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Innate lymphoid cells (ILCs) are important for tissue immune homeostasis, and are thor-
oughly characterized in mice and humans. Here, we have performed in-depth character-
ization of rat ILCs. Rat ILCs were identified based on differential expression of transcrip-
tion factors and lack of lineage markers. ILC3s represented the major ILC population of
the small intestine, while ILC2s were infrequent but most prominent in liver and adi-
pose tissue. Two major subsets of group 1 ILCs were defined. Lineage T-bet*Eomes™ cells
were identified as conventional NK cells, while lineage T-bet*Eomes~ cells were identi-
fied as the probable rat counterpart of ILC1s based on their selective expression of the ILC
marker CD200R. Rat ILC1s were particularly abundant in liver and intestinal tissues, and
were functionally similar to NK cells. Single-cell transcriptomics of spleen and liver cells
confirmed the main division of NK cells and ILC1-like cells, and demonstrated Granzyme
A as an additional ILC1 marker. We further report differential distributions of NK cells and
ILCs along the small and large intestines, and the association of certain bacterial taxa to
frequencies of ILCs. In conclusion, we provide a framework for future studies of ILCs in
diverse rat experimental models, and novel data on the potential interplay between com-
mensals and intestinal ILCs.

Keywords: NK cells - ILC - microbiome - rat

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction most of their effector functions through regulatory cytokines. ILCs
are generally divided into four groups—conventional NK cells,
Innate lymphoid cells (ILCs) provide host defense against infec-  ILCls, ILC2s, and ILC3s [1]. ILCs are particularly numerous under
tion and contribute to tissue homeostasis and repair. They mediate = mucosal epithelia and in nonlymphoid tissues such as the liver,
lung, skin, and uterus [2]. While NK cells can circulate between
tissues, ILC1s, ILC2s, and ILC3s are predominantly tissue resident
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ILC groups are defined by the absence of lineage markers
for other immune cells, and expression of defining membrane
markers and transcription factors. NK cells and ILCls both
produce IFN-y in response to cytokines. NK cells possess lytic
function, as ILC1 subsets does that express low levels of CD127
and high levels of granzymes [4-6]. ILC1ls have a phenotype
closely resembling NK cells. Both cell types express the tran-
scription factor T-bet, but only NK cells express the transcription
factor Eomes [7]. In mice, both ILCls and NK cells express
NKp46 and NKR-P1C (NK1.1, only expressed in C57/Bl6 and
Bl/10). The similarities between ILCls and circulating versus
tissue-resident NK cells complicate clear assignments to either
cell type [7, 8]. Further complicating the issue, NK cells coexist in
distinct developmental stages [9]. Both ILC1s and tissue-resident
NK cells express markers associated with tissue residency such
as CD49a, CD103, and CXCR6 [10]. While ILC2s and ILC3s
express the IL-7 receptor alpha (IL-7Ra; CD127), it is expressed
by ILCls in a tissue-dependent manner. CD127 is absent
from mouse NK cells but expressed by human CD5618h NK
cells [11].

ILC2s are defined by high expression levels of the tran-
scription factor GATA-3. They primarily produce the Th2-
cytokines IL-4, IL-5, and IL-13 in response to IL-25, IL-33,
and/or thymic stromal lymphopoietin, and thereby contribute
to type 2 immune responses [1]. ILC2s express the IL-33 recep-
tor, ST2, and the prostaglandin D2 receptor 2 (the latter only
expressed by human ILC2s) [12]. ILC2s are found in skin
of both humans and mice, and in lower numbers in blood
and intestines. While ILC2s are a dominant ILC population
in mouse lungs, they are only marginally detected in human
lungs [13, 14].

ILC3s are heterogeneous and can be subdivided into CCR6"
lymphoid tissue-inducer cells, natural cytotoxicity receptor
(NCR)* cells, as well as “ex-ILC3s” that have shifted toward an
ILC1 phenotype. ILC3s are characterized by their expression of
the transcription factor RORyt and the aryl hydrocarbon receptor.
ILC3s produce IL-17 and/or IL-22 in response to cytokines like
IL-1p and IL-23. ILC3s are the dominant ILC population within
the intraepithelial compartment and the lamina propria (LP)
of the small intestine in both humans and mice. Here, they are
functionally dependent on commensal microbes [15, 16], but
also able to regulate microbial homeostasis via production of
IL-22 [17, 18].

