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SUMMARY

Here, we characterize a subset of ILC3s that express
Neuropilin1 (NRP1) and are present in lymphoid tis-
sues, but not in the peripheral blood or skin. NRP1+

group 3 innate lymphoid cells (ILC3s) display
in vitro lymphoid tissue inducer (LTi) activity. In
agreement with this, NRP1+ ILC3s are mainly located
in proximity to high endothelial venules (HEVs) and
express cell surface molecules involved in lympho-
cyte migration in secondary lymphoid tissues via
HEVs. NRP1 was also expressed on mouse fetal LTi
cells, indicating that NRP1 is a conserved marker
for LTi cells. Human NRP1+ ILC3s are primed cells
because they express CD45RO and produce higher
amounts of cytokines than NRP1� cells, which ex-
press CD45RA. TheNRP1 ligand vascular endothelial
growth factor A (VEGF-A) served as a chemotactic
factor for NRP1+ ILC3s. NRP1+ ILC3s are present in
lung tissues from smokers and patients with chronic
obstructive pulmonary disease, suggesting a role in
angiogenesis and/or the initiation of ectopic pulmo-
nary lymphoid aggregates.

INTRODUCTION

Innate lymphoid cells (ILCs) can be divided into three groups

based on distinct cytokine secretion profiles and the transcrip-

tion factors they depend on. Group 3 ILCs (ILC3s), which are

dependent on the transcription factor retinoic acid-related

orphan receptor-gamma t (RORgt), encompass the related

lymphoid tissue inducer (LTi) cells and ILC3 subsets (Artis and

Spits, 2015). LTi cells promote lymphoid organogenesis and
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postnatal mucosal immunity through activation of stromal cells

via lymphotoxin and tumor necrosis factor (TNF) (Cupedo

et al., 2009). ILC3s produce interleukin (IL)-22, granulocyte-

macrophage colony-stimulating factor (GM-CSF), TNF-a,

IL-17A, B-cell activating factor (BAFF), and IL-8 in a stimulus-

dependent manner and can promote tissue remodeling, wound

healing, tolerance, anti-bacterial immunity, or chronic inflamma-

tion (Mjösberg and Spits, 2016). ILC3s exhibit distinctive

phenotypes in different tissues, reflecting different stages of dif-

ferentiation or activation. Recently, single-cell RNA sequencing

(scRNA-seq) data from non-inflamed human tonsil found three

ILC3 subpopulations, namely NKp44+ ILC3s, CD62L+ ILC3s,

and human leukocyte antigen (HLA)-DR+ ILC3s (Björklund

et al., 2016).

ILC3s and LTi cells are closely related; however, in the mouse,

these cells develop via distinct pathways (Killig et al., 2014).

Whether this is also the case in humans is unknown, partly

because of the lack of known markers for human LTi cells.

Chemokine receptors (CCR)6, which in the mouse is selectively

expressed in LTi-like cells, is expressed on almost all ILC3s in

humans (Roan et al., 2016) and is therefore not a useful marker

for human LTi cells. Recently, LTi-like cells in adult mice were

described to express transcripts for Neuropilin 1 (NRP1) (Robin-

ette et al., 2015). It was not determined whether mouse fetal LTi

cells that are essential for the formation of secondary lymphoid

organs express NRP1.

In this study, we investigated expression of Neuropilin 1

(NRP1, also called CD304, BDCA4) on human ILC3s. NRP1

was originally identified as a neural adhesion molecule that

functions during the development of the embryonic nervous

system and vascularization, but recent studies have demon-

strated that NRP1 plays also a role in the immune system.

NRP1 is able to interact with multiple ligands, such as secreted

class 3 semaphorins, vascular endothelial growth factor A

(VEGF-A) and transforming growth factor (TGF)-b1. NRP1 has
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Figure 1. NRP1+ ILC3s Are Present in

Lymphoid Tissues but Not in the Peripheral

Blood or Skin

(A) Flow cytometry analysis of human tonsil cell

suspension; representative dot plots of gating strat-

egy lineage CD3�CD45+CD127+CD161+CD117+

ILC3s. Lineage mixture of antibodies added to

exclude leukocytes includes CD3, TCRa/b, TCRg/d

(T cells), CD14 (monocytes), CD16 (monocytes, NK

cells), CD19 (B cells), CD94 (NK cells), FcεR1a (mast

cell) and CD123, and BDCA2 (pDCs).

(B) Pie diagram showingmean frequency of ILC2s,

ILC1s, and ILC3NKp44+/�NRP1+/� in human tonsil.

(C) Transcriptional analysis using qRT-PCR

showing the relative expression of RORgt in

tonsillar NRP1+ ILC3s, NRP1� ILC3s, NRP1�

NKp44� ILC3, and ILC1. Samples were normal-

ized to mRNA encoding b-actin (ACTB). Data are

representative of three independent experiments

and donors.

(D) Expression of NRP1 analyzed by flow

cytometry, on ILC from adult lymphoid and non-

lymphoid tissue, including peripheral blood, skin,

gut, mLN, spleen, and post-natal thymus. Filled

histogram shows isotype control.

(E) Dot plot representing the expression of NRP1

and CD117 on ILCs from fetal gut, analyzed by

flow cytometry.

(F) Expression of NRP1 (open histogram) analyzed

by flow cytometry, on ILC3s from fetal mLN

and fetal spleen. Filled histogram shows isotype

control.

(G) Percentage of NRP1+ (black bar) and NRP1�

(white bar) ILC3s in fetal and adult lymphoid tissue.

Data are mean of three to four donors.
a short cytoplasmic domain that lacks signaling activity, but

together with the co-receptor vascular endothelial growth factor

receptor 2 (VEGFR2) it forms a high-affinity complex for several

isoforms of VEGF-A, which has potent proinflammatory proper-

ties, including an ability to mediate leukocyte trafficking into

sites of inflammation (Edelbauer et al., 2010). NRP1 is ex-

pressed on various immune cell types including human plasma-

cytoid dendritic cells (pDCs), naive T cells, and a subset of

CD4+ T follicular helper cells in secondary lymphoid organs.

NRP1 is also expressed by human T regulatory (Treg) cells

present in secondary lymphoid organs, but not by Treg cells

in peripheral blood (Milpied et al., 2011). In mice, NRP1 is selec-

tively expressed by thymus-derived murine Treg cells, but not

by in-vivo- or in-vitro-generated peripheral Treg cells (Yadav

et al., 2012).

Here we report that NRP1 is expressed on a subset of human

group 3 ILCs, which are present in lymphoid tissues and have

in vitro LTi cell activity. We also observed that NRP1+ ILC3s ex-
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press CD45RO, whereas most NRP1�

ILC3s expressed CD45RA, and that

NRP1+ cells produced higher levels of

cytokines than NRP1� ILC3s upon

in vitro cell activation. NRP1 was found

to be associated with VEGFR2 on ILC3s

and VEGF-A-induced migration of these
cells in vitro. Taken together, our data indicate that NRP1 is func-

tionally expressed on primed LTi cells in humans.

