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Arginase-| expression by innate lymphoid cells during fetal development,
adult homeostasis, and inflammation

Jennifer Kaoru Bando

Abstract

Innate lymphoid cells (ILCs) are a family of immune cells involved in
development, homeostasis, and the host response to pathogens. In order to identify
subsets of these cells in situ and genetically target them, additional markers for ILCs
need to be established. Here, | demonstrate that arginase-| (Arg1), a urea cycle enzyme
induced in alternatively activated macrophages, is expressed by multiple ILC lineages in
the fetal and adult mouse. In the adult lung, group 2 ILCs (ILC2s) express Arg1 at rest
and during type 2 inflammation induced by the parasitic helminth Nippostrongylus
brasiliensis. While macrophages induce Arg1 through STATG6 activation, ILC2s express
Arg1 in a STAT6-independent manner. Total numbers of Arg1” cells in the lung are
regulated by IL-33, which elevates ILC2 numbers and indirectly induces Arg1
expression in macrophages through activation of STAT6. Arg1 expression in ILC2s may
provide a way to target these cells without altering T cell responses.

In fetal development, specialized members of group 3 ILCs (ILC3s), lymphoid
tissue inducer (LTi) cells, are required for lymph node and Peyer’s patch
organogenesis, but how LTi cells develop at these sites remains unclear. Here, we
identify an Arg1”, 1d2" ILC population in the fetal intestine that can differentiate into IL-
7Ra*NK1.1*T-bet” group 1 ILCs (ILC1s), GATA3"ILC2s, and RORyt" group ILC3s in
vitro. Based on transcription factor expression, ILC precursors in the fetal intestine

represent an intermediate developmental stage between T-betRORyt" ILC precursors
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and differentiated ILC lineages. These ILC precursors outnumber other innate lymphoid
populations in the intestine at embryonic day (E) 13.5. At E16.5, after the initiation of
Peyer’s patch organogenesis, intestinal ILC precursors accumulate at the Peyer’s patch
anlage in a manner that is dependent on lymphotoxin-a (LTa). Thus, during
development, ILC precursors accumulate in the intestine, where they aggregate at sites

of lymphoid tissue organogenesis and differentiate into mature ILC lineages.
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Chapter One:

Introduction



Innate lymphoid cells

The immune system is essential for host protection against pathogens, regulation
of commensal populations, and maintenance of homeostatic processes. In vertebrates,
the immune system consists of both innate and adaptive cell populations (Cooper &
Alder, 2006). Adaptive immune cells such as T and B cells are antigen-specific, exhibit
immunologic memory, and express receptors encoded by somatically recombined
genes, while innate cells in general lack these characteristics and instead respond to
activating cytokines, conserved molecules expressed by pathogens, and molecules
expressed by infected or stressed cells (Medzhitov & Janeway, 2000). In gnathostomes
(jawed vertebrates), somatic gene rearrangement in adaptive immune cells is
dependent on recombination activating gene (Rag1/RagZ2) products. (Cooper & Alder,
2006; Schatz & Ji, 2011). This process of receptor gene rearrangement not only
functionally separates innate and adaptive cells, but also distinguishes these two groups
of immune cells based on developmental requirements; Rag7- and RagZ2-deficient mice
lack adaptive lymphocytes, while the innate compartment remains intact with the
exception of innate-like T cells (Mombaerts et al, 1992; Shinkai et al, 1992). The innate
lymphoid cell (ILC) is a class of immune cell described in the human and mouse that
shares characteristics with both innate and adaptive cell types. ILCs are functionally
innate because they do not express receptors encoded by somatically rearranged
genes nor do they require RAG genes for their development (Fuchs et al, 2013; Moro et
al, 2010; Satoh-Takayama et al, 2008; Takatori et al, 2009). However, ILCs are similar

to adaptive lymphoid cells in that they share a common progenitor with T cells and B



cells (Klose et al, 2014), require the common gamma chain for their development and
survival (Spits & Di Santo, 2011), and appear lymphocytic by morphology.

ILCs have been a focus of intense interest in recent years due to the discovery
that they produce cytokines that mirror those expressed by helper T cells. Thus,
different subtypes of ILCs have been defined based on cytokine and transcription factor
expression in a manner similar to how helper T cells subsets are categorized (Spits et
al, 2013) (Fig. 1). Group 1 ILCs (ILC1s) express the transcription factor T-bet, produce
the cytokine IFNy, and have been implicated in the immune response to bacteria and
viruses. Group 2 ILCs (ILC2s) express RORa and high levels of GATA3; produce IL-5,
IL-9, and IL-13; and contribute to allergy, the response to parasitic helminths, and the
maintenance of homeostasis. Group 3 ILCs (ILC3s) express RORyt, produce IL-17 and
IL-22, and are important in mucosal immunity and integrity as well as lymphoid tissue
organogenesis. Because specific antigen is not required for the direct activation of ILCs,
these cells have been proposed to be an early source of cytokines in tissue during

immune activation.

Group 1 innate lymphoid cells

ILCs that express T-bet and produce IFNy consist of several NK-receptor-
expressing populations, including classical NK cells (cNK), NK1.1*"NKp46™ intraepithelial
ILCs, NKp46'T-bet” ILCs that are derived from RORyt" cells (“ex-RORyt” ILCs), and
NK1.1"NKp46°IL-7Ra” ILCs that never express RORyt. These populations differ in their
expression of the transcription factors eomesodermin (Eomes) and RORyt, and
requirements for IL-15. cNK cells require Eomes and IL-15 for development, and

produce high levels of granzyme B after activation (Gordon et al, 2012; Kennedy et al,



2000). In contrast to other ILCs, which are dependent on 1d2 for their lineage
specification, cNK precursors still develop in the bone marrow of 1d27" mice, although
mature peripheral cNK cells are absent in knock out animals (Boos et al, 2007). Out of
the three non-cNK T-bet” ILC populations, intraepithelial ILCs, which express CD160
and produce IFNy in response to IL-12 and IL-15, are perhaps the most closely related
to cNK cells based on their shared expression of Eomes in human and dependence on
Nfil3 in mouse (Fuchs et al, 2013). However, these cells differ from cNK cells because
they still develop in the absence of IL-15Ra. 1d2 requirements have not yet been tested
for this population. Ex-RORyt ILCs and IL-7Ra” ILC1s that do not fate map for RORyt
expression are both Eomes-negative and are dependent on IL-15 (Klose et al, 2014;
Klose et al, 2012; Rankin et al, 2013). Since ex-RORyt ILCs transition out of the ILC3
pool, and thus do not exist in RORyt-deficient animals, it has been proposed that these
cells should be labeled ILC3s. IL-7Ra*NK1.1" ILC1s that do not fate map for RORyt
produce IFNy and TNF in response to IL-12, and are a terminally differentiated
population since they do not differentiate into Eomes” cNK cells or RORyt" ILC3s after
adoptive transfer (Klose et al, 2014).

The definition of what constitutes a group 1 ILC member remains controversial.
ILC1s were initially defined as all innate lymphoid populations that express T-bet and
produce IFNy, and thus cNK cells and other T-bet” ILC populations were included in this
group (Spits et al, 2013). However, more recently, Andreas Diefenbach proposed that
ILC groups should only include developmentally related IL-7Ra” cells that are derived
from a shared precursor (Klose et al, 2014). Taking into account the reasoning that ex-

RORyt ILCs are ILC3s, this definition of ILC1s would restrict this group to consist of only



IL-7Ra*T-bet'Eomes™ non-RORyt-fate mapped ILCs. The designation of ILC1s based
on developmental definitions is logical, especially since the classification of ILC groups
is modeled after mature T helper cell subsets, which differentiate from naive T cells.
However, until there is a clear consensus that these definitions should be altered, all
innate lymphoid populations that are T-bet”, but independent of cell-intrinsic RORyt, will

continue to be categorized as ILC1s.

Group 2 innate lymphoid cells

Type 2 immune responses to parasitic helminths or allergic particles are
characterized by enhanced mucus output, smooth muscle contraction, eosinophilia, and
IgE production. ILC2s are Lineage (Lin)IL-7Ra"ckit"KLRG1*T1/ST2"CD25" tissue
resident cells that can contribute to many of these physiological responses by producing
IL-5, which is required for eosinophil development and survival, and IL-13, which
induces alternative activation of macrophages, regulates eosinophil entry into tissue,
and activates mucus cell hyperplasia and smooth muscle contraction (Erle & Sheppard,
2014; Molofsky et al, 2013). These cells were first reported under various names
including nuocytes, innate helper type 2 cells, and natural helper cells (Moro et al, 2010;
Neill et al, 2010; Price et al, 2010), but were proposed to be a single population based
on their dependence on the transcription factor RORa and GATAS3; requirements for the
epithelial cytokines IL-33 and IL-25; and production of IL-5, IL-9, and IL-13 (Spits et al,
2013). During infection with the parasitic helminth Nippostrongylus brasiliensis, ILC2s
are the predominant IL-13 producers in the early response in the lung (Neill et al, 2010).

Adoptively transferred ILC2s are sufficient to rescue worm clearance in |IL-25-receptor



deficient IL-17br-/- animals by providing IL-13 (Neill et al, 2010), and drive eosinophilia
and worm expulsion in Rag2/ll12rg double knockout animals (Price et al, 2010).

Although it is clear that ILC2s are a source of IL-5 and IL-13 during worm
infection, the significance of this contribution under physiological conditions in systems
where T cells are activated is still unclear, since there are currently no reagents
available that specifically target ILC2s without altering T cell function. RORa-deficient
staggerer mice lack ILC2s, and cells from these mutant mice have been used in BM
transfer systems as ILC2-deficient models (Halim et al, 2012; Wong et al, 2012), but it
remains unclear whether RORa™ Th2 cells respond normally in these mice in vivo.
Indeed, skewed cytokine production in CD8 T cells, mast cells, and macrophages in
staggerer mice indicate that these mice have widespread immune dysregulation
(Dzhagalov et al, 2004). Additionally, the IL-5 reporter Red5 and the IL-13 reporter
Yetcre13 crossed with Rosa26-DTa mice produce animals that are depleted of IL-5- or
IL-13-producing ILC2s, respectively (Molofsky et al, 2013; Price et al, 2010). However,
these animals also have reduced Th2 cells that express these cytokines. Thus, although
these animal models are extremely useful tools for studying these rare cells, new
markers for ILC2s are required to better interrogate the functional consequences of
ILC2 depletion in the context of intact T cell function. In Chapters 2 and 3, | show that
the enzyme arginase-| (Arg1) is constitutively expressed by ILC2 cells throughout
development, and not by Th2 cells. Genes that are differentially expressed in ILC2s and

Th2 cells, such as Arg1, may provide ways to target ILC2 functions in vivo.



Group 3 innate lymphoid cells

ILC3s are RORyt" mucosal tissue- and lymphoid organ-resident cells that include
lymphoid tissue inducer (LTi) cells, NKp46™ cells that produce IL-22 (NK-22), and ex-
RORyt ILCs that express T-bet and IFNy. LTi cells in the fetus, and their adult
counterpart, LTi-like cells, were the first described ILC3s. These cells are CCR6",
produce IL-17A and IL-22 in response to PMA/lonomycin or IL-23, and are required for
the development of lymph nodes and gut-associated lymphoid tissue (Eberl et al, 2004;
Takatori et al, 2009). LTi and LTi-like cells are subsetted into CD4" (LTis) and CD4"
(LTip) populations, which are both able to produce IL-17A and IL-22 (Sawa et al, 2010).
Both RORyt" populations are represented in the adult mouse, but the frequency of LTig
cells in the fetus may be overestimated in cases where IL-7Ra"CD4™ markers, and not
RORVt, are used to identify these cells. Indeed, other IL-7Ra*CD4" ILC populations
besides LTi cells are present during development, as shown in Chapter 3.

In neonates, most LTi cells reside in developing PPs, while in the adult, LTi-like
cells are additionally found in cryptopatches, lymphoid aggregates in the intestine that
lack T and B cells. Cells at these two sites can be functionally divided by requirements
for the aryl hydrocarbon receptor (AHR), a nuclear receptor activated by ligands
supplied by diet (cruciferous vegetables), commensals, and endogenous molecules.
AHR™ animals lack cryptopatches and isolated lymphoid follicles (ILFs), and have
reduced frequencies of LTis cells in lamina propria, while Peyer’s patch development
and the frequency of LTis cells in PPs in adults remain unaffected (Lee et al, 2012).

These data indicate that fetal LTi and adult LTi-like cells have different activities in the



intestine, and suggest that there are functional differences between cryptopatch and
Peyer’s patch populations in adults.

NK-22 cells are IL-15-independent RORyt"NKp46*CCR6 cells that produce IL-
22, but not IL-17A, in response to IL-23 (Cella et al, 2009). Like adult LTi-like cells,
these cells are dependent on AHR, since NK-22 cells are absent in Ahr’ animals (Lee
et al, 2012). However, germ free mice, and mice fed special diets that lack cruciferous
vegetable-based ligands, still develop NK-22 cells that produce IL-22, suggesting that
endogenous or yet unknown exogenous factors serve as ligands for AHR. NK-22 cells
are found in the human, where they express NKp44 and are CCR6™ (Cella et al, 2009).
Finally, the subset of NKp46*IL-7Ra” cells in the mouse that expresses T-bet and IFNy

(ex-RORVyt cells) is covered in the section on ILC1s.

