, transcrip-

tion factors that have been shown to affect all ILC lineages and that are discussed in greater

Figure 1.1: A Model for ILC development. Based on data of the developmental potential of previously
described precursor and the effect of transcription factors on ILC populations, we have devised an ILC devel-
opmental schematic, in which ILCs, LTi and ¢cNK are derived from distinct developmental precursors. Based
on the published data the CHILP is represented as a mixture of Flt3~aLP, LTiP and ILCP. Transcription
factors (red letters) are placed based on their relevance to individual ILC lineages.
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detail below. The EILP does not express PLZF and only low levels of Id2 compared to the
CHILP. While the CHILP and an early bone marrow ILC2 precursor (ILC2P) are severely
affected by the lack of 1d2, the EILP was only reduced by less than 1/2 in Id2 deficient
mice, although the authors suggest that Id1 and Id3 are upregulated in the absence of 1d2
and might compensate for its loss. These data suggest, that the EILP very likely is an early
precursor to the ILCs, similar to the alLP.

Single-cell cultures of the EILP showed that a single precursor could indeed give rise
to ILC1, 2 and 3, however cNK were distinguished using the marker DX5, which in culture
is not reliable. Similarly LTi could not be distinguished in culture and it therefore remains
to be shown whether the EILP in fact is a single precursor that can give rise to ILCs as
well as cNK and LTi. However the EILP had a much greater potential to give rise to multi-
potential colonies than ILCP, CHILP or aLLP, showing that it indeed functions early in ILC
development (Table 1.2).

Of note is also the lack of IL-7Ra chain expression on the EILP. Early on it had been
established that the CLP can give rise to ILCs3*. Consequently it was assumed that any ILC
precursor after the CLP would maintain its expression of the IL-7R, which is the reason the
EILP was overlooked in earlier studies. This raises the question whether the EILP represents
an alternative route for ILC development or whether the EILP transiently downregulates IL-
7R expression to allow for the branching of ¢cNK, which do not express the IL-7R and don’t

depend on IL-7 signaling%3.

1.3.5 Arginase 1 Identifies an Intestinal ILC Precursor

Arginase 1 (Argl)is a urea cycle enzyme that functions in the hydrolysis of L-arginine. In the
periphery Argl was found to be expressed in ILC2, but its germline deficiency does not have
major effects on ILC2 numbers or cytokine production4. Conditional deletion of Argl in

the lymphoid lineage by using 1177 however showed slight defects in cytokine production
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in ILC2 that resulted in ameliorated allergic reaction to nippostrongilus brasiliensis infec-
tions. Argl in ILC2 supports the optimal proliferation of ILC2 by controlling amino acid
metabolism and glycolysis®.

Argl is expressed in the bone marrow as early as the ILC2P stage and in the fetal
intestine it can be found in all ILC types%6. It also identifies a fetal intestinal precursor
to ILCs, that is Lin"IL-7TRa o487t Argl TROR~tI™— (fm for fate-mapped) NK1.17ST2™
(ST2 also known as IL-33Rca). These precursors interestingly coexpressed low levels of
ROR~t, T-bet and Gata3, suggesting a state of multilineage priming. In single-cell cultures
these precursors gave rise to some dual ILC type colonies, but were not able to give rise to all
ILC lineages at the same time, suggesting that the Argl™ ILC precursor is developmentally
after the ILCP and most cells of this population already have differentiated into specific ILC
types. The Argl intestinal precursor most likely is a recent emigrant from the fetal liver,
where ILC precursors reside before they accumulate in the bone marrow.

In the single-cell cultures of Argl™ intestinal ILC precursors, LTi were not differentiated
from ILC3. It is therefore not possible to determine whether this intestinal ILC precursor
can give rise to LTi as well. Argl was also found in adult small intestinal ILC3, but whether
it plays a role in ILC3 function is not clear%0.

Based on the function of Argl in peripheral ILC2, it is however unlikely that Argl plays
a direct role in ILC lineage differentiation by regulating other key transcriptional regulators.

Rather Argl most likely acts in early ILC precursors to promote their proliferation through

enhancing amino acid metabolism and glycolysis.

1.4 Transcription Factors Involved in ILC Development

Recently a number of transcription factors have been shown to be involved in ILC devel-

opment. Id2, Nfil3, Tox, Tcf-1 and Gata3 affect all ILCs, LTi and ¢NK, whereas Bclllb,

RORa, Gfil and PLZF only affect selected lineages. A list of transcription factors and their
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effects on peripheral ILCs and ILC precursors can be found in (Table 1.3).

1.4.1 1d2

E proteins are a class of DNA binding proteins with a helix-loop-helix domain that facili-
tates homo- or heterodimerization and that have been shown to be essential for B and T
cell developmentb7. In B cells E2A influences the expression of the B cell lineage defining
transcription factors Ebfl and Pax5. In early T cell development E2A is required for the op-
timal expression of Notchl and in the absence of E2A, HSCs develop into ¢cNK and myeloid
lineages58.

Inhibitors of DNA binding (Id) proteins similarly have helix-loop-helix domains and
heterodimerize with E proteins. Since Id proteins lack the DNA binding domain of E proteins,
heterodimerization of E proteins and Id proteins leads to inhibition of E protein binding
to DNA. The Id family member Id2 was very early on identified as a key factor in ILC
development. Id2 knockouts lack all ILC, LTi and ¢NK17:61,69,

Several studies in B and T cell development have highlighted the role of Id2 in re-
pression of the development of adaptive immune cells. High expression levels of Id2 at the
CLP stage dramatically impair the potential of CLP to give rise to T cells™ and retroviral
overexpression of Id2 in the bone marrow impairs B cell development and instead promotes

7L, Similarly, overexpression of the Id2 family members Id1 or Id3

erythrocyte developmen
can inhibit B and T cell differentiation”® 7. Since ILCs depend on Id2 it is conceivable
that Id2 represses both B and T cell development and therefore allows for the development
of ILCs. However the effect of 1d2 overexpression in early progenitors on ILC development
has not been formally investigated.

Interestingly ¢NK cells have been shown to require Id2 only at later stages of devel-

(76

opment °, suggesting that Id2 is not required for commitment to the NK cell lineage, but

more for the prevention of E protein activity and B and T cell development. However com-
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pensation by other Id proteins may also explain this phenotype and it remains to be seen
whether double knockouts of 1d2 and Id3, which is upregulated in the absence of 1d2 in ¢cNK

precursors, will show more severe defects at early cNK developmental stages.

1.4.2 Nfil3

The basic leucine zipper Nfil3 (also known as E4bp4), has been shown to function in CD8a*
dendritic cell development, and the circadian rhythm, where it influences the expansion of
Rore and thus regulates the absolute numbers of Ty17 cells in the intestine”""8. In ILC
development Nfil3 was first shown to be required for ¢NK development 989, However it
was not clear whether Nfil3 would also be required for ILC1 development. Studies that
looked at Liver ILC1, which are CD3e"NK1.1TDX5~CD49a™ and do not express Eomes,
showed that these populations were not significantly decreased in Nfil3~/~ mice, although

9,81 " Recent studies however show

there was a persisting trend towards modest reduction
that all ILC, cNK and LTi are, although not entire absent, dramatically reduced in Nfil3
knockouts, especially in competitive chimeras, suggesting that Nfil3 functions early in ILC

development 8284, In Nfil3~/~ mice the aLP as well as ILCP and ILC2P were drastically

58,84

reduced in absolute numbers and percentage in the bone marrow and fetal liver . Deletion

of Nfil3 in the periphery using a conditional Nfil3 knockout in conjunction with Rorc¢e,
showed that Nfil3 was not required for the survival and maintenance of mature ILC3s in the
periphery, suggesting that Nfil3 is only required early in ILC development®?.

These reports suggest that Nfil3 plays a significant in the development of all CLP-derived
ILC groups, but perhaps may not be required for their survival as mature cells. ChIP of
Nfil3 in transduced cell lines or bone marrow CHILP revealed that Nfil3 is capable of binding
directly to the promoters of both Id2 and Eomes, suggesting that Nfil3 acts upstream of 1d2
in ILC, ¢cNK and LTi development3+%. However the effect of Id2 deficiency on ILCs is

much more severe than the loss of Nfil3, suggesting that Nfil3 is not the sole regulator of
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Id2.

1.4.3 Tox

Tox belongs to the high-mobiligy-group box (HMG box) containing protein superfamily of
transcriptional regulators and its conditional deletion in T cells leads to an early T cell
developmental defect with a block at the DP stage86. Further studies showed that Tox-
deficient mice also had defects in the development of Peyers patches, indicating a defect
in LTi development®”. Toz deficient mice also lacked DX51 ¢NK cells and it was shown
that in fact all ILCs as well as LTi depend on Tox for their development88. In the absence
of Tox, bone marrow precursors to ILCs, the CHILP as well as a dedicated precursor to
ILC2s, the ILC2P 3, were severely reduced in absolute numbers. Although Tox expression
is upregulated early during ILC development, its expression is maintained in mature cells,
suggesting a function for Tox in ILC maintenance.

Yu and colleagues suggested based on array and ChIP studies, that Nfil3 might act
through the transcription factor Tox in innate lymphocyte development to regulate Id2°8.
In Nfil3 knockouts Tox transcript levels were markedly reduced and retroviral overexpression
of Tox in hematopoietic progenitors of Nfil3 knockout mice partially restored the defects in
innate lymphocyte development.

Aside from Tox, the Tox family also includes, Tox2, Tox3 and Tox4, and Tox2 has
been suggested to play a role in human ¢NK development by influencing T-bet expression V.

However, not much is know about the function of these three transcription factors, especially

in regard to ILC development.

1.4.4 T cell factor 1

Tecf-1 (encoded by Tcf7) is known to act in concert with Lef-1 and f-catenin in T cell

development. Tcf7 is expressed as early as the ETP (Early T lineage progenitor)stage and
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TefrT™ /= knockout mice have severe defects in early T cell development?1™93. At the DP
stage Tcf-1 and Lef-1 regulate the expression of Th-POK and in their absence CD4™ T cell
development is dramatically impaired?. Interestingly Tcf-1 is regulated by Notch signaling
and represses Id2 in ETPY3. Tcf-1 has also been shown to regulate the expression of Gata?
and Bell1b92.

Tcf-1 was first shown to play an important role in ILC2 development, but, with the
discovery of other ILC lineages, its function in ILC development was rapidly expanded to
include all ILC types. Tcf7-knockout mice have defects in ILC2, the NCR™ subset of ILC3,
¢NK and ILC19°96 In competitive chimeras however the defect in ILCs is much more severe,
affecting all known ILC subsets®?. This discrepancy can be explained by the dual role Tef-1
might play in ILCs. Tcf-1 clearly plays a role in early ILC development and is required for
the differentiation of all ILC subsets, however Tcf7~ /= ILC3s show higher expression levels
of ROR~t and a greater capacity to produce I1.-17 and 1L-22, showing that in mature ILCs
Tef-1 represses the ILC3 fate?7. It has been proposed that Notch signaling regulates Tef7?
expression in ILCs, however deletion of the Notch DNA binding partner RBP-J,, does not

alter Tef7 expression”s.

1.4.5 Gata3

The GATA (GATA-binding protein) family member Gata3 is widely expressed during devel-
opment and in adult tissues, such as the central nervous system, adrenal glands, kidneys and
others. In the hematopoietic system GATA3 is best known for its role in T helper (Ty) cell
differentiation, where it directs the development of T2 effector cells by repressing the Tyl
and Ty17 programsgg’loo. Its function in T cell development is much broader, where at the
DP stage it also regulates the expression of TCR subunits, ThPOK and Notchl. Depending
on the cell type Gata3 can associate with multiple cofactors to effect a cell specific expression

profile109.
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Gata3 was first shown to be important for ILC2 development and maintenance, but
recently it has been recognized to play a broader role in the development of all ILC lin-

cagesB9:101,102

. Yagi and colleagues showed a dramatic reduction of ILC1, 2, 3 and LTi in
VavCre Gatal!/ 1 mice, cNK however were unaffected192. The authors also showed that the
early Lin"IL-TRaMF1t3~a4877 fetal liver precursor was absent in Gata3-deleted animals,
suggesting that lymphoid tissue inducer precursors (LTiP) and ILCP which have higher IL-
TRa expression were predominantly affected. In contrast to Nfil3, which affects all ILC,
LTi and cNK, Gata3 appears to act later during ILC development, placing it downstream
of Nfil3, after the branching of ¢cNK, to promote LTi and ILC development. Gatad also did
not appear to affect Id2 expression levels, unlike the upstream factors Nfil3 and Tox. In

fact Gatad expression coincides precisely with the upregulation of PLZF at the ILCP stage,

indicating that it acts late in ILC development5Y.

1.4.6 PLZF

The transcription factor PLZF has been shown to be a master regulator of NK'T development
and defines the ILCPY%:103  Although PLZF is expressed at the ILCP stage, its deletion
predominantly affects only ILC2 and ILC1 but not ILC3%0. Loss of Zbth16 both reduces
the total numbers of ILC2, but also affects their function during airway inflammation in the

104 PLZF in fact directly regulates factors

presence of a functioning adaptive T2 response
involved in ILC2 lineage specification, such as Rorc, Runx1, Rora, Icos, Il4 and [I113 in NKT
cells 109, Interestingly PLZF also represses the expression of Bach2, which has been shown to
repress T effector programs in favor of a T regulatory program in T cells1%6. Tt is very likely

that PLZF fulfills a similar role during ILC development to promote ILC effector program

establishment by repressing Bach2 and promoting the ILC effector programs.
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1.4.7 Etsl

The family of Ets transcription factors has been shown to regulate Id2 expression. FEtsI-
knockout mice show defects in ¢cNK, where Etsl regulates Thz21 and Id2 expression!07.
Until recently it was not known whether Etsl also plays a role in other ILC lineages. In
conditional FEtsl-knockout mice, where Ets1 was deleted by crossing Ftsl-floxed mice to
17rCre mice, peripheral ILC2 were dramatically reduced in numbers %%, However the early
ILC precursor, CHILP, was unaffected in numbers in these mice. The EtsI-deficient CHILP
however had a reduced potential to give rise to ILC2s, showing that Etsl acts early in
ILC2 differentiation. Although Etsl has been shown to play a role in ¢cNK development and

function, these studies have not distinguished between ¢cNK and ILC1. It is therefore not

clear whether Etsl also plays a role in ILC1 development.

1.4.8 Runz8d

The runt-related transcription factors (Runx) play major roles in hematopoiesis and the roles
of Runxl, Runx3 and Th-POK have been well studied in T-cell development1®?. Runx3
and Th-POK play an important role in the differentiation of CD4 and CDS8 single positive
(SP)thymocytes, where Runx3 promotes the development of CD8SP T cells in the thymus,
by inhibiting the CD4SP T cell master transcription factor Th-POK 0.

Runx3 has been shown to be expressed in ILC1 and ILC3 and its expression in the
fetal liver and bone marrow Lin~IL-7TRa T o487 precursors overlaps with PLZF expression,
showing that Runx3 acts at the ILCP stage and most likely in the lineage differentiation
of ILC1, 2 and 311, In fact Runx3 expressing ILCP predominantly give rise to ILC1 and
ILC3, but not ILC2, highlighting the close relationship of these two ILC lineages, which has
been established by evidence of ILC3 interconversion to ILC1 in the periphery.It is however

not clear whether the conversion of ILC3 into ILC1 is the default developmental pathway of
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ILC1 or whether there exist two independent precursors in the bone marrow and fetal liver

to ILC1 and ILC3.

1.4.9 ILC? Lineage-Defining Transcription Factors

Several transcription factors have been associated specifically with the development of ILC2s.
Gfi-1 and ROR«a were the first transcription factors that were identified to act solely on
ILC2s. In both RORa mutant and Gfil knockout mice, both peripheral ILC2s as well as
bone marrow ILC2Ps were dramatically reduced in number 25115120 Functionally Gfit —/=
ILC2s were also impaired in their response to 11.-33 stimulation. Similarly RORa mutant
ILC2s showed impaired expansion in response to challenge 25,115, Gfil —/= ILC2s also acquire
the capacity to produce the ILC3 cytokine I1.-17 and upregulation of Rorc, suggesting that
Gfil enforces the ILC2 effector program, by inducing the expression of Gata3 and other
ILC2-specific factors and repressing the ILC3 gene module.

In T cells Belllb has been shown to be required for the commitment to the T lineage.
In the absence of Bel11b T cell precursors can be redirected to the ¢cNK lineage125122, This
change appeared to be affected mainly by the loss of Notch and Notch target gene expression
in Bcll1b deficient mice. Bcelllb also regulates the expression of Foxp3 in CD4 single positive
T cells, and its loss in CD4T T cells leads to a loss of regulatory T cells!23.

