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Abstract
Inhibitory and activating immune receptors play a key role in modulating the amplitude and duration of immune responses during infection and in maintaining immune
balance in homeostatic conditions. The CD200 Receptor (CD200R) gene family in
humans encodes one inhibitory receptor, CD200R1, and one putative activating member, CD200R1 Like (CD200R1L). It is demonstrated that CD200R1L is endogenously
expressed by human neutrophils and activates cellular functions such as reactive oxygen species (ROS) production via Syk, PI3Kβ, PI3Kδ, and Rac GTPase signaling. Phylogenetic analysis shows that CD200R1L is present in many species among vertebrates, ranging from birds to primates, suggesting that evolutionary conservation of
this receptor is critical for protection against co-evolving pathogens. The duplication
event that generated CD200R1L from CD200R occurred several times throughout
evolution, supporting convergent evolution of CD200R1L. In our phylogenetic trees,
CD200R1L has longer branch lengths than CD200R1 in most species, suggesting that
CD200R1L is evolving faster than CD200R1. It is proposed that CD200R1L represents
a hitherto uncharacterized activating receptor on human neutrophils.
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1
Abbreviations: AUC, area under the curve; CD, cluster of differentiation; CD200R, CD200
receptor 1; CD200R1L, CD200 receptor 1-like; cDNA, copy Deoxyribonucleic acid; DAMP,
Danger associated molecular patterns; DAP12, DNAX-activation protein 12; TYRO, protein
tyrosine kinase-binding protein; DPI, diphenyleneiodonium chloride; eGFP (GFP), enhanced
green fluorescent protein; FACS, fluorescence activated cell sorting; FcγR, Fcγ receptor;
FMLP, N-Formylmethionine-leucyl-phenylalanine; GEF, Guanine exchange factor; HEK293T,
Human embryo kidney 293 T cells; IL, interleukin; ITAM, immunoreceptor tyrosine-based

INTRODUCTION

Inhibitory and activating immune receptors are crucial for the regulation of immune responses. These receptors can be present in
pairs of highly related activating and inhibitory receptors such as the
paired Cd200r gene family, which in humans includes one inhibitory,
CD200R1, and one putative activating member, CD200R1L. The

activation motif; LPS, lipopolysaccharide; MFI, mean fluorescent intensity; MPO,
myeloperoxidase; mRNA, messenger ribonucleic acid; NADPH, Nicotinamide adenine
dinucleotide phosphate; NET, Neutrophil extracellular trap; PI3K, Phosphoinositide 3-kinase;
PKC, protein Kinase C; PLA2, phospholipase A2; PLC, phospholipase C; PMA, Phorbol

inhibitory CD200R1 (from here: CD200R) is expressed on a vari-

12-myristate 13-acetate; qPCR, quantitative polymerase chain reaction; ROS, reactive oxygen
species; Syk, spleen tyrosine kinase.

recently identified iSec1/2.3,4 In mice, four CD200R1L-related genes

ety of myeloid cells, T cells and dendritic cells1,2 and binds to the
ubiquitously expressed glycoprotein CD200 and in mice also to the
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(termed mCd200rla-d or Cd200rL1-4) have been identified.4 In contrast

density gradient centrifugation (GE Healthcare). The pellet was resus-

to CD200R1, the activating CD200RLa-d/CD200RL1-4 do not bind to

pended in 50 ml ice-cold ACK Lysis Buffer (155 mM NH4Cl, 10 mM

CD200 and iSec1 ligand.3

KHCO3, 0.1 mM EDTA, pH 7.4) for red blood cell lysis. Afterward,

Inhibitory receptors signal via an inhibitory motif present in their

neutrophils were resuspended in Dulbecco’s Modified Eagle Medium

cytoplasmic domain. In contrast, paired activating receptors have a

(Gibco Life Technologies), enriched with 10% v/v FCS, PenStrep (Life

short cytoplasmic domain that lacks a signaling motif. Instead, these

Technologies; 50 U/ml), and L-glutamine (Life Technologies; 2 mM).

receptors contain a charged amino acid residue in the transmembrane

Purity of isolated neutrophils was analyzed using the CELL-DYN Emer-

region, involved in association with adapter proteins that can relay

ald (Abbott Diagnostics) and was > 90%. In order to exclude that

activating signals through immunoreceptor tyrosine-based activation

contaminating cells present in our Ficoll isolated granulocytes were

motif (ITAM) or YxxM motifs.4 Mouse Cd200rla and b associate with

responsible for CD200R1L expression, FACS sorted neutrophils were

DAP12 and DAP12 association is necessary for proper CD200R1L sur-

isolated from whole blood based on FCS/SSC, and expression of

face expression.4

CD16(+), CD14(-), and CCR3(-) expression (Supplementary Fig. S2B)