RESULTS

Human NRP1+ ILC3s Are Only Present in Lymphoid
Tissues
Flow cytometric analysis of tonsillar ILCs revealed that a subset

of ILC3s express NRP1 (Figure 1A). NRP1 expression was

mainly detected on NKp44 (Figure 1A) and CD56+ ILC3s in

the tonsil, whereas ILC1 (CD117�NKp44�) and ILC2

(CD117�/+NKp44�CRTH2+) subsets lacked the expression of

NRP1 (data not shown). NRP1+NKp44+ ILC3s represented

approximately 28% (SD ± 5) of the total ILC population in the

tonsil, and approximately 2% (SD ±1%) of NRP1+ ILC3s were

NKp44-negative (Figure 1B). The gene expression profile of

analyzed ILC3s by qRT-PCR showed that all CD117+ ILC3s,

including the NRP1� and NRP1+ ILC3s, express the ILC3



signature transcription factor RORgt (Figure 1C). Previous data

indicate that these CD117+CRTH2� ILC3s also express RORgt

protein (Scoville et al., 2016; Bernink et al., 2015).

We examined the expression of NRP1 on ILCs in different

lymphoid and non-lymphoid tissues. NRP1 expression was

selectively expressed on ILC3s and limited to lymphoid tissues

including mesenteric lymph node (mLN), post-natal thymus,

spleen, and tonsil. Approximately 30% (SD ±5%) of ILC3s in

the adult spleen and mLN expressed NRP1 (Figure 1D). NRP1+

ILC3s were not present in the peripheral blood (Figure 1D),

cord blood (data not shown), and skin (Figure 1D). They were

also absent in the gut of patients with Crohn’s disease, whereas

these cells were present in the mLN of the same patient

(Figure 1D).

We next compared lymphoid tissue NRP1+ ILC3s with their

fetal counterparts. We detected NRP1+ ILC3s in the fetal liver,

gut, mLN, and spleen. We observed a higher frequency (SD

50% ± 5% of total ILC3) of NRP1+ ILC3s in fetal tissues

compared with tonsils and adult mLN and spleen (Figures 1E

and 1F). We also detected NRP1 on a small population of fetal

gut ILC3s (SD 6.5% ± 1% of total ILC3s) (Figure 1E). We next as-

sessed a set of surface proteins on NRP1� and NRP1+ ILC3s by

flow cytometry and compared these findings with published sin-

gle-cell RNA sequencing (scRNA-seq) data generated from

freshly isolated tonsil ILC subsets (Björklund et al., 2016). This

analysis confirmed that tonsillar ILC3s (NKp44+/�) express

RORc and NRP1. Similar to NRP1 protein, NRP1 was only ex-

pressed on ILC3s, whereas NK cells and ILC1 and ILC2 subsets

lacked the expression of NRP1. In addition, NKp44/NCR2, PD1/

PDCD1, and to a lesser extent NKp30/NCR3 and CD2/CD2were

expressed higher in NRP1+ ILC3s at both protein and mRNA

levels (Figure S1A). HLA-DR, RANKL, and inducible T-cell costi-

mulator (ICOS) proteins were similarly expressed by NRP1+ and

NRP1� ILC3s, whereas expression of mRNAs encoding these

molecules were slightly different in NRP1+ compared with

NRP1� ILC3s (Figure S1A). NRP1+ ILC3s in the tonsil expressed

higher levels of CCR6 and C-X-C chemokine receptor 5 (CXCR5)

(Figure S1A). Fetal mLN and splenic ILC3s were mostly negative

for NKp44, and the few NKp44+ ILC3s contained similar propor-

tions of NRP1+ and NRP1� cells, indicating that the expression

of NRP1 and NKp44 are not co-regulated in fetal tissues (Fig-

ure S2B). NRP1+ ILC3s had similar levels of CCR6 and CXCR5

and lower CD161 expression compared with NRP1� ILC3s in

fetal mLN (Figure S1B).

Single-Cell Transcriptomes ofNRP1-Positive andNRP1-
Negative ILC3 Populations
We used scRNA-seq data (Björklund et al., 2016) to further

assess the expression of a selected set of genes typically

expressed by ILC3s. Transcripts for many transcription factors,

cytokines, and cytokine receptors including AHR, TOX, TOX2,

IL-23R, IL-1R1, CSF2, LTa, and LTb, showed higher expression

in NRP1+ compared with NRP1� ILC3s (Figure 2A). These data

indicate that NRP1+ ILC3 may be more mature and/or activated

as compared with NRP1� ILC3s.To get a more unbiased func-

tional characterization of NRP1+ ILC3s, we assessed genes

that shared direction with NRP1 in a principal component anal-

ysis (PCA) of the ILC3s transcriptomes. The negative principal
component 2 (PC2) included NRP1 as well as several ILC3-spe-

cific markers. Those genes were subjected to a gene set enrich-

ment test using Gene Ontology (GO) annotations (Reference

Genome Group of the Gene Ontology Consortium, 2009) and

using curated gene sets from Molecular Signatures Database

(MSigDB) (Subramanian et al., 2005). The top gene sets that

were enriched were GO term ‘‘Cell chemotaxis’’ (Figure 2B)

and Reactome pathways ‘‘Chemokine receptors bind chemo-

kines’’ and ‘‘Immunoregulatory interaction between a lymphoid

and non-lymphoid cell’’ (Figure 2C) (adjusted p values are

4.0 3 10�5, 8.1 3 10�4, and 8.6 3 10�5, respectively).

Genes in the chemokine receptor-chemokine binding gene set

included the chemokine receptors CXCR5, CCL20, CCR6, and

CCR7 (Figure 2D). The expression for CXCR5, CCL20, and

CCR6 were higher and CCR7 expression was lower in the

NRP1+ ILC3s compared with NRP1� ILC3s. These chemokine

receptors determine selective migration in response to chemo-

tactic stimuli, e.g., the chemokine (C-X-C motif) ligand 13

(CXCL13) and its receptor CXCR5 are involved in the homing

of lymphocytes to lymph node follicles. The expression of the T

lymphocyte (and ILC) recruiting factor chemokine ligand (CCL)

20 (macrophage inflammatory protein-3 alpha [MIP-3a]) sug-

gests that NRP1+ ILC3s, besides expressing high levels of

CCR6, also may have the capacity to position CCR6+ lympho-

cytes to or within lymphoid tissues. These results indicate that

NRP1/NRP1 may be involved in the retention of ILC3s in

lymphoid tissue. Genes enriched within the ‘‘Immunoregulatory

interaction between a lymphoid and non-lymphoid cell’’ pathway

included the integrin ITGB1 (encoding CD29, integrin b1, recep-

tor for vascular cell adhesion molecule [VCAM]1), class I MHC-

restricted T cell-associated molecule (encoding CRTAM,

CD355), SELL (encoding CD62L, L-selectin), and ITGAL (encod-

ing lymphocyte function-associated antigen-1 [LFA-1], receptor

for intracellular adhesion molecule [ICAM]1) (Figure 2E). The

expression for ITGB1, CRTAM, and ITGAL were higher and

SELL expression was lower in NRP1+ ILC3s compared with

NRP1� ILC3s. b1-integrin, CD62L, and LFA-1 play important

roles in lymphocyte migration, adhesion, and interaction with

non-lymphoid cells (Carrasco et al., 2004; Evans et al., 2009).

CRTAM is expressed by Purkinje neurons, epithelial cells, acti-

vated NKT cells, NK cells, and CD8 T cells. The interaction of

CRTAM with its ligand Nelc-2 is reported to promote cell adhe-

sion between both lymphoid and non-lymphoid cells (Garay

et al., 2010). In addition, scRNA-seq revealed that NRP1+

ILC3s expressed higher levels of the receptor for ITGB1, ITGAL

(Figure 2E), LTa, and LTb (Figure 2A), markers involved in the

interaction between LTi cells with stromal cell. Enrichment of

these pathways is indicative of the interaction between NRP1+

ILC3s and non-hematopoietic stromal and/or endothelial cells.