We have previously thoroughly characterized rat NK cells
and NK cell subsets [19-22], but ILCs, and in particular ILCls,
have not been systematically characterized so far in the rat.
Rat NK cells are defined as NKp46™ [23] or CD3"NKR-P1A™,
where rat NKR-P1A is a functional homologue to mouse NKR-
P1C. Considering renewed interest in rat as an immunological
research animal model, we set out to define and characterize rat
innate lymphocyte populations. We combined phenotypic flow
cytometry analyses, single- cell transcriptomics, and functional
assays to distinguish and characterize innate lymphocytes in the
rat.

© 2022 Wiley-VCH GmbH
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Results

Rat ILC1s, ILC2s, and ILC3s are defined by
transcription factors and function

To identify rat ILCs, we followed a strategy based on lack of
lineage markers (Lin~ cells; excluding T cells [CD3"], B cells
[Ig kappa chain™], and monocytes, macrophages, granulocytes,
DCs [all positive for SIRP-a in rats]), and differential expres-
sion of CD127 and transcription factors Eomes, T-bet, GATA-
3, or RORyt. In spleen, Lin"CD127" cells contain subsets with
high or dim CD127 expression levels (also observed in blood
but not in other tissues [data not shown]) (Fig. 1A). From
within the CD127"gh gate, we identified putative ILC2s and
ILC3s as GATA-3"i" or RORytt cells, while ILC1ls were iden-
tified as T-bet"Eomes~ (Fig. 1A). Within Lin"CD1274™ spleen
cells, were found predominantly NK cells (T-bet*Eomes™) and
minor frequencies of ILC1ls (T-bet"Eomes™) and ILC3s. Finally,
NK cells (T-bet*Eomes™) were identified within the Lin"CD127-
gate, along with T-bet™Eomes™ cells (Fig. 1A). We confirmed
mRNA transcripts for IL-5 or IL-22 within liver Lin"CD127* GATA-
3hish cells or spleen Lin"CD127+*RORyt* cells, respectively, upon
PMA/ionomycin stimulation. (Fig. 1B and D). Further, we show
that Lin"CD127 T-bet*Eomes™ spleen cells produced IFN-y and
degranulated in response to tumor targets at comparable levels to
spleen NK cells (Fig. 1C and E).

Rat NK cells are traditionally defined as NKR-P1ATCD3~
cells. However, around 15% of spleen Lin"NKR-P1A™ cells lacked
Eomes (Fig. 1F), suggesting that ILCs also fall into this gate. More-
over, we previously described an NK cell subset expressing high
levels of the inhibitory receptor NKR-P1B that was distinct from
conventional NK cells [21]. We show here that NKR-P1BP"g" cells
are mainly Eomes negative (Fig. 1G), suggesting they may be
ILC1s.