Due to the inability to detect human CD200R1L protein expression,

using a BD FACSAria™ III Cell Sorter.

the signalling capacity and biological significance of the human activat-

All experiments were performed in accordance with local guidelines

ing CD200R1L are not known. cDNA for human CD200RL1 could be

and regulations approved by the Medical Ethical Committee of the Uni-

isolated from peripheral blood, however on the basis of differences in

versity Medical Centre Utrecht and all blood donors gave informed

amino acid sequence with the mouse homologue and other genes in this

consent.

group, it has been suggested that the gene does not encode for a functional protein.4
However, a few reports have shown that CD200R1L gene expres-

2.2

Transfection and plasmids

sion is associated with the risk of developing psoriasis, atopic dermatitis and also helminth infection,5,6 suggesting that the CD200R1L gene

To test the anti-CD200R1L antibody specificity, 0.5 × 106 HEK923T

does encode a functional protein. In humans the predicted CD200R1L

cells were cultured for 24 h in a 6-wells plate and subsequently

amino acid sequence contains a charged residue in the transmembrane

transfected with plasmids encoding eGFP (empty vector), DAP12

region, suggesting human CD200R1L also could relay activating signals

(GFP-tagged, kindly provided by Marion Brown, Oxford), CD200R

through recruitment of adaptor molecules.

(untagged), CD200R1L (Myc-tagged, from Origene), or with a combina-

Pathogenic pressure is thought to be an important driver of paired
receptor

evolution.7

For the CD200R family a “counterbalance the-

tion of DAP12 and CD200R1L. Untransfected cells (only treated with
transfection agent) were used as control. Transfection mixes contain-

ory” was proposed7,8 if a pathogen exploits the inhibitory receptor to

ing 1 μg of plasmid DNA, 2.5 μl FuGene transfection reagent (Promega)

down-regulate responses against itself, it may, because of similarities

and 200 μl Opti-MEM (Gibco) were incubated for 20 min. Afterward,

in structure, also bind the activating receptor and induce an opposing

800 μl Opti-MEM was added, the total mix was pipetted on the cells

activating signal. The activating receptors would then evolve to retain

and cells were incubated for overnight transfection. The next day, the

pathogen binding but lose the host ligand-binding activity. Evidence

medium was replaced with RPMI medium (Gibco, with 10% v/v FCS,

that activating receptors evolved from the inhibitory ones relies on

PenStrep (Life Technologies; 50 U/ml) and L-glutamine (Life Technolo-

the fact that these receptors appeared later in evolution with greater

gies; 2 mM)). Cells were collected in ice-cold PBS for flow cytometric

variation in gene

numbers.9

Genetic divergence by gene duplication

analysis.

and mutations might be the mechanisms behind inhibitory to activating receptor transition.10,11 The majority of inhibitory receptors are
highly homologous to their paired activating receptors.12 Despite sim-

2.3

Flow cytometric analysis

ilarity, the known ligands of inhibitory family members are usually
not shared with the activating ones, as is the case for the CD200R

HEK923T were washed with FACS Buffer (PBS supplemented with

family.13

1% BSA (w/v) and 0.01% NaN3 ) and stained with anti-CD200R or

Here we sought to identify endogenous human CD200R1L expres-

anti-CD200R1L antibodies for 20 min at 4◦ C. Cells were washed with

sion, characterize what cellular responses it induces, and study how

FACS buffer and resuspended with the secondary antibody for 20 min.

this paired receptor has evolved.

HEK293T were intracellularly stained with anti-MYC antibody using
FIX and PERM Cell Permeabilization Kit (Life Technologies (Invitrogen)). See Supplementary Fig. S1 for the gating strategy. For flow cyto-

2

MATERIALS AND METHODS

metric analysis of primary immune cells, whole blood was lysed for ery-

Donors and cell isolation

for 10–15 min, cells were washed with FACS Buffer and resuspended

throcytes (155 mm NH4 Cl, 10 mM KHCO3 , 0.1 nM EDTA, pH7.2-7.4)

2.1

in 25 μl of antibody mix. After 20 min incubation at 4◦ C, cells were
Peripheral blood from healthy donors was collected in lithium-heparin

washed with FACS buffer and resuspended with the second antibody

tubes (Greiner Bio-One). Neutrophils were isolated by Ficoll-Paque

mix (for two-step staining in case of biotinylated or unlabelled anti-
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bodies). Flow cytometric analysis was performed on a FACS Canto II

HEPES+++ supplemented with 100 μM AmplexRed® (Thermo Fischer)

machine or a LSRFortessa Cell Analyzer (both from BD Biosciences)

and 2 U/ml HRP and 100 μl of cell suspension were added to each well.

and data was analysed using Flow Jo version 10.

