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ABSTRACT

Argil is produced by AAMs and is proposed to have a
regulatory role during asthma and allergic inflammation.
Here, we use an Argl reporter mouse to identify addi-
tional cellular sources of the enzyme in the lung. We
demonstrate that ILC2s express Arg1 at rest and during
infection with the migratory helminth Nippostrongylus
brasiliensis. In contrast to AAMs, which express Arg1l
following IL-4/IL-13-mediated STAT6 activation, ILC2s
constitutively express the enzyme in a STAT6-indepen-
dent manner. Although ILC2s deficient in the IL-33R
subunit T1/ST2 maintain Argl expression, IL-33 can reg-
ulate total lung Argl by expanding the ILC2 population
and by activating macrophages indirectly via STAT6. Fi-
nally, we find that ILC2 Argl does not mediate ILC2 ac-
cumulation, ILC2 production of IL-5 and IL-13, or colla-
gen production during N. brasiliensis infection. Thus,
ILC2s are a novel source of Argil in resting tissue and
during allergic inflammation. J. Leukoc. Biol. 94:
877-884; 2013.

Introduction

Argl is a urea cycle enzyme that hydrolyzes L-arginine into
L-ornithine and urea [1]. First identified in the mammalian
liver, Argl is also highly induced during type 2 inflammation
caused by allergens or parasites. Elevated Argl expression in
lung tissue is observed in asthma models induced by sensitiza-
tion with OVA or Aspergillus fumigatus, as well as during hel-
minth infection with N. brasiliensis larvae and Schistosoma man-
soni eggs [2—4]. Although Argl has been shown to suppress
S. mansoni-induced fibrosis in the liver [5], the functions of

Abbreviations: AAM=alternatively activated macrophage,
APC=allophycocyanin, Argl=arginase-I, Argl-flox=arginase-I-floxed,
Chi3I3=chitinase 3-lke 3, dpi=days postinfection, FSC=forward-scatter,
ILC2=type 2 innate lymphoid cell, i.n.-intranasally, KLRG1=kiler cell lectin-
like receptor subfamily G member 1, Lin=lineage, MMR=macrophage
mannose receptor, Retnla=resistin-like a, RFP=red fluorescent protein,
SSC=side-scatter, TSLP=thymic stromal lymphopoietin
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this enzyme in the lung during type 2 responses have been
elusive [6].

Previous studies have demonstrated that macrophages acti-
vated by type 2 cytokines produce Argl during inflammation
[7-9]. Macrophages stimulated in this manner express a dis-
tinct set of genes in addition to Argl, including Chi3(3/Yml,
Retnla/Fizz1, and Mrcl/MMR, and are designated alternatively
activated in contrast to macrophages classically activated by
IFN-y [10-12]. Components of the IL.-4/IL-13 signaling path-
way required for alternative activation include IL-4Ra, which
complexes with the common <y-chain or IL-13Ral to form the
IL-4R and IL-13R, respectively [9], and STAT6, which is phos-
phorylated by IL-4R- and IL-13R-associated kinases and acti-
vates Argl gene expression [13, 14]. Although macrophages
constitute a significant source of Argl during type 2 inflamma-
tion, additional cellular sources of this enzyme have not been
defined.

ILC2s are recently discovered cells that accumulate in tissue
during type 2 inflammation, where they are important sources
of IL-5 and IL-138 [15-17]. ILC2s are characterized as Lin~
cells that express IL-7Ra and T1/ST2, a component of the IL-
33R [15, 17]. Exogenous IL-33 increases ILC2 numbers, and
T1/ST2-deficient mice have reduced ILC2s during inflamma-
tion, suggesting that IL-33 is critical for the expansion of this
population [16, 17]. The epithelial cytokines TSLP and IL-25
have additionally been shown to be important in ILC2 re-
sponses [17, 18]. 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 ex-
press Argl in the lung at rest and during infection with the
helminth N. brasiliensis. We show that ILC2s are a previously
undescribed source of Argl in the lung and that these cells
express Argl independently of STAT6. We determine that
IL-33 can regulate arginase activity in the lung by increasing
ILC2 numbers and by activating macrophages indirectly
through cytokine-mediated STAT6 activation. Thus, Argl is
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regulated by STAT6-dependent and -independent pathways in
discrete hematopoietic populations during type 2 inflamma-
tion.