Development of innate lymphoid cells

IL-7Ra” ILCs share a common precursor that is downstream of the common
lymphoid progenitor. Two transcription factors, Id2 and PLZF, have been used to
independently identify this precursor. 1d2* ILC precursors, which have been termed
progenitors to all helper-like ILCs (CHILPs), are Linld2°IL-7Ra*CD25 a4B7*1lt3" cells
found in bone marrow and fetal liver (Klose et al, 2014). These cells do not express
transcription factors associated with differentiated lineages, including RORyt, T-bet, or
Eomes, although they express intermediate levels of GATA3. Adoptively transferred
bone marrow 1d2" ILC precursors into Rag2/lI2rg hosts differentiate into T-bet” ILC1s,
GATA3" ILC2s, and CCR6" (CD4" and CD4’) and CCR6™ (NKp46* and NKp467) RORyt"
ILC3s subsets, but not T, B, or cNK subsets. Similar results are found with adoptively

transferred fetal liver 1d2" ILC precursors, although it is not clear whether RORyt" and



RORyt NKp46™ cells are equally represented from fetal and adult-derived cells. Co-
transfers of fetal and adult ILC precursors are required to formally test whether these
populations preferentially give rise to different ILC populations.

A proportion of Id2" ILC precursors in bone marrow express PLZF, a transcription
factor expressed by NK T cells (Constantinides et al, 2014). Multiple T-bet*, GATA3",
and RORyt" innate lymphoid populations lineage trace for PLZF, with the exception of
CD4" LTi-like cells. Additionally, CD4" LTi-like cells do not develop from adoptively
transferred PLZF" bone marrow ILC precursors, although these precursors give rise to
other IL-7Ra” innate lymphoid lineages. These data suggest that LTi-like cells develop
from ILC progenitors that precede the PLZF" ILC precursor during development,
although whether fetal LTi cells lineage trace for PLZF is unknown. These two studies
together suggest that ILC precursors are a heterogeneous population, which include

subsets with restricted lineage capacity.

Innate lymphoid cells and lymphoid organ development

Lymph nodes and Peyer’s patches share requirements in the early stages of their
development in the fetus. Lymphoid organogenesis in each case is induced by an initial
wave of IL-7Ra*RORyt'LTa4B2" LTi cells that activates LTBR™ stromal cells (lymphoid
tissue organizers, or LTos) at sites that become the lymphoid organ anlage (Honda et
al, 2001). Activated LTos express LTi-attracting chemokines, such as CXCL13 and
CCL21, which recruit additional LTi cells to the anlage (Honda et al, 2001; Luther et al,
2003). This “second wave” of LTi cells further activates stromal cells at the developing
site. Thus, Lta, Ltb, and Ltbr-deficient animals all have defects in lymphoid organ

development, with most lymph nodes and Peyer’'s patches missing in animals that are



deficient in each of these genes (De Togni et al, 1994; Futterer et al, 1998; Koni et al,
1997). Also, animals that don’t develop LTi cells, such as RORyt"' animals, do not
develop secondary lymphoid tissue, indicating that this cell type is necessary for
organogenesis (Eberl et al, 2004). In addition to lymphotoxin, LTi cells provide other
required factors for lymphoid tissue development, since cross-linking of LTBR can
rescue lymph node development in Lta-deficient mice, but not LTi-deficient RORyt”
animals. These factors are unknown, but are unlikely to include IL-22 since IL-227"
animals still develop lymphoid organs (De Luca et al, 2010; Kreymborg et al, 2007; Ota
et al, 2011).

Major differences between lymph node and Peyer’s patch development are the
initial triggers that recruit the first LTi cells to the lymphoid tissue anlage. At lymph
nodes, Lta-independent CXCL13 expressed by mesenchymal cells attracts LTi cells that
first aggregate at the anlage by E13.5 (van de Pavert et al, 2009). This initial CXCL13
expression is activated by retinoic acid, a vitamin A metabolite. Retinoic acid induces
CXCL13in Lta” mesenchymal cells in vitro, and retinoic acid-supplemented Aldh1a2™
embryos, which are unable to synthesize normal amounts of retinoic acid, do not
express detectable CXCL13 at anlagen by E14.5. Thus, retinoic acid is critical for the
first steps of lymph node organogenesis. At Peyer’s patches, CD11c¢” lymphoid tissue
initiators (LTins) stimulated by RET ligands are proposed to initially activate the anlage,
leading to the recruitment of the first wave of LTi cells (Veiga-Fernandes et al, 2007). In
support of this model, diphtheria toxin-based killing of CD11¢" cells in CD11¢c-DTR mice
leads to reduced Peyer’s patch numbers even with incomplete depletion. CD11¢” cells

express RET, and RET-deficient mice lack Peyer’s patches despite having normal
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frequencies of CD4"IL-7Ra” LTi cells (Veiga-Fernandes et al, 2007). However, whether
total numbers of LTi cells are reduced in RET-deficient animals due to defects in
hematopoietic stem cells is unclear (Fonseca-Pereira et al, 2014). Determining whether
LTi cell aggregation in the intestine is blocked after specific deletion of RET in CD11¢"
cells would provide evidence that these factors work in the same pathway to activate
stromal cells.

Since LTi cells are important for both the induction of lymphoid organ
development as well as during the signal amplification phase, the numbers of LTi cells
in tissue should modulate how these organs develop. Indeed, systems in which LTi
numbers are altered in the intestine have shown differences in lymphoid organ number
and size. In IL-7-overexpressing mice, increased numbers of LTi cells are associated
with increased numbers of Peyer’s patches and follicles per Peyer’s patch (Meier et al,
2007). LTis cell numbers are also regulated by retinoic acid, which promotes the
development of these cells. Blocking retinoic acid signaling within hematopoietic cells
decreases the frequency of LTi4 cells in vivo, and is associated with smaller lymph
nodes, reduced numbers of Peyer’s patches, and fewer follicles per Peyer’s patch (van
de Pavert et al, 2014). In addition, pregnant mice that receive vitamin-A-deficient or
vitamin-A high diets give birth to progeny that have smaller or larger lymphoid organs,
respectively, in adulthood. Thus, alterations in lymphoid organ development during
gestation have lasting effects on animals throughout life. These experiments suggest
that LTi cells, and not LTin cells, determine the number of intestinal lymphoid organs
that develop in the fetus, although it is possible that LTin and LTi cells are regulated by

the same factors. Investigating how LTi cell numbers are modulated in the fetus before

11



and after lymphoid organ development is initiated will be important for determining how

Peyer’s patch size and numbers are determined.

Arginase

The enzyme arginase hydrolyses the conditionally essential amino acid L-
arginine into L-ornithine and urea. Two isoforms of arginase have been described,
arginase-l (Arg1) and arginase-2 (Arg2). These enzymes are encoded by different
genes, and are distinctly regulated in cellular expression. Arg1 is located in
chromosome 10 in mouse and chromosome 6 in human. Within cells, Arg1 protein is
located in the cytosol, and is responsible for completing the urea cycle in hepatocytes.
The urea cycle, a series of biochemical reactions that removes excess nitrogen from
blood by converting ammonia and bicarbonate into urea (Rothberg, 1958), allowed for
the successful evolution of terrestrial, air-breathing animals by converting ammonia into
a more neutral and water soluble compound that could be concentrated into small
volumes of urine (Atkinson, 1992). Arg1-deficient mice are unable to remove ammonia
from blood, and die between postnatal days 10-14 with high plasma levels of ammonia
and arginine (lyer et al, 2002). The second isoform, Arg2, is in chromosome 12 in
mouse and chromosome 14 in human. Arg2 protein is localized in mitochondria and is
widely expressed in cells from nonhepatic tissues including the kidney and small
intestine (Munder, 2009). Arg2-deficient mice are viable, and exhibit no obvious
phenotype except for a 2-fold increase in plasma arginine in adult mice, highlighting the
different functions between the two isoforms (Shi et al, 2001). Arg2 has been proposed
to be the ancestral gene, since the appearance of Arg1 correlates with the evolution of

vertebrates towards a terrestrial lifestyle (Srivastava & Ratha, 2010).
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Arg1 is expressed by hematopoietic cells during infection and wound healing and
has been proposed to have regulatory effects on inflammation and tissue remodeling
during these processes (Munder, 2009). Immune cells that express Arg1 in the mouse
are typically myeloid, with macrophages, dendritic cells, and granulocytes reported to
express the enzyme after activation. In macrophages, Arg1 expression is induced by
various stimuli. During helminth infection and allergic inflammation, IL-4 and IL-13
induce Arg1 expression by activating phosphorylation of STAT6. STAT6 dimers
translocate to the nucleus and together with PU-1, C/EBP, and the coactivator CREB
binding protein, bind to an enhancer element upstream of the Arg7 promoter (Pauleau
et al, 2004). The STAT6-binding sequence of the enhancer element is required for IL-
4/IL-13-dependent Arg1 expression. Other mechanisms leading to the induction of Arg1
expression in macrophages are less characterized. Arg1 is induced in Mycobacteria-
infected macrophages in a manner that is dependent on Myd88 and partially affected by
TIr2 deficiency, while being independent of Stat6 (EI Kasmi et al, 2008). More recently,
Arg1 expression was reported in peritoneal macrophages that was dependent on
GATAG at rest and inducible with retinoic acid (Okabe & Medzhitov, 2014). Finally, lactic
acid induces Arg1 in macrophages in a HIF 1a-dependent manner (Colegio et al, 2014).
Thus, there are several pathways that lead to Arg1 induction in myeloid cells involving
cytokines, metabolites, and pathogen-associated molecules.

Multiple mechanisms have been proposed as to how immune function is altered
by arginase. L-ornithine, a product of arginine metabolism, can be further metabolized
to produce polyamines, which may affect cell proliferation, and proline, a component of

collagen. These molecules have been implicated in immune cell proliferation and
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collagen remodeling in tissue, respectively. Importantly, L-arginine is also metabolized
by nitric oxide synthase (NOS) to produce nitric oxide, a molecule that is toxic to cells
and pathogenic organisms. As a competitive enzyme for L-arginine metabolism,
arginase has been proposed to limit substrate availability for the synthesis of reactive
nitrogen intermediates. Despite these proposed affects on immunity, there has been
difficulty in finding requirements for Arg1 by myeloid cells in the lung during type 2
inflammation. Cellular infiltration, mucus and collagen production, and Th2 cytokine
production are not altered by Arg1-deficiency in myeloid cells during chronic airway
inflammation to Schistosoma mansoni eggs, ovalbumin, or Aspergillus fumigatus
(Barron et al, 2013). However, there is evidence that Arg1 is important for immunity in
the liver, since LysMcre/Arg1”™ animals infected with S. mansoni by tail exposure die
quicker than control mice, and have greater granulomatous inflammation and liver
fibrosis (Pesce et al, 2009).

The advancement of tools to study Arg1 has opened the field to further
investigation. Previously, arginase inhibitors such as NOHA or BEC were used to block
Arg1 while bypassing the lethal effects of knocking out the Arg7 gene (Tenu et al,
1999), but these inhibitors affect both arginase isoforms and may have widespread
effects on liver and mitochondrial function. Now, using commercially available Arg1ﬂ°X
animals, the Arg1 gene can be deleted in specific populations to study the in vivo
functions of this enzyme in different cell types (El Kasmi et al, 2008). Also, the Arg1¥""
(YARG) reporter mouse allows for identification of additional cells that express Arg1

(Reese et al, 2007). In this thesis, the Arg1'™" mouse was used extensively in chapters
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2 and 3, in which | demonstrate that specific non-myeloid populations, including ILC1s,

ILC2s, ILC3s, and ILC precursors, express Arg1.
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Chapter Two:

Type 2 innate lymphoid cells constitutively express
arginase-l in the naive and inflamed lung

The text in this chapter has been published as: Bando JK, Nussbaum JC, Liang H-E,
Locksley RM. Type 2 innate lymphoid cells constitutively express arginase-| in the naive
and inflamed lung (2013) Journal of Leukocyte Biology. 94(5):877-84 (2013)
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Abstract

Arginase-| is produced by alternatively activated macrophages (AAMs) and is
proposed to have a regulatory role during asthma and allergic inflammation. Here, we
use an arginase-I-YFP (Yarg) reporter mouse to identify additional cellular sources of
the enzyme in the lung. We demonstrate that type 2 innate lymphoid cells (ILC2s)
express arginase-| at rest and during infection with the migratory helminth,
Nippostrongylus brasiliensis. In contrast to AAMs, which express arginase-| following IL-
4/1L-13-mediated STATG6 activation, ILC2s constitutively express the enzyme in a
STATG6-independent manner. Although ILC2s deficient in the IL-33 receptor subunit
T1/ST2 maintain arginase-l expression, IL-33 can regulate total lung arginase-I| both by
expanding the ILC2 population and by activating macrophages indirectly via STATG.
Finally, we find that ILC2 arginase-| does not mediate ILC2 accumulation, ILC2
production of IL-5 and IL-13, or collagen production during N. brasiliensis infection.
Thus, ILC2s are a novel source of arginase-I in resting tissue and during allergic

inflammation.
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Introduction

Arginase-| is a urea cycle enzyme that hydrolyzes L-arginine into L-ornithine and
urea (Morris, 2002). First identified in the mammalian liver, arginase-| is also highly
induced during type 2 inflammation caused by allergens or parasites. Elevated
arginase-l expression in lung tissue is observed in asthma models induced by
sensitization with ovalbumin or Aspergillus fumigatus, as well as during helminth
infection with Nippostrongylus brasiliensis larvae and Schistosoma mansoni eggs
(Reece et al, 2006; Sandler et al, 2003; Zimmermann et al, 2003). Although arginase-I
has been shown to suppress S. mansoni-induced fibrosis in the liver (Pesce et al,
2009), the functions of this enzyme in the lung during type 2 responses have been
elusive (Barron et al, 2013).

Previous studies have demonstrated that macrophages activated by type 2
cytokines produce arginase-I during inflammation (Herbert et al, 2004; Hesse et al,
2001; Munder et al, 1998). Macrophages stimulated in this manner express a distinct
set of genes in addition to arginase-| including chitinase 3-like 3 (Chi3/3)/Ym1, resistin-
like alpha (Retnla)/Fizz1, and macrophage mannose receptor (MMR, Mrc1), and are
designated alternatively activated in contrast to macrophages classically activated by
IFNy (Nair et al, 2003; Stein et al, 1992; Welch et al, 2002). Components of the IL-4/IL-
13 signaling pathway required for alternative activation include IL-4Ra, which
complexes with the common gamma chain or IL-13Ra1 to form the IL-4R and IL-13R,
respectively (Herbert et al, 2004), and STATG6, which is phosphorylated by IL-4R- and
IL-13R-associated kinases and directly activates arginase-l gene expression (Pauleau

et al, 2004; Rutschman et al, 2001). Although macrophages constitute a significant

18



source of arginase-I| during type 2 inflammation, additional cellular sources of this
enzyme have not been defined.