Together the scRNA-seq results indicate that NRP1/NRP1 may

be involved inmigration and/or retention of ILC3s in lymphoid tis-

sue, and NRP1+ ILC3s show a more mature and/or activated

phenotype compared with NRP1� ILC3s.

NRP1-Positive ILC3s Resemble Primed Cells
Next, we analyzed the functional properties of NRP1+ and NRP1�

ILC3s. Assessing the cytokine production using intracellular flow

cytometry of ex vivo tonsillar NRP1+/�NKp44+ ILC3s, stimulated
Cell Reports 18, 1761–1773, February 14, 2017 1763



Figure 2. Violin Plots Showing the Gene Expression Distribution in NRP1+ and NRP1� ILC3s

(A) Group 3 ILC3s signature genes. Violin plots show gene expression distribution in NRP1+ and NRP1� ILC3s with color according to mean expression value.

(B and C) Bar plots with the top five enriched GO terms (B) and MSigDB curated gene sets (C) with bar height according to adjusted p value.

(D) Violin plots with genes in GO term ‘‘Cell chemotaxis, immune response.’’

(E) Violin plots with genes in Reactome pathway ‘‘Immunoregulatory interaction between a lymphoid and non-lymphoid cell.’’
with phorbol 12-myristate 13-acetate (PMA) plus ionomycin, re-

vealed that NRP1+ ILC3s produced significantly higher amounts

of IL-22 comparedwithNRP1� ILC3s (Figure 3A), whereas neither

subset produced IL-17A (data not shown). Following in vitro stim-

ulation with IL-2 or with IL-2, IL-1b, and IL-23, NRP1+ ILC3s pro-

duced 2- to 3-fold higher amounts of proinflammatory cytokines

GM-CSF, TNF-a and the chemotactic and angiogenic factor

IL-8, and lymphotoxin than NRP1� ILC3s as measured by ELISA

in culture supernatants (Figure 3B). Both ILC3 populations pro-

duced similar amounts of lymphotoxin (LT)-a and the chemokines

CXCL10, MIP-1a, and MIP-1b upon stimulation with IL-2, IL-1b,

and IL-23 (data not shown). NRP1+ ILC3s produced less IFN-g

compared with NRP1� ILC3s (Figure 3B). These data indicate

that NRP1+ ILC3s in general have the capacity to produce signif-

icantly more cytokines than NRP1� ILC3s. Similarly, stimulation

of freshly isolated fetal lymph node NRP1+ ILC3s with PMA plus

ionomycin resulted in a significantly higher production of IL-22

and also higher IL-17A production by NRP1+ ILC3s compared

with NRP1� ILC3s (Figure 3C). One possible explanation for the

higher production of cytokines by NRP1+ ILC3s is that these cells
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have encountered an activation signal in vivo implying they may

have been primed like is the case for memory T cells. Because

CD45RA and CD45RO define naive and memory T cells, respec-

tively, and naive T cells express CD62L, we analyzed the expres-

sion of thesemarkers on theNRP1+ andNRP1� ILC3 subsets.We

observed that a minor population of tonsillar NKp44�

NRP1�ILC3s are CD45RA-positive, whereas tonsillar NRP1+

ILC3s are negative for CD45RA (Figure 3D) and positive for

CD45RO (Figure 3D).

We next asked which signal could be responsible for upregu-

lation of NRP1 by ILC3s. Because IL-1b is a prominent stimulator

of ILC and its receptor tended to be expressed to higher extent

by NRP1+ ILC3s as determined by scRNA-seq (Figure 2A), we

tested whether IL-1b had an effect on expression of NRP1. We

highly purified NRP1� ILC3s and observed that culturing these

cells in IL-1b upregulated NRP1 (SD 27% ± 6%; Figure 3E).

NRP1+ ILC3s lost the expression of NRP1 in culture without

additional stimuli and maintained NRP1 expression when stimu-

lated with IL-1b (data not shown). Intriguingly, culture of periph-

eral blood ILC3s in IL-1b did not result in NRP1 upregulation



Figure 3. NRP1+ ILC3s Express CD45RO

and Produce Higher Amounts of Cytokines

Than NRP1� ILC3s

(A) Freshly isolated ILC3s were in vitro stimulated

with PMA plus ionomycin and analyzed for intra-

cellular IL-22 (n = 4, *p < 0.05, Mann-Whitney two-

tailed t test).

(B) Luminex bead-based assay was used to

measure multiple cytokine secretion. Soluble GM-

CSF (ng/mL) and TNF-a, IL-8, and IFN-g from

cultured and IL-2-, IL-1b-, and IL-23-stimulated

ILC3s. Data are representative of three individual

tonsil samples analyzed in different experiments;

horizontal bars represent the median value for

each group.

(C) Freshly isolated ILC3s from fetal mLN in vitro

stimulated with PMA plus ionomycin and intra-

cellular cytokine stain for IL-22 and IL-17A on

NRP1+ (black bar) and NRP1� (white bar) ILC3s,

analyzed by flow cytometry (n = 4, *p < 0.05,

Mann-Whitney two-tailed t test).

(D) CD45RA and CD45RO expression on NRP1+

(red) and NRP1� (blue) ILC3s in tonsil.

(E and F) Histogram showing the expression of

NRP1 on NRP1� ILC3s in tonsil (E) and NRP1,

HLA-DR, and NKp44 on peripheral blood NRP1�

ILC3s (F) after stimulation with IL-2 alone (blue

lines) or with IL-2 and IL-1b (red lines). Filled his-

togram shows isotype control.
(Figure 3F). This was not due to the lack of responsiveness of pe-

ripheral blood ILC3s to IL-1b, because peripheral blood ILC3s

upregulated class II MHC and NKp44 (Figure 3F) following incu-

bation with IL-1b. Taken together, the high cytokine production

capacity and the phenotype of NRP1+ ILC3s suggest that these

cells may represent previously primed cells.

A Role for NRP1 in the ILC3s Retention in Lymphoid
Structures
We analyzed the expression of themajor molecules that mediate

the migration of lymphocytes to peripheral lymph nodes (Evans

et al., 2009), such as CD62L, lymphocyte function-associated

antigen-1 (LFA-1), CCR7, and CCR6, and found that ILC3s in

the peripheral blood, which all are NRP1�, expressed high levels

of LFA-1 andCCR6, but lacked expression of CCR7 (Figure S2A).

The majority of peripheral blood ILC3s expressed the adhesion

molecule CD62L and a small population expressed CXCR5, sug-
Cell Repo
gesting that a subset of ILC3s can

migrate to lymphoid tissue. Tonsillar

ILC3s were CD62L�, except for a minor

population of NKp44� ILC3s (Figure 4A).

Comparable with peripheral blood

ILC3s, tonsillar ILC3s were LFA-1 high

and lacked the expression of CCR7.

Tonsillar NKp44+ ILC3s expressed high

levels of CCR6, whereas NKp44� ILC3s

and ILC1 showed a heterogeneous

expression of this chemokine receptor.