Fluorescence was measured each minute using a Fluoroscan Ascent

Antibodies used for flow cytometric analysis can be found in Supplementary methods.

machine (λexcitation = 545 nm, λemission = 590 nm) for 90 min. All conditions were performed in triplicates.
To screen for downstream proteins that are involved in CD200R1Linduced ROS production, Ficoll isolated neutrophils were pre-

2.4

Western blot

incubated for 30 min at 37◦ C in HEPES+++ with the following

For western blot analysis of CD200R1L, neutrophils (both isolated by
Ficoll and FACS sorted) were lysed in boiling modified 2× Laemmli
buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2mercaptoethanol, 0.004% bromophenol blue) for 5 min. Samples were
loaded under denaturing conditions on AnyKD gradient gels (BioRad).
Protein was transferred to PVDF membranes (Immobilon-P PVDF
45um, Merck Chemicals BV). Membranes were blocked in 5% fat-free
milk (Elk, Campina, The Netherlands) in TBS 0.05% Tween-20 (TTBS),
and incubated overnight with CD200R1L-biotin antibody (Sino Biological), anti-MYC-biotin antibody (Cell Signaling) or CD200R-biotin
(Serotec) in 1% Elk TTBS. Blots were washed and HRP labelled secondary antibody or streptavidin-HRP (bioLegend) was added for 1 h at
4 ◦ C. The blots were imaged using SuperSignal West Femto (Thermo
Fisher Scientific) on a Bio-rad Chemidoc MP.

inhibitors: R406 (Syk inhibitor; 1 μM; Selleck Chemicals LLC), wortmannin (pan-phosphoinositide 3-kinase (PI3K) inhibitor; 1 μM;
Sigma-Aldrich), Akt VIII (Akt inhibitor; 2 μM; Cayman Chemical),
BAPTA (Ca2+ chelator; 10 μM; Focus Biomolecules), EHT-1864 (Rac
GTPase inhibitor; 15 μM; Cayman Chemical), GSK 650394 (SGK
inhibitor; 10 μM; Tocris), BYL719 (p110α inhibitor; 3 μM; Cayman
Chemical), TGX-221 (p110β inhibitor; 3 μM; Cayman Chemical),
AS-604850 (p110γ inhibitor; 10 μM; Cayman Chemical) or CAL101 (p110δ inhibitor; 3 μM; Cayman Chemical). For all PI3K/p110
inhibitors, solvents (DMSO or ethanol) reached a concentration
of 0.2% v/v. ROS assay was carried out in the presence of the
inhibitors.
To assess the role of Fc receptors in ROS production, neutrophils
were incubated at 37◦ C for 15 min with or without FcR blocking
agent (Miltenyi). To exclude possible interactions of our antibody with
other receptors due to glycosylation patterns we heat denatured anti-

2.5

CD200R1L and isotype control antibodies for 5 min at 90C. Cells were

qPCR analysis

washed and the ROS assay was performed as described above.
mRNA from purified Ficoll isolated neutrophils was isolated using QIAGEN mRNA micro isolation kits, followed by iScript (Biorad) cDNA syn-

Area under the curve (AUC) for each stimulus was calculated after
subtraction of background/PBS ROS production.

thesis according to the manufacturer protocol. qPCR for CD200R and
CD200R1L was performed on a StepOnePlus Realtime PCR system (AB
Instruments) with SYBR Select Master Mix (Life Technologies). Data

2.7

Enzyme-linked immunisorbent assay

are represented as 2(Ct(B2M)-Ct(target)) .
Neutrophils (both Ficoll isolated and FACS sorted) were stimulated
with isotype control, anti- CD200R1L (1 μg/mL or 10 μg/mL) or LPS
Target

Forward

Reverse

CD200R1L

TAGTTCATGCAT
GGGTGGAAAG

AAAGCACAGCATTT
ATATCCATCAG

CD200R

GACCAGAGA
GGGTCTCACCA

TTGAAGCGG
CCACTAAGAAG

B2M

GATGAGTAT
GCCTGCCGTGT

TGCGGCATC
TTCAAACCTCC

(100 ng/mL) for 24 h and cell-free supernatant was harvested and
stored at −20◦ C until assayed by ELISA according to the manufacturer’s protocol (IL-8 ELISA Life Technologies, cat number 88-808688). MAXIsorb plates (NUNC) were coated with 50μL capture antibody
diluted in coating buffer for overnight at 4C. The plates were washed
3 times with 200μL PBS 0.05% Tween-20, and blocked with 100μL
blocking buffer provided with the kit. The standard was diluted as the
manufacturer recommended, and both the standard curve samples and
assay samples were incubated for 2h at room temperature while shak-

2.6

Determination of ROS production

ing. Plates were washed 3 times with 200μL PBS 0.05% Tween-20, and
incubated 1 hour at room temperature with 50μL detection antibody