MATERIALS AND METHODS

Mice
Argl-YFP (Yarg) mice were described previously [19]. Red5 mice contain a
RFP-IRES-Cre recombinase construct that replaces the endogenous /L5

gene, as described [20]. STAT6-deficient mice and Argl-flox mice were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA) [21, 22].
T1/ST2-deficient mice (a generous gift from Martin Steinhoff, UCSF, CA,
USA) have been described [23]. 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 intes-
tines were digested in 0.1 Wiinsch/ml Liberase TM (Roche Applied Sci-
ence, Indianapolis, IN, USA) for four cycles of 20 min incubations and fil-
tered through 70-um nylon mesh. Hematopoietic intestinal cells were en-
riched by Percoll density gradient separation.

Flow cytometry

Rat anti-mouse CD3 (17A2), rat anti-mouse IL-7Ra (A7R34), rat anti-mouse
F4/80 (BMS8), rat anti-mouse Ly6G (RB6-8C5), mouse anti-mouse NK1.1
(PK136), rat anti-mouse MHC class IT (M5/114.15.2), and rat anti-mouse
IL-13Ral (13MOKA) antibodies and streptavidin APCs were purchased
from eBioscience (San Diego, CA, USA); rat anti-mouse CD11b (M1/70),
Armenian hamster anti-mouse CD11¢ (HL3), rat anti-mouse CD132 (FCM),
and rat anti-mouse Siglec-F (E50-2440) antibodies were purchased from BD
PharMingen (San Jose, CA, USA); rat anti-mouse B220 (RA3-6B2), rat anti-
mouse CD25 (PC61), Syrian hamster anti-mouse KLRG1 (2F1/KLRgl), and
Armenian hamster anti-mouse ICOS (C398.4A) were purchased from Bio-
Legend (San Diego, CA, USA); and rat anti-mouse T1/ST2 (DJ]8) antibod-
ies were purchased from MD Bioproducts (St. Paul, MN, USA).

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 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, as macrophage autofluorescence was minimal
in the APC channel. Autofluorescence histograms were determined by
comparing macrophages with lymphocytes in the PerCP-cy5.5 channel. Cell
counts were calculated using CountBright absolute counting beads (Invitro-
gen, Grand Island, NY, USA). Flow cytometry experiments were done using
a LSR II with FACSDiva software (BD Biosciences, San Jose, CA, USA).
Data were analyzed with FlowJo (TreeStar, Ashland, OR, USA).

N. brasiliensis infection

Mice were infected with N. brasiliensis, as described [24]. Briefly, mice were
anesthetized with isofluorane and injected with 500 third-stage larvae s.c. in
200 pl saline. Mice were kept on antibiotic water (2 g/I neomycin sulfate,
100 mg/1 Polymixin B) for the first 5 dpi. Worm burden was assessed in
the small intestine by incubating filleted tissue in 10 ml HBSS for 2 h and
counting worms under a dissecting microscope.

IL-33 treatment

Mice were anesthetized with isofluorane and given 500 ng rIL-33 (R&D Sys-
tems, Minneapolis, MN, USA) in 20 ul PBS i.n. for 3 consecutive days. On
the 4th day, whole lungs were isolated for flow cytometry.
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Measurement of ILC2 cytokine production

Lin IL-7Ra*T1/ST2" ILC2s (1X10") were sorted from infected lungs us-
ing a MoFlo XDP (Beckman Coulter, Brea, CA, USA), and cells were incu-
bated in 100 ul complete RPMI at 37°C. After 8 h, supernatants were as-
sayed 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 minced finely and incu-
bated with 0.1 mg/ml pepsin (Sigma, St. Louis, MO, USA) in 0.5 M acetic
acid overnight. Supernatants were neutralized and labeled with Sircol dye
(Biocolor, County Antrim, 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 pub-
lished methods [25]. Cells (2.5X10*) from each population were lysed in
50 ul 0.1% Triton X-100 containing protease inhibitors (Complete Mini
protease inhibitor cocktail, EDTA-free; Roche Applied Science) and incu-
bated with 50 ul 10 mM MnCl 4H,0, 50 mM Tris-HCI, pH 7.5, for 10 min
at 55°C to activate arginase. Aliquots (50 ul) were transferred to two Ep-
pendorf tubes and mixed with 50 ul 0.5 M arginine, pH 9.7 (Sigma). Sam-
ples were incubated for 2 h at 37°C and then stopped with 400 ul of a
1:3:7 acid mixture of H,SO,, H;PO,, and H,O, or were stopped immedi-
ately to establish urea levels in unreacted samples. 12.5 ul of 9% a-isoni-
trosopropiophenone (Sigma) dissolved in ethanol was added to stopped
samples and incubated at 95°C. ODs were read at 540 nm with a micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA), and arginase en-
zyme activity was determined by subtracting the amount of urea detected in
unreacted samples from the urea detected after the 2-h reaction.