Our data suggest that NRP1+ ILC3s are

exclusively present in lymphoid tissues
under homeostatic conditions. To gain insight in the localization

of NRP1+ ILC3s within the lymphoid tissues, we performed dou-

ble immunohistochemical (IHC) staining of tonsil tissue. In hu-

mans NRP1 is described as a selective marker for pDCs among

the dendritic cells (DCs) and is also expressed by Treg cells in

secondary lymphoid tissue and a subset of CD4+ T follicular

helper cells. Single IHC staining for CD3 (T cell specific),

BDCA2 (pDC specific), and NRP1 was performed to validate

the antibodies (Figures S2B–S2D). Quantifications using auto-

mated IHC and digital image analysis showed that NRP1+ cells

were present in different regions of the tonsil, including the follic-

ular region (mantle zone and inner germinal center), paracortex,

and medullar region. NRP1+ cells were significantly increased in

the paracortical region and medullar region (Figure S2E). How-

ever, in a co-IHC staining we excluded confounding T cells

and pDCswith anti-CD3 and anti-BDCA2 antibodies (black chro-

mogenic stain) followed by NRP1 staining (brown stain). The
rts 18, 1761–1773, February 14, 2017 1765



Figure 4. Tonsillar NRP1+ ILC3s Are De-

tected in Proximity to HEVs and the NRP1

Ligand VEGF-A Serves as a Chemotactic

Factor for NRP1+ ILC3s

(A) Cell surface expression of CCR7, CCR6, LFA-1,

CD62L,CXCR5, andNRP1on freshly isolated ILC3s

from tonsil, NRP1+ ILC3s (black line), and NRP1�

ILC3s (dark blue dashed line) assessed by flow cy-

tometry. Filled histogram shows isotype control.

(B and C) Photomicrographs showing im-

munohistochemically (IHC) stained paraffin-em-

bedded sections from two different donor tonsils.

Tissue sections were double stained for NRP1+

(brown stain) CD3�BDCA2� (black stain). White ar-

rowheads indicate NRP1+BDCA2� cells, and black

arrowheads indicate NRP1+CD3+BDCA2+ pDCs.

Dotted red lines show HEV-like structures. Black

scale bar, 100 mm; white scale bar, 50 mm.

(D) VEGFR2 expression on NRP1+ ILC3 (black line)

and NRP1� ILC3s (dark blue dashed line) and

positive control endothelial cells (red dashed line).

(E) Five-micrometer Transwell chemotaxis assay

migratory/chemotaxis properties measured by

fluorometric detection. Chemoattractants used

were VEGFR2-NRP1 ligand VEGF-165 (VEGF-A),

VEGFR2 ligand VEGF-C, and CXCR5 ligand

CXCL13. NRP1+ ILC3s chemotaxis toward

VEGF-A (n = 5, SD 66 ± 12) and NRP1� ILC3s

chemotaxis toward VEGF-A (n = 8, SD 20 ± 4.5),

*p < 0.01. Baseline represents medium without

chemoattractant.
staining revealed that the CD3�BDCA2�NRP1+ cells were selec-

tively located in proximity to structures that closely resemble

high endothelial venules (HEVs) in paracortical regions and

near HEVs in the proximity of the medullar region (Figures 4B

and 4C).

VEGF-A Serves as a Chemotactic Factor for NRP1-
Positive ILC3s
NRP1 and its co-receptor VEGFR2 have been implicated in the

transendothelial migration of T cells and pDCs, and their localiza-

tion at sites of inflammation (Edelbauer et al., 2010; Suzuki et al.,

2014). We observed that NRP1� and NRP1+ ILC3s expressed the

co-receptor VEGFR2 at expression levels similar to that on endo-

thelial cells (Figure 4D). The VEGF-A effect on endothelial cell

migration has been shown in several studies (Lamalice et al.,

2007). We therefore asked whether VEGF-A (isoform VEGF165)
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has an effect on the migration of ILC3s.

We studied the migration of ILC by

applying the chemoattractant to the lower

Transwell chamber, mimicking typical

chemo-attraction. Cells migrating into

the lower chamber were analyzed after

12 hr of incubation, and spontaneous

migration without chemoattractant was

subtracted from the total (baseline, Fig-

ure 4E). Figure 4E shows that compared

with NRP1� ILC3s, NRP1+ ILC3s ex-

hibited a significantly higher migration ca-
pacity, with a greater than 3-fold increase in migration toward

VEGF-A. VEGF-C, which only binds VEGFR2 and not NRP1,

had a similar moderate effect on both subsets (Figure 4E). These

findings indicate that engagement of NRP1 in complex with

VEGFR2 and not engagement of just VEGFR2 induces strong

migration. The lack of effect of the VEGF-A on NRP1� ILC3s

was not due to a general inability of these cells tomigrate because

NRP1� ILC3s did migrate toward VEGF-C and migrated toward

the chemokine CXCL13 to a similar extent as NRP1+ ILC3s (Fig-

ure 4E), possibly due to that a population within the NRP1�

ILC3s also expresses CXCR5 (receptor for CXCL13; Figure 4A).

Cross-Talk of NRP1-Positive ILC3s with Mesenchymal
Stromal Cells
Our observation that NRP1 is specifically expressed on ILC3s

present in lymphoid tissues suggested it is a potential marker



Figure 5. NRP1+ ILC3s Exhibit In Vitro LTi

Activity

(A) qRT-PCR of mRNAs for LTA (LT-a), LTB (LT-b),

andRANKL in fetal mLNNRP1+ andNRP1� ILC3s,

normalized to mRNA encoding b-actin (ACTB).

Data are represented as mean of four donors ±

SD, *p < 0.05 (B-E). The functional lymphoid tissue

inducing ability of lymphoid (fetal mLN, tonsil) and

peripheral blood ILC3s was tested by induced

expression of ICAM1 and VCAM1 on MSCs

cultured alone or with ILC3s for 5 days.

(B) Tonsillar ILC3s co-cultured with MSCs,

showing ICAM1 and VCAM1 expression onMSCs.

MSCs co-cultured NRP1+ ILC3s (black line),

MSCs co-cultured NRP1� ILC3s (dark blue

dashed line), and MSCs cultured alone (filled gray

bar) are shown.

(C) NRP1 and CCR6 expression tonsillar ILC3s

after co-cultured with MSC. Gray filled histogram

shows isotype control and NRP1+ (black line) and

NRP1� (dark blue dashed line) ILC3s.

(D) ILC3s co-cultured with MSCs, showing ICAM1

and VCAM1 expression on MSCs. MSCs co-

cultured freshly isolated peripheral blood ILC3s

(red line), MSC co-cultured with tonsillar ILC3s

(dark line), and MSCs cultured alone (filled gray

bar) are shown.

(E) NRP1 expression on peripheral blood ILC3s

after co-cultured with MSCs. Gray filled histogram

shows isotype control, freshly isolated ILC3s (gray

line), and in vitro expanded ILC3s (blue line).
for LTi cells. Recently, NRP1 transcripts were reported to be ex-

pressed on adult murine CD4� ILC3s cells that have features of

LTi cells (Robinette et al., 2015), but NRP1 expression has not yet

been shown in mouse fetal LTi cells that actually induce

lymphoid organogenesis (Robinette et al., 2015). Confocal mi-

croscopy analysis of fetal lymph nodes (embryonic day [E] 14.5

and E18.5 wild-type [WT]) in mouse embryo revealed NRP1 to

be expressed in fetal CD4+ LTi cells (Figure S3); NRP1 staining

was not restricted to hematopoietic cells, because it was also

detected on stromal cells and extracellular matrix.