Type 2 innate lymphoid cells (ILC2s) are recently discovered cells that
accumulate in tissue during type 2 inflammation, where they are important sources of
IL-5 and IL-13 (Moro et al, 2010; Neill et al, 2010; Price et al, 2010). ILC2s are
characterized as lineage-negative cells that express IL-7Raand T1/ST2, a component
of the IL-33 receptor (Moro et al, 2010; Neill et al, 2010). Exogenous IL-33 increases
ILC2 numbers, and T1/ST2-deficient mice have reduced ILC2s during inflammation,
suggesting that IL-33 is critical for the expansion of this population (Neill et al, 2010;
Price et al, 2010). The epithelial cytokines TSLP and IL-25 have additionally been
shown to be important in ILC2 responses (Halim et al, 2012; Neill et al, 2010). Further
understanding of ILC2 signaling and activation is needed to identify other functions of
these cells during homeostasis and inflammation.

In this study, we characterize leukocyte populations that express arginase-I in the
lung both at rest and during infection with the helminth N. brasiliensis. We show that
ILC2s are a previously undescribed source of arginase-l in the lung, and that these cells
express arginase-l independently of STAT6. We determine that IL-33 can regulate
arginase activity in the lung both by increasing ILC2 numbers and by activating
macrophages indirectly through cytokine-mediated STAT6 activation. Thus, arginase-I
is regulated by STAT6-dependent and —independent pathways in discrete

hematopoietic populations during type 2 inflammation.
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Results

Arginase-l is expressed by type 2 innate lymphoid cells and alternatively activated
macrophages in the lung during N. brasiliensis infection

To characterize hematopoietic populations that express arginase-l, we generated
Arg1-YFP reporter mice, in which IRES-eYFP was inserted in exon 8 downstream of the
endogenous stop codon and upstream of the 3’ untranslated region (Reese et al, 2007).
This insertion does not disrupt arginase-l expression as determined by enzyme assays
conducted on tissue isolated from homozygous mice (data not shown). To induce type 2
inflammation, Arg1-YFP mice were infected subcutaneously with N. brasiliensis, which
migrates through the lung within the first few days of infection (Camberis et al, 2003).
Worms translocate to the intestine by day 3, but lung inflammation continues to intensify
through 9-10 days post-infection (Voehringer et al, 2004).

On day 9, two major YFP™ populations were detected in the lung, which could be
distinguished on the basis of CD11b expression (Fig 1a). YFP" CD11b" cells were
macrophages based on expression of F4/80, MHC class II, and high autofluorescence
(Fig 1b). These cells were also CD11c¢” and Siglec-F*, consistent with their identification
as alveolar macrophages. In contrast, the YFP*CD11b™ population lacked
autofluorescence as well as the myeloid and lymphoid lineage markers CD11c, CD3,
B220, and NK1.1 (Fig 1c and data not shown). We identified these lineage” cells as
ILC2s based on their expression of IL-7Ra, T1/ST2, ICOS, KLRG1, and CD25. Over
90% of all T1/ST2" ILC2s expressed YFP, making arginase-l an unexpected marker of
ILC2s in the inflamed lung (Fig 1d).

To verify that ILC2s express arginase in wild-type mice, an enzyme assay was

conducted to quantify urea production in lysates of cells sorted from the lungs of
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Figure 1. Arginase-I is expressed by type 2 innate lymphoid cells and alternatively
activated macrophages in the lung during N. brasiliensis infection

(A) Flow cytometric analysis of YFP expression at day 9 of N. brasiliensis infection in
Arg1-YFP mouse lungs. A wild-type control was used to set gates (left plot) and an
open channel was used to identify autofluorescence. CD11b expression in YFP™ cells is
shown in the right plot.

(B) Characterization of cell surface markers expressed by YFP*CD11b" cells by flow
cytometry. Shaded histograms represent isotype controls except in the histogram
depicting autofluorescence, where the shaded plot represents autofluorescence in
lymphocytes.

(C) Cell surface markers expressed by YFP'CD11b™ cells determined by flow cytometry.
Shaded histograms are isotype controls.

(D) Expression of YFP in LinIL-7Ra*T1/ST2" ILC2s. Cells were previously gated on live
CD11b°CD3 CD19'NK1.1" cells. The shaded histogram is from a wild-type control.

(E) Arginase enzyme assay in sorted lung populations from infected C57BL/6 mice.
1.25x10* cells of each population were sorted from day 12 infected lungs, lysed, and
assayed for urea production in a 2 hr reaction in the presence of arginine. Data are
representative of 2 independent experiments. n=4-5 mice per group, with samples from
each mouse individually sorted. *p<0.05, **p=<0.01.

(F) Percent of YFP™ cells that are CD11b™ (ILC2s) or CD11b" (macrophages). n=6,
pooled from 2 independent experiments ****p<0.0001.
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Supplementary Figure 1. Assessment of AAM marker expression by ILC2s

(A) Expression of CD206/macrophage mannose receptor by macrophages
(F4/80"autofluorescent™) or ILC2s (Lin'IL-7Ra*T1/ST2") in day 10-infected C57BL/6
lungs. Shaded histograms indicate isotype controls. Rat anti-mouse CD206 (MR5D3)
antibodies were purchased from AbD Serotec.

(B) Relative expression of Arg1, Retnla/FI1ZZ1 and Chi3I3/Ym1 mRNA in lung AAMs
(YFP+CD11b+), lung ILC2s (YFP+CD11b-), and splenic B cells sorted from day 10-
infected Arg1-YFP mice. Relative expression of Emr1 (F4/80) mRNA is shown to
demonstrate that sorted ILC2s samples did not contain AAMs. n=4-8, with each symbol
representing a sort from an individual animal. **p<0.01. Primer sequences were Actb
forward 5-GTG ACG TTG ACA TCC GTA AAG A-3’ and reverse 5-GCC GGA CTC
ATC GTA CTC C-3’ (ID: 145966868c1); Emr1 forward 5-TGA CTC ACC TTG TGG
TCC TAA-3’ and reverse 5’-CTT CCC AGA ATC CAG TCT TTC C-3’ (ID: 2078508a1);
Arg1 forward 5’-CTC CAA GCC AAA GTC CTT AGA G-3’ and reverse 5-AGG AGC
TGT CAT TAG GGA CAT C-3’ (ID: 158966684c1); Retnla forward 5-CCA ATC CAG
CTA ACT ATC CCT CC-3’ and reverse 5-ACC CAG TAG CAG TCA TCC CA-3’ (ID:
10048446a1); and Chi3I3 forward 5-CAG GTC TGG CAATTC TTC TGA A-3’ and
reverse 5-GTC TTG CTC ATG TGT GTA AGT GA-3’ (ID: 6753416a1). All sequences
were selected from PrimerBank (Massachusetts General Hospital, Boston, MA).
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infected C57BL/6 mice. Arginase enzyme activity was detected in ILC2 (Lin’IL-
7Ra*T1/ST2*) and macrophage (CD11b*autofluorescent™), but not eosinophil cell
lysates, validating our findings with the reporter mouse (Fig 1e). Based on enzyme
activity, macrophages produced over 10-fold more arginase per cell than ILC2s.
Arginase-I" macrophages were also more abundant than ILC2s, which comprised about
25% of all arginase-I" cells (Fig 1f).

To determine whether ILC2s shared other markers expressed by alternative
activated macrophages, cells were assessed for expression of MMR, Retnla/FIZZ1, and
Chi3I3/Ym1. ILC2s did not express MMR as assessed by flow cytometry, or Retnla
mMRNA as determined by g-PCR (S1a, b). Chi3I3 mRNA was detected in ILC2s, and not
in B cells, although expression levels of Chi3I3 by ILC2s was low in comparison to
AAMs; the difference in Chi3I3 expression between AAMs and ILC2s was 48-fold, in
comparison to the 6-fold difference in Arg7 expression between the two populations.
Thus, ILC2s express arginase-| without activating other components of the traditional
transcriptional program associated with alternative activation in macrophages, with the

possible exception of Chi3I3.

Type 2 innate lymphoid cells constitutively express arginase-I

The IL-4/IL-13/STATG6 signaling pathway induces alternatively activated genes,
including Arg1, in macrophages (Herbert et al, 2004; Hesse et al, 2001; Munder et al,
1998; Pauleau et al, 2004; Rutschman et al, 2001). Because lung ILC2s express the
receptor subunits IL-4Ra, CD132 (common gamma chain), and IL-13Ra1, these cells

have the potential to respond to IL-4 and IL-13 (Fig 2a). We investigated whether
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Figure 2. Type 2 innate lymphoid cells constitutively express arginase-/

(A) Expression of receptor subunits for type | and type Il IL-4R in Lin'IL-7Ra*T1/ST2*
ILC2s by flow cytometry. Mice were infected with N. brasiliensis and lung cells were
stained on day 9. Shaded histograms represent isotype controls.

(B) YFP expression in lung ILC2s and (C) macrophages in STAT6-deficient mice. Cells
were obtained from N. brasiliensis infected lungs on day 9. Flow cytometry plots on the
left show the gating scheme used to obtain percentages graphed in the right panel.
ILC2 plots were previously gated on live CD11b"CD3'CD19'NK1.1" cells. Data are
representative of 2 independent experiments. n=4-5, **p<0.01.

(D) YFP expression in ILC2s isolated from the lungs of naive mice. Plots were
previously gated on live CD11b"CD3 CD19'NK1.1" cells. n=6, pooled from 2
independent experiments.

(E) YFP expression in LinIL-7Ra*T1/ST2" cells from the mesenteric lymph nodes
(mLN), spleen, and small intestine of naive mice. Plots were previously gated on
CD11b"'CD3 CD19'NK1.1" cells for the mesenteric lymph nodes, and CD11b"CD3'CD%
CD19'NK1.1" cells for the spleen and small intestine.

(F) Percent of YFP" cells that are ILC2s or macrophages in the naive lung. n=6, pooled
from 2 independent experiments. ****p<0.0001
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arginase-l expression by ILC2s was induced by IL-4/IL-13/STAT6 signaling by crossing
arginase-| reporter mice with STAT6-deficient mice. Interestingly, LinIL-7Ra*T1/ST2*
lung ILC2s isolated from STAT6-deficient mice at 10 days post infection (dpi)
maintained arginase-| expression (Fig 2b). In contrast, the percentage of F4/80"
autofluorescent macrophages that expressed arginase-| was reduced by >30-fold in
infected STAT6 knock-out mice (Fig 2c).

Since arginase-| expression in ILC2s was not induced by STAT6 signaling, we
investigated whether naive ILC2s expressed the enzyme at rest. Indeed, >90% of ILC2s
isolated from the naive lung, mesenteric lymph nodes, spleen, and small intestine
expressed arginase-l, indicating that ILC2s express the enzyme constitutively (Fig 2d,
e). In the uninfected lung, ILC2s comprised over 90% of all arginase-I* cells (Fig 2f),
making this population the primary hematopoietic cell source of arginase-l in the resting

lung.

Arginase-I deficiency does not affect ILC2 numbers or cytokine production

We next investigated whether arginase-| expression is required for ILC2
accumulation or function. Arginase-I-deficiency in mice is fatal two weeks after birth due
to loss of the enzyme in hepatic cells (lyer et al, 2002). To circumvent this issue,
arginase-| floxed (Arg1-flox) mice have been generated to facilitate deletion of the
enzyme in specific cell types of interest (El Kasmi et al, 2008). To target arginase-|
deletion to ILC2s, we used Red5 mice, in which the IL-5 locus is disrupted by a
construct containing RFP-IRES-Cre recombinase (Molofsky et al, 2013). In these mice,

ILCZ2s, but not macrophages, express RFP and Cre in N. brasiliensis-infected lungs as
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Figure 3. Arginase-I deficiency does not affect ILC2 numbers or cytokine production

(A) RFP expression in ILC2s (top plots) or macrophages (bottom plots) in Red5 lungs
on day 10 of N. brasiliensis infection. The shaded histograms represent wild-type
controls. Plots for ILC2s were previously gated on live CD11b"CD3"CD19'NK1.1 cells.
(B) RFP expression in ILC2s from Red5-Arg1""* jungs at day 10 of infection. The
shaded histogram represents a wild-type control. Plots were previously gated on live
CD11b’CD3 CD19'NK1.1" cells.

(C) Arginase enzyme assay in ILC2s sorted from Red5-Arg1™"* jungs. 1.25x10* Lin"
IL-7Ra*T1/ST2" cells or CD4" T cells were sorted from lungs at day 10 of N. brasiliensis
infection, lysed, and assayed for urea production over a 2 hr reaction in the presence of
arginine. n=6, pooled from 2 independent experiments, with each n being a sort from an
individual mouse. ***p<0.001

(D) Worm burden in Red5-Arg1"™°* ' Red5-Arg1"*, and Rag2”" positive controls at
day 10 of infection. Data are representative of 2 independent experiments. n=4-5.

(E) Total lung RFP* ILC2 counts in Red5-Arg1"™°* mice compared to Red5-Arg 1"
controls at day 10 of infection. Data are representative of 3 independent experiments.
n=5-6

(F) IL-13 detected in the supernatants of unstimulated cultures of ILC2s. ILC2s were
sorted from day 10-infected mouse lungs and incubated in complete RPMI for 8 hr. Data
are representative of 2 independent experiments. n=5.