Rat ILCs share a core signature independent of their
tissue localization

We next tested the tissue distribution and phenotypes of the iden-
tified rat ILC populations by flow cytometry. Lin~T-bet*Eomes™
NK cells were found in expected tissues as previously reported for
CD3"NKR-P1A™ NK cells (Fig. 2A). Lin T-bet"Eomes~ were found
in most tissues tested, and in very high frequencies in the liver
(Fig. 2B). CD127* ILC1s were barely detected in any tissue (Sup-
porting information Fig. S1A). ILC2s were mainly located in liver,
adipose tissue, small intestines, and lung (Fig. 2C), while ILC3s
were most abundant within the small intestinal LB lungs, and skin
(Fig. 2D). Our data on intestinal ILC3s align with studies in mice
and humans, but contrast with a previous study in rat where ILC2s
were identified as the most abundant intestinal ILC [24]. We addi-
tionally profiled Sprague-Dawley (SPD) and Wistar Kyoto (WKY)
rats, and found that ILC3s were the dominant intestinal ILCs in
these strains (Supporting information Fig. S1B and C).
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Figure 1. Definition of rat ILCs. (A) Gating strategy for definition of rat ILCs in spleen. IL-22 mRNA production by Lin"CD127*Roryt™ ILC3s from
small intestinal LP (B) or IL-5 mRNA production by Lin"CD127+GATA-3"gh ILC2s from liver (D) assessed by PrimeFlow in mononuclear cells from
the lamina propria of small intestine with/without PMA and ionomycin stimulation for 4 h. Representative of three independent experiments.
Percentage of IFN-y in response to PMA/ionomycin (C) or degranulation in response to YAC-1 tumor targets (E) in Lin-T-bet*Eomes™ NK cells (grey
bars) or Lin-T-bet*Eomes CD127+~ cells (black bars) in liver, spleen, or blood. Data represent the mean of three independent experiments + SD.
Degranulation is represented as ACD107a; the difference between CD107a expression measured against targets versus no targets. (F) Expression
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Figure 2. Tissue distribution and phenotypic profile of rat ILCs. Frequencies of Lin-T-bet*Eomes™* NK cells (A), Lin-T-bet*Eomes CD127+~ ILC1s (B),
Lin-CD127+GATA-3Meh ILC2s (C), Lin"CD127+Roryt* ILC3s (D) in indicated tissues presented as percentage of lymphocytes. Data are presented as
the mean of three to five independent experiments per tissue + SD. (E) Heatmap showing percentage of cells expressing indicated markers within
Lin T bet*Eomes* NK cells, Lin"T-bet*Eomes CD127+/~ cells, Lin"CD127+GATA-3"h ILC2s, and Lin-CD127+Roryt* ILC3s. The data are presented as

the mean of three to five independent experiments.

The phenotypic profiles of ILCs across tissues were next com-
pared by flow cytometry. ILC2s expressed typical NK cell receptors
at low frequencies, but distinctly expressed CD25 and CD200R
in most tissues (Fig. 2E and Supporting information Fig. S2A-
C). ILC3s generally expressed low amounts of activating recep-
tors, NKp46 and NKR-P1A, but strongly expressed the inhibitory
receptor NKR-P1B and the C-type lectin receptor CD93. Similarly
to ILC2s, ILC3s expressed both CD25 and CD200R. The pheno-
type of Lin T-bet*Eomes™ cells largely mirrored NK cells, except
stronger expression of CD25 and NKR-P1B, and exclusive expres-
sion of CD200R. The markers, CD49a and CD49b, distinguish

© 2022 Wiley-VCH GmbH

between NK cells and ILC1s/tissue-resident NK cells in the mouse,
but were heterogeneously expressed by both subsets in rats (Sup-
porting information Fig. S2D).

Single-cell RNA sequencing reveals subsets of group 1
ILCs

To further differentiate between NK cells and putative ILCls,

scRNA-Seq was undertaken in liver and spleen mononuclear cells
enriched for innate lymphocytes. Unfortunately, transcription fac-
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Figure 3. NK cells, ILC1s, and ILC3s defined in spleen by single-cell transcriptomics. (A) t-SNE plot of 689 spleen cells enriched for innate lym-
phocytes, showing subsetting and reclustering of lymphocytes leading to identification of five clusters. (B) Heatmap of the top 10 differentially
expressed genes in each cluster. (C-G) Dot plots showing detection rate and average gene expression of indicated genes within the defined clusters.

tors Eomes, Gata3, and Rorc were poorly expressed in the dataset,
precluding their use to define ILC subsets. Innate lymphcoytes
were, therefore, identified based on expression of Klrbla (NKR-
P1A) and/or Ncrl (NKp46), and exclusion of other lineage mark-
ers (Supporting information Fig. S3A and B). Five subclusters
were identified in spleen (Fig. 3A and B). Clusters 0 and 3 were
identified as putative NK cells/ILC1s. Cluster O expressed more
transcripts for Tbx21, adapters for activating receptors (Tyrobp
and Fcerlg), and cytotoxic granule components (Gzma, Gzmk,
Nkg7, and Prf1) (Fig. 3C-F). We conclude that cluster O likely rep-
resented conventional NK cells, and that cluster 3 may represent

© 2022 Wiley-VCH GmbH

ILC1s. Finally, cluster 4 was enriched for transcripts associated to
ILC3s (Fig. 3G).