In TLCs, Belllb can exclusively be found in ILC2s in the periphery and at the CHILP
stage in the bone marrow, where it overlaps with the expression of ICOS, an ILC2 specific
marker. In in vitro cultures Bell1bTCHILP were restricted to give rise to ILC2M18. Defects
in ILC2 numbers in Bell1b-deficient mice were mostly apparent in competitive bone marrow
chimeras, suggesting that loss of Belllb potentially can be compensated for by other ILC2
speci‘’fic transcription factors. Although Becl11 b=/~ mice show mild defects in ILC2s, the
remaining [LC2 show functional defects upon challenge. Interestingly conditional deletion

of Bell1b in mature ILC2s also effects their conversion into ILC3, with the upregulation of
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ROR~t and loss of Gatad expression and the aquisition of I1.-23 responsiveness and IL-22 and
IL-17 production™?. This loss of the ILC2 program could be overcome by overexpression
of Gfil, which is directly controlled by Bcll1lb. Single-cell RNA sequencing studies showed
that the block in ILC2 development in Bcl11 b=/~ bone marrow precursors occurred at the

ILCP stage, when Bcll1b was upregulated 124, ILC2P could not be found in these mice.

1.5 Other Factors Involved in ILC Development

Aside from transcription factors, extracellular cues such as cell to cell contact signaling as
well as cytokine and environmental antigen signaling have been shown to influence ILC

homeostasis and development.

1.5.1 Notch Signaling

Notch signaling plays a seminal role in many developmental processes of the hematopoietic
system. Notch has been suggested to function in hematopoietic stem cell (HSC) self-renewal
and maintenance and is well known for its requirement in T-cell development 122126,

Notch signaling was suggested to play a role in early ILC development, by augmenting
the upregulation of 437 on CLP in culture®® and was also sufficient for the upregulation of
RORAt in cultures of bone marrow ILC precursors, but was not required for the same process
in fetal liver precursor cultures®®. Similarly Notch signaling augmented the differentiation
of ILC2 in culture of the aLP, but not the ILCP 9557115,

Yang and colleagues suggested that the upregulation of Tcf-1, a known Notch target, in
the EILP, depends on Notch signaling, but whether this is in fact the case was not clear®”.
Studies in which the Notch DNA-binding adapter RBP-J, was conditionally deleted using
11779 mice showed no change in the expression of T¢f7 in ILC precursors in the fetal liver 2.

In fact overexpression of Notch using the expression of the Notch intracellular domain in fetal

livers, repressed Tcf7 expression and promoted the development of T cells from fetal liver
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CLP.

Since Notch signaling appears to be dispensable for ILC development and yet augment
aspects of it, it begs the question as to the function of Notch in ILC development. In
T cells, Notch signaling has been shown to directly regulate Gata3 expression as well as
influence T-bet expression27 129 thereby regulating the balance between T2 and Tyl
effector differentiation and maintenance. Notch signaling therefore may influence optimal
Gatad expression to promote ILC differentiation.

In conclusion Notch is not required for ILC development and it remains to be determined

how Tcf7 is regulated and promotes the emergence of the EILP.

1.5.2  Aryl Hydrocarbon Receptor and Vitamin A Signaling

ILCs are almost exclusively found in barrier tissues, such as the skin, lung and intestine.
Particularly in the intestine, ILCs have been shown to also respond to dietary changes.
The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor that is
known to bind environmental toxins (dioxins) as well as dietary ligands such as flavonoids and
glucosinolates, which can be found in plants3Y. The AhR mainly controls the expression of
cytochrome P450 xenobiotic-metabolizing enzymes and is expressed in ILC3 in the intestine.
Ahr-deficient mice have a reduction in ILC3 and LTi, that is already noticeable at
birth and persists in adults3%13L132  Loss of Ahr in ILC3 also affects the formation of
cryptopatches as well as isolated lymphoid follicles. The size of the ILC3 pool in the intestine
can be regulated by AhR ligand in the diet, showing that dietary antigens can in fact have
an influence on ILC populations3t. ILC1 however were not affected in Ahr~/~ micel2:133,
Interestingly activation of the AhR could also upregulate Notchl and Notch2 in in-
testinal lamina propria lymphocytes, but it is not clear whether the regulation of Notch by
the AhR occurs in the periphery only or could potentially act in early bone marrow ILC

precursors 133,
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Gene regulation by the AhR can influence the metabolism of the Vitamin A metabolite
RA 4 which has been shown to play essential roles during embryonic development, organo-
genesis and influences oral tolerance through the production of TGF-35 and differentiation
of induced T regulatory cells!3%136 RA can augment T effector responses during infections
and leads to the upregulation of the gut homing integrin o437 and the chemokine receptor
CCR9 on both T cells and ILCs 37138,

Spencer and colleagues showed that RA can influence the balance between ILC2 and
ILC3, favoring the expansion and functional augmentation of ILC3, whereas vitamin A
deficiency resulted in an expansion of ILC246:139 ° Ag a consequence vitamin A-deficient mice
had an impaired response to Citrobacter rodentium infections, which at early time points
require an ILC3 response with 1L-22 production for clearance. In contrast worm burden in
helminth-infected vitamin A deficient mice was significantly reduced due to increased 11-13
production in the intestines of these animals. The effect of RA signaling on the balance of
ILC3 and ILC2 also appears to play a role during ILC development in the fetal liver and
fetal gut as maternal retinoids can affect the balance of ILC3 in fetuses by controlling Rorc
expressionMO.

Although it is apparent that dietary antigens play a role in ILC homeostasis it is not

known whether either AhR or RA signaling affect early developmental stages of ILCs or

whether these factors affect ILC maturation or maintenance in the periphery.

In summary, multiple transcription factors and signals that influence ILC development
have been discovered, but a precise definition of the stages and the sequence of ILC devel-
opment, as well as the molecular mechanisms that drive ILC development have remained

elusive.
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CHAPTER 2
AIMS AND SIGNIFICANCE

ILCs have been shown to play important roles in the protection against infections and their
dysregulation is associated with the exacerbation of inflammation in inflammatory diseases
as well as the formation colon cancer. The models of ILC deficiency used to study the
requirement of ILCs in infections and inflammation heavily rely on knockouts of transcription
factors also required in other immune cells, predominantly T cells. Therefore it remains
difficult to study the requirement of ILCs in an otherwise immune sufficient host, highlighting
a need to understand ILC development and more specifically its regulators. The identification
of ILC-specific regulators will offer new strategies in determining the role of ILCs in immune
sufficient hosts and potentially lead to new therapeutic strategies in the treatment of diseases,
in which ILCs play important roles.

Several precursors to ILCs have been described previously, including the aLLP, CHILP
and ILCP, but their relationship and the precise hierarchy of transcription factors, remains
elusive.

We will use a single-cell RNA approach to better characterize stages and infer transi-

tions, which will be further investigated by transfer studies.

The aims of my studies are:

e Use the PLZF-GFPCre™ ILCP to define the developmental hierarchy upstream and

downstream of ILC precursors.

e I[dentify the branch point of LTi and ILCs. To address this question we performed
single-cell cultures of ILC precursors to assess their potential to give rise to ILCs as

well as LTi.

o Identify the stage of lineage trifurcation where cells acquire effector programs.
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e Assess whether PLZF is sufficient to drive the ILC program in early ILC progeni-
tors. To address this question we used both retroviral and transgenic overexpression

methods.

e Assess the role of Tox2, a new transcription factor upregulated at the ILCP stage.
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CHAPTER 3
RESULTS

3.1 Single cell analysis defines the divergence between the innate

lymphoid cell and lymphoid tissue inducer lineages
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3.1.1  Summary

The precise lineage relationship between innate lymphoid cells (ILC) and lymphoid tissue
inducer (LTi) cells is poorly understood. Using single-cell multiplex transcriptional analysis

of 100 lymphoid genes and single-cell cultures of fetal liver precursor cells, we identified the
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common proximal precursor to these lineages and found that its bifurcation was marked
by the differential induction of the transcription factors PLZF and TCF1. Acquisition of
individual effector programs specific to the ILC subsets ILC1, ILC2 and ILC3 was initiated
later, at the common ILC precursor stage, by transient expression of mixed ILC1, ILC2 and
ILC3 transcriptional patterns, whereas, in contrast, the development of LTi cells did not go
through multilineage priming. Our findings provide insight into the divergent mechanisms
of the differentiation of the ILC lineage and LTi cell lineage and establish a high-resolution

"blueprint’ of their development.

3.1.2 Introduction

Innate lymphocytes lack B or T cell receptors and exert effector functions at mucosal bar-

141,142 These populations segregate into three general groups on the basis of their

riers
expression of the transcription factors T-bet, GATA-3 and ROR~t. However, there is con-
siderable heterogeneity among T-bet-expressing group 1 lymphocytes, which comprise con-
ventional (or classical) natural killer (NK) cells (¢cNK cells), group 1 innate lymphoid cells
(ILCT cells) and tissue-resident NK cells, and among ROR~t-expressing group 3 lympho-
cytes, which comprises CCR6™ lymphoid tissue inducer (LTi) cells and CCR6™ ILC3 cells.
In addition, some plasticity has been reported among CCR6™ ILC3s which can upregulate

4

T-bet expression and acquire group 1 properties3 , and among some populations of ILC2s

which can acquire group 3 properties®3.

Lineage-tracing and cell-transfer studies have suggested that ILC1, ILC2 and ILC3
cells, but not LTi cells or cNK cells, are derived from a common dedicated precursor, the ILC
precursor (ILCP), characterized by expression of the transcription factor PLZF5Y. Similar to
the LTi precursor (LTiP), the ILCP originates from a lymphoid precursor that expresses the
integrin 437" and is itself derived from the common lymphoid precursor (CLP). The Id2h

fraction of a4B7T lymphoid precursors, called ‘common helper innate lymphoid precursor’
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(CHILP), is a heterogeneous population that includes the PLZF-expressing ILCPs as well as
precursors to LTi cells®, but whether the CHILP population includes a common precursor
of both ILCs and LTis or separate precursors of each lineage has not yet been determined.
A study has suggested that ¢cNK cells might originate from an earlier [d21°CXCR6™ fraction
of adfT7-expressing lymphoid precursors (aLPs) 7. Thus, the developmental relationships
between lineages remain incompletely established.

Several transcription factors, including Nfil3, Toz, 1d2, Gata3, Tcf7 and Zbtb16 (en-
coded by PLZF) 17,58,60,82,84,88,89,95,96,101,102 .o required for the development of all or sev-
eral of these innate lineages, which suggests they have an effect at a common precursor stage.
However, partial defects, rather than complete defects, have often been reported in mice lack-
ing these transcription factors, which suggests substantial redundancy and complexity of this
early transcriptional network. Other transcription factors have been found to selectively af-
fect individual ILC lineages, such as the effect of ROR«a (encoded by Rora), Bel-11b and
Gfil in ILC2 cells 5117120 - which suggests more distal effects in the ILC-differentiation
pathway. Precise understanding of the general hierarchy of expression of these factors is
missing, however, which limits the design and interpretation of mechanistic studies aiming
at delineating their interplay.

Here we used cultures of single cells purified from the fetal livers of a mouse reporter
strain expressing green fluorescent protein (GFP) and Cre recombinase from the gene encod-
ing PLZF (Zbthb16-GFP-Cre) to precisely define the differentiation stages between CLP and
ILC and to identify the stage of divergence between ILCs and LTi cells. We also performed
multiplex quantitative single-cell transcriptional analysis of 100 lymphoid genes to charac-
terize the complexity of molecular events associated with this differentiation pathway. We
derived a high-resolution map and inferred a precise ordering of the induction of transcription
factor expression and identified previously unknown stages of development before and after

PLZF expression and the stage of bifurcation between the ILC lineage and LTi cell lineage.
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Notably, transcriptional priming for the different cytokine effector programs occurred at the
ILCP stage itself through multilineage priming. In contrast, the LTiP proceeded to directly
acquire its type 3 program without undergoing mixed transcriptional priming. Together
our findings further define the dichotomy between ILCs and LTi cells and provide new in-
sight into the stages and mechanisms of their development and the interplay of transcription

factors that direct their differentiation.

3.1.3 Results

3.1.3.1 Bifurcation of aLP into ILCP and LTiP

Lin"IL-7TRa™ fetal liver cells (where lineage (Lin) is defined by a ’cocktail’ of antibodies
to CD3e, TCRB, CD19, CD11c, GR-1, Ter119 and NK1.1), include CLPs; identified by a
Flt3"T 487~ profile, and a cell population expressing o437, which included the precursors to
innate lymphoid lineage, thought to arise from the CLP (Fig.3.1a). This a437-expressing
population was originally called ’aLP’, but the identification of ILCPs and LTiPs among
aLLPs prompted us to limit the designation of aLP to the a4[7-expressing cells that were nei-
ther ILCP nor LTiP but include their precursors 142143 We further subcategorized this aLP
as an F1t31 and F1t3~ subsets to identify early and late precursors, respectively. We detected
these populations by flow cytometry among fetal liver cells obtained from the Zbtb16-GFP-
Cre reporter strain at embryonic day 15 (E15)(Fig.3.1a). Among the Lin~IL-7TRa o487+
population, the ILCPs were identified by GFP expression and the LTiPs were identified by
their GFP~CXCR5T profile6%112 The LTiPs were clearly distinguishable from the other
subsets in this staining, although a small fraction of these cells seemed to have low expression
of GFP (Fig.3.1a). As expected, only the LTiP coexpressed the chemokine receptor CCR6
and the coreceptor CD4 (Fig.3.1b).

Both LTiPs and ILCPs could already be detected at low frequencies among Lin™IL-

TRaTadB7T fetal liver cells at E12, the earliest time point in our analysis, and their absolute
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Figure 3.1: Identification of distinct subpopulations of a457-expressing lymphoid precursors in fetal liver.
(a) Flow cytometry of fetal liver cells from E15 Zbtb16-GFP-Cre reporter mice after depletion of Lin™ cells
(expressing CD3, CD11¢, CD19, NK1.1, TCRS, Ter119 and GR-1) by magnetic bead-based cell separation
and staining for IL-7Ra™ (left), F1t3 and a447 (middle) and CXCR5 (right), for the identification of distinct
subpopulations representing CLPs, aL.Ps, LTiPs and ILCPs (middle and right) after gating on LinIL-7Ra™*
cells (left). Numbers adjacent to outlined areas indicate percent cells in each subpopulation. (b) Flow
cytometry of ILCPs, LTiPs and Flt3~ oLPs stained for CCR6 or CD4. (c) Quantification of oL.Ps, LTiPs
and ILCPs in fetal liver at E12, E13 and E15. Each symbol represents an individual fetus; small horizontal
lines indicate the mean. Data are representative of twelve independent experiments (a) or three experiments
(b) or are pooled from two independent experiments (c).

numbers increased five- to tenfold by E15 (Fig.3.1c). To establish the lineage relationships
between aLLP, ILCP and LTiP, we performed single-cell cultures of aLP subsets (F1t3T and
F1t37) on OP9 stromal cells in the presence of interleukin 7 (IL-7) and stem cell factor (SCF),
as described®. We categorized ILC1 colonies, ILC2 colonies and ILC3 colonies by high
expression of NK cell receptor NK1.1, the costimulatory receptor ICOS or a4 37, respectively,
as described previously%. We distinguished LTi cells from ILC3 colonies by expression of
CD4, which is expressed by nearly half the LTi cells but not in ILC3s (Fig.3.1b), although
this method underestimated the real frequency of LT1i cell colonies by approximately twofold.
We could not distinguish ¢NKs from ILC1s by expression of eomesodermin (Eomes), because
expression of this transcription factor was induced in ILC1 cells in our culture conditions
(data not shown). However, because fetal progenitors do not produce cNKs 14 e counted
all NK1.1T colonies as ILC1 cells.

ILCPs gave rise nearly exclusively to single and mixed colonies of ILC1 cells, ILC2
cells and TILC3 cells (Fig.3.2), consistent with this cell type’s being a common precursor to
these lineages, as reported®’. In contrast, F1t3" and Flt3~ aLPs also generated a sizeable
proportion of LTi cells, which indicated that this group of cells included precursors to the
LTi cell lineage. Notably, many wells containing LTi cells also included ILC1 cells or ILC2
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Figure 3.2: Colonies derived from single-cell cul-
a Fia*alP Fii3"aLP ILCP . . .
Pouble/ tures of a4f7-expressing lymphoid precursors in fe-

Trpe tal liver. Frequency of single ILC1, ILC2 or ILC3

LTi

Double/
Trlple

cells (Single) or two or more ILC subsets (Double or
triple), LTi cells, and mixed colonies of LTi (CD4+)
cells plus either ILC1 cells or ILC2 cells (the pres-
ence of ILC3 cells could not be ascertained in these
wells) (MixLTi) (top), and frequency of wells contain-
ing ILC2 colonies (whether single or mixed with other
ILC lineages) (bottom), among single-cell cultures of
various precursors sorted from Zbtb16-GFP-Cre fetal
livers at E14-E16 and cultured with OP9 cells (a) or
OP9-DL1 cells (b). Average cloning efficiency, 31-
64%; 3% of colonies could not be characterized by
staining and are not presented here. In OP9-DL1 cul-
tures, colonies of pro-T cells were also observed in
47% of F1t3+ LP wells, 19.7% of F1t3~ aLP wells and
14.5% of ILCP wells; these were identified by a CD4™
or CD8%, ICOS™ 437 NK1.1~ phenotype (data not
shown). Data are pooled from at least three indepen-
dent experiments (OP9) or one to three independent
experiments (OP9-DL1) with 51-447 total colonies for
each progenitor population.