96-well Microfluor 2 plates (Thermo Scientific) were coated overnight

in blocking buffer, followed by 3 times 200μL washes and incubation

at 4◦ C with 1 μg/ml anti-CD32 (clone IV.3; Stem Cell), anti-CD200R1L

with strep-HRP in blocking buffer. Before development with TMB sub-

(Sino Biological), IgG1 isotype control (eBioscience) or with PBS

strate, the plates were washed 5 times with 200μL PBS 0.05% Tween-

(Sigma-Aldrich). The next day, wells were washed twice with PBS. Ficoll

20. Optical densities (OD) were measured at 450 nM and 560 nM as

isolated neutrophils were resuspended in HEPES+++ buffer (20 mM

control. With PRISM 8.3 we extrapolated from a 4-parameter dose

HEPES, 132 mM NaCl, 1 mM MgSO4 , 6 mM KCl, 1.2 mM KH2 PO4 ,

response curve based on the concentrations of the standard curve and

pH = 7.4, 0.5% BSA, 1 mM

their OD-values.

Ca2+ ,

and 5 mM D-glucose). 100 μl of

370

2.8

PASCOAL RAMOS ET AL .

Microscopic live imaging NET assay

tion). We did not explicitly search for the origins of these molecules
(i.e., we did not make extra efforts to find the earliest CD200R and

For this study, we used a semi-automatic approach to quantify NET

CD200R1L proteins). Instead we made use of a stringent threshold in

release in a live imaging assay, which is based on previous described

BLAST searches to make sure that our analysis contains only the pro-

methods.16,40,41

teins, where the homology with CD200R and CD200R1L is very likely.

Briefly, Ficoll isolated neutrophils were incubated in

RPMI 10% containing 20 μM Hoechst 33342 for 30 min at

37 ◦ C

and

The sequences are extracted from the reference sequence database,

washed twice with RPMI 1640 (without phenol red) supplemented

the sequence alignments were made using MAFFT software,43 and

with 2% FBS, 50 U/ml Penicillin-Streptomycin, and 10 mM HEPES

the phylogeny was made using RAxML software44 (see Supplementary

(referred to as RPMI-2% hereafter). Neutrophils were seeded on

Table 1 for reference sequences used).

0.001% poly-L-lysine (Sigma Aldrich) pre-coated wells of a clear bottom 96-wells plate (Ibidi) and stimulated with isotype control (10 μg/ml,
eBioscience), CD200R1L (10 μg/mL, Sino Biological) or 25 ng/ml phor-

2.10

Statistical analysis

bol 12-myristate 13-acetate (PMA) (Sigma Aldrich) for 4h. All stimuli were resuspended in RPMI-2% containing 4 nM Sytox Green (Life

All data was analysed using GraphPad Prism 7. Comparison of con-

Technologies). After 4h cells were spun down and medium was gen-

ditions was performed using Wilcoxon signed-rank test (experiments

tly discarded. Neutrophils were fixed with 2% paraformaldehyde (Elec-

were performed at least 6 times with different donors) or Man Whit-

tron Microscopy Sciences) for 15 min at room temperature (RT). NET

ney test. A p-value < 0.05 was considered significant.

release was measured using the Pathway 855 bioimaging system (BD
Biosciences) with a 10x objective. In order to study the effect of ROS in
CD200R1L induced NET release, the live imaging procedure described

2.11

Data availability

above was performed in the presence or absence of chemical NADPH
oxidase inhibitor, Diphenyleneiodonium (DPI) (Sigma-Aldrich). Data

No datasets were generated during the course of this study.

was analysed using FIJI software as previously described.16 MPO stainings were performed using the IncuCyte ZOOM (Essen BioScience)
microscope as previously described.42 Briefly, neutrophils (2 × 106

3

RESULTS

cells/ml) were incubated for 5 min in the dark at room temperature
with the membrane-permeable NUCLEAR-ID Red DNA dye to stain
nuclei (Enzo Life Sciences). Cells were washed three times with RPMI

3.1
Human primary neutrophils express
CD200R1L

medium to remove excess dye. Labelled neutrophils were plated at a
cell density of 20.000 cells/100ul per well in a 96-well flat clear bot-

mRNA expression of CD200R1L has been detected in human periph-

tom polystyrene tissue culture treated microplate (Costar 3596, Corn-

eral blood, but endogenous CD200R1L protein expression was never

ing) to facilitate segmentation and analysis by the integrated imaging

reported.4 We revisited this issue as new antibodies directed against

software. Sytox Green was added to the plates concomitantly with the

CD200R1L became commercially available. To validate that the mono-

stimuli for 4h. Neutrophils were fixed with 2% paraformaldehyde (Elec-

clonal mouse antibody against human CD200R1L did not cross-react

tron Microscopy Sciences) for 15 min at room temperature (RT). NET

with the inhibitory CD200R, we transiently transfected HEK293T

release was measured using the IncuCyte ZOOM (Essen BioScience)