Three clusters of innate lymphocytes were identified in liver
(Fig. 4A and B). In contrast to spleen, these clusters had more
distinct profiles. Cluster O contained low levels of NK-cell receptor
transcripts and cytolytic molecules, but was enriched for GzmA,
Itgal, Cd93, Il2ra, and I118r1 (Fig. 4C-I). This profile is reminis-
cent of mouse liver ILC1s, and could represent the large popula-
tion of CD127" ILC1s that we detect by flow cytometry. Clusters
1 and 2 showed differential expression of NK cell receptor tran-
scripts and cytolytic molecules, with particularly Klrgl enriched

www.eji-journal.eu
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Figure 4. Three group 1 ILC populations in liver defined by single-cell transcriptomics. (A) t-SNE plot of 1577 liver cells enriched for innate lym-
phocytes, showing subsetting and reclustering of lymphocytes leading to identification of three clusters. (B) Heatmap of the top 10 differentially
expressed genes in each cluster. (C-I) Dot plots showing detection rate and average gene expression of indicated genes within the three clusters.
(J-K) Granzyme A expression within Lin~T-bet*Eomes CD127+/~ cells (red) or Lin~T-bet*Eomes™ NK cells (blue) determined via flow cytometry of
liver (J) or spleen (K) cells. Representative of three experiments.
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in cluster 2. These two clusters, thus, likely represent different
NK cell subsets. ILC2s or ILC3s were not identified in this dataset.
GzmA stood out as a marker to distinguish NK cells from ILC1s in
liver and spleen, and we confirmed by flow cytometry, this distinc-
tion by demonstrating high Granzyme A levels in liver and spleen
ILC1s compared to NK cells (Fig. 4J and K).

Biogeography of ILCs and their association to
microbiota in the intestinal compartment

During the initial characterization of ILCs, we observed rel-
atively high heterogeneity in frequencies of ILCs from small
intestine compared to other tissues. We therefore compared ILC
frequencies along the intestinal tract with matched analysis of
the commensal microbiota. The analysis was based on six male
PVG littermate rats, and an additional three age-matched female
PVG.7B littermates. NK cells were more frequent in LP than
within the intraepithelial lymphocytes (IEL), increasing in fre-
quencies toward the colon (Fig. 5A). Lin T-bettEomes™ cells were
more abundant than NK cells, and with no segmental dominance.
ILC3s showed a clear trajectory of high frequency in the jejunum
that declined sharply toward the colon. No apparent segregation
of rats from the different cages was observed with respect to
NK cells, ILC3s, or Lin"T-bet"Eomes™ cells. Like NK cells, ILC2s
showed preferential localization to the LB but an almost complete
lack of ILC2s was observed among the PVG.7B rats. We have
observed this lack of ILC2s as a cage-specific factor, irrespective
of strain, sex, or age, and suspect that this effect is shaped by the
microbiome. In support, we observed differences in abundance
of a number of bacterial species between the PVG and PVG.7B
rats in cecum and ileum (colon was omitted from this analysis
due to lack of fecal contents in one PVG.7B rats) (Supporting
information Fig. S4). Interindividual differences in abundance of
certain bacterial strains and of bacterial richness were apparent
(Fig. 5B and C). Alpha diversity analysis with Shannon and
Simpson indices showed a higher bacterial richness in the cecum
and colon. Beta diversity analysis show that the samples cluster
mainly by either small or large intestine (Fig. 5D). For colon and
cecum, we observe a tendency that rats housed in the same cage
cluster, together indicating cage effects on the abundance of a
number of bacterial species. This segregation was strongest for
the three female rats, compared to the six littermate males.

We found little correlation between bacterial diversity with fre-
quencies of ILCs in any segment of the gut, with exception of
ILC2s among ileal IEL and NK cells among jejunal IEL (Fig. 5E).
However, we found associations between certain taxa and ILC fre-
quencies in the cecum and colon. In particular, the Coriobacteri-
ales and the Bacteriodales family (Prevotellaceae and Prevotella)
were positively correlated to Lin"T-bet*Eomes™ cells, ILC2, and
ILC3 in cecum (Fig. 5F), while in colon ILC2s correlated to Cori-
obacteriaceae and ILC3s to Lachnospiraceae (Fig. 5G). IEL colonic
NK cells were significantly correlated to Clostridia and Proteobac-
teria species (unclassified taxa) (Fig. 5F), and to Parabacteroides
and an unclassified taxa of Peptococcaceae in cecum (Fig. 5H).