It has been shown that lymphotoxin-a (LT-a) and lymphotoxin-

b (LT-b) play a crucial and non-redundant role in the develop-

ment of lymphoid organs (Drayton et al., 2006). Analysis of LTi

hallmark gene expression by qRT-PCR showed that fetal

NRP1+ ILC3s expressed significantly higher levels of LTb and

comparable RANKL expression compared with NRP1� ILC3s

(Figure 5A). Expression of LTa tended to be lower compared

with NRP1� ILC3s, but this difference was not statistically signif-
Cell Repo
icant. To test whether NRP1+ ILC3s from

fetal mLN and tonsil might function as LTi

cells, we cultured these cells with mesen-

chymal stromal cells (MSCs) as we

described before that fetal LTi cells

induce VCAM1 and ICAM1 in a lympho-

toxin beta receptor (LTbR)- and tumor ne-

crosis factor receptor (TNFR)-dependent

way (Cupedo et al., 2009). Co-culture of

MSCs with both NRP1+ and NRP1�
ILC3s induced the expression of VCAM1 and ICAM1 on MSCs

(Figure 5B), whereas no changes in CD73, CD90, and CD105

expression by the MSCs were observed upon co-culture with

ILCs (data not shown). The observation that both NRP1+ and

NRP1� ILC3s could induce the expression of VCAM1 and

ICAM1 on MSCs may not be consistent with the hypothesis

that only NRP1+ have LTi activity. However, we noted that the

co-culture of highly purified fetal (data not shown) and tonsillar

(Figure 5C) NRP1� ILC3s with MSCs resulted in upregulation

of NRP1. NRP1� ILC3s did not express NRP1 in the absence

of MSCs (data not shown). The expression of CCR6 was higher

on NRP1+ cells (Figure 5C), and RANKL and CD25 (data not

shown) expression were similar on both ILC3 subsets after co-

culture. The effects we observed on either MSCs or ILC3s

were specific for tissue-derived ILC3s because peripheral blood

ILC3s failed to upregulate expression of VCAM1 and ICAM1 on

MSCs (Figure 5D), and NRP1 expression was not induced on pe-

ripheral blood ILC3s when co-cultured with MSCs (Figure 5E).
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Figure 6. Primed NRP1+ ILC3s Detected in

the Lung Tissue of Smokers without COPD

and COPD Patients

(A) NRP1 and NKp44 expression on ILC3s from

peripheral blood of COPD patients.

(B) NRP1 and NKp44 expression on ILC3s from

the lung tissue of COPD patients.

(C) Quantification of NRP1+ ILC3s in never-

smoking control patients (without COPD, n = 4, SD

1% ± 1% of total ILC3s) compared with smokers

and COPD GOLD stage I–II patients (n = 4, SD

11% ± 5% of total ILC3, *p < 0.05).

(D) NKp44 and NRP1 on NRP1� and NRP1+ lung

tissue ILC3s.

(E) CD45RA and CD45RO expression on NRP1�

and NRP1+ COPD lung tissue ILC3s. Quantifica-

tion of CD45RO+ ILC3s (n = 4, *p = 0.03) is shown.

(F) In vitro expanded lung ILC3s co-cultured with

MSCs, showing ICAM1 and VCAM1 expression on

MSCs. MSCs co-cultured with ILC3s (blue line) or

cultured alone (filled gray bar) are shown.
Both freshly isolated peripheral blood ILC3s and in-vitro-acti-

vated and expanded peripheral blood ILC3s failed to induce

VCAM1 and ICAM1 on MSCs (Figure 5D), indicating that in

contrast to lymphoid tissue ILC3s, peripheral blood ILC3s do

not have LTi cell activities. The observation that NRP1 is upregu-

lated in co-cultures with MSCs supports the notion that NRP1 is

a marker for primed ILC3s with LTi activity. These results also

indicate that lymphoid tissue and peripheral blood ILC3s have

distinct functional properties.

Primed NRP1-Positive ILC3s in Lung Tissue of Smokers
and Chronic Obstructive Pulmonary Disease Patients
The presence of NRP1+ cells has previously been shown in

lymphoid aggregates in the synovium of rheumatic arthritis pa-

tients (E et al., 2012), and ILC3s were recently detected in human

non-small-cell lung cancer tissue, presumably linked to the for-

mation of tumor-associated ectopic lymphoid neogenesis, also

called tertiary lymphoid organ (Carrega et al., 2015). Ectopic
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lymphoid formations occur in peripheral

and non-lymphoid tissues from patients

with inflammatory and infectious disease,

as well as autoimmune pathologies (Pit-

zalis et al., 2014; Carragher et al., 2008).

In the lung, ectopic lymphoid aggregates

(LAs) are observed in several lung dis-

eases such as in the bronchioles of

chronic obstructive pulmonary disease

(COPD) patients (Hogg, 2004; Mori

et al., 2013) and asthmatics (Elliot et al.,

2004). Because LAs are rare in lungs of

non-smokers (Tschernig and Pabst,

2000; Mori et al., 2013), LAs are consid-

ered to represent a form of inducible

lymphoid structures associated with the

severity of COPD (Brusselle et al., 2009;

Mori et al., 2013). Several immune cell

types including LTi cell, IL-17-secreting
CD4+ T cell, and T follicular helper cell have been implicated in

the propagation of LA within inflamed tissue that is driven by

communication among local stromal cells, tissue-specific resi-

dent mononuclear cells, and infiltrating immune cells (Carragher

et al., 2008).

Therefore, we analyzed the composition of ILC3s subsets in

peripheral blood and lung tissue of patients suffering from

COPD. A subset of ILC3s in lung tissue from COPD patients

(Global Initiative for Chronic Obstructive Lung Disease [GOLD]

stages I–II) and smokers without COPD expressed NRP1 (Fig-

ure 6B), whereas peripheral blood ILC3s from the same patients

lacked NRP1 (Figure 6A), and the number of NRP1+ ILC3s was

significantly reduced in never smokers without COPD (Fig-

ure 6C). The majority of NKp44+ ILC3s expressed NRP1 (Fig-

ure 6D). Furthermore, the expression of CD45RO (Figure 6E) in

COPD and smokers was significantly higher on NRP1+ ILC3s

when compared with NRP1� ILC3s. NRP1+ ILC3s were

CD45RA�, whereas NRP1� ILC3s showed a heterogeneous



Figure 7. RORgt+NRP1+ Cells Located in

Proximity to Pulmonary Blood Vessels and

Ectopic Lymphoid Aggregates

(A) Bright-field micrograph of peripheral lung tis-

sue showing NRP1 staining in alveolar (Alv) lumen

and pulmonary lymphoid aggregate (LA). Black

endogenous pigments are visible.

(B) Bright-field micrograph showing RORgt stain-

ing in alveolar lumen and LA.

(C) Double IHC staining for NRP1 (brown stain)

and lymphatic vessel stained with podoplanin

(blue-green stain) in alveolar lumen. White arrow-

heads indicate NRP1+ cells in proximity to blood

vessels (Bv).

(D–F) Double IHC staining for RORgt (brown stain)

and NRP1 (blue-green stain) in (D) alveolar lumen

and (E and F) in the surroundings of LAs. White

arrowheads indicate RORgt+NRP1+ cells.

(G) Percentage of NRP1 immunostaining in the

peripheral lung of never-smoking (n = 6) and

smoking (n = 7) subjects with suspected bronchial

tumor, quantified using image analysis program

(**p < 0.01).

Black scale bars, 100 mm; white scale bars, 50 mm.
expression for this receptor. Co-culture of MSCs with in-vitro-

expanded ILC3s (NRP1�/+) isolated from lung tissues from

COPD patients induced the expression of VCAM1 and ICAM1

on MSCs (Figure 6F), indicating that the ILC3s residing in the in-

flamed lung have LTi activity.