cells with either CD200R- or CD200R1L-Myc-encoding vectors and

microscope with a 20x objective, using phase contrast, red (800 ms

stained the cells with anti-CD200R1L for flow cytometric analy-

exposure) and green (400 ms exposure) channels. For the MPO stain-

sis (Fig. 1A, Supplementary Fig. S1A). We included co-expression of

ing, mouse anti-human MPO-FITC antibody (Abcam) was added with

DAP12-GFP with CD200R1L-Myc, since it has been reported that

the stimuli instead of Sytox green dye, and imaged for 4h every 15 min-

mouse CD200RLa and CD200RLb require DAP12 for stable surface

utes with phage, red (1600 ms exposure) and green (800 ms exposure)

expression.14 Non-transfected cells, cells transfected with an empty

channels using the incucyte microscope.

vector or only a DAP12-encoding vector were used as controls. Only

To assess the role of Fc receptors in NETosis induction, neutrophils

cells that were transfected with CD200R1L or DAP12/CD200R1L

were incubated at 37◦ C for 15 min with or without FcR blocking agent

expression plasmids stained positive with the anti-CD200R1L anti-

(Miltenyi). Cells were washed and the NETosis assay was performed as

body (Fig. 1A). Importantly, the anti-CD200R1L antibody did not bind

described above. Data was analysed as described above.

to CD200R transfected cells. CD200R1L protein expression was also
determined by Western blot. Samples were stained using anti-MYC
antibody (Fig. 1B, left side) or anti-CD200R1L (Fig 1B, right side).

2.9

Phylogenetic analysis

We observed a band of around 45kDA in both blots, which is consistent with the reported molecular mass of rhCD200R1L (approx-

A total of 128 sequences from 57 species were identified using BLAST

imately 45–60 kDa due to glycosylation). CD200R1 and CD200R1L

(human CD200R was given as query, using a local BLAST installa-

qPCR primers were validated in the same samples of transfected cells
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CD200R1L 65
Actin 42
F I G U R E 1 Anti-CD200R1L antibody specificity and CD200R1L expression in human healthy donor neutrophils. (A–C) HEK293T
transfected with DNA vectors expressing indicated proteins, and analysed by (A) flow cytometry, (B) Western blot, or (C) qPCR. (A) n = 3 from 3
independent experiments, one representative experiment is shown. Gating strategy available in Supplementary Fig. S1A. (B) Samples were stained
using anti-MYC antibody (left side) or anti-CD200R1L (right side). Arrows depict CD200R1L bands. n = 2 from 2 independent experiments. (C)
n = 2 from 2 independent experiments. (D–F) Expression of CD200R1L assessed by (D) flow cytometry, (E) qPCR, and (F) Western blot. (D) A
representative FACS staining indicating CD200R1L expression in neutrophils from a healthy donor. Quantification indicate the % and MFI of
CD200R1L positive neutrophils. 10 different donors were analysed in 5 independent experiments (E) CD200R1L expression in purified healthy
donor neutrophils by qPCR analysis, n = 7 from 3 independent experiments (F) and by Western blot n = 8 from 4 independent experiments. Actin
and CD200R1L were probed on the same membrane.
Full-length blots are included in the Supplementary Information
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(Fig. 1C). Only samples transfected with CD200R1L alone or in combi-

were observed when Ficoll isolated granulocytes and FACS sorted neu-

nation with DAP12 showed amplification using our primers. Based on

trophils were compared (Supplementary Fig S2A and B respectively).

these results, we conclude that the anti-CD200R1L antibody and the

This indicates that neutrophils were the main population responding to

CD200R1L primers only bind human CD200R1L and do not cross-react

CD200R1L stimulation. Heat denaturation of anti-CD200R1L and iso-

with CD200R1.

type control abrogated ROS production excluding possible interactions

We used these validated tools to study CD200R1L expression in
human blood. We detected expression of CD200R1L on

CD16+

neu-

with other receptors due to glycosylation patterns (Supplementary
Fig S2C).

trophils by flow cytometry (Fig. 1D), a cell type that was previously
not studied for CD200R1L expression, and validated protein expression of CD200R1L by Western Blot as a protein of approximately
65 kDa (Fig. 1F). Although all donors tested expressed CD200R1L, the

3.3
CD200R1L-induced ROS production relies on
Syk, PI3K and Rac GTPase signalling

level of expression of CD200R1L was variable between donors. Neutrophils may express an alternatively glycosylated form of CD200R1L