(G) Assessment of uncrosslinked collagen in Red5-Arg1"™°* mice at day 10 of
infection. Acid- and pepsin- soluble collagen was extracted from the right superior lobe
of the lung. Data are representative of 2 independent experiments. n=5-6.
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detected by flow cytometry (Fig 3a). We crossed Red5 mice with Arg1-flox mice to
generate Red5-Arg1™""™ mice, in which cells expressing IL-5 activate the recombinase

and delete the Arg? gene. Red5-Arg 1"/

mice were healthy and had no obvious
abnormalities (data not shown).

In N. brasiliensis-infected Red5-Arg1"/"® mice, the percentage of the ILC2
population that expressed RFP was similar to that seen in Red5 mice, indicating that
there was no selective growth advantage in rare Red5-negative cells (Fig 3b). ILC2
lysates from these mice were deficient in arginase activity as assayed by urea
production, indicating successful deletion of the Arg7 gene (Fig 3c). The lack of enzyme
activity in arginase-I-deficient ILC2s also demonstrated that mitochondrial arginase-l|
does not compensate for the absence of arginase-I in these cells.

Red5-Arg1"/™* mice cleared worms normally by day 10 of infection (Fig 3d). At
this time point, equivalent numbers of IL-5-producing ILC2s were present in infected
Red5-Arg1"®™* Jungs as compared to Red5-Arg1"/* controls based on RFP* cell
counts (Fig 3e). The MFI of RFP also was unchanged by arginase-| deficiency (3a, b,
and data not shown). To assay other cytokines, ILC2s were sorted from infected lungs
and cultured without stimulation. After 8 hr, supernatants from arginase-I-deficient and -
sufficient ILC2 cultures contained equivalent amounts of IL-13, while IL-9 was
undetectable in all cultures (Fig 3f and data not shown). Thus, arginase-l does not
influence the accumulation of cytokine-producing ILC2s in the lung during worm
infection.

To assay collagen production, infected lungs were digested overnight with pepsin

and acetic acid to solubilize uncrosslinked collagen. There was no difference in the
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amounts of acid- and pepsin- soluble collagen extracted from Red5-Arg1™°% jungs
and Red5—Arg1ﬂ°X’+ controls, indicating that loss of ILC2-derived arginase-I does not

affect collagen production during N. brasiliensis infection (Fig 3g).

IL-33 can regulate arginase-I" cell numbers in lung tissue

IL-33, a member of the IL-1 superfamily of cytokines, has been implicated in the
activation and expansion of ILC2s (Moro et al, 2010; Neill et al, 2010; Price et al, 2010).
We reasoned that IL-33 could alter arginase-l expression in the lung by regulating ILC2
cell numbers. We first investigated whether arginase-| expression in ILC2s was affected
by IL-33R deficiency using T1/ST2" mice. This deficiency precludes the use of T1/ST2
as a marker of ILC2s, so this population was identified as Lin'IL-7Ra*CD25" (Fig 4a).
Based on these markers, ILC2s continue to express arginase-l in the absence of IL-33R
(Fig 4a, b), providing additional evidence for constitutive expression of this enzyme. As
expected, there were significantly fewer CD11b™ arginase-I" cells (ILC2s) in T1/ST2™"
lungs compared to wild-type controls on day 9 of infection (Fig 4c).

To test whether IL-33 is sufficient to increase arginase-| expression in the lung by
expanding ILC2s, recombinant IL-33 was administered to wild-type Arg1-YFP mice
intranasally for three days. On day four, there were higher numbers of both arginase-I*
ILC2s and macrophages in the lung following IL-33 treatment (Fig 4d). Since IL-33 can
induce the production of type 2 cytokines, we investigated whether the increase in the
numbers of these two arginase-I” cell types was due to IL-4/IL-13 signaling. In STAT6-
deficient mice treated with recombinant IL-33, arginase-l expression by macrophages

was significantly abrogated (Fig 4d). In contrast, arginase-I" ILC2 numbers remained

31



A CD11b"CD3CD4 CD8CD5CD19'NK1.1- B

o 100
T1/ST2+/+ w
& > 80
m: , ) %)
A 38 60
— o
° o X
=2
10° ©
£ 20
g 10*,
TIST2- & w 0
= .
, <&
\\%
C D
*%
o * *
o
x 3 140
" =
£ __ 25 ) 120
52 &% 52
238 20 =z 2 % 100
5 58 TR
© c 15 9 =1 05 60
O 5 o o ¥ g
ag 10 T &8 4
- > = —
— é’, 5 [0] >3
a & 8 20
O 9 ole
& x
> \é{L ?'SQ)
N $ /é\
P P
N K¢

Figure 4. IL-33 can regulate arginase-I" cell numbers in lung tissue

(A) Identification of ILC2s in T1/ST2-deficient mouse lungs using IL-7Ra and CD25.
Cells are from day 9 of N. brasiliensis infection.

(B) Percent of lung ILC2s that express YFP in T1/ST2-deficient mice during
inflammation. Cells were isolated from the left lung lobe at day 9 of N. brasiliensis
infection. n=4

(C) Total lung YFP*CD11b™ (ILC2) cell counts from infected T1/ST2-deficient mice. Cell
counts are from the left lung lobe at day 9 of N. brasiliensis infection. Data are pooled
from 2 independent experiments. n=7, ***p<0.001.

(D) Total lung YFP'CD11b™ (ILC2) and YFP'CD11b" (alternatively activated
macrophage) cell counts after administration of intranasal IL-33 in STAT6-deficient and
-sufficient mice. 500 ng IL-33 was administered daily for 3 days, and cell counts in the
whole lung were determined on day 4. n=6, and are the pooled data from 2 independent
experiments. *p<0.05, **p<0.01
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elevated even in the absence of STAT6 signaling. These data demonstrate that IL-33
can increase lung arginase-| in two ways: by STAT6-independent expansion of the pool
of constitutively arginase-I" ILC2s and by induction of IL-4/IL-13 leading to STAT6-

dependent alternative macrophage activation.

Discussion

Elevated arginase-| expression has been observed in the lung during type 2
inflammation, but a thorough survey of the cells responsible for producing this enzyme
has not been performed. In this study, we used an arginase-| reporter mouse to identify
cells that express this enzyme in vivo, and determined that both macrophages and
ILC2s express arginase-l in the lung during helminth infection. Although our data
confirm prior findings that alternatively activated macrophages are the predominant
source of arginase-I in the N. brasiliensis-infected lung based on abundance and
enzyme activity per cell (Reece et al, 2006), we identify ILC2s as the primary
hematopoietic source of arginase-l under resting conditions.

Our identification of ILC2s was based on cell surface markers (IL-7Ra, T1/ST2,
ICOS, and CD25) and FSC/SSC characteristics widely used to describe IL-5-or IL-13-
producing lineage-negative cells. Based on these markers, over 90% of ILC2s express
arginase-l in both the resting and infected lung, making this enzyme a consistent marker
for lung ILC2s. Thus, the Arg1-YFP reporter mouse will be a useful tool for identifying
lung ILC2s in future studies. Although we demonstrated that ILC2s expressed arginase-
| in other organs, including the mesenteric lymph node, spleen, and small intestine, the
full characterization of cell populations that express arginase-l in these tissues remains

to be determined. Still, Arg1, in combination with other ILC2 genes, may be useful to
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genetically target these cells without relying on cytokine production for identification.
The discovery of new markers for ILC2s remains important, since there are few known
ILC2 genes that are distinct from those expressed by T cell subsets.

In this study, we used STAT6-deficient mice to establish that the I1L-4/IL-
13/STATG signaling pathway is not required for arginase-| expression in ILC2s. It
remains to be determined how Arg1 transcription is regulated in ILC2s. STAT6-
independent mechanisms that induce arginase-| exist in macrophages, although they
have not been described during type 2 inflammatory responses. During Mycobacterium
bovis infection, arginase-l is regulated by MyD88 and the transcription factor C/EBP,
which binds to an enhancer upstream of Arg7 and can regulate gene expression in the
absence of STAT6 (El Kasmi et al, 2008). Although it is unlikely that MyD88 signaling
activates arginase-| expression in ILC2s due to the constitutive expression of this
enzyme in naive and T1/ST2 KO mice, involvement of C/EBP in ILC2 arginase-I
expression will require further investigation. Future studies determining whether the
constitutive expression of arginase-| is established during ILC2 development may lead
to insights as to how expression of arginase-l is controlled.

IL-33 has been shown to be an important factor in the activation and expansion
of ILC2s. Here, we demonstrate that IL-33 can enhance the expression of arginase-| in
the lung by expanding the size of the ILC2 compartment but not the level of arginase-|
expression per cell. We anticipate that other cytokines that expand ILC2 numbers, such
as TSLP and IL-25, will also increase arginase-| expression in the lung by this
mechanism. Since IL-33, TSLP, and IL-25 are implicated in the initiation of type 2

responses, we speculate that ILC2 recruitment and expansion may represent a rapid
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mechanism for increasing arginase activity in tissue. Experiments examining the
kinetics of ILC2 numbers and macrophage activation after different types of stimuli and
in additional tissues will elucidate this further.

The two pathways that serve to enhance arginase-| expression in the lung during
type 2 inflammation suggest that this enzyme has important roles in this tissue. Despite
this, the function of arginase-I in the lung has been elusive. Our data using mice
deficient in arginase-l specifically in ILC2s indicate that arginase-| expression does not
affect ILC2 numbers or cytokine production in the lung after worm infection. However,
arginase-l was deleted in cells that produce IL-5, and therefore we cannot exclude a
role for the enzyme early in ILC2 development or differentiation. Future studies targeting
arginase-l expression using alternative strategies in ILCs may shed light on additional
functions of these cells and their enzymatic activities.

We speculate that the effects of arginase-l expression by ILC2s will be seen
more prominently in environments where AAMs are absent. ILC2s are present in naive
mice, and thus it will be of interest to study whether enzyme production by this cell type
is important for maintenance of tissue homeostasis. The immune and metabolic
functions of arginase-| expression by ILC2s in various tissues in naive and infected

mice remain intriguing areas for investigation.
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Materials and Methods

Mice

Arg1-YFP (also called YFP-Arg1, or Yarg) mice were previously described
(Reese et al, 2007). Red5 mice contain an RFP-IRES-Cre recombinase construct that
replaces the endogenous /L5 gene as described (Molofsky et al, 2013). STAT6” mice
and Arg1-flox mice were purchased from Jackson Laboratories (Bar Harbor, ME) (El
Kasmi et al, 2008; Kaplan et al, 1996). T1/ST2-deficient mice (a generous gift from M.
Steinhoff, University of California, San Francisco, CA) have been described (Hoshino et
al, 1999). All mice were backcrossed to C57BL/6 for at least 10 generations. Studies
were conducted in accordance with the UCSF Institutional Animal Care and Use

Committee.

Tissue dissociation

Lungs were perfused with 10 ml PBS, removed, minced, and pressed through a
70 um nylon mesh to obtain a single-cell suspension. Small intestines were digested in
0.1 Wunsch/ml Liberase TM (Roche Applied Science, Indianapolis, IN) for 4 cycles of
20 min incubations and filtered through 70 um nylon mesh. Hematopoietic intestinal

cells were enriched by Percoll density gradient separation.

Flow cytometry

Rat anti-mouse CD3 (17A2), rat anti-mouse IL-7Ra (A7R34), rat anti-mouse
F4/80 (BM8), rat anti-mouse Ly6G (RB6-8C5), mouse anti-mouse NK1.1 (PK136), rat
anti-mouse MHC class Il (M5/114.15.2) and rat anti-mouse IL-13Ra1 (13MOKA)

antibodies and streptavidin APC were purchased from eBioscience (San Diego, CA); rat
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anti-mouse CD11b (M1/70), Armenian hamster anti-mouse CD11c (HL3), rat anti-
mouse CD132 (FCM), and rat anti-mouse Siglec-F (E50-2440) antibodies were
purchased from BD Pharmingen (San Jose, CA); rat anti-mouse B220 (RA3-6B2), rat
anti-mouse CD25 (PC61), Syrian hamster anti-mouse KLRG1 (2F1/KLRg1), and
Armenian hamster anti-mouse ICOS (C398.4A) were purchased from Biolegend (San
Diego, CA); and rat anti-mouse T1/ST2 (DJ8) antibodies were purchased from MD
Bioproducts (St. Paul, MN).

Antibody-stained samples were incubated with DAPI and live cells were selected
by gating on DAPI cells that had a cellular FSC/SSC profile. To gate on Arg1-YFP*
macrophages, an open channel was used (PE, PerCP-cy5.5 or AmCyan) to account for
autofluorescence. Cell surface marker expression on macrophages, with the exception
of Siglec-F, was determined using APC-conjugated antibodies, because macrophage
autofluorescence was minimal in the APC channel. Autofluorescence histograms were
determined by comparing macrophages to lymphocytes in the PerCP-cy5.5 channel.
Cell counts were calculated using CountBright absolute counting beads (Invitrogen,
Grand Island, NY). Flow cytometry experiments were done using a BD Biosciences LSR

Il with FACSDiva software. Data were analyzed with FlowJo (TreeStar, Ashland, OR).

Nippostrongylus brasiliensis infection

Mice were infected with N. brasiliensis as described (Voehringer et al, 2004).
Briefly, mice were anesthetized with isofluorane and injected with 500 third stage larvae
(L3) subcutaneously in 200 pl saline. Mice were kept on antibiotic water (2 g/L neomycin

sulfate, 100 mg/L Polymixin B) for the first 5 days post infection. Worm burden was
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assessed in the small intestine by incubating filleted tissue in 10 ml of HBSS for 2 hr

and counting worms under a dissecting microscope.

IL-33 treatment
Mice were anesthetized with isofluorane and given 500 ng of recombinant IL-33
(R&D, Minneapolis, MN) in 20 ul PBS i.n. for three consecutive days. On the fourth day,

whole lungs were isolated for flow cytometry.