NRP1-Positive ILC3s Associated with Pulmonary Blood
Vessels and Ectopic Lymphoid Aggregates
Next we explored the anatomic location of RORgt+NRP1+ ILC3s

in peripheral lung resection samples obtained from COPD pa-

tients (with mild, moderate-to-severe, and very severe COPD)

and patients without COPD undergoing surgery for suspected

bronchial tumor. Asymptomatic patients had normal lung func-

tion and included never smokers and smokers. RORgt encodes

a transcription factor that is expressed in interleukin-17 (IL-17)-

producing cells, including CD4+ T helper cells and group 3 ILCs.

Single IHC staining with primary antibodies directed against
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NRP1 (Figure 7A; Figure S4A) and RORgt

(Figure 7B; Figure S4B) showed similar

expression patterns for NRP1+ and

RORgt+ cells, where positive cells were

present in the perivascular area (i.e.,

adjacent to pulmonary arteries and

veins), the alveolar parenchyma, and

ectopic lymphoid aggregates (LAs),

often close to HEV-like vessels. Double

IHC staining with anti-RORgt (brown

stain) followed by anti-NRP1 staining

(green stain) revealed that the vast ma-

jority of RORgt+NRP1+ cells were

located in proximity to blood vessels

and in the alveolar parenchyma

(Figure 7D). Lymphatic endothelium

was histologically distinguished from
blood vessels by morphological criteria and detection of the

pan-lymphatic vessel marker podoplanin (Figure 7C). Scarce

numbers of RORgt+NRP1+ cells were also observed in or at

the edge of LAs in smoking patients without COPD and COPD

lung tissue (Figures 7E and 7F). In contrast with never-smoking

patients with suspected bronchial tumor, LAs were readily de-

tected in peripheral lungs of patients with COPD and smoking

subjects without COPD. Next, we analyzed the expression

levels of NRP1 immunostaining in never smokers and smokers

without COPD, establishing whether elevated levels of these

molecules are associated with smoke-induced pulmonary LA.

Quantifications using automated IHC and digital image anal-

ysis, in line with an increase of NRP1+ ILC3s in smokers and

COPD patients compared with never smokers, showed a

significant increase in overall NRP1+ cells (Figure 7G) in smok-

ing subjects compared with never-smoking subjects (**p <

0.01). Altogether, these results are suggestive of a role for
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RORgt+NRP1+ ILC3s in the initial stages of LA formations and

vascularization in the lungs.

DISCUSSION

ILC3s and LTi cells require RORgt (RORC2) expression and IL-7

for their development and function, but recent studies using

promyelocytic leukaemia zinc finger (PLZF) fate-mapping mice

indicate that their developmental trajectory is different (Constan-

tinides et al., 2014; Ishizuka et al., 2016). Recently, Nrp1 was

shown to be selectively expressed on mouse intestinal CCR6+

ILC3s considered to be LTi cells (Robinette et al., 2015). Here

we confirm that NRP1 is expressed on the majority of CD4+ LTi

cells present in the developing lymph nodes of mice. Together

these data indicate that NRP1 is a marker for mouse LTi cells.

In this study, we found that NRP1 is also associated with LTi

cells in humans. We demonstrate that NRP1 is expressed only

on ILC3s present in lymphoid tissues. NRP1+ ILC3s upregulated

VCAM1 and ICAM1 onMSCs, which is considered to be a surro-

gate assay for LTi activity in humans. Lymphoid tissue-residing

NRP1� ILC3s also had LTi activity, but during co-culture with

MSCs these cells acquired NRP1. In contrast, peripheral blood

ILC3s, which lack NRP1, were unable to induce VCAM1 and

ICAM1 on MSCs. Thus, only ILC3s that can acquire NRP1 or

already express NRP1 have LTi activity. ILC3s that are negative

for NRP1 and unable to upregulate NRP1 either by IL-1b or by

co-culture with MSCs are distinct from LTi cells. An obvious

candidate for the induction of NRP1 in co-culture with MSCs is

IL-1b. However, antibodies against IL-1b did not inhibit induction

of NRP1 in co-cultures with MSCs, and IL-1b is not detected in

these co-cultures. Thus, the mechanism of induction of NRP1

by MSC remains to be elucidated.

Although both NRP1� and NRP1+ tonsillar ILC3s have LTi ac-

tivities, phenotypic comparison of tonsillar and fetal mLN NRP1+

and NRP1� ILC3s combined with scRNA-seq revealed differ-

ences between these populations. NRP1+ ILC3s produced

significantly more ILC3 signature cytokines, such as IL-22 and

GM-CSF, following in vitro stimulation. Moreover, NRP1+ ILC3s

express CD45RO and lack expression of CD45RA, CD62L, and

CCR7. Together these data indicate that like CD45RO+ memory

T cells, NRP1+ ILC3s are primed cells that had previously

encountered an activation signal. IL-1b may be a signal that is

responsible for priming of tonsillar LTi cells because this cytokine

strongly upregulated NRP1 on NRP1� ILC3s. IL-1b was unable

to upregulate NRP1 on peripheral blood ILC3s, which was not

due to an inability of IL-1b to induce a signal in these cells

because IL-1b induced class II MHC and NKp44 expression on

peripheral blood ILC3s consistent with the notion that lymphoid

tissue LTi cells are different from ILC3s in the circulation and non-

lymphoid tissues. The reason why NRP1 cannot be induced on

peripheral blood ILC3s by IL-1b is unclear. It is possible that as

a consequence of different developmental pathways of these

cells, the NRP1 locus is not in an open conformation in peripheral

blood ILC3s or that signaling molecules that couple the IL-1b re-

ceptor to the NRP1 locus are absent in these cells.

That NRP1+ ILC3s are primed, functional LTi cells is supported

by analysis of single-cell transcriptomes of the NRP1-positive

and -negative ILC3 populations. This analysis revealed in
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NRP1+ cells enrichment of genes involved in ‘‘chemotaxis’’ and

‘‘lymphoid-non-lymphoid cell interaction’’ pathways, indicative

of their interaction with non-hematopoietic stromal and endothe-

lial cells. Moreover, IHC and flow cytometry analysis demon-

strate that the NRP1+ ILC3s are localized in the proximity of

HEVs and express high levels of lymphocyte migration markers

associated with chemotaxis to secondary lymphoid tissues. It

is possible that migration of LTi cells is driven by VEGF-A

because of our demonstration of VEGF-A being a chemotactic

factor for NRP1+ ILC3s in vitro. This potent proinflammatory fac-

tor is expressed at high levels in many chronic inflammatory dis-

eases (Folkman, 1995). Maybe this pathway functions to recruit

NRP1+ ILC3s to sites of strong inflammation, for example, to

mediate repair of tissues damaged by inflammation or to induce

formation of lymphoid aggregates with the goal to resolve the

inflammation.