OP9

OPg-DL1

cells (the presence of ILC3 cells could not be ascertained in wells containing LTi cells), which
indicated that a single F1t3" or F1t3~ aLP precursor could generate both LTi cells and ILC
lineages. Thus, while the reported CHILP population® included a heterogeneous mixture
of ILCPs and other precursors, our observations identified the Flt3~aLLP as the common
proximal precursor, at the single-cell level, of both ILCPs and LTiPs.

Notably, when we performed the cultures with OP9 stromal cells lacking the DL1 ligand
of Notch receptors, we found that many fewer ILC2 colonies were derived from Flt31aLPs
or Flt3~aLPs than from ILCPs (Fig.3.2a, bottom). However, this defect was largely
corrected in OP9-DL1 cultures (Fig.3.2b, bottom). This finding was consistent with the
proposal that a Notch signal is essential for ILC2 differentiation 6115 and further established
that the signal must be delivered early at the LP stage, rather than late at the ILCP stage.
Together these experiments demonstrated that the fetal liver aLP pathway was dedicated
to the formation of the ILC and LTi cell lineages. They also identified the late F1t3~ aLP as

the common proximal precursor to ILCPs and LTiPs.
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3.1.3.2 Single-cell multiplex qRT-PCR analysis of ILC precursors

We used multiplex quantitative RT-PCR for transcriptional analysis of single cells along
the fetal pathway linking aLPs to ILCPs and LTiPs, with a panel of 100 probes for genes
encoding lymphoid development factors, including transcription factors, cytokine receptors
and chemokine receptors. Data from 339 single cells, including 157 aLLPs, 168 ILCPs and
14 LTiPs, were compiled from two independent single-cell sorting experiments with pooled
E15 fetal livers. After filtering results by the expression of 'housekeeping’ (control) genes,
we considered the transcriptional profiles from 299 single cells for downstream analysis.

Unsupervised hierarchical clustering analysis of these transcriptional profiles defined

Cll CIII CIV

. —Tox

Nfil3
i 5 /ch7

Zbtb16

Figure 3.3: Hierarchical clustering distinguishes aLLP and ILCP transcriptional profiles. Hierarchical clus-
tering dendrogram (top and left margin) derived from single-cell multiplex quantitative PCR analysis of 299
single aLLPs and ILCPs, distinguishing clusters AI-AIII (aLPs; left), cluster B (mixed al.Ps and ILCPs;
middle), and clusters CI-CIV (ILCPs; right); each column represents a single cell (bottom, sorted cell type;
key, bottom right), and each row represents one gene (of 100 total; right margin, select genes encoding
products with known or anticipated roles in ILC development). ACt (top left key), difference in threshold
cycle relative to the average value for the "housekeeping’ (control) gene. Data are from two independent
experiments with 157 aLPs and 168 ILCPs from pooled livers.
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groups of cells that seemed to be in distinct developmental stages (Fig.3.3). Consistent
with the proposal that acquisition of PLZF expression signified a distinctive developmental
transition for ILCs, we found strong, visually evident separation of the transcriptional profiles
of the aLP populations (Fig.3.3, left) and ILCP populations (Fig.3.3, right). We used
contiguous branches of the hierarchical clustering dendrogram to define three clusters of
predominantly aLPs (AI-AIII), one cluster composed of mixed LPs and ILCPs (B), and
four clusters of predominantly ILCPs (CI-CIV), on the basis our understanding of ILC
development. All clusters were distinct from one another and were composed of a substantial
number (>20) of similar cells (Fig.3.4). One additional cluster of about 20 cells, all with
conspicuously high expression of Il1rl1 (which encodes the IL-33 receptor chain IL-33Ra),

was removed from the study because it was unrelated to the other clusters and instead
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the 1139rT cluster excluded from the
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by the nearly uniform lack of Tc¢f7
and Tox, as well as other key mark-
ers. (b) FACS analysis suggested the
mast cell nature of these cells. a437-
MACS-enriched fetal liver cells ob-
tained from the Zbtb16-GFPCre re-
porter strain were gated as Lin™ cells
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seemed to represent contaminating mast cell precursors with low expression of o447 and
PLZF (Fig.3.5). Thus, this analysis identified further heterogeneity among precursor cells

and generated a ’blueprint’ of their temporal sequence during ILC development.

3.1.3.3 Early developmental transitions

To facilitate analysis of the clusters identified above, we generated a condensed heat map of
gene expression in all 299 single cells, limited to a set of 20 key informative genes. Consistent
with LPs’ being early precursors to ILCPs and LTiPs, there was sparse expression of genes
encoding transcription factors and cytokines specific for these lineages in the A clusters. For
example, Zbtb16, Tcf7, Gata3, Bcelllb, Crerd, Rore, Rora and Tbx21 were not expressed
by clusters AI-AIII (Fig.3.6). In contrast, clusters AI-AIII expressed genes encoding tran-

scription factors linked to early ILC and LTi development, including Id2, Tox, Nfil3, Sox4,
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Figure 3.6: Clusters define the developmental progression of key transcription factors. (a) Single-cell
multiplex quantitative PCR (as in Fig. 3.3) of transcripts from genes encoding products with known or
anticipated roles in ILC development, ordered by hierarchical clustering of al.Ps and ILCPs as in (Fig.
3.3), and of LTiPs (far right); below, sorted cell type (key, bottom left). (b) Transcript expression (average
ACt values) for genes encoding products that define early developmental transitions in each cluster. (c)
Expression frequencies of key transcription factors in alLP and ILCP transcription-state clusters define their
developmental progression. In each cluster, the proportion of cells with detectable levels of transcript is
calculated for genes defining early developmental transitions. Similar to the trends observed in average
transcript levels by cluster, Id2 is first expressed at a low level in Al followed by Toz and Nfil3 in AIl, Sox4
and Runzl in AIIl, and finally by Tcf7 and Zbtb16 in B.

FEts1, Runxl, Tcf7 and Zbtb16 (Fig.3.6a). That conclusion was confirmed by plotting of the
average mRNA expression per cell (Fig.3.6b) and the frequency of cells expressing genes
encoding these transcription factors in each cluster (Fig.3.6c). Notably, a distinct tempo-
ral pattern of expression could be inferred from these plots. Thus, cells in cluster AI had
low expression of Id2, but most lacked Toxr and Nfil3. Nearly all cells in clusters AIl and
AIII, however, expressed Tor and Nfil3. Cells in clusters Al and AIl lacked expression of
Ets1, Sox4 and Runxl, whereas a majority of cells in AIIIl expressed these genes. Finally,
Tcf7 and Zbtb16 were not expressed by clusters AI-AIIT (aLLPs) but were widely expressed
in cluster B and the C clusters (ILCPs) (Fig.3.6). We measured low [d2 expression across

clusters AI-AIII and found a tendency toward more frequent and higher expression in cluster

37



B and clusters CI-CIV (Fig.3.6), in line with the suggestion that increased [d2 expression
is correlated with commitment to innate lineages®.

Thus, the Biomark analysis suggested that the temporal patterns of expression of these
transcription factors were precisely regulated. Furthermore, unlike Tox, whose expression

remained prevalent, Nfil3? expression was ultimately reduced in ILCP clusters, consistent

with its temporally limited requirement as suggested by late gene ablation experiments34.

3.1.3.4 Bifurcation between ILC and LTi branches.

Cluster B comprised the most mixed representation of aLP and ILCP and seemed to be a
developmental transition state linking early developmental events and specification to the
ILC lineage versus the LTi cell lineage. Notably, cells in cluster B expressed Tcf7 and Zbtb16
but largely lacked expression of genes encoding ILC lineage-specific factors (Fig.3.6). In
fact, the expression of Tcf7 and Zbtb16 was lower in cluster B than that in ILCP clusters
(Fig.3.6), which confirmed the conclusion that cluster B corresponded to a transitional stage.
A similar pattern was found for Id2, suggestive of developmental continuity between aL.P
clusters and ILCP clusters, with cluster B probably including the first cells to acquire Zbtb16
expression before specification to the ILC lineage. Although the induction of T'¢f7 and Zbtb16
seemed to be nearly synchronous, a fraction of cluster B cells expressed Tcf7 without Zbtb16
(Fig.3.6), which suggested that this fraction might have included cells destined to the LTi
cell lineage. In fact, detailed analysis of cells in cluster B that expressed Tcf7 but not
Zbtb16 showed that most of these cells had a tendency to express genes encoding factors
associated with the LTi cell lineage, including Rorc, while conspicuously lacking expression
of Rora, which is expressed in more mature LTiPs (Fig.3.7). In contrast, cells in cluster
B that expressed both Tcf7 and Zbtb16 rarely expressed Rorc at that stage and instead

displayed some expression of genes encoding factors associated with ILC lineages, such as
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Gata3, while they lacked Rora ex- Cluster B LTiP

Tef7+ Zbtb16 + Tef7+Zbtb16-

s md 1=

pression (Fig.3.7); this suggested

that they were less mature than L

most ILCPs. Thus, we con-
cluded that cluster B represented
the stage of bifurcation of the aLLP

into the LTi cell and ILC lineages.

3.1.3.5 ILC lineage differen-

tiation originates in ILCP | v | |
aLP T ILCP MLTiP
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Cells in the ILCP clusters (CI-1V)

Figure 3.7: Transitional cluster B contains two distinct sub-
showed signs of ILC maturation sets on the basis of expression of Tc¢f?7 and Zbtb16. Tran-

script expression by cells from cluster B that express both Tcf7
and expressed genes encoding ILC and Zbtb16 (Tcf7"Zbtb16T) or express Tecf7 but not Zbtb16

(Tef7t Zbth16~) (Fig. 3.3), and of LTiPs (right).
lineage-defining transcription fac-
tors and cytokines (Fig.3.6). These cells had almost universally high expression of Zbth16,
Tcf7 and Id2, and additional transcripts further distinguished them from the developmen-
tally intermediate cluster B. Almost all cells in ILCP clusters expressed Ets! and Rora and
tended to have low Nfil3 expression. The ILCP clusters delineated by hierarchical clustering
probably reflected sequential stages of ILC maturation, rather than association with partic-
ular ILC lineages. Cells in clusters CI and CII had high expression of Sell and Sozj that
diminished in clusters CIII and CIV. Conversely, cells in clusters CIII and CIV had higher
expression of Ftsl and Il7r than that of cells in clusters CI and CII. Characteristically, cells
in clusters CIIT and CIV more frequently expressed genes encoding ILC lineage-defining tran-
scription factors, including Tbz21, Bell1b and Rore, than did cells in clusters CI and CII.

Our finding of the expression of genes encoding ILC lineage-defining transcription factors in

multiple ILCP clusters indicated that we were probably capturing developmental stages of
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ILC differentiation. Furthermore, cells that expressed genes encoding ILC lineage-defining
transcription factors in later clusters (clusters CIII and CIV) tended to express genes encod-
ing other lineage-associated cytokinesand transcription factors and thus seemed to be more

differentiated.

3.1.3.6 ILCPs undergo multilineage transcriptional priming

To better assess the range of cells among the ILCP clusters that seemed to be differentiating
toward ILC lineages, we compiled a subset of cells that expressed genes encoding ILC lineage-
associated factors (Fig.3.8). Specifically, we identified cells with ILC1, ILC2 or ILC3 markers
by their expression of Thx21 (ILC1) or Bell1b (ILC2) or at least two genes among Czerd,
Rore, Lta and Ltb (ILC3). In this population, we observed many cells coexpressing genes
encoding markers of different ILC lineages, such as Thz21 and Bcll1b, or Tbhx21 and Cxcrd, or
Tbhz21 and Rorc, and even cells expressing multiple markers of the three different lineages.
In total, among 120 total cells in ILCP clusters, we found 60 cells that expressed genes
encoding lineage-differentiation markers, of which nearly one third (19) coexpressed genes

encoding markers of different lineages.
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The multilineage priming noted above was substantiated by the expression of genes
encoding additional lineage-specific factors (Fig.3.8). In particular, the simultaneous ex-
pression of Bell1b and Icos was associated with expression of canonical ILC2 genes, includ-
ing [l1rl1 and 1l13. We also observed increased expression of Gata3 in Bcll1b-expressing
cells, although Gata3 was expressed throughout ILCPs without strict lineage association
(as shown before by flow CytometryGO). Across cells in ILCP clusters, we observed a rela-
tively strong correlation between the expression of Rxrg and Igf2 and that of Bell1b. The
expression of Thx21 was associated with higher expression of [12rb and, in some cases, with
expression of Fomes and Ncrl (which encodes the activating receptor NKp46). We also
found that Irf8 expression seemed to be associated with Tbx21 expression in differentiating
ILCPs. Finally, we found that expression of Rorc was associated with high expression of
Cxcrd, as well as with expression of Lta, Ltb and Rankl. Generally, expression of [12rb and
Czcerd was observed throughout the ILCP clusters, with higher expression and greater fre-
quency of expression associated with the expression of genes encoding other ILC1 and ILC3
factors. There was substantial overlap between the expression of genes encoding ILC1 and
ILC3 factors, in particular for the expression of Thx21 and Cxcrd, Lta, Ltb and Rankl.

The results noted above were in contrast to the expression profile of LTiPs in the same
fetal livers (Fig.3.7 and 3.8). These cells showed no evidence of multilineage priming. In
particular, they conspicuously lacked expression of Gata3, Bcli1b or Tbx21, which further
supported the proposal that they follow a distinct lineage-differentiation pathway.

Collectively, the expression of genes encoding multiple lineage factors in ILCP clusters
was suggestive of multilineage potential. This further confirmed the proposal that cells
navigating ILC lineage ’decisions’ were in the ILCP population. Moreover, it suggested that
during the initial lineage ’decisions’, the relationships among distinct ILC lineage factors
are more complicated than might have been anticipated from studies of helper T cells, for

example.
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3.1.3.7 Transcriptional programs correlate with lineage decisions

To functionally evaluate the relevance of the transcriptional programs noted above in ILCPs,
we assessed their lineage potential in single-cell cultures. We sorted fetal ILCP subsets on
the basis of their expression of the cytokine receptor chain CD122 (IL-2R/3), ICOS and the
chemokine receptor CXCR5 (Fig.3.9a) and studied their progeny in single-cell cultures. We
found that these subsets showed some bias toward the corresponding ILC1 or ILC2 program
(Fig. 3.9b (top row)). Thus, the earliest precursors with a bias toward the ILCI lineage
or ILC2 lineage could be discerned at the ILCP stage by their CD122TCXCR5™ profile or

ICOSh profile, repectively (Fig.3.9a). However, the biases were incomplete, indicative of
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Figure 3.9: ILCP subsets with biased progeny in single-cell cultures. (a) Flow cytometry of fetal liver
ILCPs, identified by GFP (PLZF) expression (as in Fig. 2) and sorted on the basis of expression of CXCRS5,
ICOS and IL-2RA. Numbers adjacent to outlined areas indicate percent cells in each subpopulation. (b)
Distribution of single colonies and double or triple colonies (top) and the composition of double or triple
colonies (bottom) from each progenitor cell. ILCP, n = 425 colonies; IL-2R8TCXCR5 ILCP, n = 82 colonies;
ICOS™ ILCP, n = 150 colonies. (c) Intracellular staining of various transcription factors in fetal ILCPs at
E14 (n = 12; gated as Lin"IL-TRata487T PLZFT) and in ILC1 cells from mature adult liver (n = 6; gated as
CD3eNK1.17CD49a™) or ILC2 cells from adult bone marrow (n = 7; gated as Lin~IL-7TRa ™ Thyl*Scal™), in
the presence of unlabeled antibody (cold competitor) added before the conjugated antibody used for staining
(bottom row of each group) or in the absence of such unlabeled antibody (top row of each group). Numbers
adjacent to outlined areas or in quadrants indicate percent cells in each. Each symbol (far right) represents
an individual mouse; small horizontal lines indicate the mean. *P < 0.0001 (two-tailed Student’s t-test).
Data representative of at least three experiments (a), are pooled from one to six independent experiments
(b) or are representative of two independent experiments (c).
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the residual multipotency of these populations. For example, while ICOShi ILCPs generated
mostly ILC2 colonies, they also gave rise to some single ILC1 and ILC3 colonies, as well as to
dual and triple colonies (Fig.3.9b). In contrast, CD122TCXCR5~ ILCPs mostly generated
mainly ILC1 colonies but also generated some single ILC3 colonies as well as dual colonies
(Fig.3.9b). Even the ILCPs that produced dual colonies maintained a corresponding bias as,
for example, all dual colonies originating from IcOsh precursors included an ILC2 colony,
and those originating from a CD122+TCXCRS5 precursor included an ILC1 colony (Fig.3.9b,
bottom row). Together with the multilineage priming observed at the transcriptional level,
these observations indicated that lineage polarization was proceeding by stepwise restriction
of alternative programs from multipotential precursors, which ultimately led to the canonical
polarized lineages. Using intracellular staining of transcription factors, we further confirmed
that a substantial fraction of fetal ILCPs coexpressed T-bet, ROR~yt and GATA-3 or ICOS,
indicative of multilineage priming, whereas mature ILCs were strictly limited to expression of
their lineage-specific transcription factors (Fig.3.9c). This scenario is different from current
models of the polarization of helper T cells, wherein acquisition of cytokine effector programs

does not typically involve intermediates with mixed lineage patterns.