Mouse CD200Ra-b activates Spleen Tyrosine Kinase (Syk) through

that is bigger than the one expressed by HEK cells. In addition to

DAP12, followed by activation of PI3 kinase (PI3K), after which the

protein expression of CD200R1L, we also detected mRNA expression

signal diverges.4 ROS production in neutrophils has been shown to

(Fig. 1E) in isolated neutrophils by qPCR. However, CD200R1L pro-

be largely dependent on ITAM–mediated signalling pathways trig-

tein and mRNA expression was variable between donors: 3 out of 8

gered by DAP12- and/or FcRγ- receptors. We pre-treated neutrophils

healthy donors didn’t show detectable CD200R1L mRNA levels and

with small molecular inhibitors for Syk, PI3K or downstream effec-

4 out of 10 donors had less than 10% CD200R1L expressing neu-

tors of PI3K, such as Akt, SGK or Rac GTPase, and the calcium chela-

trophils, with MFI values ranging from 153 to 2965. Coherent with

tor BAPTA to address the contribution of these pathways in human

previous reports,4 we did not detect CD200R1L mRNA in total PBMC

CD200R1L-mediated ROS production. Inhibition of Syk, PI3K, Rac and

(data not shown). In order to further validate CD200R1L expression

Akt decreased CD200R1L-induced ROS production, whereas inhibi-

in neutrophils we compared Ficoll isolated granulocytes (purity above

tion of SGK, and chelating Ca2+ did not affect ROS production (Fig. 3A,

90%) with FACS sorted neutrophils (purity above 99%; Supplementary

B). The pooled data shown in Fig. 3B are corrected for background ROS

Figs S1B and S1C). We observed that CD16+ CD14– neutrophils iso-

production, which is probably induced by the isolation procedure. PI3K

lated by both methods expressed CD200R1L. We therefore concluded

is involved in both CD200R1L-mediated and spontaneous ROS produc-

that CD200R1L mRNA and protein is expressed in human neutrophils.

tion, as indicated by the negative value after background correction.
To further dissect how PI3K is involved in CD200R1L-induced ROS
in neutrophils, we specifically inhibited catalytic subunits of class I PI3K

3.2
CD200R1L elicits ROS and IL-8 cytokine
production

isoforms, a subgroup of the PI3K family that is associated with induction of the oxidative burst.15 Using small molecular inhibitors that target isoforms of the catalytic subunit p110 we found that inhibition of

Neutrophils are one of the first cell types to be recruited to sites

PI3Kβ and −δ decreased CD200R1L-induced ROS production, indicat-

of infection, and can kill pathogens through a combination of differ-

ing that these proteins are involved in the downstream CD200R1L sig-

ent cytotoxic mechanisms. One of the hallmarks associated with the

nalling cascade. Inhibition of PI3Kα and -γ did not lead to a significant

antimicrobial and inflammatory actions of neutrophils is the activa-

decrease in ROS production (Fig. 3C, D) at the concentrations we used.

tion of a powerful burst of reactive oxygen species (ROS). Therefore,

Together these data show that CD200R1L induces ROS dependent on

we tested whether ligation of CD200R1L induces ROS production by

Syk, PI3Kβ and −δ, Akt and Rac.

neutrophils. We observed that cross-linking CD200R1L with immobilized antibodies resulted in significantly more ROS production compared to IgG1 isotype control (p = 0.0049; Fig. 2A, B). ROS production was not due to binding of the antibody to Fcγ-receptors (FcγR),

3.4
CD200R1L induces classical ROS-dependent
NETosis

since CD200R1L-induced ROS production was not affected by FcγRblockade, while FcγR-blocking did decrease CD32/FcγRII-induced ROS

Another important neutrophil function that can be induced by ROS

production (Fig. 2C). In conclusion, cross-linking of CD200R1L with a

production is the release of extracellular traps (NETs). In order to

monoclonal antibody elicits an FcγR-independent extracellular oxida-

understand if CD200R1L triggering leads to NET-release, we cross-

tive burst in vitro, demonstrating that CD200R1L is a functional pro-

linked CD200R1L with the monoclonal antibody and measured NETo-

tein on primary human neutrophils. In addition to ROS, we observed

sis after 4h using live imaging as described previously.16 Activating

that anti-CD200R1L stimulated neutrophils produced IL-8 (Figure 2D).

CD200R1L on neutrophils led to a significant increase in NET release

We observed that CD200R1L stimulation led to increased IL-8 produc-

compared to isotype control treated neutrophils (Fig. 4A), however

tion compared to isotype control treated samples and was in the same

the CD200R1L-mediated NETosis was small compared to PMA. The

order of magnitude as after stimulation with 100 ng/mL of LPS. No

increase of NET release was still observed if we pre-treat neutrophils

differences in CD200R1L-induced ROS and IL-8 cytokine production

with an Fc blocking agent demonstrating that CD200R1L-induced NET
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Representative ROS production in a healthy
donor. RFU: relative fluorescent units. B)
Quantification ROS production as the area
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stimulated as in 2A. Wilcoxon signed-rank test
was performed to compare ROS production in
isotype versus anti-CD200R1L or anti-CD32.
**p < 0.01, 8 donors from 4 experiments. Bars
represent means + SD. (C) Areas under the
curve (AUC) of ROS production with and
without FcR block with anti-CD32 or
anti-CD200R1L stimulation (p = 0.05, n = 5
from 3 independent experiments). (D) IL-8
production by neutrophils after PBS, isotype,
anti-CD200R1L and LPS stimulation for 24 h.
one-way ANOVA with Tukey multicomparison
test. **p < 0.01, ***p < 0.001, n = 7 from 4
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release is independent of Fc receptor activation (Supplementary Fig.