Long-term exposure to cigarette smoke is the most important

risk factor for developing COPD (Rabe et al., 2007). Cigarette

smoke disrupts the physical epithelial barrier and activates

epithelial cells to secrete several inflammatory cytokines and

chemokines including IL-1b, IL-6, IL-8, and TGF-b (Kuschner

et al., 1996; Yang et al., 2012). The inflammatory process in

COPD involves both innate and immune cells, including infiltra-

tion of neutrophils, macrophages, cytotoxic CD8+ T cells, as

well as accumulation of B cells in severe COPD (Thorley and Tet-

ley, 2007; Chung and Adcock, 2008). ILCs may also be involved

in the pathology of COPD because ILC2s decrease and ILC1s

are elevated in the inflamed COPD lungs (Bal et al., 2016; Silver

et al., 2016). The elevation of ILC1s is correlated with the severity

of the disease and is caused mainly by IL-12- and IL-18-induced

transdifferentiation of ILC2s to ILC1 (Bal et al., 2016; Silver et al.,

2016). ILC1 strongly contributes to the inflammation by

enhanced production of IFN-g. Also, ILC3 numbers were re-

ported to be increased in COPD patients compared with control

individuals (De Grove et al., 2016). NRP1+ LTi cells might be

responsible for the increased number of pulmonary ectopic

LAs found in COPD patients (Hogg, 2004). Indeed, increased

numbers of NRP1+ CD45RO+ ILC3s, which induced VCAM1

and ICAM1 on MSCs in vitro, were present in smokers and

COPD patients compared with never smokers (without COPD).

RORgt+NRP1+ ILC3s were located in the proximity to pulmonary

blood vessels. Scattered RORgt+NRP1+ ILC3s cells were also

observed adjacent to LAs. Altogether these results suggest

that NRP1+ ILC3s may be involved in initial stages of smoke-

induced pulmonary LA formation and vascularization.

Previous studies have identified several factors that may

contribute to the formation of pulmonary LAs such as pDCs

(Van Pottelberge et al., 2010), CXCL13, and LT-b (Bracke et al.,

2013; Litsiou et al., 2014). Interestingly, NRP1+ ILC3s expressed

high levels of migratory chemokine receptors, including CXCR5

(the receptor for CXCL13) and CCR6, which may be involved in

the attraction of ILC3s to LA in the lung. Both IL-17A and

IL-22, which are produced by ILC3s, play a crucial role in the for-

mation of cigarette-smoke-induced lymphoid neogenesis (Roos

et al., 2015) and are linked to ectopic lymphoid aggregate forma-

tion (Barone et al., 2015), respectively.

NRP1+ ILC3s may also contribute to angiogenesis through

IL-8 production (Vacca et al., 2015), VEGF-A responsiveness,



and activation of blood vessel endothelium. VEGF-A has been

associated with lung inflammation, and the VEGFA-VEGFR2 re-

ceptor signaling is disturbed in the lungs of patients with COPD

(Marwick et al., 2006), but how this affects recruitment of NRP1+

ILC3s to inflamed lungs of COPD patients remains to be investi-

gated. Overexpression of VEGF-A in the mouse results in type 2

immune-cell-mediated reactions including eosinophilic inflam-

mation, mucous metaplasia, and airway hyperactivity (Lee

et al., 2011), but it is yet unknown whether this involves NRP1+

ILC3s. Identification of NRP1 as a marker of functional human

LTi cells will now enable more detailed studies addressing

whether these cells are involved in inflammation and how they

contribute to vascularization and the initiation of ectopic

lymphoid aggregates in chronic inflammatory and autoimmune

diseases and in cancer.

EXPERIMENTAL PROCEDURES

Tissues, Isolation of Cells, and Study Cohort

Human fetal tissues were obtained from elective abortions contingent on the

receipt of informed consent. Lymph nodes were dissected from themesentery

with dissecting microscopes. Tonsils were obtained from routine tonsillec-

tomies, and use was contingent on the receipt of informed consent. Peripheral

blood (healthy volunteers) was obtained from the blood bank at Sanquin.

Tonsil tissue was cut in small pieces and mechanically disrupted using the

Stomacher 80 Biomaster. Cell suspensions were filtered through a 70-mm

cell strainer, and mononuclear cells were isolated with Ficoll-Paque Plus me-

dium (GE Healthcare). Peripheral blood mononuclear cells from buffy coats

and COPD patients were isolated by Ficoll-Hypaque density gradient separa-

tion and immunomagnetic bead selection (Miltenyi Biotech). Lung tissue cells

were isolated by incubation of cut tissues with DNase I (50 U/mL; Sigma-Al-

drich) and collagenase type 1 (300 U/mL; Worthington). Cell suspensions

were passed through a 70-mm nylon cell strainer, and mononuclear cells

were isolated with Lymphoprep (Axis-Shield). Lung tissues and peripheral

blood for flow cytometric analysis were obtained with informed consent

from adult patients with COPD (Global Initiative for Chronic Obstructive

Lung Disease [GOLD] stages I–II) undergoing lung tumor surgery; tissues

were obtained at an appropriate distance from the tumor. Study protocols

were approved by the Academic Medical Center Medical Ethical Committee

(Amsterdam). Peripheral lung tissues resections for histological study were

collected at Skåne University hospital (Lund), and clinical characteristics of

the study cohort are further described by Mori et al. (2013). In brief, according

to the GOLD criteria (Rabe et al., 2007), n = 13 patients at GOLD stages I–II and

n = 11 patients at GOLD stages III–IV were included in this study cohort. Lung

resections from subjects without COPD and with normal lung function

included never smokers (n = 6) or smokers (current and ex-smokers; n = 7)

without COPD. The study was approved by the Swedish Research Ethics

Committee in Lund, and all patients signed informed consent.

Flow Cytometry Analysis

The following antibodies to human proteins were used: from BioLegend, fluo-

rescein isothiocyanate (FITC)-conjugated anti-CD3 (OKT3), anti-CD14

(HCD14), anti-CD16 (3G8), anti-CD19 (HIB19), anti-CD34 (581), anti-CD94

(DX22), anti-CD123 (6H6), anti-FcER1a (Fc epsilon receptor I alpha) (AER-

37); phycoerythrin (PE)-conjugated anti-ICOS (CD278, C398.4A), anti-NKp44

(P44-8), anti-VEGFR2 (7D4-6); brilliant violet (BV) 421-conjugated anti-

CD161 (HP-3G10), BV421 anti-CD45RO (UCHL1); allophycocyanin (APC)-

conjugated anti-CCR6 (29-2L17), anti-CCR7 (4B12), anti-CXCR5 (J252D4),

anti-LFA-1 (M17/4), anti-NRP1 (12C2), and APC-cy7 anti-CD45RA (HI100);

from BD Biosciences, PE-CF594-conjugated anti-CD3 (UCHT1) and anti-

CD62L (DREG-56); from Becton Dickinson: FITC-conjugated anti-CD34

(581), anti-TCRab (IP26), and TCRgd (B1); from Beckman Coulter, phycoery-

thrin-Cy7-conjugated anti-CD127 (R34.34) and PE Cy5.5-conjugated anti-

CD117 (104D2D1); and from Miltenyi, PE-conjugated anti-NRP1 (AD5-17F6).
For phenotypic analyses by flow cytometry, data were collected with an

LSRFortessa instrument (BD Biosciences) and analyzed with FlowJo software

(Tree Star).

Quantitative Real-Time PCR

Total RNA was isolated with a NucleoSpin RNA XS kit (Macherey-Nagel) ac-

cording to the manufacturer’s protocol. cDNA was synthesized with the

High-Capacity cDNA Archive kit (Applied Biosystems). PCR was done on

Bio-Rad iCycles (Bio-Rad) with SYBR Green I master mix (Roche). Bio-Rad

CFX manager 3.1 software was used to quantify expression. All samples

were normalized to the expression of Actin B (ACTB), and results are presented

in a.u.

RNA Sequencing Analysis

Single-cell RNA-seq expression was obtained as reads per kilobase gene

model and million mappable reads (RPKMs) from the Björklund, Forkel et al.