Measurement of ILC2 cytokine production

1x10* Lin'IL-7Ra*T1/ST2" ILC2s were sorted from infected lungs using a MoFlo
XDP (Beckman Coulter, Brea, CA), and cells were incubated in 100 ul of complete
RPMI at 37°C. After 8 hr, supernatants were assayed for IL-9 and IL-13 by cytokine

bead array (BD Biosciences).

Measurement of acid- and pepsin- soluble collagen
The superior lobes of infected mouse lungs were finely minced and incubated
with 0.1 mg/ml pepsin (Sigma) in 0.5 M acetic acid overnight. Supernatants were

neutralized and labeled with Sircol dye (Biocolor, UK).

Arginase enzyme activity assay

Eosinophils, ILC2s, and macrophages were sorted from C57BL/6 mice, and
arginase enzyme activity was determined using a modified version of published
methods (Corraliza et al, 1994). 2.5x10* cells from each population were lysed in 50 pl
of 0.1% Triton X-100 containing protease inhibitors (Complete Mini protease inhibitor

cocktail, EDTA-free, Roche Applied Science, Indianapolis, IN), and incubated with 50 pl
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of 10 mM MnCl 4H20, 50 mM Tris-HCI, pH 7.5, for 10 min at 55°C to activate arginase.
50 ul aliquots were transferred to two Eppendorf tubes and mixed with 50 yl of 0.5 M
arginine, pH 9.7 (Sigma, St. Louis, MO). Samples were either incubated for 2 hr at 37°C
and then stopped with 400 ul of a 1:3:7 acid mixture of H,SO4, H3PO4, and H,O, or were
immediately stopped to establish urea production at time zero. 12.5 ul of 9% a-
isonitrosopropiophenone (Sigma) dissolved in 100% ethanol were added to stopped
samples and incubated at 95°C. ODs were read at 540 nm with a microplate reader
(Molecular Devices, Sunnyvale, CA), and arginase enzyme activity was determined by
subtracting the urea detected in samples at time zero from the urea detected after the

two hr reaction.

Statistics

Data were analyzed using the two-tailed unpaired Student’s t-test.
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Chapter Three:

|dentification and distribution of ILC precursors in the fetal
mouse intestine

The text in this chapter has been submitted as: Bando JK, Liang H-E, Locksley RM.
Identification and distribution of ILC precursors in the fetal mouse intestine.
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Abstract

Fetal lymphoid tissue inducer (LTi) cells are required for lymph node and Peyer’s
patch (PP) organogenesis, but where these specialized group 3 innate lymphoid cells
(ILC3s) develop remains unclear. Here, we identify extrahepatic arginase-17, 1d2" ILC
precursors in the fetus (fILCPs) that differentiate into ILC1s, ILC2s, and ILC3s. These
precursors populate the intestine by E13.5, and prior to PP organogenesis (E14.5-E15),
are broadly dispersed in the proximal gut, correlating with where PPs first develop. At
E16.5, after PP development begins, fILCPs accumulate at PP anlagen in a
lymphotoxin-a-dependent manner. Thus, fILCPs exit the liver and accumulate in the
intestine, where they are recruited to the primordial PP by activated stromal cells and

become a localized source of mature ILC populations.
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Introduction

Peyer’s patches (PPs) are aggregated lymphoid follicles in the small intestine
that sample intestinal luminal antigens and facilitate mucosal immune responses. In the
mouse, PP organogenesis is induced during fetal development by hematopoietic
lineage (Lin)c-kit'IL-7Ra"CD4""RORyt" lymphoid tissue inducer (LTi) cells (Eberl et al,
2004; Yoshida et al, 1999). LTi cells induce PP development by activating lymphotoxin-
B receptor (LTBR) signaling in stromal lymphoid tissue organizer (LTo) cells through
expression of the LTBR ligand, LTa43, (De Togni et al, 1994; Futterer et al, 1998;
Honda et al, 2001; Koni et al, 1997). Activated LTo cells initiate a positive feedback loop
by expressing chemokines that attract additional LTi cells to the anlage (Honda et al,
2001; Okuda et al, 2007). LTi cells are essential for secondary lymphoid tissue
development, since LTi-deficient RORyt"' mice do not develop PPs or lymph nodes
(Eberl et al, 2004).

LTi cells belong to a family of innate lymphoid cells (ILCs), which are dependent
on common gamma chain (y;) cytokines for development, but lack common lineage
markers and do not express somatically rearranged receptor genes dependent on
recombination activating genes (Rag1/Rag?2) (Spits & Cupedo, 2012). ILCs participate
in a wide range of immune responses, and have been divided into groups based on
transcription factor and cytokine expression. Group 1 ILCs (ILC1s) express the
transcription factor T-bet and produce the cytokine IFNy; group 2 ILCs (ILC2s) express
high levels of the transcription factor GATA3 and produce the cytokines IL-5 and IL-13;
and group 3 ILCs (ILC3s), which include fetal LTi cells, express the transcription factor

RORyt and produce the cytokines IL-22 and IL-17A. In contrast to other innate lymphoid
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populations, LTi cells are abundant in the fetal intestine and are the only described ILCs
in the fetal mouse that function in organ development.

The development of LTi cells and other ILCs is dependent on the E2A
transcriptional inhibitor Id2, indicating a shared developmental pathway for ILC lineages
(Moro et al, 2010; Satoh-Takayama et al, 2010; Yokota et al, 1999). Lin1d2*a4B7flt3"
CD25 ILC precursors have recently been identified in fetal liver and adult bone marrow
(BM), the major sites of hematopoiesis in fetuses after embryonic day (E) 10.5 and
adults, respectively (Klose et al, 2014). These cells have the capacity to differentiate
into NK1.1*IL-7Ra*T-bet” ILC1s, GATA3" ILC2s, and RORyt" ILC3s, but not T cells, B
cells, or conventional NK cells. 1d2" ILC precursors in adult bone marrow (BM) express
GATAZ3, but lack T-bet and RORVyt. A subset of 1d2" ILC progenitors also expresses the
transcription factor PLZF, another reported marker for ILC precursors in adult BM and
fetal liver (Constantinides et al, 2014; Klose et al, 2014).

Although ILC precursors have been described at sites of hematopoiesis, little is
known about these cells in peripheral tissues. In the fetal mouse, there is evidence that
ILC precursors exist outside of the liver, since LTi cells have been derived in vitro from
Linc-kit'IL-7Ra’ a4 7 *RORVt® " cells from the intestines of E14 RORyt®™" ‘knock in’
reporter mice (Cherrier et al, 2012). Although these data suggest that undifferentiated
ILC precursors can disperse into the fetal intestine and continue their development in
tissue, the location and lineage potential of these extrahepatic ILC precursors remain
unclear.

Arginase-l (Arg1) is a urea cycle enzyme that is induced in macrophages during

type 2 immune responses and wound repair (Herbert et al, 2004; Hesse et al, 2001;
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Munder et al, 1998; Sandler et al, 2003). We recently reported that Arg1 expression by
hematopoietic cells is not confined to myeloid populations, but also occurs constitutively
in ILC2s in adult mice (Bando et al, 2013). Here, we demonstrate that Arg1 is
additionally expressed by fetal ILC precursors (fILCPs) and their progeny in the fetal
intestine. Arg1” intestinal fILCPs are capable of differentiating into ILC1, ILC2, and ILC3
populations. Additionally, we show that fILCPs are present in proximal portions of the
fetal small intestine prior to PP development, and accumulate at the developing PP in a
LTa-dependent manner once intestinal lymphoid tissue organogenesis is initiated.
These results indicate that ILC precursors generate mature ILCs at developing

peripheral lymphoid organs during fetal development.

Results:
Arginase-l expression marks LTi-like cells in the adult mouse intestine

We previously reported that ILC2s constitutively express Arg1, and that ILC2s
are >95% of all Arg1-expressing hematopoietic cells in the naive mouse lung (Bando et
al, 2013). We next investigated Arg1 expression in the enteric system to determine

whether additional cell populations express the enzyme. Using the Arg1*""

reporter
mouse, in which a construct containing IRES-YFP was inserted in exon 8 of the Arg1
gene without disrupting enzyme expression (Reese et al, 2007), we determined that
YFP" cells made up less than 1% of hematopoietic cells isolated from the small intestine
(lamina propria and intraepithelial cells combined) (Fig. 1A). These cells were identified

as ILCs based on their expression of Thy1 and IL-7Ra, and lack of common myeloid

and lymphoid lineage surface markers CD11b, CD11c, CD3, B220, NK1.1 and NKp46
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Figure 1. Arg1 is expressed by LTi-like cells in cryptopatches.

(A) YFP* cells in the small intestines of adult WT and Arg1¥™" mice. Plots show live
CD45" cells. (B) Surface markers expressed by YFP™ cells in the small intestine. (C)
Histological sections of WT and Arg1""" cryptopatches. Sections are counterstained
with DAPI. (D) Anti-mouse RORY(t) antibody staining in an Arg1"""/Rag2” cryptopatch.
(E) Surface markers expressed by YFP" cells isolated from dissected cryptopatches.
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(Fig. 1B). Unexpectedly, in wild type and RagZ'/' mice, intestinal Arg1-expressing cells
were present in cryptopatches (Fig. 1C, D), tertiary lymphoid structures that contain LTi-
like cells and CD11c” dendritic cells (Eberl & Littman, 2004; Kanamori et al, 1996). To
test whether YFP* cells expressed LTi-like cell surface markers, cryptopatches were
dissected from the small intestine and analyzed by flow cytometry. YFP™ cells isolated
from cryptopatches were IL-7Ra*c-kit"CD4*"CD3", consistent with the profile of LTi-like
cells (Fig. 1E). Furthermore, YFP" cells in cryptopatches expressed the LTi transcription
factor RORyt as determined by RORYy(t) antibody staining in Rag2” mice (Fig. 1D).
RORVyt" cells that did not express Arg1 were also present in cryptopatches, indicating
that heterogeneity exists among cryptopatch ILCs. These results indicate that in

addition to ILC2s, Arg1 marks a subset of intestinal LTi-like cells in adult cryptopatches.

Arginase-l expression marks LTi cells and RORyt innate lymphoid populations in
the fetal gut

It has been proposed that LTi-like cells in the adult intestinal cryptopatch are
analogous to fetal LTi cells at the developing PP, since both of these cell types are
RORyt-dependent and they both cluster at VCAM-1" intestinal sites that support B cell
accumulation (Eberl, 2005; Eberl & Littman, 2004; Eberl et al, 2004; Kanamori et al,
1996). We therefore set out to determine whether Arg1 is expressed in the fetal
intestine during PP organogenesis. In the mouse embryo, LTi cells first begin forming
PP anlagen between E15.5-E16.5 in the proximal small intestine (Adachi et al, 1997). At
E15.5, hematopoietic YFP" cells were present in the intestine and expressed a4p7, IL-

7Ra, c-kit, and low levels of CD11b, but did not express CD11c, CD3, CD19, or
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Figure 2. Arg1 expression marks innate lymphoid populations in the fetal mouse
gut.

(A) YFP expression in the E15.5 WT and Arg1""" intestine. (B) Surface markers
expressed by YFP* cells in the E15.5 intestine. (C) RORyt™, NK1.1, and T1/ST2
expression in distinct Arg1Y™"* populations in the E15.5 intestine. Arg1'"" "RORyt™
NK1.1T1/ST2 (Arg1"""*RNT") cells are also present. (D) Expression of T-bet, GATA3,
and RORy(t) in Arg1Y "*T1/ST2" and Arg1"""*NK1.1" cells. (E) Arg1" "*RORyt®™
populations in E15.5 intestines from Arg1"""/RORyt® " double reporter mice. (F)
Comparison of RORyt™ and RORyt®" reporter mice. Left plots show RFP expression in
intestinal Arg1"""*RORyt®"* LTi cells from E15.5 and E16.5
Arg1""P/RORYt™/RORVt®FF triple reporter mice. Right plots show GFP expression in
Arg1""P*RNT" cells isolated from E15.5 Arg1'"/RORyt™/RORyt®" intestines (left), or
GFP expression in all Arg1Y™™* cells from Arg1""F/RORyt®"" double reporter mice (right)
(G) Arg1""P*NK1.1"T1/ST2CD4" counts in E15.5 y.© and y."" intestines (n=4-6,
representative of 2 independent experiments). *p<0.0001 (H) Arg1"""*RNT" cells are
dependent on 1d2. The left plot shows Id2 (GFP) expression in Arg1' " *NK1.1T1/ST2"
CD4 cells from E15.5 Arg1" "/1d2°F double reporter intestines. Right plots show that
Arg1""P*NK1.1"T1/ST2'CD4 cells are present in Id2*" intestines and absent in 1d2”
intestines. Plots were previously gated in CD45"'NK1.1 T1/ST2°CD4  cells.
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NKp46 (Fig. 2A, B). To determine whether these were LTi cells, Arg1'™" reporter mice
were crossed to RORyt-cre/Rosa26-floxSTOP-RFP fate-mapping (RORyt™) mice.

t™* LTi cells expressed Arg1 (Fig. 2C).

Intestinal flow cytometry confirmed that RORy
Smaller subsets of RORyt™* cells were Arg1" "*NK1.1* and Arg1'"""CD11b" (Fig. 2C
and data not shown). Our results indicate that RORyt" LTi cells express Arg1 in both the
fetal and adult intestine.

In addition to marking RORyt™ LTi cells, Arg1"™" also marked RORyt™ innate
lymphoid cells in the fetal intestine (Fig. 2C). These RORyt™ cells were grouped into
three populations based on surface marker and transcription factor expression:
NK1.1"T-bet" cells, T1/ST2"GATA3"" ILC2 cells, and a population that lacked NK1.1
and T1/ST2 expression, which we abbreviate here as Arg1" " *RNT" (Arg1" " *RORyt™
NK1.1°T1/ST2) cells (Fig. 2C, D). The detection of Arg1""" in fetal ILC2 validated our
previous finding that Arg1 expression is a constitutive feature of this cell type (Bando et
al, 2013). Arg1"""*NK1.1" cells were present in the liver and spleen after birth, although
the percent of NK1.1" cells that expressed YFP decreased with age (Supplementary
Fig. 1A). These cells lacked RORYy(t) protein expression and were present in 20-day-old
Rag2" mice, indicating that they were neither ILC3s nor iNKT cells (Supplemetary Fig.
1B, C). In the adult liver and spleen, Arg1" " *NK1.1* cells were IL-7Ra*"NKp46*NKG2D"
and did not express CD11b (Supplementary Fig. 1A, D). These data indicate that
Arg1"FP*NK1.1* cells are members of recently described IL-7Ra*NK1.1* ILC1s (Klose et
al, 2014).