Statistics

Data were analyzed using the two-tailed unpaired Student’s test.

RESULTS

Argl is expressed by ILC2s and AAMs in the lung
during N. brasiliensis infection

To characterize hematopoietic populations that express Argl,
we generated Argl-YFP reporter mice, in which IRES-en-
hanced YFP was inserted in Exon 8, downstream of the endog-
enous stop codon and upstream of the 3’ untranslated region
[19]. This insertion does not disrupt Argl expression, as deter-
mined by enzyme assays conducted on tissue isolated from ho-
mozygous mice (data not shown). To induce type 2 inflamma-
tion, Argl-YFP mice were infected s.c. with N. brasiliensis, which

migrates through the lung within the first few days of infection
[26]. Worms translocate to the intestine by Day 3, but lung
inflammation continues to intensify through 9-10 dpi [24].
On Day 9, two major YFP" populations were detected in the
lung, which could be distinguished on the basis of CD11b ex-
pression (Fig. 1A). YFP"CD11b" cells were macrophages
based on expression of ¥4/80, MHC class II, and high auto-
fluorescence (Fig. 1B). These cells were also CD11c" and Si-
glec-F", consistent with their identification as alveolar macro-
phages. In contrast, the YFP*CD11b~ population lacked auto-
fluorescence, as well as the myeloid and lymphoid Lin markers
CDl1lc, CD3, B220, and NKI1.1 (Fig. 1C, and data not shown).
We identified these Lin~ cells as ILC2s based on their expres-
sion of IL-7Ra, T1/ST2, ICOS, KLRGI1, and CD25. Over 90%
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Shaded histograms represent isotype controls, except in the histo- ~

gram depicting autofluorescence, where the shaded plot represents autofluorescence in lymphocytes. (C) Cell surface markers ex-
pressed by YFPTCD11b™ cells determined by flow cytometry. Shaded histograms are isotype controls. (D) Expression of YFP in Lin~IL~
7Ra*T1/ST2" ILC2s. Cells were previously gated on live CD11b~CD3~CD19 NK1.17 cells. The shaded histogram is from a WT con-
trol. (E) Arginase enzyme assay in sorted lung populations from infected C57BL/6 mice. Cells (1.25X10") of each population were
sorted from Day 12-infected lungs, lysed, and assayed for urea production in a 2-h reaction in the presence of arginine. Data are rep-
resentative of two independent experiments; n = 4-5/group, with each symbol representing a sort from an individual animal. *P =
0.05; *#P = 0.01. (F) Percent of YFP™ cells that are CD11b~ (ILC2s) or CD11b* (macrophages); n = 7, pooled from two indepen-
dent experiments. *¥**P = 0.0001.

of all T1/ST2* ILC2s expressed YFP, making Argl an unex- To determine whether ILC2s shared other markers ex-
pected marker of ILC2s in the inflamed lung (Fig. 1D). pressed by alternative-activated macrophages, cells were as-

To verify that ILC2s express arginase in WT mice, an en- sessed for expression of MMR, Retnla/FIZZ1, and Chi313/Yml.
zyme assay was conducted to quantify urea production in ly- ILC2s did not express MMR, as assessed by flow cytometry, or
sates of cells sorted from the lungs of infected C57BL/6 mice. Retnla mRNA, as determined by quantitative PCR (Supplemen-
Arginase enzyme activity was detected in ILC2 (Lin™IL- tal Fig. 1A and B). Chi313 mRNA was detected in ILC2s and
7Ra'T1/ST2") and macrophage (CD11b"autofluorescent™) not in B cells, although expression levels of Chi3(3 by ILC2s
but not eosinophil cell lysates, validating our findings with the were low compared with AAMs; the difference in Chi3l3 ex-
reporter mouse (Fig. 1E). Based on enzyme activity, macro- pression between AAMs and ILC2s was 48-fold compared with
phages produced over tenfold more arginase/cell than ILC2s. the sixfold difference in Argl expression between the two pop-
Argl™ macrophages were also more abundant than ILCZ2s, ulations. Thus, ILC2s express Argl without activating other
which comprised ~25% of all Argl™ cells (Fig. 1F). components of the traditional transcriptional program associ-
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ated with alternative activation in macrophages, with the possi-
ble exception of Chi3I3.