(Björklund et al., 2016) expression matrix at GEO: GSE70580. Cells with

expression of NRP1 with RPKM > 1 were defined as NRP1-positive cells. To

define the NRP1-negative set of cells, we had to remove the ones that group

with NRP1+ cells, but do not express the NRP1 transcript, possibly because

of technical drop-outs or stochastic gene expression. Thus, all cells that had

closest pairwise Pearson correlation to a cell expressing NRP1 were defined

as putative NRP1+ cell and excluded from the analysis. To define the set of

genes that have similar expression pattern to NRP1, we used the genes with

highest contribution to the negative principal component 2 (PC2) in a PCA

with all the ILC3 transcriptomes. The set of top 100 genes along negative

PC2 were subjected to a Fisher’s test for enrichment in gene sets from Gene

Ontology (GO) annotations (Reference Genome Group of the Gene Ontology

Consortium, 2009) and curated gene sets from MSigDB (Subramanian et al.,

2005). All analysis and plotting of scRNA-seq data were performed with the

R software.

Cell Cultures and Analysis of Cytokine Production

Sorted ILCs were seeded at densities of 5,000–10,000 cells in round-bottom

69-well plates cultured in Yssel’s medium (in-house-prepared) supplemented

with 1%human AB serum. Freshly isolated ILCs were stimulated for 5 days us-

ing recombinant cytokines IL-2 (10 U/mL; Novartis) or IL-2, IL-1b (50 ng/mL;

R&D Systems), and IL-23 (50 ng/mL; R&D Systems). Multiple cytokine produc-

tion was measured using MILLIPLEX MAP human cytokine and chemokine

magnet from Millipore. Highly purified ILC3s from fetal mLN or tonsil were

co-cultured with MSCs from adult bone marrow as described before (Maijen-

burg et al., 2012), and cell surface markers were analyzed after 5 days of co-

culture. Freshly isolated ILC3s were stimulated for 6 hr with PMA (10 ng/mL;

Sigma) and ionomycin (500 nM; Merck) in the presence of GolgiPlug (BD Bio-

sciences) for the final 2 hr of culture. A Cytofix/Cytoperm kit (BD Biosciences)

was used for cell fixation and permeabilization, followed by intracellular stain-

ing with conjugated anti-IL-22 and anti-IL-17A. Data were acquired on an

LSRFortessa instrument and analyzed with FlowJo software.

Chemotaxis Assay

ILC migratory effect was assessed ex vivo using CytoSelect 96-well Cell

Migration Assay, in 5 mm pore size Transwell plates (Cell Biolabs). Uncoated

Transwell inserts were placed in Yssel’s medium (1% human serum) contain-

ing recombinant protein VEGF-165 (25 ng/mL; BioLegend) or VEGF-C

(50 ng/mL) or CXCL13 (200 ng/mL; BioLegend). A solution of ILC (20,000 in

0.1 mL of serum-free Yssel’s medium) was added to the upper well of the

Transwell, followed by 12 hr incubation at 37�C. Following CytoSelect Cell

Migration manufacturer protocol, migratory cells were lysed and stained

with fluorescence dye, followed by quantification of chemotaxis activity using

fluorescence plate reader (BMG Polarstar; MTX Lab Systems).

Immunohistochemical Assessment

Sections were immunostained with EnVision Peroxidase/DAB (3,30-Diamino-

benzidine) Detection System kit (Rabbit/Mouse K5007; Dako). In double

immunostaining, DAB staining was followed by the detection of the second

antibody with Deep Space Black Chromogen kit (BRR807AH; Biocare Medi-

cal) or Vina Green Chromogen kit (BRR807AS; Biocare Medical). The sections
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were incubated with Double Stain Blocking reagent (Dako A/S) to prevent

additional binding of secondary antibody to primary antibody. Sections were

counterstained with Mayer’s hematoxylin (purple stain) after completion of

IHC staining and mounted with Pertex. The following antibodies were used:

CD3 (clone F7.2.38; Dako), BDCA2 (clone 104C12.08; Dendritics), RORgt

(clone 6F3.1; Merck), podoplanin (clone D2-40; Biocare Medical), and NRP1

(LS-C177530; LifeSpan). NRP1+ ILC3s in tonsil sections were identified as

NRP1-positive cells (DAB HRP chromogen) after physical chromogen exclu-

sion of CD3 and BDCA2-positive cells (Deep Space Black Chromogen). In

the lung resection from COPD patients and control subjects, RORgt+NRP1+

ILC3s were identified as nuclear RORgt+ (DAB HRP chromogen kit) and

surface NRP1+ (Vina Green chromogen kit) cells. Staining procedures were

performed in an automated slide stainer (Autostainer Plus; DakoCytomation).

Morphometric measurements of bright-field sections were performed using

automated computerized image analysis program Aperio ImageScope

V.10.0 software (Aperio Technologies). The percentage of NRP1 immunostain-

ings was quantified as percentage of total number of positive pixels relative to

total lung tissue (automatically excluding non-tissue areas) using the Aperio

Positive Pixel Count Algorithm v.9 (Aperio Technologies).

Statistical Analysis

Statistical significance between two groups was determined by non-para-

metric, Mann-Whitney U test, using GraphPad Prism 6 (GraphPad Software).
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Supplementary Figure 1. A) ILC3s are characterized as lineage negative, CD45 high, 

CD127 high, CD161 high, CD117 high lymphocytes. Filled histogram shows isotype-

matched control antibody. Representative FACS plots showing the expression of surface 

markers NKp44, PD1, NKp30, HLA-DR, RANKL, ICOS and CD2 on ILC3s. Black open 

histogram shows NRP1+ ILC3 and dark blue dashed line indicates NRP1- ILC3. Violin plots 

Supplementary Figure 1 related to Figure 1   



	

	

in the upper right corner show, with colour according to mean expression value, the gene 

expression distribution in NRP1+ and NRP1- ILC3 as determined by scRNA-seq (5). B) 

Representative FACS plots showing the expression of CCR6 expression, NKp44, CXCR5 and 

CD161 on fetal mLN ILC3. Black open histogram shows NRP1+ ILC3 and dark blue dashed 

line indicating NRP1- ILC3. Grey histogram indicates staining with isotype-matched control 

antibody.  

  



	

	

 

 

 
 

Supplementary Figure 2. A) Cell surface expression of CCR7, CCR6, LFA1, CD62L, 

CXCR5 and NRP1 on freshly isolated ILC3 from peripheral blood (dark blue line) assessed 

Supplementary Figure 2 related to Figure 4   



	

	

by flow cytometry. Filled histogram shows isotype control.  B) Photomicrograph showing 

single IHC stains (brown stain) of CD3, BDCA2 and NRP1. Sections are counterstained with 

Mayer’s hematoxylin (blue stain). Experiments with 3 donor tissues showed similar results. 

Black scale bar = 100 µm. 

  



	

	

 

 

 

Supplementary Figure 3.  Photomicrograph showing IHC stained sections from E14.5 

mouse embryo. CD4+ LTi cells (green stain) and NRP1 (blue stain). White scale bar = 100 

µm. 

 

  

Supplementary Figure 3 related to Figure 5   



	

	

 
 

 
 
Supplementary Figure 4. Photomicrograph showing single IHC stains (brown stain) of A) 

NRP1+ cells in peripheral lung tissue, including alveolar (Alv) lumen and lymphoid 

aggregates (LA). B) RORγτ staining in LA from COPD patients. All sections were 

counterstained with Meyer hematoxilin. Black endogenous pigments are visible. Black scale 

bar = 100 µm; white scale bar = 50 µm. 
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