+
4YFP

To validate the existence of the previously undescribed Arg RNT" population,

YFP" cells were characterized using the RORVt®? ‘knock in’ reporter mouse
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Supplementary Figure 1. Characterization of Arg1"""*NK1.1* cells.

(A) YFP expression in NK1.1*CD3" cells from the spleen and liver of Arg1'"" mice at
different ages post-birth. (B) RORy(t) protein expression in YFP*NK1.1" cells sorted
from spleens of 20-day-old Arg1"™" mice. Gray shaded area indicates CD4" T cells. (C)
YFP expression in NK1.1" cells from Arg1"""/Rag2” spleens of 20-day-old mice. (D)
Expression of IL-7Ra, NKp46, and NKG2D by Arg1Y""*NK1.1* cells from adult spleen
and liver. Shaded areas indicate isotype controls.
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(Eberl et al, 2004). Arg1"""*RORYt®T""NK1.1°T1/ST2 cells were present in the fetal
intestine at E15.5, confirming the presence of this population (Fig. 2E). To directly
compare the two RORVt reporters, Arg1' P/RORyt®"P/RORyt™ triple reporter mice were
generated. In these mice, over 95% of intestinal Arg1"" " "RORyt® " LTi cells were
marked by RFP at E15.5 and E16.5, and less than 5% of Arg1'"""RNT" cells expressed
RORVt®"F at E15.5, indicating that the two RORVt reporters are comparable in
discriminating fetal intestine Arg1"™"*RNT" cells (Fig. 2F). Similar to other ILC
populations, Arg1 """ RNT cells (estimated by staining for Arg1' " *NK1.1"T1/ST2'CD4
cells) were dependent on y. and 1d2 (Fig. 2G, H). Thus, Arg1'" "*RNT cells are an ILC
population in the fetal mouse intestine with unknown lineage specificity. Taken together,
our results indicate that IL-7Ra*NK1.1" ILC1s, ILC2s, LTi ILC3s, and an uncategorized

RNT" ILC population express Arg1 in the fetal intestine.

Fetal Arg1"™*RNT cells aggregate at the Peyer’s patch anlage in a lymphotoxin-
dependent manner

1YFP*RNT" cells accumulate in the intestine, we

To determine where Arg
examined the location of YFP" cells in the developing gut. The most proximal PP begins
to develop between E15.5-E16.5, with PPs distal to the first site developing sequentially
over the next few days (Adachi et al, 1997). At E14.5-E15, Arg1"™"* LTi and RNT cells
were most abundant in the upper and middle portions of the small intestine, indicating
that these ILCs are locally positioned prior to the development of proximal PP anlagen
(Fig. 3A). At E16.5, Arg1"™"* cells were present at the first developing VCAM-1* PP
anlage (Fig. 3B), and consisted of both RORyt™* LTi cells and RORyt™ cells (Fig. 3C).

To quantify Arg1'" *"RORyt™ populations at the anlage, LTi
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Figure 3. Fetal Arg1"""*RNT cells aggregate at the Peyer’s patch anlage in a

lymphotoxin-dependent manner. (A) YFP" cell counts from upper, middle, and lower
sections of the E14.5-E15 small intestine. *p<0.05, **p<0.01, ***p<0.001 (B) YFP" cells
at the PP anlage in the E16.5 intestine. The anlage was identified by VCAM-1" stromal
cells, and sections were counterstained with DAPI. (C) Arg1 (YFP) and RORyt™ (RFP)
expression at the anlage of E16.5 Arg1Y""/RORyt™ double reporter mice. Blue
arrowheads point at examples of YFP'RFP" cells. (D) Identification of the anlage in
intact E16.5 Arg1"""/RORyt™" intestines. (E) Ratio of YFP* populations to EpCAM*
cells in dissected anlagen and adjacent sites (n=10, pooled from 2 independent
experiments). **p<0.01, ***p<0.001 (F) Arg1 (YFP) and RORyt™ (RFP? expression in
sections of Lta*" (left images) and Lta™ littermates (right images). Lta"" images are of
PP anlagen, while Lta™ images are representative of sections through the intestines of 3
litters. Dotted white lines indicate the anti-mesenteric side of each intestine. (G)
Expression of CCR7 and CXCR5 in Arg1"""*RNT cells and Arg1"""*RORyt™ LTi cells
from whole intestines (left plots) or dissected anlagen (right plots).
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clusters were identified by RFP expression in whole intestines and dissected for flow
cytometric analysis (Fig. 3D). At E16.5, the first developing PP contained significantly
more Arg1" "*RNT and Arg1"""*NK1.1* cells than sites immediately adjacent to the
developing organ based on the ratio of YFP cells to CD45 EpCAM™ cells (Fig. 3E). In
contrast, Arg1" " *T1/ST2" ILC2s did not accumulate at the anlage.

The PP anlage is formed when stromal cells at the anti-mesenteric side of the
intestine are activated at discrete sites by LTa1p2" hematopoietic cells (Honda et al,
2001). To test whether fetal Arg1" " "*RNT" accumulation at the anlage was dependent
on stromal activation, E16.5 Lta™ intestines were assessed for YFP" aggregates by
sectioning through the intestine. RFP* LTi cells and YFP'RFP" cells were enriched at
the anti-mesenteric side of the intestine in Lta” and Lta*" littermates (Fig. 3F). However,
aggregated clustering of YFP" cells was dependent on Lta. This suggested that factors
induced by LTa4B, actively recruit or tether Arg1' "*RNT" cells to the PP anlage. LTa1f8;
activates expression of the chemokines CXCL13 and CCL19 in intestinal LTo cells in
situ, and LTi cells migrate towards these chemokines in vitro (Honda et al, 2001; Okuda
et al, 2007). Compared to LTi cells, which express the chemokine receptors CXCR5
and CCR7, Arg1"""*RNT cells did not express these receptors even after restricting our
analysis to cells from the anlage (Fig. 3G). We conclude that Arg1" " *RNT cells
accumulate at the PP anlage in a CCR7- and CXCR5-independent manner after LTBR
signaling is activated in stromal LTo cells.

Although multiple ILC populations express Arg1 at the developing PP, Arg1
expression by hematopoietic cells was not required for normal numbers of PP or PP

follicles as assessed in Vav-cre/Arg1™ adult mice (Fig. S2). Mice deficient in
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Supplementary Figure 2. Arg1 is not required for PP development.

PP numbers per intestine (left) and follicles per PP (right) in Vav-cre/Arg1™"* mice and
Vav-cre/Arg1"™* controls.
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hematopoietic Arg1 also had normal B and T cell compartmentalization in the PP,

inguinal lymph node, and spleen (data not shown).

Arg1""P*RNT cells are fetal ILC precursors

Before PP development, at E13.5, Arg1'"*RNT" cells were the most abundant
YFP™ ILC lineage in the fetal intestine (Fig. 4A). As the frequency of YFP* cells that
were RORyt™" LTi cells increased over 3 days, the percent of RNT cells decreased.
These data suggest that Arg1"""*RNT cells in the fetal intestine are ILC precursors that
undergo differentiation into other ILC lineages. In adult BM, ILC precursors express
GATAS3 but lack T-bet and RORyt (Klose et al, 2014). In contrast, Arg1' " "RNT" cells in
the E15.5 intestine expressed all three transcription factors, as assessed by intracellular

staining (Fig. 4B). Arg1"™"*

RNT" cells that expressed RORYy(t) protein could be
distinguished from RORyt™* cells by their higher levels of GATA3 and T-bet (Fig. 4C).
Additionally, fetal Arg1"™"*RNT" cells expressed higher levels of CD45 than RORyt™*
LTi cells and did not express the surface trimer LTa432 (Fig. 4D). Similarly,
Arg1""P*RNT" cells that expressed T-bet expressed more GATA3 and RORYy(t) protein
than mature Arg1" "*NK1.1" cells (Fig. 4E). Therefore, Arg1" " *"RNT cells in the fetal
intestine express multiple transcription factors associated with mature ILC populations,
but lack the distinct protein expression profiles associated with any one specific ILC
lineage. Collectively, these data suggest that intestinal Arg1" " *RNT" cells are ILC
precursors that are in a transitional state as they develop into mature ILC populations.
To test whether Arg1"""*"RNT" cells were ILC precursors, cells were isolated from

E15.5 intestines by flow cytometric cell sorting and cultured in vitro with recombinant

mouse IL-7 (Fig. 5A). By 20 h, Arg1"""*RNT" cells gave rise to RORyt™", RORyt™
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Figure 4. Characterization of Arg1"""*RNT cells.

(A) The frequency of each ILC population as a percent of total YFP* cells (n=5-7, pooled
from 2 independent experiments). (B) Transcription factor expression in Arg1" "*RNT
cells compared to other Arg1"""* ILC populations. (C) GATA3 and T-bet expression in
RORYy(t) protein-expressing RNT" cells compared to RORyt™ cells. (D) CD45 and
LTa4B, expression in Arg1" " *RNT cells and Arg1"""*RORyt™ LTi cells. The dotted
black line represents ILC2s in the CDA45 plot, and Ig control in the LTa4[32 plot. (E)
RORYy(t) and GATAS protein expression in T-bet-expressing RNT" cells compared to
RORYt™NK1.1* cells.
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NK1.1%, and T1/ST2" cells (Fig. 5B). RORyt™" cells that developed in culture did not
express CD3 or NKp46 at day 6 (Fig. 5C). Because a small percentage of Arg1' " ‘RNT
cells expressed CD25 (Fig. 5D), we excluded these cells by sorting and culturing
Arg1""P*RNTCD25 cells in subsequent experiments. An analysis of transcription
factors after 6 days of culture with OP9 cells indicated that Arg1"""*RNTCD25 cells
gave rise to NK1.1*RORyt™ T-bet'GATA3 ILC1s, RORyt™NK1.1"
CD25'ICOS"GATA3*T-bet ILC2s, and RORyt™ T-bet GATA3" ILC3s (Fig. 5E, F). No
CD5, CD19, or CD11b" cells were present in cultures at day 6 (Fig. 5G). Although YFP
and T1/ST2 were present after 20 hours, these proteins were not detected at day 6 of
culture, indicating that additional factors are required to maintain expression of Arg1 and
IL-33R in fetal cells (data not shown).

To test further whether fetal Arg1" "+

RNT CD25" cells were precursors to
Arg1' P+ ILC lineages, we cultured single cells with OP9 cells. At 6 days, the majority of
wells contained homogeneous populations of RORyt™NK1.1" (35.7%), RORyt™NK1.1-
CD25*ICOS" (16.6%), or RORyt™"'NK1.1 cells (23.6%), indicating that Arg1Y"*RNT
CD25" cells can become ILC1s, ILC2s, and ILC3s (Fig. 5H, I). Cells that were
NK1.1*RORyt™" and express T-bet were present in <2% of wells, and represent a
population of NK1.1" cells that temporally expresses RORyt during development (Fig. 5l
and data not shown) (Klose et al, 2012; Vonarbourg et al, 2010). Five percent of wells
contained an undetermined population that did not express the lineage markers used in

these experiments. Wells that contained 2 populations (18.5%) consisted primarily of

the undetermined population with RORyt™*NK1.1" cells (23.3%) or RORyt™NK1.1*
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Figure 5. Arg1"""*RNT cells are fetal ILC precursors.

(A) Purity of sorted Arg1" "*RNT cells (right plots) compared to unsorted cells (left
plots). (B) Populations detected after culturing Arg1"""*RNT" cells for 20 hr. The left plot
represents cultured Arg1""" single reporter cells, while right plots are from
Arg1""P/RORyt™ double reporter mice. (C) Expression of CD3 and NKp46 in RORyt™"
cells after 6 days. (D) CD25 expression in Arg1" "*RORyt™NK1.1" cells. (E)
Transcription factors expressed by RORyt™, NK1.1*, and RORyt™NK1.1°CD25" cells
after 6 days of culturing Arg1YFP+RNT CD25 cells with OP9 cells. (F) ICOS expression
in NK1.1"RORyt™CD25" cells (red) compared to NK1.1* (green) and RORyt™" (blue)
populations at day 6 of culture. (G) CD5, CD19, and CD11b expression at day 6 of
culture. (H) Examples of gates used to identify populations in single cell cultures at day
6. Left plots are combined files of single wells from a 96 well plate. Right plots are
examples of individual wells from single cell cultures at day 6. The top left, bottom left,
and right plots show different ILC populations from 3 separate wells. (I) Cell populations
isolated from wells from single cell cultures at day 6 (left) and breakdown of wells that
contained 2 populations (right). Undetermined cells did not express markers used to
identify other lineages. Data are pooled from 3 independent experiments.
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ILC1s (60%). These data indicate that Arg1'"""RNT" cells in the intestine are
extrahepatic fILCPs that give rise to Arg1™ ILC lineages found in vivo.