© 2022 Wiley-VCH GmbH
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Discussion

We provide here an in-depth analysis of rat ILCs. Our study
shows that while rat ILC2s and ILC3s are readily identified across
different tissues, the definition of rat ILCls is less straightfor-
ward. We clearly observed two main populations of group 1 ILCs
by flow cytometry that were either Lin T-bet™Eomes™ or Lin T-
bet*Eomes™. Fomes is a marker for NK cells, and we could read-
ily verify that the Lin"T-bet*Eomes™ cells represent conventional
rat NK cells. We found very little expression of CD127 by Lin T-
bet*Eomes™ cells. Although CD127 is a defining marker for mouse
ILC1s, CD127 can be variably expressed by ILC1s in certain tissues
[71, and it is not a reliable marker for human ILC1s [25, 26]. We
found Lin T-bet*Eomes™ in most tissues tested, and most promi-
nently in the liver. In humans and mice, the liver harbors tissue-
resident NK cells that are distinguishable from circulating NK cells
as being Eomes'”’~ and positive for markers for tissue residency
[27, 28]. Certainly, the ability of rat liver Lin-T-bet™Eomes™~ to
degranulate in response to tumor targets could argue that the cells
represent tissue-resident NK cells, as ILC1s are thought to possess
little cytolytic activity. Of note, the minor fraction of CD127" cells
among the Lin"T-bet"Eomes™ cells showed lack of degranulation
against tumor targets (data not shown), indicating the existence
of a minor noncytolytic ILC1 subset.

Further, we found by flow cytometry that CD200R was selec-
tively expressed by Lin T-bet*Eomes CD127+/~ cells but not
by Lin T-bet*Eomes™ cells. CD200R was previously shown to
selectively mark ILCs but not conventional NK cells in the mouse
[29]. Additionally, we found through our scSeq data, a skewed
expression of Granzyme A within putative ILC1s, which was also
confirmed by flow cytometry. This is nicely in line with a recent
study demonstrating high Granzyme A expression by liver ILC1s in
the mouse [4], although mouse NK cells express more Granzyme
A than rat NK cells. We thus propose to define conventional rat NK
cells as Lin"T-bettEomes™ CD200R™GranzymeA~!°" and rat ILC1s
as  Lin T-bet*Eomes CD127+/~CD200R*GranzymeAMs",  The
ontogenic relationship between NK cells and ILC1s is unclear, but
it has been proposed that ILC1s stem from a separate precursor
than NK cells downstream of the common lymphoid progenitor
[1, 30]. With currently available tools in the rat, we are unable to
address the ancestral relationship between rat ILC1s and NK cells.

The putative inhibitory receptor NKR-P1A (CD161) is a marker
for ILCs in humans alongside CD127. A functional homologue
of human NKR-P1A is not defined in rodents, but the inhibitory
receptor NKR-P1B represents the dominant inhibitory NKR-P1
receptor in the rat [19, 31]. We previously showed that NKR-P1B
is expressed by almost all NKR-P1A*CD3~ lymphocytes among
intestinal IEL, and highly expressed by a cytolytic subset of NKR-
P1ATCD3" cells in blood, liver, and lungs [21]. We previously
thought that these cells represented a subset of conventional NK
cells, but showing here their lack of Eomes, we redefine them as
ILC1s. Further, we show by flow cytometry that NKR-P1B is also
highly expressed by rat ILC3s, and at lower frequencies in ILC2s.
This is akin to a study in mice, showing a high frequency of NKR-
P1B on mouse intestinal NK cells/ILC1s and ILC3, but low expres-
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sion of ILC2s [32]. Unfortunately, NKR-P1B was not identified in
our single-cell RNA dataset as gene annotations were based on
the available BN genome, which contains another allelic variant
of NKR-P1B than the PVG strain. The functional significance of
NKR-P1B by ILCs is currently unknown.