3.1.4 Discussion

Using the Zbtb16-GFP reporter system, we have identified the stage at which the aLP
bifurcates into ILCP or LTiP during early fetal lymphopoiesis. We also used single-cell
multiplex quantitative PCR analysis to produce a high-resolution map of the development
of innate lymphocyte lineage. We emphasize that the proposed developmental progression
discussed below is inferred on the basis of the continuity of gene expression between clusters
but remains to be experimentally demonstrated.

We found that Zbtb16 and Tcf7 were simultaneously upregulated in cluster B at the

bifurcation of the ILC and LTi cell lineages, with Tcf7 expression marking both lineages
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and Zbthb16 expression identifying the ILC lineage. A fraction of the precursor cells that
expressed Tcf7 but did not express Zbth16 expressed Rorc and seemed closer to LTiPs than
to ILCPs. Notably, cells in cluster B lacked expression of Rora, which is characteristically
induced later in development, in further support of the conclusion that cells in cluster B
navigate the bifurcation between the LTi cell lineage and ILC lineage.

The A clusters before the induction of Zbtb16 and Tcf7 must therefore represent earlier
precursor cells, on the basis of the expression of Id2, Tox, Nfil3, Runxl 17,58,61,82,84,87,88,144
which has been linked to both lineages. Id2 seemed to be the earliest expressed transcription
factor-encoding gene with substantial expression in cluster Al, a stage at which Nfil3 and
Tox transcripts were barely detected. Expression of Nfil3 and Tox rapidly ascended during
the transition to cluster AIl and reached maximal levels in cluster AIIl. These findings
stand in apparent contrast to a published report showing that Nfil? can bind to and induce
Id2 and that ablation of Nfil? can be complemented by 1d284 but are consistent with the
presence of Id2 transcripts reported in arrested precursor cells lacking expression of Nfil3 or
Tox 3488 Nfil3 might therefore exert a positive feedback loop rather than a primary trigger
for Id2 expression. The expression of Nfil3 and that of Toz also seemed to be induced nearly
simultaneously. Thus, a report that Nfil3 can induce Toz and that ablation of Nfil3 can be
complemented by Tox°8 might also reflect a positive feedback mechanism.

Additional transcription factor-encoding genes that were induced early after Id2, Toz
and Nfil3 but before Zbtb16 and Tc¢f7 included Soz4, Runzl and Etsi. Although the function
of the transcription factors encoded is currently unknown, Sox4 has been associated with

197, whereas Runx1 has been

the development of fetal v T cells in conjunction with TCF-
shown to be important for the development of NK cells and LTi cells 144, and Etsl has
been associated with NK cell development!07. Thus, these factors are probably integral

components of the early transcriptional network of innate lymphocytes.

Clusters CI-CIV defined several stages of ILCPs, with cluster CI associated with the
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induction of Rora, which was maintained in all ILC lineages, although it seems to be re-
quired only for ILC2 cells25:115 Cluster CII was associated with Gata3 expression, which
was maintained at a high level during the remaining ILCP stages and ultimately is downreg-
ulated in mature ILC1 and ILC3 cells®Y. Therefore, transient but high Gata3 expression is
an intrinsic developmental event that might distinguish ILC3 cells from LTi cells. Clusters
CIII and CIV were marked by emergence of the expression of genes encoding lineage-specific
factors. Notably, there was a distinct and extensive pattern of coexpression of genes encoding
factors from the three different lineages in nearly a third of these cells, which indicated that
a phase of multilineage transcriptional priming preceded the polarization of mature lineages.
In contrast, the LTiPs did not go through this singular process and directly expressed Rorc
and other genes encoding attributes of the LTi cell lineage without coexpression of genes
encoding alternative ILC lineage markers. The extent of multilineage priming revealed by
our study goes beyond the coexpression of low levels of T-bet and ROR~t by GATA3™ ILC
precursors detected in the fetal intestine by flow cytometry%. Indeed, we found that mul-
tilineage priming included an extended list of genes encoding canonical markers of all three
lineages. ILCPs sorted on the basis of the expression of genes encoding some of these lineage
differentiation markers showed a relative bias in differentiation toward the corresponding
lineages after single-cell culture, although these subsets also maintained some multipotency,
as shown by the generation of mixed colonies. These findings suggested that the terminal dif-
ferentiation of ILCPs into polarized ILC lineages is more complex than previously envisaged.
Instead of directly acquiring one of three programs, precursors of ILCs first activated multi-
ple effector programs simultaneously and then progressively turned off priming of alternative
lineages. In the absence of exogenous polarizing cytokines, such a developmental strategy
can take advantage of the well-established antagonistic effects between these programs®?. In
ILCPs, external or internal inputs that might influence lineage 'decisions’ include retinoids,

46,140

which have been shown to favor type 3 innate lymphocytes , or Notch signals, which
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are needed for ILC2 cells'896. Multilineage transcriptional priming has been proposed as
a more general strategy for developmental ’decisions’, such as the differentiation of various
hematopoietic lineages from a common progenitor 145148 Tt has not been widely reported
for programs used in the differentiation of CD4™ helper T cells into the T1, T2 or Ty17
subset of helper T cells, which instead rely on polarizing cytokines released during infection
or allergy??, although mixed transcriptional patterns have been observed in cells cultured
under mixed cytokine conditions 149

Our studies further emphasize that although they share many functional properties,
ILC3 cells and LTi cells have distinct precursors and different developmental histories. Only
precursors of ILC3 cells transited through a stage of high expression of Zbtb16 and Gata3
with multilineage priming at the single-cell level. Our results should encourage studies aimed
at further elucidation of the different functions of LTi cells and ILC3 cells, as illustrated, for
example, by a report that ILC3 cells and LTi cells have different topographical locations in
the lamina propria?2.

In summary, our study has allowed the identification of several previously unknown
developmental transitions and transcription factors sequentially associated with the lineage
progression of innate lymphocytes. In particular, our results characterized in cellular and
molecular detail the previously poorly defined bifurcation of lymphoid precursors into LTiPs

and ILCPs. They have also demonstrated differential mechanisms of the acquisition of po-

larized effector programs by these lineages.
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3.1.5 Materials and Methods

3.1.5.1 Mice

Zbtb16-GFP reporter mice were generated in our lab as previously described and contain
an IRES after the last exon of Zbth16, followed by an eGFP-Cre fusion gene%. For fetal
ontogeny experiments, the morning a vaginal plug was identified was counted as embryonic
day 0 (E0). Mice were housed in a specific pathogen free environment at the University of
Chicago and experiments were performed in accordance with the guidelines of the Institu-

tional Animal Care and Use Committee.

3.1.5.2 Preparation of cell suspensions

Fetal livers were mechanically dissociated through a 70m cell strainer and resuspended
in HBSS (Gibco) containing 0.25% BSA (Sigma-Aldrich) and 5mM sodium azide (Sigma-
Aldrich).

3.1.5.3 Flow Cytometry

Cell suspensions were pre-incubated with BD Fc Block for 10 minutes on ice. Fetal liver cells
were pre-enriched for a47-expressing cells unless otherwise indicated. For pre-enrichment
of a4B7T cells, fetal liver or bone marrow cells were stained with allophycocyanin (APC)-
conjugated antibody and subsequently bound to anti-APC microbeads (Miltenyi Biotec).
The cells were then enriched using the autoMACS (Miltenyi Biotec), positive selection dou-
ble sensitive program. Lineage (CD3e, CD11lc, CD19, NK1.1, TCRfS, Ter119 and GR-
1) depletion of fetal liver or bone marrow cells was accomplished by incubation of cells
with biotinylated Lineage antibodies and then bound to streptavidin conjugated microbeads
(Miltenyi Biotec) and separated using the autoMACS depletion sensitive program. Fluo-

rochrome or biotin conjugated monoclonal antibodies (clone in parentheses) against mouse
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a4p7 (DATK32), CCR6 (29-2L.17), CD3e (145-2C11), CD4 (GK1.5), CD8« (53-6.7), CD11c
(N418), CD19 (6D5), CD27 (LG.3A10), CD45.1 (A20), CD45.2 (104), CD49a (Ha31/8),
CD90.2/Thy1.2 (53-2.1), CD122 (5H4), CD127/1L-7TRa (ATR34), CXCR5(L138D7), FceRla
(MAR-1), GR-1 (RB6-8C5), ICOS (C398.4A), IL-33Ra/ST2 (DIH9), NKI1.1 (PIK136),
NKp46 (29A1.4), Sca-1 (D7), TCRS (H57-597), Ter119 (TER-119), GATA3 (TWAJ), ROR~t
(Q31-378), T-bet (4B10), mouse IgG1/x (MG1-45), mouse IgG2a/k (MG2a-53), rat IgG2b/k
(RTK45-30) were purchased from Biolegend, eBioscience, or BD Biosciences unless otherwise
noted. The D-9 antibody against PLZF was conjugated to Alexa-Fluor 647 using the labeling
kit from Molecular Probes Life technologies. For intracellular staining, cells were fixed and
permeabilized using the Foxp3 Transcription Factor Staining Buffer Set (eBioscience). Cells
were then blocked with unlabeled isotype control before addition of fluorochrome-conjugated
anti-transcription factor antibodies. As negative control, a 20-fold excess of unlabeled anti-
transcription factor antibody was added prior to the conjugated antibody (”cold” competi-
tion). Data was acquired on a LSRII (BD Biosciences) or sorted using a FACS Aria II (BD

Biosciences) and analyzed using FlowJo software (Tree Star).

3.1.5.4 Single-cell cultures

Stocks of OP9 and OP9-DL1 stromal cells were a gift from J. C. Ziga-Pficker. All experiments
were performed in Opti-MEM with GlutaMAX (Gibco) containing 10% FCS (Gibco), 1%
penicillin/streptomycin (Gibco), and 60mM 2-mercaptoethanol (Sigma-Aldrich) and main-
tained in a 37°C incubator (Thermo Scientific) with 5% CO2. Stromal cells were plated at
70% confluency. Before addition of lymphocytes, stromal cells were irradiated (1,500 rad)
and culture media supplemented with murine IL-7 (25 ng ml~1; R&D Systems) and SCF (25
ng ml—1; BioLegend). Fetal liver lymphocytes were enriched for 437 by MACS and single-
cell sorted onto 96 well plates containing stromal cells and cytokines as described above.

Cultures were analyzed after 6 or 10 days of culture and only colonies with more than 10
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CD45.27F cells were considered.

3.1.5.5 Biomark

Cells were sorted in 96-well qPCR plates in 10ul of CellsDirect TM One-Step qRT-PCR Kit
(Life Technologies), containing mixtures of diluted primers (0.05X final concentration, see
Table 3.1 and 3.2). Preamplified cDNA was obtained after reverse transcription (15min
at 40°C, 15s at 50°C and 15s at 60°C), and preamplification (22 cycles : 15min at 95°C,
4s at 60°C), and diluted 1 : 5 in TE pH8 Buffer (Ambion). Sample mix was as follows :
diluted cDNA (2.9 pl), Sample Loading Reagent (0.29 ul, Fluidigm), TagmanUniversal PCR
Master Mix (3.3ul, Applied Biosystem) or Solaris qPCR Low ROX Master Mix (3.3 ul, GE
Dharmacon). Assay mix was as follows: Assay Loading Reagent (2.5ul, Fluidigm), Tagman
(2.5ul, Applied Biosystem) or Solaris (2.5ul, GE Dharmacon). 48.48 or 96.96 dynamic array
integrated fluidic circuit (IFC, Fluidigm) was primed with control line fluid, and the chip
was loaded with assays (either Taqman or Solaris) and samples using an HX IFC controller
(Fluidigm). The experiments were run on a BiomarkHD (Fluidigm) for amplification and
detection (2min at 50°C, 10min for Tagman reagents or 15min for Solaris reagents at 95°C,

40 cycles : 15s at 95°C, 60s at 60°C).

3.1.5.6  Analysis of single-cell multiplexed qPCR data

Independent single-cell gPCR experiments were performed for aLLP, ILCP, and LTiP from
two different pools of PLZF-GFPCre E15 fetal livers. Cells not expressing detectable levels of
all three housekeeping genes Actb, Gapdh, and Hprt were removed from further downstream
analysis. To appropriately compare measurements of distinct cells, expression levels of each
gene for a given cell were normalized with respect to the average housekeeping gene expression
level for that cell. Specifically the cycle threshold value for each gene, Ctg, was converted

to the measure -ACtg = <CtHKG> - Ctg, the difference between the average housekeeping
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gene cycle threshold and the gene cycle threshold. For quantification purposes, genes that
were not detected were given a -ACt value of -30, close to the minimum value detected.
Hierarchical clustering was performed using the Euclidian distance metric with complete-
linkage agglomeration.

Visual inspection of the intercellular distances used for hierarchical clustering corrobo-
rates the strong distinction between aLP and ILCP clusters and the similarities between ad-
jacent clusters in the prescribed developmental order (Fig.3.4). We performed permutation
analysis to empirically evaluate the significance of our clustering assignments. Specifically,
we calculated the sum of square Euclidean distances from the group mean for each cluster
and used the total sum of squares within groups (SSW) value to compare our clustering
assignment to 10,000 randomly permuted clustering assignments. We found the SSW of our
clustering assignment to be substantially lower than those of all the random permutations,
implying P < le-4. We further directly compared all pairs of clusters using the same approach
and similarly found that all clusters were significantly distinguishable from one another with
P < le-4. Finally, we performed hierarchical clustering with each gene iteratively removed
from our complete dataset to evaluate the stability of our clustering method. We found that
hierarchicalfig intercellular relationships were widely preserved under these perturbations.
For instance, in 85% of all cell pairs, the number of branches connecting these pairs of cells
to their common branch point on the clustering dendrogram were changed by less than 2
on average. Hierarchical clustering and analysis of qPCR data was performed with custom
scripts using the base packages in R (v3.1.2) and heatmap displays were generated using the

NMF package (v0.20.6).

3.1.5.7 Statistical analysis

Two-tailed Student’s t-test was performed using Prism (GraphPad Software) *p<0.05; **p<0.001;
KD <0.0001.
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Table 3.1: List of Solaris assyas used for the Biomark

Actb AX-057827 Hifla | AX-040638 Rora AX-040430
Adam10 | AX-041092 Hprt1 | AX-045271 Rore AX-042209
Ahr AX-044066 Icos AX-044614 Runx1 AX-048982
Batf AX-049093 Ifngrl | AX-043702 Sox4 AX-043251
Bcellla AX-062256 1112rb | AX-046594 Thp AX-041188
Bel11b | AX-055053 118 AX-046599 Tbx21 AX-040669
Cer8 AX-042455 I17rb | AX-049623 Tef7 AX-062388
CD27 AX-057305 118r1 | AX-046652 Tcfe2a | AX-062970
CD/ AX-049309 1l1r1 AX-046644 Tet2 AX-058965
Csf2 AX-043206 L1rl1 | AX-040418 Tnfrsf11 | AX-042660
Crerd AX-055590 123r | AX-053621 Tnfrsf14 | AX-046033
Czcerb AX-047116 12ra AX-041866 Tnfrsfla | AX-060201
Egri AX-040286 112rb AX-042082 Tnfrsflb | AX-043973
FEomes | AX-063563 Irf1 AX-046743 Tnfrsf9 | AX-043951
FEts1 AX-050997 Lat AX-043878 Tpb3 AX-040642
Gapdh | AX-040917 Lck AX-048368 Zbth16 AX-040219
Gata3 AX-040670 Nfatcl | AX-054700 Zbtb7a AX-065288
Gfil AX-043458 Nfil3 | AX-063246 Tnfrsfla | AX-060201
Hesl AX-060177 Numb | AX-046935
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Table 3.2: List of Tagman assyas used for the Biomark

Aes Mm01148854_¢g1 Nerl Mm01337324 g1

Bel2 Mm00477631_m1 Notchi | Mm00435249_m1
c-myc | Mm00487804_m1 Notch2 | Mm00803069_m1
Cbfb Mm01251026_g1 Pazh Mm00435497_m1
Cdknlc | Mm01272135_gl Pirall Mm04206919_gH
Dtxl Mm00492297 m1 Ptprk Mm00436070_m1
Ebf1 Mm01288946_m1 Rag?2 Mm00501300_m1
Fbxo27 | Mm01179110_m1 Rank Mm00437132_m1
Fgft5 | Mm00433278_m1 Rbpj Mm01217627_g1

Foxo1l | Mm00490672_m1 Runz3 Mm00490666_m1
Glis3 Mm00615386_m1 Rzrg Mm00436411_m1
H19 Mm01156721 gl Sell Mm00441291_m1
1d2 MmO0011781_m1 Spon?2 Mm00513596_m1
Igf2 Mm00439564_m1 Tlel Mm00495643_m1
Igfop4 | Mm00494922 m1 Tle2 MmO00498094_m1
nmr Mm00434295_-m1 Tle3 Mm00437097_m1
Irf8 Mm00492567_m1 Tle4 Mm01195172_m1
Itga2b | Mm00439741_m1 Tnfsf1 Mm00440228_gH
Itga4 Mm00439770_m1 Tox MmO00455231_m1
Lef1 Mm00550265_m1 Tsc22d3 | Mm01306210_gl

Lmoy Mm00495373_m1 Zbtb7b Mm00784709_s1

Megf10 | MmO01257625_m1 Zbtb7c MmO00628174_m1
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3.2 Overexpression of PLZF

3.2.1  Summary

PLZF plays a seminal role in NKT development and its expression in T cells leads to the
expression of an NKT effect program in naive T cells. PLZF has also been shown to specif-
ically mark an early ILC progenitor and is required for both ILC1 and ILC2. However it
is not clear whether PLZF is sufficient to direct the ILC program in other lineages. Here
we attempt to overexpress PLZF during early ILC development to assess its sufficiency in

driving the ILC program.