ysed 128 sequences from 57 different vertebrate species to construct

S3A). Characteristic of the NETosis process we observed that MPO

a phylogenetic tree (Supplementary Fig. S4). Our analysis revealed that

stained CD200R1L-induced NETs (Supplementary Fig. S3B and Sup-

CD200R was present in the common ancestor of birds and of mammals

plementary video 1). Since it has been shown that ROS production

(Supplementary Fig. S4, summarized in Fig. 5A), while CD200RL prob-

precedes classical NADPH dependent NETosis,17 we blocked NADPH

ably appeared later in evolution. The gene duplications that gave rise

activity by means of the pharmacological inhibitor diphenyleneiodo-

to CD200R1L genes occurred several times independently: for exam-

nium chloride (DPI) and measured NET release after 4h. DPI signifi-

ple, in the common ancestor of birds and in the common ancestor of

cantly reduced NETosis after CD200R1L triggering and after stimula-

primates. This suggests that the CD200R-CD200R1L paired receptors

tion with PMA as positive control (Fig. 4B) but did not affect isotype

have undergone convergent evolution. We hypothesize that similar

induced NET release. Taken together, our data show that CD200R1L

selective pressures have led to the independent evolution of the acti-

can induce ROS and low amounts of ROS-dependent NETosis.

vating CD200R family members in distantly related species. Since it is
thought that pathogenic pressure drives faster evolution, we analysed
the branch lengths in the CD200R family phylogenetic tree. Branch

3.5
Evolution of CD200R-CD200R1L paired
receptor

lengths depict how many mutations occurred in the evolutionary time
between lineages. We found that activating CD200R family members
have longer branch lengths than their inhibitory counterparts (Fig. 5B),

Our data show that in human neutrophils, CD200R1L is expressed as

suggesting that activating receptors accumulate mutations at a faster

a functional receptor. To explore the paired CD200R family dynamics

pace. This implies a stronger pathogenic pressure on the activating

through evolutionary history, we used phylogenetic analysis. We anal-

CD200R-family members compared to their inhibitory counterparts.
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F I G U R E 3 Inhibition of downstream effector molecules Syk, PI3K and Rac GTPase reduces CD200R1L-induced ROS production. (A,B)
anti-CD200R1L induced ROS production after pre-incubation with small molecule inhibitors. (A) example experiment and (B) quantification of the
area under the curve normalized to anti-CD200R1L. Syk, PI3K, Akt: n = 9; Rac GTPase: n = 6 donors in 3 independent experiments. (C, D) example
experiment and (D) quantification of the ROS production in anti-CD200R1L-stimulated neutrophils treated with PI3K isoform inhibitors
normalized to anti-CD200R1L. n = 7 donors in 3 independent experiments. A Wilcoxon signed-rank test was used to compare conditions to vehicle
control. *p < 0.05, **p < 0.01. Bars represent mean + SD

Importantly, these results are also coherent with the anti-microbial

receptors evolve quicker. These results highlight not only the char-

functions that CD200R1L activates in neutrophils.

acterization of a previously unidentified activating receptor on neutrophils but also its functional consequences.
Antibody-mediated cross-linking of CD200R1L on human neu-

4

DISCUSSION

trophils prompted ROS production. The NADPH oxidase is regulated
by the collective action of several intracellular signalling pathways,

Neutrophils are the most abundant circulating leukocytes. However,

including those driven by PI3K,18 phospholipase C (PLC)/Ca2+ /protein

the full spectrum of their biological functions is just starting to emerge.