Lung tissues in the rat were mainly populated by NK cells,
ILC1s, and ILC3s, which is similar to humans [33], while mouse
lungs are predominantly populated by ILC2s [34]. The small
intestine was dominated by ILC3s, which is in line with studies
in mice and humans [35, 36]. ILC2s were present at very low fre-
quencies or even undetectable in the intestines as in humans [36].
In contrast, a previous study investigating ILCs in SPD, BN, and
LEW rats reported that ILC2s, and not ILC3s, dominate intestinal
tissue [24]. Our own analysis of SPD rats shows a dominance of
ILC3s in the intestine as observed for the PVG rats. The PVG and
SPD rats used in our study were obtained from two different ani-
mal facilities, we thus, find it unlikely that our results are skewed
by the microbiome. We cannot exclude, however, that differences
in microbiota in the animal facilities may explain the contradic-
tory results.

ILCs, and in particular ILC3s, are thought to be important for
regulating intestinal immune homeostasis by interplaying with
commensal microbes [37]. We found relatively large variations in
frequencies of ILC1s and ILC2s compared to ILC3s in the different
gut segments. This could potentially reflect that ILC1s and ILC2s
could be more sensitive to fluctuations in the composition of
the commensal microbiome than ILC3s. The microbiota certainly
influences the frequencies of immune cells in the intestines,
and Clostridia are shown to induce Tregs [38], while segmented
filamentous bacteria induce Th17 cells [39]. There are only
a few studies that link particular bacterial strains with ILCs.
ILC2s numbers in the stomach was shown to be directly corre-
lated to the S24-7 taxa of Bacteroidetes [40]. Germ-free mice
contain larger proportions of ILC2s than colonized mice [41],
indicating a negative influence of the commensal microbiota,
perhaps explaining the normally low frequencies of ILC2s in the
gut. Interestingly, we observed opposing associations of ILC2s
and ILC3s with Lachnospiraceae of the Clostridia order. These
produce short-chain fatty acids that may act on Ahr. Ahr was
recently shown to negatively regulate ILC2s, while promoting
ILC3s [42]. We found positive correlations between ILC1, ILC2,
and ILC3 with the Prevotella genus. Similarly, human intestinal
NKp44+tCD56" ILCs were found to correlate to the Prevotellaceae
family in a group of HIV-1 infected individuals [43]. NK cells were
positively correlated to Proteobacteria and Clostridia variants in
the colon. How these bacterial strains may affect NK cells is not
known, but interestingly, recombinase A peptide sequence from
Proteobacteria has been shown to be recognized by the NK cell
receptor KIR2DS4 via HLA-C in humans [44], but whether a
similar system operates in the rat is uncertain.

In conclusion, we have identified ILC1s, ILC2s, and ILC3s
in the rats. NK cells and ILCls share many phenotypical and
functional attributes, but form distinct populations in all tissues
tested, and can be distinguished based on Eomes, CD200R, and
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Granzyme A expression. We further find correlations of NK cell
and ILC frequencies with certain bacterial strains in cecum and
colon that warrant further studies.

Materials and methods

Rats

Male or female rats aged 8 to 20 weeks of the inbred strains PVG,
PVG.7B, SPD, or WKY were used. The PVG.7B congenic strain
carries the CD45 allele RT7.2 on the PVG (RT7.1) genetic back-
ground, and were used interchangeably with PVG rats. The PVG,
PVG.7B, and WKY rats have been maintained at the Department
of Comparative Medicine, Institute of Basic Medical Sciences, Uni-
versity of Oslo, for more than 30 generations. SPD rats have been
bred at the Department of Comparative Medicine, Oslo University
Hospital. PVG/PVG.7B were used throughout unless otherwise
specified. Feeding, monitoring, handling, and sacrifice of animals
were done in compliance with regulations set by the Ministry of
Agriculture of Norway and “The European Convention for the
Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes.” The laboratory animal facilities are subject
to a routine health-monitoring program and tested for infectious
organisms according to a modification of Federation of European
Laboratory Animal Science Associations recommendations. Rats
were sacrificed by controlled asphyxiation with CO,.