3.2.2  Introduction

Promyelocytic leukemia zink finger (PLZF, encoded for by Zbtb16) was first identified in a
50

patient with a rare form of acute promyelocytic leukemia, where PLZF was fused to Rara 150,
It is highly expressed in the brain, endocrine glands and male reproductive tissue!®l. Inter-
estingly PLZF plays a crucial role in early development of limbs and axial skeletal patterning

152,153

through the control of HoxD gene expression and in the adult male in the maintenance

of spermatogonial54’155.

In the immune system PLZF is the master transcription factor of NKT cells 156,157
Loss of Zbtb16 results in a severe reduction of NKT in the thymus and the periphery. In
NKTs PLZF is induced indirectly by TCR signaling via the upregulation of Egrl and Egr2,
which directly bind the promoter of Zbtb16°8. On the other hand Cdj-promoter driven
overexpression of PLZF resulted in the acquisition of an effector phenotype in CD4 single-
positive T cells with low CD62L and high CD44 expression 1°6:159.

Our lab has shown that PLZF also is transiently expressed at the ILCP stage of ILC
development and Zbth1 6=/~ mice showed defects in both ILC2 and ILC1% indicating its

requirement for the development of both ILC lineages. However it is not clear whether
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PLZF is also sufficient to direct the ILC program as has been shown for NKT. To address
this question we tried two different methods of overexpressing PLZF.
Here we used a conditional retroviral and a transgenic overexpression system60 to

achieve high PLZF expression in ILC precursors. Our results failed to show significant

diversion of lineages, although the level of expression achieved may have been limiting.

3.2.8 Results

3.2.3.1 Retroviral Overexpression of PLZF

Retroviral overexpression of genes offers a relatively quick way to express a gene of inter-
est and assess its function. We used a conditional retroviral overexpression system, with
which translation of a gene of interest is prevented until a fluorochome, in this case GFP, is

excised by Cre recombinase (Fig.3.10a). In order to express PLZF during ILC development

we transducing 117rC™, since the
a b CD4 SP
IL-7R is upregulated at the CLP Thymocytes
X X 1 ' eme PLZF-RV
LTR LoxP | GFP"| LoxP IRES” Thyl1 LTR | f
stage. / /|
m \\J‘ \/ PLZFTg
We succeeded in expressin ] a
b g LTR LoxP IRESY Thyt1 LTR | M\\
PLZF promiscuously as expected. PLoE T
c

PLZF-Tg empty PLZF-Tg

However we observed little change

in NK populations and in T cell CD4 SP
Thymocytes

populations. This may mean that

PLZF was not sufficient to induce

ILC to induce the ILC fate, or that

Splenic NK

PLZF levels were not high enough

CD44

2% 1% 1%
CcD62L wr T T w T T

as suggested by in (Cd4-promoter

Figure 3.10: Retroviral overexpression of PLZF. (a) Schematic
driven PLZF transgenic mice. Sell of the retroviral construct. (b) Expression levels of PLZF in CD4

single positive thymocytes. (¢) CD44 and CD62L expression in
(the gene encoding CDGQL) is di- CD4™" splenocytes and splenic cNK (CD3e” NK1.11).
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rectly repressed by PLZF, we therefore also assessed CD62L expression in cells. The ex-
pression of CD62L was not reduced to the same amount in transduced CD4 single positive
splenocytes as compared to C'dj-promoter driven transgenic CD4 single positive splenocytes
(Fig.3.10c).

By overexpressing PLZF we hypothesized that PLZF can redirect other lineages to the
ILC program. We therefore also looked at cNK cells in the spleen to see whether they exhibit
an altered phenotype. However ¢NK did not appear to downregulate CD62L (Fig.3.10c).

While this result may suggest that PLZF is not sufficient for driving the ILC program,

it is also possible that this approach did not induce high enough levels of PLZF.

3.2.3.2 TARGATT-PLZF Transgenic Mice

As an alternative to the retroviral overexpression system we created a PLZF transgenic
mouse, by using the TARGATT system, where the phage integraseC31 mediates recom-
bination between attB and attP sites, allowing for the site specific targeting of a gene of
interest 161, Using this targeting system we integrated a chicken beta actin promoter-LoxP-
Stop-PLZF cassette into the Rosa26 locus.

We crossed TARGATTPLZE miice to 117rC™ mice to allow for the conditional expres-
sion of PLZF at the CLP stage, where the IL-7R is first upregulated. PLZF was faithfully
expressed only in cells of the lymphoid lineage, but not in cells of the myeloid lineage,
indicating successful targeting of the transgene expression (Fig.3.11a). However, simi-
lar to the retroviral overexpression system, in CD4T splenic T cells, PLZF expression in
TARGATTPLZE/PLZE ice did not reach the same level as in Cd4-promoter driven PLZF
transgenic mice. In the bone marrow precursors PLZF expression was less than half in aLP
and ILC2P compared to ILCP (Fig.3.11b-c). We also did not observe any changes in the
frequency of ILC precursor populations in the bone marrow.

We next asked whether PLZF expression was sufficient to redirect ¢NK cells to the
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Figure 3.11: PLZF expres-
sion in TARGATTPLZF/PLZF
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ILC program. We saw no difference in the expression of CD62L or the total cell num-
bers of splenic ctNK. We also asked whether liver cNK (CD3e~ NKp46TDX5) that ectopi-
cally express PLZF, would lose ¢cNK specific marker expression and instead acquire ILC1
(CD3e~ NKp46TCD49a™ )specific markers. We did not observe differences in the frequency
or total numbers of both ILC1 and ¢NK. The expression of the cNK specific marker Eomes

and DX5 on Liver CD3e¢” NKp46™ cells was not altered in PLZF transgenic mice.

3.2.4  Discussion

The promyelocytic leukemia zink finger plays a seminal role in NKT development, by pro-
moting the development of effector programs of NKT1, NKT2 and NKT17103:156  Thjg
process occurs to a great extent through the repression of PLZF of Bach2 105 4 transcrip-
tional repressor of many hallmark T effector cytokines and transcription factors!®. ILC

and NKT lineage differentiation are reminiscent of each other and it is plausible that PLZF
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acts similarly in ILC development to trigger the development of effector programs at the

ILCP stage. We therefore asked whether PLZF is sufficient in ILC development to drive ILC

effector programs.

We overexpressed PLZF in two different ways, using a conditional retroviral overex-

pression system and generating a conditional transgenic mouse. In both cases PLZF was

successfully expressed in target tissues. The expression of CD44 and CD62L on ILCs or

T cells was changed minimally. However the levels of PLZF induced in these cell types
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may have been insufficient. Therefore it re-
mains possible that PLZF drives the ILC ef-
fector program.

The lack of high expression levels of
PLZF in the retrogenic approach most likely
is due to the size constraints of the retroviral
vector as well as the viral packaging parti-
cle. The size of PLZF renders both viral
transduction and packaging of viral particles
inefficient. The retrogenic approach could
potentially be improved by using a stronger
promoter than the chicken -actin promoter.

Studies, where PLZF was overexpressed
in transfected cell lines have also shown
that transfected cells more frequently under-
went apoptosis than untransfected or con-
trol transfected cells162. Tt is therefore likely
that in our system high PLZF expression is

only permissible at the ILCP stage and that



earlier progenitors expressing high levels of PLZF may undergo apoptosis and therefore
PLZFM cells cannot be found in the periphery. In summary, we were able to faithfully
overexpressed PLZF by two independent methods in the lymphoid lineage, but expression
levels of PLZF were not high enough to efficiently drive the effector ILC phenotype. It there-
fore remains to be determined whether PLZF in fact is sufficient to drive the ILC effector

phenotype.
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3.2.5 Materials and Methods

3.2.5.1 Mice

TARGATTYLZE pice were generated by PCR amplification using ¢cDNA from sorted NKT
as previously described 192196 Zpth16 was then subcloned into pBT346.6 (Applied Stem
Cell, Inc.) using The minicircle containing the CAG-LoxP-Stop-LoxP-PLZF cassette was
then injected into TARGATTT™ B6 mice that have the TARGATT site in the Rosa26

q161

locus (Applied Stem Cell, Inc.) as previously describe . 117rC"e mice were a gift from

Hans-Reimer Rodewald 103,

3.2.5.2 Retroviral Overexpression

pMGfI4 was a gift from Robert Brink 109, The vector was modified by our lab (Jeff Bunker) to
have Thy1 expressed constitutively after the IRES instead of human CD4. We cloned Zbtb16
by PCR amplification of cDNA from sorted NKT using the forward primer 5" TCGCGGC-
CGCCACCGAATTCGCCACCATGGATCTGACAAAGS3’ and the reverse primer 5" TGATTC-
GAATCATCACCGGTTCACACATAACACAGGTAGAGGS3’. We then cloned Zbtb16 into
the multiple cloning site using EcoRI and Agel (New England Biolabs).

Virus was produced by transfecting PLAT-E cells with pMGfIThy1-PLZF. Bone marrow
donor mice were treated with 150mg kg~! body weight with 5-Fluorouracil (APP Pharma-
ceuticals) 3 days prior to harvesting the bone marrow. The bone marrow was cultured for
48h at 37°C in X-Vivol0 (Lonza) supplemented with 15% FCS, 1% penicillin/streptomycin,
100 ng mL~! murine SCF, 10 ng mL~! murine IL-3, and 20 ng mL~! human IL-6 (all from
Biolegend). Viral particles were mixed with polybrene (EMD Millipore) at 4 g mL ! and
the cells were spinfected at 800xg, 30°C for 90min. The spinfected cells were cultured for an
additional 24h with cytokine and then analyzed and for transduction efficiency. Cells were

mixed at a 1:1 ratio with freshly isolated bone marrow from Rag’/ ”yC’/ ~ mice for better
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reconstitution efficiency and then transferred into irradiated, congenically marked hosts.

3.2.5.3 Cell Culture

PlatE a gift from Robert Brink 160, Cells were cultured with 1 JIEes ml~! Puromycine and 10ug
ml ™! Blasticidin S (Sigma Aldrich) in DMEM (ATCC). Puromycine and B S lasticidin were

removed for transfection and viral harvest.

3.2.5.4 Flow Cytometry

For analysis tissues were harvested and cells were resuspended in HBSS (Gibco) containing
0.25% BSA (Sigma-Aldrich), 0.65 mg L™! sodium azide (Sigma-Aldrich) and 100mg L~!
DNasel (Roche).

Lamina Propria cells were isolated by shaking the tissue twice with 5mM EDTA in
RPMI (HyClone) at 37°C for 15min to remove the epithelium. The lamina propria was
digested by shaking the tissue twice in RPMI supplemented with 0.5mg mL~! Collagenase
A (Roche) and 0.17mg mL~! DNasel (Sigma Aldrich) at 37°C for 30min.

Lamina Propria and Liver suspensions were additionally treated by resuspending in 5
ml of 40% Percoll (Sigma-Aldrich), and then centrifuged at 800g for 10 min.

Lineage was defined as CD3e"CD8aTCD19T™TCRA™ in the lamina propria and as
B220T7CD3eTCD11bTCD11c¢TCD19TGR-1TNK1.1TTCRA T Ter119T in the bone marrow.

Cell suspensions were pre-incubated with BD Fc Block for 10 minutes on ice. Bone
Marrow cells were pre-enriched for a4(7-expressing cells unless otherwise indicated. For
pre-enrichment of o437 cells, bone marrow cells were stained with allophycocyanin (APC)-
conjugated antibody and subsequently bound to anti-APC microbeads (Miltenyi Biotec).
The cells were then enriched using the autoMACS (Miltenyi Biotec), positive selection double
sensitive program. Fluorochrome or biotin conjugated monoclonal antibodies (clone in paren-

theses) against mouse a4/57 (DATK32), CD3e (145-2C11), CD4 (GK1.5), CD8« (53-6.7),

61



CD11e (N418), CD19 (6D5),CD44 (CD44), CD45.2 (104), CD49a (Ha31/8), CD62L (MEL-
14), CD90.2/Thyl.2 (53-2.1), CD127/IL-7TRa (A7TR34), DX5 (DX5), Eomes (Danllmag),
GR-1 (RB6-8C5), ICOS (C398.4A), NK1.1 (PIK136), NKp46 (29A1.4), PD-1 (29F.1A12),
PLZF (R17-809), TCRS (H57-597), Ter119 (TER-119), T-bet (4B10), mouse IgG1/x (MG1-
45) were purchased from Biolegend, eBioscience, or BD Biosciences unless otherwise noted.
For intracellular staining, cells were fixed and permeabilized using the Foxp3 Transcription
Factor Staining Buffer Set (eBioscience). Cells were then blocked with unlabeled isotype
control before addition of fluorochrome-conjugated anti-transcription factor antibodies. As
negative control, a 10-fold excess of unlabeled anti-transcription factor antibody was added
prior to the conjugated antibody (”cold” competition). Data was acquired on a LSRII (BD
Biosciences) or sorted using a FACS Aria II (BD Biosciences) and analyzed using FlowJo

software (Tree Star).
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3.3 Tox2 and its Role in ILC Development and Function

3.3.1  Summary

The ILCP represents the earliest stage of ILC lineage trifurcation, but how this trifurcation
is achieved is only partially understood. Here we investigate the role of Tox2, an HMG-box
transcription factor that we found to be highly expressed at the ILCP stage, for its potential
role in ILC lineage development. We find that Tox2 has modest repressive effects on ILC3s.
In Toz2 /~ mice we found an increase in ILC3 numbers and their potential to produce
cytokines, but these differences in the ILC3 population did not have an observable impact

on an in vivo model of infection.

3.8.2  Introduction

Tox2 is a member of a small family of high-mobility-group (HMG) box containing proteins,
consisting of Tox2 itself, Tox, Tox3 and Tox4164. Tox was the first factor identified and
named Thymocyte selection-associated HMG bOX (Tox) protein, due to its high expression
in CD4*tCD8* double positive (DP) thymocytes. In T cells Tox enforces the CD4 lineage

165,166 Interestingly Tox has also

program through the regulation of ThPOK expression
been shown to play a major role in ILC development. Toz™/~ mice have defects in all ILC
lineages, including ¢cNK and LTi and has been suggested to act upstream of 1428788,

Tox3 is highly expressed in the nervous system. In studies on neuronal cell lines Tox3
was shown to regulate the expression of neuronal survival factors in concert with the tran-
scriptional regulator CITED1167. Mutations in Tox3 have also been observed in GWAS
studies of breast cancer patients1%. In in vitro studies Tox4 has been shown to associate
with LEDGF, a reader of histone methylation, as well as PNUTS and HMGBI1, which are
169,170

components of the DNA damage response

Tox2 was shown early on to be expressed in ovaries, although the function of Tox2 at this
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a downregulation of T-bet expression, by direct binding to the

TBX21 promoter, a major ILC lineage-defining transcription

Figure 3.13: Tox2 is highly
expressed in ILCP. Cells itself is
a heterogenouswere sorted from
adult bone marrow for RNA se-
quencing. CLP (Lin~IL-7TRa™c-
kit*Scal™FI1t3%), aLP(Lin~IL-
TRa o487 PLZF-

GFP™), ILCP (Lin~IL-
TRatadBT7TTPLZF-GFPT).

the stage of ILC1, 2 and 3 lineage trifurcation. In this study
we show that Toz2 is specifically expressed in ILC precursors
with a propensity to give rise to ILC3 and in ILC3 in the pe-
riphery. We also show that Toz2 deletion has mild effects on
ILC3 numbers and function, but that these changes have no

significant effect in an in vivo infection model of Citrobacter rodentium.

3.3.8 Results

3.3.3.1 Tox2 is expressed in ILCP and peripheral ILC3

We have previously shown that the ILCP in itself is a heterogenous population, containing
ILC lineage-primed precursors. Fractions of ILCP can be associated with the expression
of lineage specific gene clusters. We therefore aimed to identify additional markers that
act in ILCP to drive ILC lineage development. We performed RNA sequencing (RNAseq)
on CLP (Lin~IL-7RaTc-kitTScal ™FI1t3%), aLP(Lin~IL-7TRata487 PLZF-GFP ™), ILCP
(Lin~IL-7TRa T a4B7TPLZF-GFP™) to identify additional transcription factors or makers
that act in ILC development. Among the factors highly upregulated in ILCP only, we

identified Toz2 (Fig.3.13a).
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We verified that Tox?2 is expressed exclusively in ILCP by performing qPCR on sorted
precursors (Fig.3.14a). Interestingly we also saw that Tox2 was predominantly expressed in
ILC1/ILC3 primed ILCP sorted from the fetal liver (Fig.3.14b), indicating that Tox2 may
play a role in ILC1 or ILC3 lineage differentation, but not in ILC2. Analysis of peripheral
lamina propria ILC popluations confirmed that Tox2 was expclusively expressed in type 3

ILCs, ILC3 and LTi, but not in other lineages (Fig.3.14c).