The fetal liver and adult BM contain Linld2*IL-7Ra*a477fIit3:CD25  ILC
precursors, which are distinguished from CLP by flt3 and from ILC2 precursors by CD25
(Klose et al, 2014). In the Arg1'"" E14.5-E15 fetal liver, LinIL-7Ra*a4B7 ' CD25T1/ST2"
cells were flt3” and >70% of these cells expressed YFP (Fig. 6A). In Arg1"""/1d2¢7"
double-reporter mice, 80% of Lin1d2°"*IL-7Ra*0a4B7*CD25T1/ST2 fetal liver ILC
precursors expressed YFP, confirming that Arg1' " *RNT cells are fILCP as determined
by previously reported markers (Fig. 6B). In contrast, Arg1"" "* cells in adult BM
consisted of only CD25" and/or T1/ST2" ILC2 cells (Fig. 6C) (Hoyler et al, 2012).
Arg1" " and Arg1Y "/1d2°"F mice confirmed that LinIL-7Ra*a4B7" cells in adult BM did
not express fIt3, and Lin1d2°7*IL-7Ra*a4B7*CD25 precursors did not express Arg1
(Fig. 6C, D). These data show that based on previously reported methods for identifying
ILC precursors, Arg1 is expressed by ILC precursors in the fetus and not the adult,

indicating differences in gene expression by this cell type during these two stages of life.

Discussion

ILCs have critical functions in organogenesis, homeostasis, and immunity, but
their development in the fetal mouse is not fully characterized. Here, we show that Id2-
dependent Arg1” fILCP are present in the fetal intestine, and have the capacity to
develop into ILC1s, ILC2s, and ILC3s. Arg1"RNT" cells expressed GATA3, T-bet, and

RORYyt in combinations that were distinct from mature ILC lineages, and did not express
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Figure 6. Arg1""" expression by ILC precursors in fetal liver and adult bone
marrow.

(A) YFP expression in E14.5-E15 CD45'Lin'T1/ST2'CD25IL-7Ra’a4B7flt3” cells from
Arg1""P reporter mice. (B) Arg1 expression in CD45*Lin T1/ST2'CD251d2°F*IL-
7Ra*a4B7" ILC precursors from Arg1" F/1d2°™F double reporter mice. (C) Expression of
CD25 and T1/ST2 in LinIL-7Ra*a4B7*fit3YFP* cells from Arg1""" adult bone marrow.
(D) YFP expression in Lin1d2°T7*IL-7Ra*a4B7* cells from Arg1" "/Id2° adult bone

marrow.
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surface markers of mature ILCs. In contrast, [d2" multipotent ILC progenitors described
in adult bone marrow do not express RORyt or T-bet (Klose et al, 2014). These data
suggest that Arg1” fILCP in the intestine may occupy an intermediate developmental
step between undeveloped GATA3 T-bet RORyt ILC precursors and fully differentiated
ILC populations. These data support a model in which ILC precursors leave the fetal
liver and enter other organs, where they go through a transitional developmental stage
before completing their differentiation into mature ILC lineages. Previous work has
shown that GATA3"T-bet' RORyt" ILC precursors are absent in the adult intestine (Klose
et al, 2014). Further studies will be necessary to determine whether GATA3'T-
bet"'RORyt" ILC precursors are present in the adult gut or whether ILC precursor
dispersal into tissue only occurs during early life. Specific immune populations, such as
microglia and Langerhans cells, have been shown to have fetal origins under
homeostatic conditions, but whether this is the case for tissue ILC populations is
unknown (Ginhoux et al; Hoeffel et al, 2012).

The difference in Arg1 expression in fetal and adult BM ILC precursors indicates
that there is differential gene regulation in this population at these two life stages.
However, since these data are based on reported markers for ILC precursors, additional
work is required to confirm that Arg1” cells in the fetal liver are multipotent precursors.
Future studies may focus on identifying whether there are additional genes that
distinguish ILC precursors in the fetus and adult, and whether Arg1™ fetal ILC precursors
differ in function from adult cells. While Arg1 expression in myeloid cells is induced by
STAT6 or MyD88 activation, Arg1 expression in ILC populations occurs under

homeostatic conditions (Bando et al, 2013; El Kasmi et al, 2008; Herbert et al, 2004;
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Hesse et al, 2001; Munder et al, 1998). Recently, Arg1 was identified as one of many
genes that is dependent on GATA3 in ILC2s and ILC3s in vitro (Yagi et al, 2014).
However, GATA3" type 2 CD4" T cells in the helminth-infected lung and GATA3"
precursors in adult BM do not express Arg1, indicating that this transcription factor is not
sufficient for enzyme expression in lymphoid cells (Bando et al, 2013). Further studies
will be required to identify additional factors that regulate Arg1 in different ILC
populations.

In contrast to ILC precursors in the fetal liver, Arg1™ ILC precursors in the fetal
intestine are a uniquely localized source of LTi cells at sites that require their rapid
accumulation. Here, we show that ILC precursors preferentially accumulate at the
developing PP at E16.5 as compared to adjacent areas. Recently, CD45IL-7Ra*SCA-
1"CD4 cells have been found at the lymph node anlage as early as E13.5 (van de
Pavert et al, 2014). Whether this population contains precursors that give rise to
multiple ILC lineages during lymph node development remains unknown. In the
intestine, we determined that Arg1"RNT" accumulation at the PP was dependent on
LTa, indicating that this event occurs after LTi cells initiate organogenesis. LTaf32
induces the expression of adhesion molecules and chemokines at the PP anlage, and
identifying which factors are required for accumulation will be critical to test the effects
of cell localization. Intestinal Arg1™ ILC precursors are unable to initiate the development
of lymphoid organs because they lack LTa4B, expression, but may enhance the positive
feedback loop once at the PP anlage by providing additional ILC3s on site. By this
model, stochastically differentiated LTi cells that induce PP development at E15.5-E16.5

initiate a LTRR-signaling program in LTo cells necessary for the aggregation of fILCPs
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at the PP, thus providing a localized source of ILC populations resident in the fetal gut.
We suggest that this system reinforces stromal cell activation at each PP while

maintaining normal numbers of lymphoid organs.

Methods
Mice

Arg1"™" (YARG) mice have been previously described (Reese et al, 2007).
RORVyt®™, 1d2°F7, cD132", Arg1™, and wildtype C57BL/6 mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Rag2”™ mice were purchased from Taconic
(Hudson, NY). Drs. Dean Sheppard (University of California, San Francisco) and
Dimitris Kioussis (MRC National Institute for Medical Research, London) kindly provided
Vav-cre mice (de Boer et al, 2003). RORyt-cre Tg mice were provided by Dr. Dan
Littman (New York University) (Eberl & Littman, 2004). Rosa26-flox-STOP-RFP mice
were provided by Drs. Ellen Robey (University of California, Berkeley), Herve Luche,
and Hans Jorg Fehling (University Clinics Uim) (Luche et al, 2007). In Arg1"""/RORVyt-
cre/Rosa26-flox-STOP-RFP crosses, Arg1'"" and Rosa26-flox-STOP-RFP were kept
homozygous in both male and female breeders. We found that using male breeders that
carried both RORyt-cre and Rosa26-flox-STOP-RFP alleles led to sporatic germline
transmission of RFP in progeny. Thus, in all experiments RORyt-cre was carried only by
female breeders to prevent germline RFP expression. Fetal mice were genotyped by tail
PCR and flow cytometry of spleens. In experiments with Vav-cre, cre was also only
carried by female breeders. All mice were backcrossed to the C57BL/6 background for
at least 7 generations. All experiments were conducted according to protocols approved

by the UCSF Institutional Animal Care and Use Committee.
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Tissue dissociation

Small intestines from adult mice were flushed with PBS and PP were removed.
Intestines were filleted, rinsed, chopped into 5 mm pieces and digested with
collagenase VIII (Sigma, St. Louis, MO) and DNase | (Roche Diagnostics, Indianapolis,
IN) at 37°C for four rounds of 35-minute incubations. Final digested samples were then
centrifuged on a 40%/90% Percoll gradient (GE Healthcare Biosciences, Pittsburgh,
PA).

Detection of c-kit and CD4 was reduced by the intestinal cell isolation protocol,
and were thus assayed on cells obtained by directly dissecting cryptopatches. Briefly,
intestines were filleted and laid flat on glass slides. Cryptopatches were identified under
a microscope and biopsied out of the tissue with the use of a flexible plastic needle.
Biopsies were gently crushed through a 70-micron filter to obtain a single cell
suspension.

To obtain cells from the fetal mouse gut, intestines were first isolated from
embryos under a dissecting microscope, and then further dissected under magnification
to remove the associated mesenteric tissue. In experiments where the intestine was
segmented into upper, middle, and lower regions, the small intestine was divided into
three equal portions using a ruler. Intestines were digested with dispase (Gibco, Grand
Island, NY) and DNase | (Roche Diagnostics) at 37°C for 25 minutes and mechanically
dissociated using a gentleMACS Dissociator (Miltenyi Biotec, San Diego, CA). Tissue

homogenates were then passed through a 70-micron filter.
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PP anlagen were dissected from embryonic intestines under a fluorescent
dissecting microscope. RORyt™" cell aggregates were used as markers for developing

PPs. Anlagen were digested, mechanically dissociated, and filtered as described above.

Flow cytometry

Rat anti-mouse CD4 (RM4-5), rat anti-mouse CD11b (M1/70), Armenian hamster
anti-mouse CD11c (HL3), rat anti-mouse CD19 (ID3), rat anti-mouse CD25 (7D4), rat
anti-mouse B220 (RB6-8C5), and rat anti-mouse CXCRS (2G8) antibodies were
purchased from BD Pharmingen (San Diego, CA); rat anti-mouse c-kit (2B8), rat anti-
mouse CD3 (17A2), rat anti-mouse CD5 (53-7.3), rat anti-mouse CD25 (eBio7D4), rat
anti-mouse CD127 (A7R34), rat anti-mouse NKp46 (29A1.4), rat anti-mouse LPAM
(DATKS32), rat anti-mouse CCR7 (4B12), rat anti-human/mouse GATA3 (TWAJ), rat
anti-mouse RORYy(t), and mouse anti-mouse NK1.1 (PK136) antibodies were purchased
from eBioscience (San Diego, CA); rat anti-mouse CD45 (30-F11), rat anti-mouse
Ter119 (TER-119), mouse anti-human/mouse T-bet (2B10), Armenian hamster anti-
human/mouse/rat ICOS (C398.4A), rat anti-mouse CD25 (PC61), and rat anti-mouse
flt3 (A2F10) antibodies were purchased from Biolegend (San Diego, CA); and rat anti-
mouse T1/ST2 (DJ8) antibodies were purchased from MD Bioproducts (St Paul, MN).
LTBR-Ig fusion protein and Ig control was purchased from R&D Systems (Minneapolis,
MN). PE-cy7-conjugated streptavidin was purchased from BD Biosciences (San Jose,
CA) and APC-conjugated streptavidin was purchased from eBioscience. Live/dead
(Invitrogen, Grand Island, NY) or DAPI was used to exclude dead cells. Cells were
sorted with an Aria Il or MoFlo prior to intracellular staining due to loss of YFP during

fixation. In experiments where transcription factors were assessed in Arg1" " *RNT
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cells, Arg1""P*RFP" cells (consisting of RNT", NK1.1" and T1/ST2* cells) were sorted to
99% purity into a single tube prior to intracellular staining. Arg1" " *RORyt™" cells were
sorted in parallel. In fetal liver experiments, Lin™ cells were defined as lacking CD3, CD4,
CD5, CD19, NK1.1, Ter119, Gr-1, and CD11b. In adult BM experiments, Lin" cells were
defined as lacking CD3, CD4, CD5, CD19, NK1.1, Ter119, Gr-1, and B220.
Transcription factors were analyzed using the Foxp3/Transcription Factor Staining
Buffer Set from eBioscience. In experiments where RFP detection was required after
intracellular staining, cells were fixed in 2% paraformaldehyde (PFA) for 2 minutes and
washed with PBS prior to fixation with reagents from the Transcription Factor Staining
Buffer set. For LTa4B, detection, cells were blocked with donkey anti-mouse Fab
fragments (Jackson ImmunoResearch, West Grove, PA) prior to staining with LTBR-Ig.
Cells were stained with biotin-conjugated donkey anti-mouse IgG (Jackson
ImmunoResearch) and blocked with mouse serum before incubating cells with
antibodies and APC-conjugated streptavidin. Counting beads were used to determine
total cell numbers (CountBright absolute counting beads, Invitrogen). Flow cytometry

was performed using a LSR Il (BD Biosciences).

Immunohistochemistry

Samples were fixed with 4% PFA (Electron Microscopy Sciences, Hatfield, PA) in
PBS for 2 hours, and then left in PBS overnight. Tissues were then incubated in 30%
sucrose for 2 hours before they were frozen in OCT compound (Sakura, Torrance, CA).
Frozen tissue blocks were sectioned at 8 microns (adult gut) or 7 microns (fetal gut)

using a Leica CM3050-S cryostat. In experiments with Lta” animals, serial sections
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were taken of the proximal half of the small intestine (where the first PP develops), and
every section was analyzed for YFP" aggregates.

Sections were incubated with 3% H202/0.1% NaN3; in PBS for 45 minutes to
quench endogenous peroxidase, and then blocked with rat anti-mouse CD16/CD32, 1%
mouse serum, and 1% rat serum for 1 hour. Endogenous biotin and avidin-binding sites
were blocked with a Biotin/Avidin Blocking Kit (Vector Labs, Burlingame, CA). Slides
were incubated with biotin-conjugated goat anti-GFP (Abcam, San Francisco, CA),
biotin-conjugated rabbit anti-RFP (Abcam), or biotin-conjugated rat anti-mouse VCAM-1
biotin (eBioscience) for 1-2 hr followed by HRP-conjugated streptavidin (Perkin Elmer,
Waltham, MA) and FITC- (Perkin Elmer) or A555-conjugated tyramide (Invitrogen).
Sections that were stained with two biotinylated antibodies were treated with H,O2/NaN3;
and avidin/biotin blocking reagents prior to each antibody incubation. In other
experiments, sections were stained with rat anti-mouse RORYy(t) (B2D, eBioscience).

DAPI was added to sections for 5 minutes to visualize nuclei.