kinase C (PKC),19 phospholipase D (PLD),20 phospholipase A2

Here we show that the immune activating CD200R1L, in contrast

(PLA2),21 and p38/Erk.22 PI3Kγ and PI3Kβ isoforms are required

to what was previously reported,4 is endogenously expressed and

for superoxide production after FMLP stimulation.23 There is also

functional in human neutrophils. Moreover, the CD200R/CD200R1L

evidence that class I PI3Ks can activate Rac2 through regulation of

receptor pair is evolutionarily conserved and duplicated multiple times

one of its guanine exchange factor (GEF), PRex1.24 By making use of

throughout evolution, suggestive of its importance in immune regu-

specific inhibitors we demonstrated that CD200R1L-induced ROS

lation. The faster evolution of activating family members agrees with

production on human neutrophils relies on Syk, PI3K and Rac GTPase

the previously proposed theory7,8

signalling. Surprisingly, we observed that inhibiting Rac GTPase only

that under pathogen pressure, these
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F I G U R E 4 CD200R1L stimulation induces NET release. (A) NETosis induced after 4 h stimulation with isotype control, anti-CD200R1L or
PMA analyzed by SYTOX-green staining. Representative images for each stimulation are shown. Data are presented as total area NETing
neutrophils (μm2 ). Mann-Whitney test comparing anti-CD200R1L or PMA stimulation with isotype control. (B) Purified healthy donor neutrophils
were stimulated with IgG1 isotype control, anti-CD200R1L, PMA with or without DPI for 4 h. Representative images for each stimulation are
shown and data was analyzed as in Fig. 4A). Wilcoxon test. (A, B) Scale 100μ. Data from 8 donors in 4 independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001
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F I G U R E 5 CD200R1L is evolutionary conserved and is evolving faster than CD200R. (A) A summarized phylogenetic tree based on analysis of
128 sequences from 57 species (see Supplementary Table 1 for sequence reference). Sequence alignments were made using MAFFT software, and
the phylogeny was made using RAxML software. (see Supplementary Fig. S4 for extended tree). (B) Primate tree branch lengths of CD200R and
CD200R1L is depicted

partly decreased ROS production. This might be due to insufficient

and stimulating the production of pro-inflammatory cytokines.25 Two

Rac inhibition or the presence of compensatory mechanisms from the

main major routes to induce NETosis have been proposed: the classical,

different Rac isoforms.

ROS dependent and the non-classical, ROS-independent route.16,26,27

Notably, ROS can also increase the overall antimicrobial response

Upon stimulation with PMA, anti-LL3728 and non-opsonized Staphy-

of neutrophils by activating the release of granules, inducing NETs,

lococcus aureus,29 neutrophils can undergo ROS-dependent NETosis
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through the NADPH oxidase complex, as shown by the abrogation of
NET release by using enzymatic inhibitors of this

complex29,30
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or by
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J.S., N.S. and CK analysed data; MIPR drafted manuscript; CK, MV and

In contrast, ROS-independent NETosis is induced by for example
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opsonised S.aureus33 and uric acid.34 We observed that CD200R1L

submission.

stimulation led to small but significant classical NADPH oxidase dependent NET release compared to isotype control antibody but much
lower than PMA induced NETs. NETosis induced by stimuli such
as opsonized bacteria is generally 3-fold less than PMA induced
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netosis,16 which is not in the same range as what we observe for
CD200R1L which is 10 fold less than PMA. A direct comparison to
other more physiologic NET inducing agents such as PSM

peptides35

or other antibodies36 and/or immune complexes37 would provide better insight on the levels of CD200R1L induced NETs. Moreover, further in vivo studies are necessary to address the biological relevance
of the relatively low CD200R1L-induced NET release in the context of
infection.
Organisms at all developmental stages rely on the expression and
function of genes to cope with the quickly evolving environmental and
pathogenic pressure. The ability to sense and adapt to environmental
and pathogenic changes is vital for organisms to maintain cellular functions and assure survival. Some genes may have also been lost through
evolution if the pathogenic pressure ceased to exist. It is hypothesized
that the efficacy of the adaptive immune system has allowed vertebrates to decrease the often-impressive diversity of innate effector
molecules that was available in earlier lineages.38 For the evolution
of the CD200R family a “counterbalance theory” has been proposed.8
Our data support this theory because independent selection for activating receptors across species suggests that these receptors coevolved with pathogens as pathogen recognition receptors. Moreover,
we found that CD200R1L has evolved in amphibians and mammals
by convergent evolution, demonstrating CD200R1L was selected for
in multiple occasions. Adding to this, activating CD200R family members are evolving faster than their inhibitory counterpart suggesting
an ever-present pathogenic pressure. It is also remarkable that the
number of activating receptors is very variable between species implying that a particular selection of inhibitory and/or activating receptors may be of benefit in the ongoing battle between pathogens and
host.
Although its name suggests otherwise, CD200R1L is not a receptor for CD200.13 Studies have shown that several herpes viruses
acquired host CD200 that can bind to the inhibitory CD200R but not
to the activating ones.39 The source and identity of the CD200R1L
ligand remains elusive. However, given the genetic association with
the risk of developing psoriasis, atopic dermatitis and helminth
infection,5,6 we hypothesise that bacteria and helminths as likely candidates. Furthermore, in addition to pathogens, circulating host-derived
molecules released from dying and damaged cells after hypoxia,
trauma, and cell death (DAMPs) could potentially be CD200R1L ligands. CD200R family therefore, is a prototype gene family which offers
the opportunity to study the “arms races” caused by host/pathogen
interactions.
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