Figure 3.14: Toz2 transcript is

specifically expressed in ILC3. (a)

Tox2 2btb16 N3 la2 qPCR on sorted bone marrow precur-

°%) M Tor: ] 0'025: sors. oLP and ILCP were sorted as
in Fig.3.13. CLP were sorted Lin™IL-
TRaTFlt3t a4 87~ and ILC2P Lin~IL-
TRatTadB7TTPLZF-GFP~ICOS™. (b)
. 00 Fetal Liver ILCP subsets. Fetal Liver

g A Ty 20 Y ILCP (LinTIL-TRat a7t PLZF-

ooz GFPT) were further subsetted
into CXCR5T (CXCR5HTICOS™),
CD122t (CXCR5-CD122%) and
ICOSM (CXCR5-ICOSM). (c)
0000 qPCR on lamina propria ILC
rd & 0@‘*; sT & populations. ILCs were sorted
Tox Towt Fore Gatas (Lin~ Thy1TIL-7TRa™). To subset we
o008 o008 used additional markers to distinguish
oo g ILC1  (KLRG-1"NK1.1"NKp46™),
ILC2 (KLRG-1tNK1.17), LTi
(KLRG-1"NK1.1~CCR6™) and ILC3
0.000 g 0.000 N 00 . (KLRG-l_NKll_CCRG_) Data
° SR compiled from three independent

experiments.
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3.3.3.2 Generation of a Tox2-knockout mouse

In order to study the function of Tox2 in ILC development we generated Tox2-knockout mice
using the CRISPR/Cas9 system. Toz2 is a complex gene with five different protein-coding
tanscripts. We determined from the RNAseq we performed in CLP, aLP and ILCP that
transcript Toz2-002 was the predominant isoform expressed in ILCP (Fig.3.15a). Tran-
script Tox2-004 could be detected in ILCP at lower levels. None of the transcripts share
the same first exon and translation start site. It was therefore impossible to introduce a
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Figure 3.15: Toz2 transcript is specifically expressed in ILC3. (a) Transcript expression in ILC precursors.
(b) Toz2 gene structure and guide RNA position. (c) PCR strategy for the detection of the deletion of
exons 4-9.

deleterious deletion in the first exon. Also due to the relative size of the genetic region that
encompasses the first three exons we opted instead to delete a region of 9.9kb encompassing
exons 4-9. Exons 5 and 6 share the homeobox domain of Tox2, deletion of which would
therefore prevent DNA binding of Tox2 (Fig.3.15b). We were able to generate the desired
deletion as confirmed by PCR (Fig.3.15¢) and sequencing (data not shown).

By qPCR of bone marrow precursor and peripheral ILC populations we also confirmed
that we could not detect any Tox2 transcript in Tox2~/~ mice (Fig.3.14a). By comparison
with Toz2t/* populations we could not detect any significant changes in key transcription
factor expressions. In the bone marrow we did not observe changes in the expression of key
ILC developmental factors Zbth16, 1d2 and Nfil3 (Fig.3.14a). In the periphery we did not
detect any changes in key lineage defining factors in ILCs. Gata3, Tbx21 and Rorc leves

were not significantly altered between Toz2/T or Toz2 /~ ILCs (Fig.3.14c).
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3.3.3.3 Tox2 has modest effects on ILC3 frequency and function

Since Tox2 is highly expressed in ILCP and in peripheral ILC3 and LTi, we asked whether
deletion of Tox2 has any effect on peripheral ILCs and specifically on type 3 ILCs. We did not
notice any significant changes in peripheral ILC populations. The Lin™ ThylTROR~t~NKp46™
population that contains both ILC1 and ¢NK and ILC2 (Lin~ ThylTROR~t~ NKp46~ Gata3™)
were unaltered in Toz2 /™ mice (Fig.3.16a). Among Lin~ Thyl "TROR~t™ ILC3 we further
differentiated NCR™, NCR™ and LTi by CCR6 and NKp46 expression. We did not observe
any significant differences in the frequency or absolute numbers among LTi or ILC3 sub-

sets in Toz2 /~ mice (Fig.3.16a-b). We also observed no significant functional changes in
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Figure 3.16: Tox2 does not have any effects on peripheral ILC populations and function in straight Toz2 =/~
mice. (a) Representative plots showing LP populations of ILCs form Tox2t/* or straight Toz2~/~ mice.
(b) ILC3 (Lin~ ThylTROR~t") % of all ILC (Lin~Thyl™) and absolute ILC3 cell numbers. (¢) ROR~t
MFI among Lin~ Thyl1*IL-7TRa™KLRG-1"NK1.1~ ILC3. (d) IL-22 expression in LP (Lin~Thyl™") cells.
(e) gPCR for 1122 and 1117 on sorted LP ILC populations (see Fig.12). Data is compiled from at least three
independent experiments.

67



a Tox2++ Tox2" c 15%10%

. o R
26% . ] 25% 1.5%10% - Het
Het J KO
5 ) D ko & 1.0x10°%]
© 1.0x10%°4 €
0 5 2
o = ] 3
o 3 8
o T 5.0%10% £ 501024
e I =
1
T
0.0
Q Q
o (,;\&
&
& ®
%)
o
$]
SSC
b Tox2++ Tox2"- d
] Jown s22% Tox2++ Tox2™-
mixlLc3  MixLTi mixILC3 mixLTi
LTi__ .
ILC3
n
o
é 222% 41.1%
ro)
i
[§]
X
[¢]
ICOS

Figure 3.17: Toz2 /~ ILC precursors are unaltered. (a) Bone Marrow ILC precursor populations.
aLP (Lin~IL-TRaTa4B87TCXCR5™PLZF~ICOS™), LTiP (Lin~IL-7TRaTad4B7TCXCRHTPLZF™), ILCP
(Lin~IL-7TRa* 487+ PLZF*), ILC2P (Lin~IL-7TRa*a4B7+CXCR5-PLZF-ICOS*). (b) ILCP (gated as
in (a)) subsets by CXCR5, ICOS and CD122 expression. (c) Total cell numbers of ILC precursors and ILCP
subsets. (d) Single-cell culture of ILCP sorted from Toz2/* and Tox2 /~ fetal livers. Data was compiled
from at least three independent experiments. For Toz2t/* 210 colonies grew with a cloning efficiency of
42.17% and for Toxz2~/~ 359 colonies grew with a cloning efficiency of 52.56%.

Tox2 ™/~ ILC3, when we stained for IL.-22 in total lamina propria ILCs. We also observed
no changes in the expression of /122 and 1117 by qPCR in LTi or ILC3.

In human studies it has been shown that Tox2 has an impact on cNK cell development
from human chord blood precursors. In knockdown studies of Toz2 it was found that Tox2
was required for T-bet expression. We found that this was not the case in murine Tox2~/~
mice. Neither ILC1 nor ¢NK in the liver were altered in frequency or number and T-bet
protein and message were the same in both Toz2"/* and Toz2 /~ (Fig.3.18).

Since Tox2 is highly expressed in ILCP we also asked whether deletion of Tox2 has
any effects on ILC precursor populations in the bone marrow. aLLP, ILCP and ILC2P were

not altered in frequency or numbers in Tox2~/~ mice compared to Toz2/* litter mates
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Figure 3.18: Toz2 /~ ¢NK and ILC1 have normal T-bet expression. (a) Liver cNK were stained for CD49a
and DX5. (b-c¢) T-bet protein expression and MFI among CD3e” NK1.1T ¢NK (DX57CD49a~) and ILC1
(DX57CD49a™). (d) gPCR of Tox2, T-bet and Eomes on sorted Liver ¢NK and ILC1.

(Fig.3.17a, c). We also noted no differences in lineage primed ILCP. CXCR5TILCP, which
expressed Toz2 at higher levels compared to ICOSM ILCP, were not altered in frequency or
numbers (Fig.3.17b-c).

In order to assess whether Toz2~/~ ILCP had an altered developmental potential we
sorted ILCP from Toz2"/* or Toz2 /= fetuses into single-cell culture. After 6 days in
culture we harvested the cells and analyzed them by flow cytometry for the expression of
ILC-lineage specific markers as described previously%?. We did not detect any differences in

the propensity of either Toz2" /* or Toz2 /= ILCP to give rise to type 3 ILCs. Thus ILC

precursors in Toz2~/~ mice were not altered phenotypically or functionally.
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3.3.3.4 Tox2 negatively regulates ILC3 numbers and function

We next asked whether Toz2~/~ cells would
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Lin~Thyl™ lamina propria ILCs. Data is compiled
chimeras for differences in ILC populations from at least three independent experiments with 17
chimeras (a) and 26 chimeras (b).
and cytokine expression. we noted that Toz2~/~ bone marrow gave rise to a higher fre-
quency of ILC3 compared to Toz2/* bone marrow. Among total ILCs we also noted a
higher frequency of ILC3 that produced IL-22 in T 022/~ bone marrow, although not all
chimeras exhibited this phenotype. In conclusion we detected mild effects of Tox2 on ILC3

numbers and function.

3.3.3.5 Toz2 /= mice do not show altered clearance of C.rodentium infec-

tion.

ILC3s have been shown to play a seminal role the clearance of Citrobacter rodentium, a
mouse-restricted pathogen that can be used as a model to study enterophathogenic or en-
terohemorhaging bacterial infections in vivol72173. Especially at early time points during
the infection, ILC3s provide large amounts of 1L-2229 which is required for the regeneration
of the gut epithelium and production of antimicrobial peptides necessary for the clearance

of C.rodentium?.
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We asked whether, due to increased ILC3 numbers and elevated IL-22 production,
Toz2~/~ mice would be protected in a C.rodentium infection model. We infected Toz2™" /+
and Toz2 /~ mice with 2x109CFU per mouse after starving the animals overnight. We
collected the weight of the mice as well as feces to assess fecal CFU at days 1, 3, 5 and 8 at
which point the mice were sacked an analyzed for changes in ILC populations.

We found that Toz2 /= mice showed no significant differences in either weight loss
or fecal CFU during the course of the experiment (Fig.3.20a-b). We did observe a trend
towards reduced fecal CFU at day 3 post infection, but this difference was not statistically
significant. We also did not observe an expansion of type 3 ILCs or changes in their capability
to produce IL-22 after 8 days of C.rodentium infection (Fig.3.20c-d).

Overall we conclude that Tozx2 deficiency did not have any observable effect on the

ability of ILC3 to contribute to the clearance of C.rodentium in vivo.
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3.8.4  Discussion

Tox2 is a family member of Tox, which has been shown to play an essential role in ILC

development. So far transcription factors such as Bcell1b and Runz3 have been shown to
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influence the development of ILC subsets in particular and both are expressed starting at
the ILCP stage.

We have found that Tox2 is exclusively and highly expressed only at the ILCP stage in
early ILC precursors, suggesting its role in the lineage trifurcation of ILCs. In fact Tox2 was
expressed in ILC3 lineage-primed ILCP, but not in ICOSM ILCP, which predominantly give
rise to ILC2 and peripheral ILC3, suggesting that Tox2 plays a role in ILC3 development.

We successfully generated Toz2 knockout mice and found that, although the effects are
modest, Tox2 appears to repress the ILC3 program, leading to increases in ILC3s and ILC3
function in the absence of Toz2 in competitive bone marrow chimeras. It is interesting that
Tox2, as a negative regulator of ILC3s, is expressed in the same population, as opposed
to other ILC lineages. One intriguing possibility is that Tox2 promotes the conversion of
ILC3 to NCRTILC3 by repressing aspects of the ILC3 program. Tox2 however does not
appear to suppress the major ILC3 defining transcription factor ROR~t or upregulate the
ILC1 defining transcription factor T-bet, which is required for the conversion to NCRTILC3,
indicating that Tox2 has no major influence on the stability of the lineages.

We also showed that Toz2 deficient ILC3 show an increase in I1-22 production, suggest-
ing that it plays a role in setting the activation threshold of ILC3s. ILC3 have been shown
to produce IL-22 at steady state, even in the absence of stimulation%3 and its dysregulation

can lead to inflammation and tumor formation !

, indicating the necessity for a regulated
expression pattern of 1L-22.

A possible explanation for the weak phenotype of Toz2~/~ mice could lie in the fact
that other Tox2 family members may compensate for the loss of Tox2. Tox is also expressed
at the ILCP stage, although its expression pattern is not restricted to the ILCP, like Tox2.
Its broader function in ILC development also makes it unlikely that Tox can specifically

compensate for the function of Tox2 in ILCs. The expression of Tox3 and 4 does not seem

to be increased in aLP or ILCP over CLP in Toz2t/T cells by RNA sequencing. This
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however does not exclude the possibility that either Tox3 or Tox4 could be upregulated
in the absence of Tox2. Therefore it remains to be determined whether other Tox family
members are upregulated in the absence of Tox2 expression and thus compensate for loss of
Tox2.

In conclusion we have shown that Tox2 has modest effects on ILC3 population size and
function and that it acts as a regulator of the ILC3 program, although it is likely that it acts

together with other factors that have the capacity to compensate for its absence.
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3.3.5 Materials and Methods

3.3.5.1 Mice

Tox2 knockout mice were generated using the CRISPR/Cas9 system as described previ-
ously 17, The plasmid for Cas9 and guide RNA expression was obtained from Addgene. We
used the guide RNA 5’GGCAGGTGTGGCATTTGTCGAGGS3’ located 5 to Exond and
5GGCGTTGGGAGCGGGTAATCAGGS3 located 3" to Exon9 to delete a 9.9 kb genomic
region containing Exons 4-9 of Tozx2. Guide RNAs were designed using the online open
access tool CRISPRDesign (crispr.mit.edu).

Guide RNAs were ordered as DNA primers, annealed by boiling and slow cooling and lig-
ated into pT7-gRNA (Addgene plasmid # 46759)in a one step reaction, containing BgllI,
Sall and BsmBI, NEB buffer 3, T4 ligase and T4 ligase buffer (all from New England Bio-
Labs Inc.). The vector was linearized using BamHI (New England BioLabs Inc.) and guide
RNAs were in vitro transcribed using the MEGAshortscript T7 kit (Invitrogen). guide
RNAs were purified using the MEGAclear kit (Ambion). pT3TS-nCas9n (Addgene plas-
mid # 46757) was linearized by digesting with NotI (New England BioLabs Inc.) Cas9
mRNA was generated with mMESSAGE mMACHINE SP6 kit (Invitrogen)!™. Cas9 RNA
and guide RNAs were injected at 150ng pL~! (Cas9) and 25ng uL~! (each guide RNA).
To detect the deletion we used the the primers P1 5 TTCATTGTTGCACAGCACAC3’, P2
5’ CCCTGCCTCTCTCTGTTCACS’, P3 5’ CACTAAGGGGCAGGGTGTAAZ’, P4 5’CAC-
TAAGGGGCAGGGTGTAAZ’ as shown in Fig.3.15c. Mice were back-crossed for at least 5
generations.

PLZFGFPCre peporter® and C57BL/6 (Jackson Laboratory) mice were used as well.
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3.3.5.2 RNA Sequencing

5-10x103 cells of CLP (Lin~IL-7Ratc-kittScal™F1t3T), aLP(Lin~IL-7TRa* o487+ PLZF-
GFP™), ILCP (Lin~IL-7TRat o437t PLZF-GFP) were sorted from PLZFGFPCre roporter
mice (ILCP and aLP) or C57BL/6 mice (CLP). RNA was prepared using the Arcturus
PicoPure RNA Isolation kit (Applied Biosystems) and reverse transcribed using the USB
First-Strand cDNA Synthesis kit (Affymetrix). RNA was analyzed using the Illumina HiSeq

system.

3.35.3 qPCR

Cells were sorted as indicated into TLC buffer (Quiagen) with 1% RNAse free 2-Mercaptoe-
thanol (Sigma) at a concentration of 100cells pL~1. RNA was isolated using cDNA was

generated with the Superscript IV (Invitrogen). qPCR was performed using the TaqgMan
Assay (Thermo Fisher Scientific) (Table 3.3).

3.3.5.4 Bone Marrow Chimeras

Bone marrow chimeras were generated by mixing 7t 022/~ and Toz2t/T CD45.1 congeni-
cally marked bone marrow at a 1:1 ratio. Cells were retro-orbitally injected into lethally

irradiated (1000rad) mice. Mice were analyzed 5 weeks after reconstitution.

3.3.5.5 Single-Cell Cultures

Single-cell cultures were performed as previously described%0. Cells were sorted as single cells
into OptiMEM-Glutamax (Gibco) supplemented with 10%FCS, 1%Penicillin-Stremptomycine,
25ng mL~! IL-7 and mSCF. Cells were cultured for 6 days and then harvested and analyzed

by flow cytometry.
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3.3.5.6 Flow Cytometry

For analysis tissues were harvested and cells were resuspended in HBSS (Gibco) containing
0.25% BSA (Sigma-Aldrich), 0.65 mg L™! sodium azide (Sigma-Aldrich) and 100mg L~}
DNasel (Roche).