Tissue homogenization and isolation of mononuclear
cells

Mononuclear cells were prepared from blood via density gradient
separation on Lymphoprep (Axis-Shield, Norway), and from
spleen and lungs by crushing through a 70-wm cell strainer fol-
lowed by density-gradient separation on Lymphoprep. IEL were
isolated from the small intestine as previously described [45, 46],
followed by isolation of LP lymphocytes by rinsing intestinal
pieces in ice-cold PBS, and incubation in cRPMI with 1.6 mg/mL
type IV collagenase (Worthington Biochemical Corporation) for
30 min at 37°C, filtering, and Lymphoprep separation. Skin lym-
phocytes were isolated as previously described [47]. Liver cells
were separated by crushing through 70 pm filters, Lymphoprep
separation, and removal of macrophages by 1 h incubation in cell
culture flasks at 37°C. Visceral adipose tissue was incubated in
cRPMI with 1.6 mg/mL type IV collagenase for 30 min at 37°C,
filtered, and washed in PBS with 2% FBS.

Antibodies and flow cytometry

Flow cytometry experiments were executed according to guide-
lines [48]. Antibodies and conjugates used were anti-rat CD3
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(G4.18-FITC), CD49a (Ha31/8-BV650), CD49b (Hal/29-
FITC), GATA-3 (L50-823-BV711), T-bet (04-46-PerCP-Cy5.5,
-PE-CF594), and streptavidin-QDot605 from BD Biosciences;
Eomes (Danllmag-PE-Cy7, -Alexa488), RORyt (AFKJS-9-APC),
Granzyme A (3G8.5-APC), and streptavidin-QDot585 from
ThermoFisher; IFN-y (DB-1-FITC) from BioLegends; and CD127
(717519-PE) from R&D Systems. Anti-rat mAbs to NKR-P1A
(8.2.3-Pacific Blue), CD8a (0X10), CD25 (0OX39-biotin), CD93
(LOV3-biotin), CD103 (OX62-biotin), NKG2A/C/E (WEN28-
biotin), NKp46 (WEN23-Pacific Blue), Ly49s3 (DAR13-biotin),
NKR-P1B (STOK27-biotin, -Alexa700, -PB), CD107a (SIM1-
Alexa488), SIRP1la (0X41-Alexa700, -Alexa488), anti-rat kappa
chain (OX12-Alexa700, -Alexa488), TCR-af (R73-Alexa700)
were purified from hybridomas and conjugated in our laboratory.
Isotype control antibodies: Rat IgG2a (eBR2A-APC, -PE-Cy7) and
mlgG2a (eBB2a-PE) from ThermoFisher; mIgGl (X40-BV711,
-BV650) from BD Biosciences, Franklin Lakes, NJ; and Armenian
hamster IgG (HTK888-FITC) from BioLegends.

Intracellular staining for transcription factors was accom-
plished using BD Biosciences Transcription Factor Buffer Set.
Intracellular staining for IFN-y was performed using the Foxp3
Fixation/Permeabilization kit (eBioscience, San Diego, CA).
Cytokines were induced by incubating cells with 1 pg/mL
ionomycin and 10 ng/mL PMA (both Sigma-Aldrich) for 4 h,
with Golgi Stop (BD Biosciences) added during the last 3 h of
incubation. The PrimeFlow RNA Assay kit (ThermoFisher) was
used to probe for IL-5 and IL-22 mRNA according to the manufac-
turer’s protocol. In brief, permeabilized cells were hybridized with
gene- specific target probes against IL-22 or IL-5 mRNA, followed
by preamplifier DNA, amplifier DNA, and finally fluorescent
probes to allow single-cell visualization of mRNA by flow cytom-
etry. Cells were analyzed using BDFortessa (BD Biosciences), and
data analyzed using FlowJo software.

Degranulation assay

Mononuclear cells from blood, liver, and spleen were incubated
with YAC-1 target cells at ratio 1:1 for 4 h at 37°C in cRPMI in the
presence of an anti-CD107a antibody. Golgi stop (BD Biosciences)
was added after 1 h of incubation. Afterwards, cells were washed
and stained with surface markers, and finally transcription factors
as described above. Specific degranulation (ACD107a) was cal-
culated as the difference in percent CD107a-positive cells against
YAC-1 targets versus no targets.