ILC2s constitutively express Argl

The IL-4/1L-13/STAT6 signaling pathway induces alternatively
activated genes, including Argl, in macrophages [7-9, 13, 14].
As lung ILC2s express the receptor subunits IL-4Ra, CD132
(common vy-chain), and IL-13Ral, these cells have the poten-
tial to respond to IL-4 and IL-13 (Fig. 2A). We investigated
whether Argl expression by ILC2s was induced by I1-4/IL-13/
STATSG signaling by crossing Argl reporter mice with STAT6-
deficient mice. Interestingly, Lin " IL-7Ra"T1/ST2" lung
ILC2s isolated from STATG6-deficient mice at 10 dpi main-
tained Argl expression (Fig. 2B). In contrast, the percentage
of F4/80" autofluorescent macrophages that expressed Argl
was reduced by >30-fold in infected STAT6 knockout mice
(Fig. 2C).

B

CD11b-CD3-CD19'NK1.1-

As Argl expression in ILC2s was not induced by STAT6 sig-
naling, we investigated whether naive ILC2s expressed the en-
zyme at rest. Indeed, >90% of ILC2s isolated from the naive
lung, mesenteric LNs, spleen, and small intestine expressed
Argl, indicating that ILC2s express the enzyme constitutively
(Fig. 2D and E). In the uninfected lung, ILC2s comprised
>90% of all Argl™ cells (Fig. 2F), making this population the
primary hematopoietic cell source of Argl in the resting lung.

Argl deficiency does not affect ILC2 numbers or
cytokine production

We next investigated whether Argl expression is required for
ILC2 accumulation or function. Argl deficiency in mice is fa-
tal 2 weeks after birth as a result of loss of the enzyme in he-
patic cells [27]. To circumvent this issue, Argl-flox mice have
been generated to facilitate deletion of the enzyme in specific
cell types of interest [22]. To target Argl deletion to ILC2s, we
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used Redb mice, in which the IL-5 locus is disrupted by a con-
struct containing RFP-IRES-Cre recombinase [20]. In these
mice, ILC2s, but not macrophages, express RFP and Cre in N.
brasiliensisinfected lungs as detected by flow cytometry

(Fig. 3A). We crossed Redb mice with Argl-flox mice to gen-
erate Red5-Arg1™*/°* mice, in which cells expressing IL-5
activate the recombinase and delete the Argl gene. Red5-
Arg1"°¥/f°x mice were healthy and had no obvious abnormali-

ties (data not shown).

Bando et al.

pensate for the absence of Argl in these cells.

In N. brasiliensisinfected Red5-Argl™**"** mice, the per-
centage of the ILC2 population that expressed RFP was similar
to that seen in Redb mice, indicating that there was no selec-
tive 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
Argl gene (Fig. 3C). The lack of enzyme activity in Argl-deficient
ILC2s also demonstrated that mitochondrial Arg2 does not com-
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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-Arg]"o*/fox
lungs compared with Red5-Argl"** ™" controls, based on RFP*
cell counts (Fig. 3E). The mean fluorescence intensity of RFP
also was unchanged by Argl deficiency (Fig. 3A and B, and
data not shown). To assay other cytokines, ILC2s were sorted
from infected lungs and cultured without stimulation. After 8
h, supernatants from Argl-deficient and -sufficient ILC2 cul-
tures contained equivalent amounts of IL-13, whereas IL-9 was
undetectable in all cultures (Fig. 3F, and data not shown).
Thus, Argl 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 uncross
linked collagen. There was no difference in the amounts of
acid- and pepsin-soluble collagen extracted from Redb-
Arg17o¥/ 1% lungs and Red5-Argl" " controls, indicating
that loss of ILC2-derived Argl does not affect collagen produc-
tion during N. brasiliensis infection (Fig. 3G).

IL-33 can regulate Argl™ 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 [15-17].
We reasoned that IL-33 could alter Argl expression in the
lung by regulating ILC2 cell numbers. We first investigated
whether Argl expression in ILC2s was affected by IL-33R defi-
ciency using T1/ST2-deficient mice. This deficiency precludes
the use of T1/ST2 as a marker of ILC2, so this population was
identified as Lin IL-7Ra*CD25" (Fig. 4A). Based on these
markers, ILC2s continue to express Argl in the absence of
IL-33R (Fig. 4A and B), providing additional evidence for con-
stitutive expression of this enzyme. As expected, there were
significantly fewer CD11b~ Argl™ cells (ILC2s) in T1/ST2-
deficient lungs compared with WT controls on Day 9 of infec-
tion (Fig. 4C).