Lamina Propria cells were isolated by shaking the tissue twice with 5mM EDTA in

RPMI (HyClone) at 37°C for 15min to remove the epithelium. The lamina propria was
digested by shaking the tissue twice in RPMI supplemented with 0.5mg mL~! Collagenase
A (Roche) and 0.17mg mL~! DNasel (Sigma Aldrich) at 37°C for 30min. Lamina Propria
and Liver suspensions were additionally treated by resuspending in 5 ml of 40% Percoll
(Sigma-Aldrich), and then centrifuged at 800g for 10 min.
Cell suspensions were pre-incubated with BD Fc Block for 10 minutes on ice. Bone Mar-
row cells were pre-enriched for a4f7-expressing cells unless otherwise indicated. For pre-
enrichment of a4B7% cells, bone marrow cells were stained with allophycocyanin (APC)-
conjugated antibody and subsequently bound to anti-APC microbeads (Miltenyi Biotec).
The cells were then enriched using the autoMACS (Miltenyi Biotec), positive selection dou-
ble sensitive program. Lineage was defined as CD3eTCD8a™CD19T™TCRA™T in the lamina
propria, B220TCD3eTCD11bTCD11¢TCD19TGR -1TNK1.1TTCRB T Ter119™ in the bone
marrow and CD3eTCD11¢TCD19TGR -1TNK1.1TTCRA T Ter119™ in the fetal liver.

Fluorochrome or biotin conjugated monoclonal antibodies (clone in parentheses) against
mouse 437 (DATK32), CCR6 (29-21.17), CD3e (145-2C11), CD4 (GK1.5), CD8« (53-6.7),
CD11b (), CD1lc (N418), CD19 (6D5), CD45.2 (104), CD49a (Ha31/8), CD90.2/Thy1.2
(53-2.1), CD122 (5H4), CD127/IL-7TRa (A7R34), CXCR5(L138D7), DX5 (DX5), GR-1
(RB6-8C5), ICOS (C398.4A), NK1.1 (PIK136), NKp46 (29A1.4), PD-1 (29F.1A12), PLZF
(R17-809), TCRS (H57-597), Ter119 (TER-119), GATA3 (TWAJ), ROR~t (Q31-378), T-
bet (4B10), mouse IgG1l/k (MG1-45) were purchased from Biolegend, eBioscience, or BD

Biosciences unless otherwise noted. For intracellular staining, cells were fixed and per-
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meabilized using the Foxp3 Transcription Factor Staining Buffer Set (eBioscience). Cells
were then blocked with unlabeled isotype control before addition of fluorochrome-conjugated
anti-transcription factor antibodies. As negative control, a 10-fold excess of unlabeled anti-
transcription factor antibody was added prior to the conjugated antibody (”cold” competi-
tion). Data was acquired on a LSRIT (BD Biosciences) or sorted using a FACS Aria II (BD

Biosciences) and analyzed using FlowJo software (Tree Star).

3.3.5.7 Citrobacter Rodentium Infection

C. rodentium strain DBS100 (ATCC 51459; American Type Culture Collection) was grown in

LB broth. Mice were starved overnight and orally gavaged with 2x109 CFU of C.rodentium.

3.3.5.8 Statistical analysis

Two-way Anova was performed using Prism (GraphPad Software).

Table 3.3: List of Taqman assyas used qPCR on Tox2 Toz2~/~ or Tox2t/* cells

Tox2 Mm01241014_m1 ICOS | Mm00497600_m1
Zbtb16 | Mm001176868_m1 Tbhx21 | Mm00450960_m1
Nfil3 Mm00600292_s1 Rorc | Mm01261022_m1
1d2 MmO00711781_m1 Gata3 | Mm00484683_m1
Runz3 | Mm00490666_m1 1122 MmO01226722_g1

112rb Mm00434268_m1 1l17a | Mm00439618_m1
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CHAPTER 4
DISCUSSION & FUTURE DIRECTIONS

4.1 Discussion

4.1.1 A Blueprint of ILC Development

In this study we established a blueprint of ILC development on the basis of the continuous
expression of transcriptional profiles in single-cell ILC precursors. The clear definition of ILC
precursors using the Zbtb16-GFP reporter strain allowed us to sort defined ILC precursor
populations and perform single-cell multiplex qPCR. Through the analysis of more than
100 transcripts we establish a precise map of ILC developmental progression based on the
continuity of the expression of key regulatory factors. We confirmed that Nfil3, Id2 and Tox
are the earliest regulators of ILC development that are expressed in early clusters of aLLP
and that PLZF and Tcf-1 defined a transitional stage that marks the split of the ILCP and
LTiP. We furthermore showed that the ILCP is the stage of lineage-trifurcation, a process

which occurs through multi-lineage priming.

4.1.1.1 A Transitional Cluster of LTiP- and ILCP-Primed Precursors

Although individual precursor populations to LTi and ILCP were described previously, it was
not clear what their last common precursor is and what specific characteristics might govern
the bifurcation of ILCP and LTiP. We show here in single-cell cultures, that a late stage of
the alLP, the Flt3~ aLP, is the last precursor, that gives rise to both LTi and ILCs. The
identification of the FIt3~ aLP as the stage of ILC and LT1i bifurcation, allowed us to identify
a transitional cluster (cluster B) of mixed aLLP and ILCP, that showed characteristics of both
LTiP and ILCP. This transitional cluster was marked by the upregulation of Zbtb16 and Tcf7.

This cluster lacked expression of many ILC lineage-specific markers, such as Rore, Gata3,
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Bell1b, 1COS, 112rb, CXCRS, but showed expression of early ILC developmental factors,
Nfil3, Tox and Id2, placing the cluster before the ILCP and LTiP. Cluster B could be divided
into two major groups by the expression of Zbtb16. Interestingly Zbtb16 negative cluster B
cells showed almost uniform expression of Rorc, but were CXCRS and Rora negative, both
markers that were expressed in LTiP, suggesting that the Zbtb16 negative fraction is poised
to differentiate into LTiP. Zbtb16 expressing cluster B cells were uniformly Gata3 low. Sell,
which is negatively regulated by PLZF103  was still expressed in Zbth16T cluster B cells,

indicating that this fraction of cells are an early ILCP.

Figure 4.1: A Revised Model for ILC development. In this model the placement of the EILP is based on
the expression of T¢f7 and its capability to produce ILCs, LTi as well as cNK in transfers. However further
proof is required for the placement of the EILP in this hierarchy. The exact characteristics and existence
of the CHILP as a distinct precursor from the ILCP, LTiP and aLP also still needs to be determined, but
most likely the CHILP will be a precursor that is RORyt~PLZF~ and expresses Tcf-1 and high levels of
1d2, unlike the aLLP.
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These data shows that L'Ti and ILC3 indeed have distinct developmental pathways that
can be differentiated based on Zbtb16 expression. However, how Zbtb16 is regulated in ILC
development, is not clear. Furthermore Tcf7 upregulation marked the transition to LTiP
and ILCP, placing its expression at the late aLP stage, after the expression of Nfil3, Tox
and Id2. Since Tcf7 is also expressed in the EILP, it appears likely that the EILP is the
stage directly preceding cluster B and is discussed below (see page 89).

Interestingly cluster B also expressed high levels of Sox/ and Runzi, two transcription
factors which heretofore have not been well described in ILC development. The expression
of Sox4 and Runxl at the transition to LTiP and ILCP, begs the question, whether both
transcription factors are involved in the regulation of Zbtb16, Rorc and Tcf7 expression and

thus function as drivers of ILC and LTi lineage bifurcation.

4.1.1.2 Id2, Nfil3 and Tox, Mark the Earliest Stages of ILC Development

Identification of cluster B showed that Runx1, Sox4 as well as Tcf-1 and PLZF belong to a
group of transcription factors that act at the bifurcation of LTi and ILCs. The absence of
Tef7, Zbth16, as well as ILC lineage-specific transcription factor expression marked a cluster
of cells, that did express early ILC developmental factors, Nfil3, Tox and Id2 (cluster A). In
comparison to cluster B, cluster A therefore represents a developmentally earlier precursor
population that almost exclusively consists of aLP. Id2 is the earliest expressed transcription
factor and is required for the repression of E-proteins, which drive the differentiation of both
the B and T cell lineage87. The expression of Id2 is rapidly followed by the induction of
Nfil3 and Tox.

This finding stands in contrast to findings, suggesting that early ILC developmental
factor Id2 is regulated by Tox and Nfil3 and thus is expressed as the consequence of the
action of both transcription factors. In Tox-knockout CD4losp thymocytes and LTi, Id2

expression is reduced and retroviral transduction of Lin~Ska-1TcKit™ bone marrow with
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Id2 resulted in the partial recovery of ILC precursors in Toz knockout bone marrow 7165,

claiming that Id2 functions downstream of Tox and that Tox can regulate Id2 expression.
However it is not clear whether Tox can directly bind the /d2 promoter, and likely other
factors are involved in its regulation.

Similarly Nfil3-deficient ILC precursors in the bone marrow or fetal liver show a marked
reduction in Id2 expression and Nfil3 can directly bind to the Id2 promoter in ChIP of CHILP
as well as peripheral LTi, which show high Nfil3 expression®+113 Overexpression of 1d2 in
Nfil3~ /=~ bone marrow rescued the NﬁlB_/ ~ phenotype. These data suggest that Tox and
Nfil3 function in the regulation of /d2 expression. However, since Id2 is expressed before both
Tox and Nfil3, it is more likely that both Tox and Nfil3 function in a positive feedback loop
to enhance Id2 expression. How [d2 is induced during ILC development remains unknown
and requires the investigation of the epigenetic landscape of Id2.

Possible regulators of Id2 in T cells or B cells include Egrl or activation of the Smad
pathway, by TGF-£ and the TGF-/ family member, bone morphogenic protein 4 (BMP4) 176,177
A predominant site for TGF-3 production is in the gut, but TGF-51 is also expressed in
the bone marrow by stromal cells, where it could potentially act on CLP to upregulate 1d2
and thereby initiate ILC development. In fact treatment of B lymphocyte precursors with
TGF-f resulted in the upregulation of Id2 and Id3 as well as growth inhibition of these
cells178.

Tox expression has been suggested to be regulated by Nfil3 in CLP. Nﬁlf)’_/ - CLP
showed a significant reduction in Toz expression compared to Nfil3" /+ CLP?® and the
Nfils~ /= phenotype could be rescued by Tozr overexpression, suggesting that Nfil3 acts as
a regulator of Tox expression. Whether Nfil3 in fact can directly bind the Tox promoter
and regulate its expression is somewhat controversial as ChIP of Nfil3 in CD4~LTi and

58,84

murine lymphoblast cell line EL4 yield opposing results It therefore remains to be

determined whether Nfil3 directly regulates Tox expression in early ILC progenitors at the
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aLLP stage, when Tozx is first upregulated or whether there are other factors that regulate
Tox expression58’84.

How Nfil3 is regulated during ILC development remains unclear. Studies in cell cultures
of ILC precursors as well as peripheral ILC2 and 3 have shown that IL-7 can induce Nfil3
expression® and in ¢NK cells Nfil3 appears to be induced by IL-15 signaling®?, suggesting
that perhaps common gamma chain signaling induces Nfil5.

In summary, we show that Nfil3, Tox and Id2 are members of an early ILC developmental
network and have been shown, to some extent, cross regulate each other. However it remains
to be determined how [d2, Tor and Nfil3 are induced and regulated during ILC development.
The precise definition of ILC precursors we have established facilitates the analysis of the

promoter landscapes of sequential ILC precursors and can shed light on potential inter-genic

interactions as well as the gene expression at different ILC developmental stages.

4.1.1.3 The ILCP Stage Is Marked by Multilineage Transcriptional Priming

PLZF expression, which marks the ILCP stage, is transient and lasts about four days, before
PLZF is downregulated and differentiated ILC1s, ILC2s, and ILC3s emergeY. This relatively
short period is characterized by a series of remarkable and rapid changes that lead to the
priming of differentiated ILC lineages®® (Fig. 4.1).

About half the ILCPs begin to display signs of priming toward ILC1, ILC2, and ILC3
lineages. Notably, many of them exhibit mixed lineage priming, whereby a single cell can co-
express markers of two or three lineages as detected in multiplex transcriptomic experiments.
For example, many cells coexpress Gata3, Tbx21, and Rorc, as well as other markers of dif-
ferentiated lineages, such as Bell1b and Icos (ILC2), Lta/Ltb and Crzer5 (ILC3), and 1I12rb
(ILC1) in mixed patterns®. This mixed pattern precedes the differentiated mature ILC lin-
eages. Coexpression of intermediate levels of Gata3, T-bet, and ROR~t has also been noted

using FACS analysis of the ftILCP in the fetal intestine%. Notably, it is not observed in the
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LTiP, which exhibits a pure type 3 cytokine program®. This multilineage transcriptional
priming of ILCP stands in apparent contrast with the direct polarization of Ty1, T2, and

Ty17 cells driven by exogenous cytokines and STAT signaling during immune responses 9

although mixed patterns have been observed under mixed cytokine culture conditions 149,
Multilineage patterns have also been reported in other hematopoietic precursors, suggesting

1457148 " whereby antag-

that it is a common mechanism involved in multilineage decisions
onistic lineage-specific factors are stochastically coexpressed and compete for dominance,
in a process modulated by environmental clues. The ILCP stage is characterized by the
sequential induction of a panoply of transcription factors that have critical functions in ILC
development and are described below.

Gata3 protein is expressed at intermediate to high levels in about 70% of ILCPs5Y,
a much greater frequency than expected if Gata3 expression were strictly correlated with
the ILC2 fate. In fact, in mice where floxed Gata3 alleles were deleted with Vav-Crre, or in
irradiation chimeras reconstituted with Gatad~/~ fetal liver cells, most, though not all, ILCs
were missing 191192116 - Thys ILC2s and some ILCls (particularly those expressing IL-7TR«
in the thymus) were severely decreased. Intestinal lamina propria ILC1s were also depleted
in Nerl-Cre GatadVM mice®. Surprisingly, even though Gata3 has not been detected in
the LTiP, or later in LTi, Vav-Cre Gata3' /fl mice lacked LTiPs in the fetal liver and
consequently had impaired development of Peyers patches and lymph nodes, suggesting that
Gata3 is expressed at low levels that have escaped detection. In contrast, Gata3 does not
influence early ¢cNK development. Deletion of floxed Gata3 alleles in the periphery of mice
bearing a CreERT? deleter allele and treated with tamoxifen resulted in loss of ILC2s but
not ILC3s, indicating that Gata3 is also essential to the maintenance of peripheral ILC2s,
although the mechanism is unclear102.

Rora is induced in most ILCPs after expression of PLZF and is also found in the LTiP 5.

It is maintained in peripheral ILCs and peripheral LTis. However, deletion of Rora selectively
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impairs the appearance of ILC2s in peripheral tissues, as well as the frequency of ILC2Ps

in the bone marrow, by unknown mechanisms, apparently without impact on other ILC

types25:115.

Bell1b is expressed at the late ILCP stage and correlates closely with coexpression
of Icos among differentiating ILCPs, and with the emergence of ILC2s but not other ILC
types, indicating that Bcl11b is an early and specific marker of ILC2 commitment at the
ILCP stage, as demonstrated using a Bcll11b reporter system or by single-cell transcrip-
tomic analysis® 7. Although deletion of Bel11b is embryonic lethal, irradiation chimeras
reconstituted with Bel11b~/~ fetal liver and Bell16//f mice bearing a CreERT? allele and
treated with tamoxifen have been generated 17119 A recent analysis of single-cell precur-
sors in Vav-Cre Bell16%/f mice has shown that the block in ILC2 development in fact occurs
as early as the ILCP stage!24.

Most studies have demonstrated that Bcll1b plays a critical role in the expression or
maintenance of [l1r{! (encoding the inducible ST2 chain of the IL-33 receptor), Gata3, and
Rora and in the suppression of Soz4, Rorc, 1123r, and Il17. Thus, deletion of Bcll1b in
mature ILC2s tends to deviate their differentiation toward the ILC3 lineage. In fact, most
of these effects seem indirect and, as detailed below, may be mediated by Gfiz 120 which is
itself a direct target of Belllb. The signals leading to Bel11b induction in ILCPs have not
been elucidated, but there is a striking analogy with the Notch-Tcf7-Gata3-Bcll1b cascade
identified in thymocyte development 17 (Fig.4.2).

Gfil is broadly expressed in hematopoietic lineages and has well-established roles in
promoting Ty2 differentiation and suppressing Ty 17 differentiation 180181 Gfi1 is increased
in peripheral ILC2s and regulates their expression of Jl1rl1 and Gata3 0. Interestingly, Gfil
directly inhibits genes of the Ty 17 module such as Sozx4, Il1r1, and Il17a, implying that Gfil
regulates the balance and the function of ILC2 and ILC3 lineages. Mice constitutively lacking

Gfil also exhibit a defect in generation of bone marrow ILC2s and mature peripheral ILC2s,
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indicating that Gfi! is active in development as well as in the peripheral maintenance of the
ILC2 lineage 2.