Cell culture

Cells were sorted on an Aria Il (BD Biosciences) and cultured with 10 ng/ml
recombinant mouse IL-7 (R&D Systems) in RPMI 1640 medium (supplemented with
HEPES, fetal calf serum (10%), sodium pyruvate, 2-mercaptoethanol,
streptomycin/penicillin, and L-glutamine) for 20 hr or 6 days at 2-5 x 10> cells/well. In
other experiments, 1.5 x 103 cells or single cells were sorted into 96-well plates
containing 1.2 x 10* irradiated OP9 cells/well (American Type Culture Collection,

Manassas, VA), 10 ng/ml recombinant IL-7, and 10 ng/ml rSCF (R&D Systems). Media

68



was replenished on the third day and wells were analyzed by flow cytometry on day 6.

At the time of analysis (day 6), 50.415.5% of wells contained live CD45% cells.

Statistics
Data were analyzed with Prism (GraphPad Software, La Jolla, CA) using the two-tailed

unpaired or paired Student’s f-test, or one-way ANOVA followed by Tukey’s test.
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Chapter Four:

Discussion

A revised section of the text in this chapter has been submitted as: Bando JK, Liang H-
E, Locksley RM. Identification and distribution of ILC precursors in the fetal mouse
intestine.
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ILC precursors with an intermediate differentiation phenotype

In the past few years, new subsets of ILCs have been characterized that
contribute to the maintenance of homeostasis and the host response to pathogens. How
these cells develop throughout the life of the animal is a topic under active investigation.
Recent reports have demonstrated that multipotent ILC precursors in the fetal liver and
adult bone marrow give rise to ILC1, ILC2, and ILC3 populations (Constantinides et al,
2014; Klose et al, 2014). Here, | show that fetal cells that differentiate into mature ILC
populations in vitro are also marked by the urea cycle enzyme Arg1. These cells are
termed “Arg1"RNT™ due to their lack of RORyt-fate mapping, NK1.1, and T1/ST2
expression.

Arg1'RNT  cells in the fetal intestine are ILC precursors in the sense that they (1)
lack the transcription factor profiles and surface proteins of mature ILC populations, and
(2) have the capacity to differentiate into ILC lineages, but not T or B cells. However,
intestinal Arg1™ ILC precursors in the fetus express T-bet and RORyt, and thus are
unlike reported adult bone marrow 1d2" ILC precursors, which lack these transcription
factors. This suggests that isolated Arg1” ILC precursors are cells that are in the
process of differentiation. These intestinal “intermediate ILC precursors” have restricted
potency in culture compared to multipotent bone marrow precursors, since most wells
from intestinal single cell cultures contain one type of differentiated ILC by day 6
(Constantinides et al, 2014; Klose et al, 2014). However, it is unclear whether
intermediate ILC precursors enter the assay with fixed commitment to specific lineages.
Further exploration into whether intermediate ILC precursors can be directed towards

specific lineages by exogenous factors on a single cell basis would determine whether
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these cells are terminally committed. Retinoic acid may be a candidate for intermediate
ILC precursor skewing, since this metabolite enhances LTis numbers in vitro (van de
Pavert et al, 2014). IL-15 and Notch ligands may be other possible candidates for
guiding development towards ILC1 or ILC2 development. Interestingly, the proportions
of ILC lineages in vivo do not reflect frequencies of lineages that develop from isolated
intestinal intermediate ILC precursors in vitro, suggesting that the intestinal environment
may affect ILC differentiation. Further studies are required to determine whether there
are specific exogenous factors in tissue that can bias ILC precursor development.

Arg1” intermediate ILC precursors in the fetal intestine are heterogeneous, for
they express varying levels of T-bet and RORyt. 64% of intermediate ILC precursors
express T-bet in a bimodal fashion, while about 50% of Arg1” precursors express low
levels of RORyt. Whether differential levels of transcription factors are associated with
differentiation into specific lineages is unknown, since this heterogeneity is only
identified in fixed cells. Identifying additional cell surface markers within this population
will assist in determining whether there are subsets within the Arg1™ precursor pool. In
the case that transcription factor expression within this population represents a
spectrum of developmental states rather than specific subsets, single cell transcript
analysis may be helpful in determining when lineage determination occurs.

Whether intermediate ILC precursors are present in the adult remains unclear. In
adult mice, ILCs have a fairly long half-life in tissue: four weeks for ILC2s in the lung
and 22-26 days for ILC3s in intestinal lamina propria (Nussbaum et al, 2013; Sawa et al,
2010). This suggests that at rest, adult ILC precursors may be more quiescent than

precursors in fetal animals. It will be informative to determine the tissue-specificity and
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transcription factor expression of ILC precursors post-birth during homeostasis and in
conditions where ILC populations are required, such as during intestinal tertiary
lymphoid development and inflammation. Identifying whether ILC numbers in adult
tissue are sustained by in situ proliferation, entry of newly developed cells from bone
marrow, or through the development of tissue-resident precursors is yet to be

determined.

Why do ILCs develop in peripheral tissues?

Both ILC precursors from the fetal liver and intermediate ILC precursors from the
fetal intestine have the capacity to generate ILC1s, ILC2s, and ILC3s. The advantages
of having precursors develop outside of the fetal liver have not been investigated, but
may involve organ-specific lineage skewing and temporal control of ILC development.
For Peyer’s patch organogenesis, having intermediate ILC precursors in the intestine
may provide a way to regulate the strength of activating signals during different steps of
development. It was previously shown that LTi cell numbers during fetal life correlate
with both the number and size of Peyer’s patches in adulthood (Meier et al, 2007; van
de Pavert et al, 2014). This suggests a model in which dispersed LTi cell numbers must
be kept below a certain threshold prior to Peyer’s patch development to prevent
excessive numbers of activated sites, while a second threshold must be reached soon
after in a localized manner, in order to maintain and enhance LTBR signaling at the
anlage. Intermediate ILC precursors lack detectable levels of LTa132 and thus should
not be able to directly alter the numbers of Peyer’s patches induced. However, these
cells preferentially accumulate at the developing Peyer’s patch and can differentiate into

ILC3s that may be capable of amplifying stromal activation (Fig.1). Determining whether
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Figure 1. Model of precursor localization during Peyer’s patch development. Both LTi
cells (black circles) and ILC precursors (blue circles) are dispersed at E14.5-15 in
proximal and middle regions of the intestine. Between E15.5 and E16.5, LTa4B2" LTi
cells activate stromal cells at the anlage to produce chemokines and adhesion
molecules. By E16.5, ILC precursors are found to preferentially accumulate at the
anlage compared to adjacent regions. While stromal production of CXCL13 and CCL21
induce chemotaxis of additional LTi cells towards the anlage, precursors lack CXCR5
and CCRY7 and thus accumulate due to unknown factors. Precursors have the capacity
to differentiate into mature ILC lineages, possibly including LTasB2" LTi cells that may
further amplify activation at the developing Peyer’s patch.
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these cells contribute in this manner will require testing whether precursors at the
anlage differentiate into LTi cells in vivo, as well as testing the effects of blocking

precursor accumulation on Peyer’s patch size and follicle number.

What determines the location of a developing intestinal lymphoid organ?

A major difference between lymph node and Peyer’s patch organogenesis is the
predictability of where these organs develop. While lymph nodes exist in specific
anatomical sites, Peyer’s patches do not develop in fixed locations along the proximal-
distal axis of the small intestine (Alden et al, 2012). Additionally, the total number of
Peyer’s patches differs between mice within a single litter. However, Peyer’s patch
development is not completely stochastic, since it is still regulated in two ways: (1) these
organs only develop along the anti-mesenteric axis (Cupedo, 2011), and (2) Peyer’s
patch development occurs in a sequential manner starting at the proximal end of the
intestine and ending at the distal end (Adachi et al, 1997).

In Chapter 3, | show that LTi cells and intermediate ILC precursors are
preferentially dispersed in proximal and middle regions of the small intestine at E14.5-
15 and along the anti-mesenteric axis at E16.5, suggesting that the location of
developing Peyer’'s patches may be partially regulated by where LTi cells are most
abundant. Factors that retain these cells along the anti-mesenteric axis are not
dependent on LTa1B2-based stromal activation, since LTi and Arg1"RNT" cells localize
along this region in the absence of Lta. Also, the LTi-attracting chemokines CXCL13,
CCL19, and CCL21 are unlikely to be required, since ILC precursors do not express
detectable receptors for these factors. Future studies may look towards fractionating

intestines of Lta™ animals to determine stromal gene expression in regions that are
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associated with greater numbers of ILC populations. Also, determining whether ILCs
shift distally in Lta™ animals between E15.5-E18.5 would be informative as to whether
this generalized LTi localization also correlates with distal developing Peyer’s patches. It
remains possible that ILCs are deposited on the anti-mesenteric axis as they enter
tissue, although hematopoietic cells in the intestine move dynamically before Peyer’'s
patch development, suggesting that additional factors may still be necessary to retain
these populations (Veiga-Fernandes et al, 2007). Additionally, isolated lymphoid follicles
(ILFs) develop post birth along the anti-mesenteric intestinal wall in naive mice,
indicating that there are stromal differences between the mesenteric and anti-
mesenteric zones of the intestine that persist into adulthood (Hamada et al, 2002).
Identifying factors that control LTi regionalization independent of Lta will give insight into

how the positioning of gut lymphoid tissue organogenesis is regulated.

Use of RORyt-cre mice

The RORYyt-cre transgenic mouse is used in studies that require lineage tracing
or deletion of specific genes in both T cells and RORyt-expressing ILCs. However,
these mice are prone to germline transmission of floxed out alleles. Male breeders
containing both RORYyt-cre and Rosa26-floxSTOP-RFP give rise to a percentage of
progeny that express cre-independent RFP in all cells, indicating that there is variegated
RORYyt expression in male germ cells. To prevent germline transmission, a breeding
scheme in which female breeders carry both RORyt-cre and the floxed allele, while
male breeders only express the floxed allele, should be adopted. Studies using these
mice to delete specific genes should describe breeding strategies, and provide evidence

that cre-negative cells have intact floxed alleles.
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During the analysis of Arg1" precursors, RORyt reporter and RORyt protein
expression were found to not completely overlap. Arg1*"RNT" cells, which lack RORyt
fate mapping (fm), consist of RORYyt protein-expressing cells. This incomplete reporting
is not due to inefficiency of cre-induced floxing activity, since RORyt®"" knock in-knock
out reporter mice show similar patterns of expression. Instead, the lack of fluorescent
protein expression in Arg1"RNT cells in these reporter mice may be due to low RORyt
gene expression, or temporal delays as RORyt"RNT" cells begin expressing this gene.
This restricted reporting proved to be useful in distinguishing two distinct populations of
RORVt protein-expressing cells in the fetal intestine. RORyt™* are LTi cells based on
transcriptional and functional definitions. These T-bet RORyt"GATA3"" cells express
CXCR5 and CCR7, which are used in chemotaxis to the anlage, and LTa1p2, which is
required for stromal activation at the developing Peyer’s patch. In comparison, RORyt

protein-expressing RORyt™

cells express more T-bet and GATAS than LTi cells, and
lack LTi-associated chemokine receptors and LTa1B32. These data reveal that
incomplete RORyt detection by available reporter mice has utility in differentiating

between LTi and intermediate ILC precursors in fetal tissue.

Arg1 expression in adult ILCs

Arginase-| is expressed by adult ILC1s, ILC2s, and ILC3s, but there are
differences in the frequency of enzyme-expressing cells within each innate lymphoid
group. In the case of ILC2s, >95% of these cells express Arg1 during homeostasis and
helminth-induced inflammation in the adult. In contrast, adult ILC3s in cryptopatches
include both Arg1™ and Arg1 cells at rest. Although it is unclear why there is

heterogeneity in Arg1 expression in adult ILCs, recent work has indicated that Arg1
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gene expression in ILCs requires GATA3 (Yagi et al, 2014). These data are intriguing,
since ILC2s express the highest levels of GATA3 when compared to other ILC
populations, and also have the highest frequency of Arg1 expressers. How expression
of this enzyme is regulated in these different innate lymphoid populations warrants
further investigation.

The function of Arg1 in adult ILC2s is unclear. In the lung, Arg1 is highly
expressed in tissue during N. brasiliensis-induced inflammation due to induction in
alternatively activated macrophages and increased total numbers of ILC2s. Arg1
expression is not required by either of these populations for normal collagen production
or worm clearance (Barron et al, 2013). Additionally, ILC2s express IL-5 and IL-13
normally in the absence of Arg1, and thus appear to function normally without this
enzyme. It remains possible that IL-5 or eosinophils are required for Arg1-mediated
effects on tissue, since the homozygous Red (IL-5)-cre mice used to delete Arg1 in
ILC2s lack both of these components. However, since alternatively activated
macrophages have over 10-fold more Arg1 activity than ILC2s per cell, it is unlikely that
Arg1 expression by ILC2s is required for normal immune and tissue responses during
strong type 2 responses. Whether there are functional consequences of deleting Arg7 in
ILC2s during homeostasis is unknown. In the naive lung, ILC2s aggregate around
collagen-rich areas near airways, and whether these niches are altered by Arg1-
deficiency should be investigated (Nussbaum et al, 2013). ILC2s also produce IL-5 and
IL-13 in naive mice, indicating that there are additional roles for these cells during
homeostasis that need to be dissected. Identifying these functions and determining

whether they are altered in the absence of Arg1 are questions for future study.
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In contrast to ILC2s, Arg1 is only expressed by a subset of ILC3s. Whether Arg1*
and Arg1” ILC3s are functionally different subsets, represent different stages of ILC3
development or activation, or are derived from different types of ILC precursors is
unclear. Investigating differences in cytokine production, transcription factors, LTa1[3;
expression, and timing of seeding will be informative as to whether these are two
distinct populations. CD4 expression and Ahr dependence in different LTi-like
populations demonstrate that these cells consist of different subsets, but whether Arg1
is correlated with any of these specific groups is unknown. Determining whether these
populations can be differentiated by Arg1 expression may provide insight into the

different functions of these subsets of innate lymphoid cells.
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