To test whether IL-33 is sufficient to increase Argl expres-
sion in the lung by expanding ILC2s, rIL-33 was administered
to WT Argl-YFP mice i.n. for 3 days. On Day 4, there were
higher numbers of Argl * ILC2s and macrophages in the lung
following IL-33 treatment (Fig. 4D). As IL-33 can induce the
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production of type 2 cytokines, we investigated whether the
increase in the numbers of these two Argl™ cell types was a
result of IL-4/I1-13 signaling. In STAT6-deficient mice treated
with rIl-33, Argl expression by macrophages was abrogated
significantly (Fig. 4D). In contrast, Argl " ILC2 numbers re-
mained elevated in the absence of STATG6 signaling. These
data demonstrate that IL-33 can increase lung Argl in two
ways: by STAT6-independent expansion of the pool of consti-
tutively Argl " ILC2s and by induction of I1L-4/11-13 leading to
STAT6-dependent alternative macrophage activation.

DISCUSSION

Elevated Argl expression has been observed in the lung dur-

ing type 2 inflammation, but a thorough survey of the cells
responsible for producing this enzyme has not been per-
formed. In this study, we used an Argl reporter mouse to
identify cells that express this enzyme in vivo and determined
that macrophages and ILC2s express Argl in the lung during
helminth infection. Although our data confirm prior findings
that AAMs are the predominant source of Argl in the N. brasil-
iensisinfected lung based on abundance and enzyme activity/
cell [3], we identify ILC2s as the primary hematopoietic source
of Argl under resting conditions.

Our identification of ILC2s was based on cell surface mark-
ers (IL-7Ra, T1/ST2, ICOS, and CD25) and FSC/SSC charac-
teristics widely used to describe IL-5- or IL-13-producing, Lin~
cells. Based on these markers, >90% of ILC2s express Argl in
the resting and infected lung, making this enzyme a consistent
marker for lung ILC2s. Thus, the Argl-YFP reporter mouse
may be a useful tool for identifying lung ILC2s in future stud-
ies. Although we demonstrated that ILC2s expressed Argl in
other organs, including the mesenteric LN, spleen, and small
intestine, the full characterization of cell populations that ex-
press Argl in these tissues remains to be determined. Still,
Argl, in combination with other ILC2 genes, may be useful to
target these cells genetically without relying on cytokine pro-
duction for identification. The discovery of new markers for
ILC2s remains important, as 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 IL-4/IL-13/STAT6 signaling pathway is not required for
Argl expression in ILC2s. It remains to be determined how
Argl transcription is regulated in ILC2s. STAT6-independent
mechanisms that induce Argl exist in macrophages, although
they have not been described during type 2 inflammatory re-
sponses. During Mycobacterium bovis infection, Argl is regulated
by MyD88 and the transcription factor C/EBP, which binds
to an enhancer upstream of Argl and can regulate gene ex-
pression in the absence of STAT6 [22]. Although it is unlikely
that MyD88 signaling activates Argl expression in ILC2s due
to the constitutive expression of this enzyme in naive and T1/
ST2 knockout mice, involvement of C/EBPS in ILC2 Argl ex-
pression will require further investigation. Future studies de-
termining whether the constitutive expression of Argl is estab-
lished during ILC2 development may lead to insights as to
how expression of Argl is controlled.
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IL-33 has been shown to be an important factor in the acti-
vation and expansion of ILC2s. Here, we demonstrate that
IL-33 can enhance the expression of Argl in the lung by regu-
lating the size of the ILC2 compartment but not the level of
Argl expression/cell. We anticipate that other cytokines that
expand ILC2 numbers, such as TSLP and IL-25, will also in-
crease Argl expression in the lung by this mechanism. As 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 mechanism for increasing arginase activ-
ity in tissue. Experiments examining the kinetics of ILC2 num-
bers and macrophage activation after different types of stimuli
and in additional tissues will elucidate this further.

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

We speculate that the effects of Argl 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 Argl expression by ILC2s
in various tissues in naive and infected mice remain intriguing
areas for investigation.
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