Runz8 driven by its distal promoter is abruptly expressed at the ILCP stage in about
50% of ILCPs and persists at high levels in ILCls and at intermediate levels in ILC3s but
is not observed in ILC2s. A Vav-Cre-mediated deletion of floxed Runz3 alleles showed
that Runz3 is essential for the development of ILC1s and ILC3s and partially essential for
development of LTis but not CLPs, aLPs, or ILCPs!!. Specifically, Runz3 was essential
for Rorc induction in ILC3s and for the survival of ILC1s. Because Runx3 and Gata3 are
known to bind and antagonize each other at the protein level 182 the relative expression of
these two proteins in ILCPs might be a critical factor for ILC2 versus ILC1 or ILC3 decision
(Fig.4.2). A fraction of ILCP also showed expression of Rorc as well as Thz21, highlighting
that these precursors most likely are ILC1 or ILC3 primed.

Similarly the expression of Gfil and Bclllb in a fraction of ILCP suggests that these
particular precursors are primed to develop into ILC2. The identification of ILCP that show
ILC-lineage primed expression modules indicated that ILC lineage differentiation already
occurred at the ILCP stage. ILC lineage-primed precursors could in fact be distinguished
extracellularly by ICOS, CXCR5 and CD122 (IL-2Rf) staining®®. ICOSMCXCR5~CD122~
ILCP, which also express Gata3 and Bcll11b, predominantly give rise to ILC2 in single-
cell cultures, similarly CD122TCXCR5ICOS™ ILCP, which also express Thz21, were ILC1
primed and expressed T-bet by protein. Although both ILC1 and ILC2 primed ILCP had a
great propensity to give rise to colonies of the respective ILC type in single-cell cultures, both
retained some multi-potentcy, showing that these early ILC1 and ILC2 precursors retain a
level of plasticity, reflecting the mixed ILC lineage effector programs in some of these cells.

Importantly ILC3 primed ILCP were distinct from LTiP in the fetal liver, which do
not express PLZF, but did express ROR~t, CXCR5, CCR6 and CD4, all markers associated

with mature LTi. PLZF in the fetal liver therefore is the defining and distinguishing marker

85



between ILCP and LTiP.

Interestingly all CXCR5" ILCP have a mixed ILC1/ILC3 potential, suggesting that
these lineages are developmentally more closely related than either to ILC2. In fact the
transcriptional profile of single ILCP shows a greater overlap between the ILC1 and ILC3
programs compared to ILC2 primed precursors. Most of ILC1 and ILC3 primed ILCP
express CXCRS and Il2rb and about half of ILC1 primed cells expressed Rorc in addition to
Thz21°°. As discussed above, studies of Runx3 also have shown that both ILC1 and ILC3
share a requirement for Runx3, while ILC2 do not. As ILC3 show considerable plasticity
and can give rise to ILC1 in the periphery347 it is conceivable that ILC1 develop through
the differentiation of ILC3. Based on fate-mapping studies in the periphery, ILC1s consist
of both ROR~t fate-mapped and non fate-mapped cells®, suggesting that most likely ILC1s
are generated by two independent pathways, a committed ILC1 precursor as well as through
ILC3 plasticity, and it is likely that both of these processes already occur at the ILCP stage.

ILCP show a considerable degree of heterogeneity, which can be attributed to the rapid
differentiation of these precursors into lineage-primed ILCs. Interestingly this process occurs
through multi-lineage priming, where ILCP show evidence of mixed ILC effector programs
before the resolution into distinct lineages. The ILCP therefore is the stage of ILC lineage
trifurcation and we have identified the earliest ILC1, 2 and 3 precursors and their transcrip-

tional profiles.

4.1.1.4 Cross Regulation of ILCP Differentiation into ILC1s, ILC2s, and

ILC3s

As discussed above, the generation of ILC1, ILC2, and ILC3 lineages is initiated at the
ILCP stage and proceeds through the trifurcation of multilineage primed precursors, as
they undergo several rounds of cell division. This developmental trifurcation is reminiscent

of the NKT thymic precursor differentiating into NKT1, NKT2, and NKT17 lineages!53
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Figure 4.2: Transcription factor networks regulating cytokine effector programs in innate lymphoid cell
(ILC) lineages. Blue arrows depict positive interactions, whereas red lines depict inhibitory interactions at
the gene or protein level.

Figure is adapted from ref. 50

(Fig.4.3), because it is also immediately preceded by the induction of high amounts of
PLZF and rounds of cell division and is independent of exogenous polarizing cytokines and
STAT signaling associated with the differentiation of Tyl, T2, and Ty17 cells. Ectopic
expression of PLZF using a C'd4 promoter is sufficient to transform naive CD4 thymocytes
into effector-type cells that downregulate CD62L, upregulate CD44 and ICOS, and can
produce both 1L.-4 and IFN—7103’184. Conversely, in PLZF-deficient mice, NKT cells revert
to a naive phenotype, implying that PLZF plays a crucial role in directing the acquisition of
effector programs during lymphocyte development 193:156:157  Notably, PLZF deficiency also
alters expression of ICOS and CD62L in ILC2s and markedly impairs their ability to produce
IL-5 and IL-13 in response to IL-33 or ionomycin and PMA or to mediate allergic airway
inflammation after papain inhalation or infection with Nippostrongylus brasiliensis 6104, In
fact, PLZF directly can regulate Rorc, Runxl, Rora, Icos, Il and [I113 and has been shown
to suppress Bach2 expression, which is a negative regulator of T helper effector programs 105,
These observations suggest that PLZF plays a similar role in several aspects of ILCP and
NKT cell differentiation.

Other signals critically regulate the polarization of ILC lineages. For example, a Notch

signal seems required for the development of ILC2s,; possibly through a cascade involving
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Tcf7, Gata3, Bell1b, and Gfi1 1896119120 (pig 4.3). Notch signaling is also important for
peripheral NCRTILC3s, but this may be a peripheral event dependent on aryl hydrocarbon
receptor signaling and T-bet3%133.  Conversely, dietary retinoic acid is required for the
development of LTis in vivo, likely through direct binding of RXRs and RARs to Rorc46:140,
Retinoic acid appears to inhibit the generation of ILC2s as well, in part through limiting
the expansion of the immature bone marrow ILC2s%6.  Although LTis were not always
distinguished from ILC3s in these studies, the effects of retinoic acid seem to affect both
populations, suggesting a common mechanism.

In summary, multiple genetic and environmental factors modulate the output of ILCls,
ILC2s, and ILC3s, with potentially significant health implications.

In conclusion, we have provided a blueprint of ILC development, which was confirmed by
functional transfer studies, and a hierarchy of transcriptional regulators that act at different

ILC developmental stages.

ILCP PLZFhi NKT
ILC1 ILC2 ILC3 NKT1 NKT2 NKT17
T-bet GATA3 RORyt T-bet GATA3 RORyt

Figure 4.3: Developmental acquisition of effector cytokine programs by ILC and natural killer T cell
(NKT) precursors. The trifurcation of ILC and NKT precursors into polarized effector lineages is preceded
by induction of PLZF. Abbreviation: CLP, common lymphoid progenitor; DP, double-positive thymocytes.
Figure is adapted from ref. 50
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4.2 Future Directions

4.2.1 Developmental Placement of the FILP and CHILP

Due to its lack of IL-7Ra chain expression the EILP has eluded earlier studies of ILC
precursors and makes it hard to place the EILP within the existing developmental scheme
for ILCs.

Based on its expression of T'cf7 and low levels of Id2, it is likely that the EILP develop-
mentally follows the aLP, which does not express T'c¢f7, unlike LTiP and ILCP. The puzzling
observation about the EILP is however that it does not express the IL-7TRa chain, whereas
all other known ILC precursors including the CLP express it. This suggests that the EILP
either represents an alternative pathway for ILC development, that does not depend on the
CLP, or that an earlier precursor, potentially the alLP, transiently downregulates the IL-7
receptor to give rise to the EILP.

In fact there is precedent to assume that the IL-7TR« chain could transiently be down-
regulated during ILC development. ETPs have been shown to be marked by IL-7TR fate
mapping, but do not express /17ra mRNA or protein63:185  Similarly double positive (DP)
thymocytes appear to transiently downregulate [7ra expression, which is restored upon pos-
itive selection!®6. It therefore remains to be determined whether perhaps early precursors
with ILC, ¢NK and LTi potential, such as the alLP transiently downregulate the IL-7Ra«
chain to give rise to the EILP. Similarly it is not clear whether the EILP in turn does upreg-
ulate the IL-7Ra chain to give rise to the CHILP, LTiP and ILCP. These changes assume
that ILC development proceeds in a linear fashion from the CLP. Whether changes in the
expression of the IL-7Ra chain take place in EILP or alLP can only be investigated by ob-
serving pure populations in culture over time, to assess their capability to give rise to each
other and the ILCP.

It is also not certain whether the EILP in fact derives from the CLP as assumed. This
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issue could be addressed through fate-mapping of the IL-7Ra chain, which is expressed
at the CLP stage. EILP should therefore be fate-mapped if they in fact derive from the
CLP. This approach would also clarify whether the EILP represents an alternative route
for ILC development as compared to the developmental path that depends on the CLP and
subsequent IL-7Ra™ precursors.

Another interesting question is how the IL-TR« chain is potentially downregulated dur-
ing ILC development. Studies in B and T cell development have shown that Runxl can
in fact induce the expression of the IL-7Re chain87188  However whether Runxl is the
transcription factor required for the upregulation of the IL-7Ra chain in EILP and whether
it is expressed at the EILP stage, remains to be determined. It is also not clear whether
strong 1L-7 signaling at the aLP stage can trigger the transient downregulation of the IL-
TR chain. If this were the case, it also raises the question as to the precise niche where ILC
precursors could receive such a signal in the fetal liver or the bone marrow.

Chea and colleagues also have shown that Id2 expression levels can be used to map
a developmental progression of ILC precursors, with low levels of [d2 expression in the
F1t3TaLP and intermediate and high levels in the F1t3~aLP and LTiP/ILCP respectively 8.
Assessing T'cf7 and Id2 expression at the same time in T cf?G FP1goY FP qouble transgenic
mice could be informative about the precise level of Id2 expression in the EILP as compared
to other precursors and allow for a better placement of the EILP.

However a definitive way to place the EILP within the current scheme of ILC develop-
ment would be an extensive analysis of its expression pattern on a single-cell level. Tracking
the continuity of transcriptional profiles of EILPs within the context of other ILC precursors
will tell where the EILP can be placed and perhaps reveal transitional stages among this
population.

The other ILC precursor population that requires further study is the CHILP. The

original description of the CHILP relied on the expression of high levels of Id2 among Lin ™ IL-
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TRaa4B7TCD25 cells in the bone marrow. This population however is contaminated by
PLZF expressing ILCP and would also encompass the LTi in the fetal liver®. Therefore the
precise identity of an ILC precursor upstream of the ILCP and the LTiP that would fit the
description of the CHILP remains unclear. The CHILP could be a late stage of the aLP,
that is PLZF™, ROR~t ™, expresses high levels of Id2 and Tcf-1. The CHILP therefore most
likely corresponds to a transitional cluster of cells between the aLP and the ILCP and studies
of ch?G FP oY FP qouble transgenic reporter mice could further elucidate the identity of
the CHILP. The isolation and evaluation of the CHILP could lead to further insight on the
bifurcation of ILCP and LTiP, which possibly happens at this transitional stage.

In conclusion, a better definition and a precise placement of the EILP and the CHILP
will allow for the characterization of expression and epigenetic changes between stages of
ILC development and also allow for the inference of new mechanisms that control ILC de-

velopmental progression. Specifically the control of Tcf7 expression.

4.2.2  The Regulation of Tcf7 expression and the Emergence of the EILP

Tect-1 is the hallmark transcription factor in the EILP and has been shown to be required
for the development of all ILC lineages®"9%:96 Tts expression also marks the transition from
aLLP to the ILCP and LTiP stage. However it is not clear how Tcf7 expression is regulated
during ILC development.

Notch signaling, as a known inducer of Tcf7 expression in T cells, has been suggested
to play a role in ILC development by upregulating T'cf7 5T Tt has also been suggested that
Notch signaling augments the upregulation of the defining marker of all ILC precursors, a437,
on CLP?. However Notch signaling is not required for the development of ILCs or o437
upregulation, although it can influence the function of LTi and ILC3s in the periphery40:98
Deletion of the DNA binding adapter Rbpj did not have any influence on the expression of

key ILC developmental transcription factors, Id2, Toz, Gata3 and Tcf7 itself.
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Since Notch does not appear to regulate the expression of Tcf7 during ILC development,
it is possible that Wnt /3-catenin signaling may be involved in ILC development, as it is also a
regulator of T'¢f7. However it has not been formally investigated whether the Wnt /-catenin
signaling pathway plays a role in ILC development.

Although many key players in ILC development as well as ILC developmental stages
have been identified, the regulation of transcription factors and their interactions with each
other pose an intriguing area for further study. The assessment of the epigenetic landscape
of EILPs, which are potentially the earliest stage of Tcf7 expression in ILC development,

could elucidate how Tc¢f7 expression is regulated during ILC development.

4.2.8 Sox4 and Runxl wn ILC Development

We have shown that Sox4 and Runx1 are transiently expressed at a transitional stage between
aLLP and ILCP, suggesting that both factors may function in the bifurcation of LTi and ILCP,
however their roles in ILC development are not well understood.

Runx1 (also AML1) is a family member of the Drosophila Runt-related transcription
factors, which consists of, Runxl, Runx2 and Runx3. Runx proteins heterodimerize with
the Core binding factor 5 (Cbff3) for efficient DNA binding. Runx proteins function in the
immune system as well as neuronal development and osteoblast formation.

Runx1 has been shown to play a role in B cells development and Ty17 differentia-
tion 187189191 Tnterestingly Runx1 was also capable of positively regulating the expression
of Id2, Ets1 and Sox4, which all are upregulated at the transitional cluster B stage. Although
1d2 is already expressed earlier, it is in fact further upregulated with a slight delay compared
to Sox4 and Runx1, which are already starting to be expressed at a late aLP stage.

Combined This data suggests that Runxl potentially induces Id2 at the transitional
stage, although it does not trigger its expression at the onset of ILC development. The

induction of Id2 at the transitional stage also is paired with a further reduction in T cell
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generating potential in ILCP?®, showing that the upregulation of Id2 is essential to further
repress non-ILC lineages.

Other studies in T cells have also shown that Runx1 positively influences ROR~t ex-
pression and negatively regulates Gata3 expression, thereby promoting Tyy17 differentiation.
Runx1 in turn appears to also be negatively regulated by T-bet1%?. In fact mice that lack
Runx1 or conditional Chf knockout mice show impaired development of secondary lym-
phoid tissues and show a severe reduction in LTi precursors 144, which depend on ROR~t for
their development.

The SRY-related high-mobility-group-box (Sox) protein Sox4 is capable of upregulating
Rore, 1117 expression and represses Gata3d in v0T cells as well as Ty17 cells97192 Sox4
is capable of directly binding and represses Gata3 function at the protein level, preventing
Tp2 differentiation 192

Together, Runx1 and Sox4 are potent inducers of ROR~t and the Ty17 effector pro-
gram. Both factors also repress Gata3 and thereby the Ty2 effector program. It is likely
that both mechanisms also act at the junction of LTi and ILC, when Sox4 and Runx1 are
highly expressed, to promote the development of the LTiP. Studies of both Runx1 and Sox4
knockout mice would elucidate the role of both transcription factors in ILC development and

potentially answer the question as to how the bifurcation of LTi and ILC occurs.

4.3 Conclusion

Using the newly identified ILCP as a focal point in our studies, we have clarified the stages
and the sequence of transcription factors driving ILC development. Over 15 transcription fac-
tors, many of which are also active in T cell development, combine to regulate the emergence

of ILCs from early lymphoid precursors and their differentiation into polarized lineages.
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We identified an early ILC developmental transcription factor network of Id2, Nfil3 and
Tox, that acts at the aLP stage to promote ILC development and at the same time prevent
the development of the adaptive arm of the immune system. The expression of Zbtb16, Tcf7,
Sor4 and Runxl marked a transitional cluster of precursors that clearly showed cells biased
to either the ILC or the LTi lineage, identifying this cluster as the stage of bifurcation of
LTiP and ILCP and showing that LTi and ILC3 indeed develop through different pathways.

We also showed that the ILCP is the stage of ILC lineage trifurcation and identified
transcriptional modules that act at the ILCP stage to define ILC differentiation, a process
which occurs through multi-lineage priming and the presence of mixed ILC modules in early
ILCP.

In summary we have established a blue-print of ILC development with a refined sequence
of transcription factor expression. This study gives insight into stage specific transcriptional
networks and potential interactions that drive ILC development and differentiation.

Further studies of additional precursors, such as the EILP, the CHILP and the devel-
opmental transitions between stage specific transcription factors and their individual and
collective functions is the next challenge. These fundamental studies will provide further

insights into mechanisms of diseases as well as opportunities for therapeutic manipulation

of ILCs.
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