Single-cell RNA sequencing

Mononuclear spleen and liver cells were enriched for innate
lymphocytes by depletions using pan-mouse IgG Dynabeads
(ThermoFisher) coated with antibodies toward T cells (R73;
TCR-af), B cells (0X12, Ig-k), and myeloid cells (ED1; CD68
and OX41; SIRP1-a). Enriched cells were immediately processed
for single-cell RNAseq following the Drop-seq protocol by the
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McCarroll laboratory [49]. In short, the cell suspension was fed
through a droplet generator (Dolomite, UK) that encapsulated a
single cell and a barcoded bead in a water-in-oil droplet. Follow-
ing cell lysis inside the droplet, mRNA attached to poly-dT-coated
beads were reverse transcribed to make cDNA, amplified, and
barcoded fragments generated by Tn5-mediated tagmentation.
During the post-tagmentation PCR, unique sample barcodes were
introduced in the adaptor primers. The libraries were sequenced
at the Norwegian Sequencing Centre (Oslo University Hospital),
on the NextSeq500 platform with a 75 bp kit, high output
mode, with paired end reads. Twenty base pair was sequenced
in Read 1 using a custom sequencing primer (GCCTGTCCGCG-
GAAGCAGTGGTATCAACGCAGAGTAC) and 60 bp in Read 2 with
the regular Illumina sequencing primer. We used the Drop-seq
Core Computational Protocol using STAR alignment to map
the raw sequencing data to the most recent version of the rat
(BN strain) genome (Rnor 6.0). Reads were then grouped by
cell barcode and the unique molecular identifiers for each gene
counted. Further analysis was performed in R studio using the
Seurat, dplyr, and ggplot2 packages. Initial analysis excluded
cells expressing more than 5% mitochondrial genes, or raw
counts below 200 or above 2000. A total of 9790 features were
present in 689 spleen cells, 7964 features were present in 732
liver cells (replicate 1), and 8770 features in 845 liver cells
(replicate 2). The counts were normalized and log-transformed,
and principal component analysis based on the feature “Find-
VariableGenes” with 20 dimensions, followed by clustering and
t-SNE analysis.

Microbiome analysis

The intestinal microbiome from six 12-week-old male PVG
littermates housed in two cages, and three 12-week-old female
PVG.7B littermates housed in the same cage were analyzed. All
cages were from the same rack. Luminal contents were collected
from the jejunum, ileum, cecum, and colon, and frozen at —80°C
until analysis. Total DNA was isolated from samples using the
QIAamp DNA stool kit (Qiagen) according to the manufacturer’s
instructions [50], with modifications. Briefly, 100 mg luminal
contents were homogenized in 500 L ASL buffer by bead-beating
step using tissue lyzer for 3 min at 30 Hz, followed with 95°C
heat-based lysis steps. Then, samples were incubated for 30 min
with 200 pL lysis buffer containing 20 mM Tris-HCI, pH 8.0,
2 mM EDTA, 1.2% Triton, and 20 mg/mL lysozyme. A total of
500 pL ASL buffer was added and the manufacturer’s protocol
continued. Total DNA was eluted in 30 pL RNase-free water and
stored at —20°C. The 16S rRNA gene segments spanning the
variable V5 and V6 regions were amplified using a multiplex
approach with the forward primers containing barcodes (5’-CCAT
CTCATCCCTGCGTGTCTCCGACTCAG-BARCODE-ATTAGATACCC

YGGTAGTCC-3) in combination with the reverse primer (5-
CCTCT CTATGGGCAGTCGGTGATACGAGCTGACGACARCCATG-
3) [50]. The PCR amplified amplicons were purified using Gel
Extraction Kit (QIAGEN) as described by the manufacturer’s
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manual and prepared for sequencing on the IonTorrent PGM
system (Life Technologies). Data analysis was performed using
the QIIME pipeline version 2 [51] with a custom script for
IonTorrent data. Amplicon sequencing variants were assigned
using Greengenes (13_8) databases using the feature-classifier
classify-sklearn function with a 97% sequence identity threshold
[52]. Calculation of the alpha diversity (Simpson and Shannon
index), beta diversity (Bray-Curtis dissimilarities on NMDS plot),
and statistical analysis using Adonis test were performed using
phyloseq pipeline in R (3.6.3) [51, 53].
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