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FAM19A4 is a novel cytokine ligand of formyl peptide
receptor 1 (FPR1) and is able to promote the migration and
phagocytosis of macrophages

Wenyan Wang1, Ting Li1, Xiaolin Wang1, Wanxiong Yuan1, Yingying Cheng1, Heyu Zhang1,
Enquan Xu1, Yingmei Zhang1, Shuang Shi2, Dalong Ma1 and Wenling Han1

FAM19A4 is an abbreviation for family with sequence similarity 19 (chemokine (C–C motif)-like) member A4, which is a

secretory protein expressed in low levels in normal tissues. The biological functions of FAM19A4 remain to be

determined, and its potential receptor(s) is unclarified. In this study, we demonstrated that FAM19A4 was a classical

secretory protein and we verified for the first time that its mature protein is composed of 95 amino acids. We found that

the expression of this novel cytokine was upregulated in lipopolysaccharide (LPS)-stimulated monocytes and

macrophages and was typically in polarized M1. FAM19A4 shows chemotactic activities on macrophages and enhances

the macrophage phagocytosis of zymosan both in vitro and in vivo with noticeable increases of the phosphorylation of

protein kinase B (Akt). FAM19A4 can also increase the release of reactive oxygen species (ROS) upon zymosan

stimulation. Furthermore, based on receptor internalization, radio ligand binding assays and receptor blockage, we

demonstrated for the first time that FAM19A4 is a novel ligand of formyl peptide receptor 1 (FPR1). The above data

indicate that upon inflammatory stimulation, monocyte/macrophage-derived FAM19A4 may play a crucial role in the

migration and activation of macrophages during pathogenic infections.
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INTRODUCTION

Cytokines are soluble mediators of cell communication that are

critical in immune regulation.1 During innate immune res-

ponses, the principle sources of cytokines are macrophages,

dendritic cells, natural killer cells and innate lymphoid cells. As

a crucial component of innate immunity, macrophages play vital

roles in phagocytosis to remove erythrocytes, apoptotic cells and

cellular debris for protection from the invasion of pathogens.2

Meanwhile, macrophages produce various cytokines to protect

the host and instruct the adaptive immune system to mount a

response that is mutually regulated by cytokines.3,4 For instance,

macrophages can express interferon c (IFN-c) after infection by

pathogens,5,6 which can trigger a harsh proinflammatory res-

ponse in turn on the macrophages that requires them to kill

the intracellular pathogens. This pro-inflammatory response

converts resting macrophages into potent cells with augmented

phagocytosis and an increased generation of reactive oxygen

species (ROS). Above all, cytokines and macrophages act and

react upon one another using specific receptors.

In the recruitment and regulation of macrophages during

inflammatory responses, G-protein coupled receptors are often

involved. One such receptor, formyl peptide receptor 1 (FPR1),

is highly expressed on macrophages and neutrophils; its func-

tions include mediating cell migration, phagocytosis and the

release of the superoxide ion.7–9 Microbe-derived peptides

from bacteria and viruses, such as formyl-methionyl-leucyl

phenylalanine (fMLF), N-formyl peptides from mitochondria

and host-derived peptides such as the N-terminal peptides

from Annexin-1, have been proved to be FPR1 ligands. More

recently, synthetic low-molecular-weight ligands for FPR1

have emerged from a number of compound library screens.10

By binding to FPR1, they function as agonists of FPR1 to promote
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migration, phagocytosis and the release of the superoxide ion

from macrophages and neutrophils,11 resulting in the systemic

inflammatory response syndrome.12 However, these ligands

are either from the infecting pathogens or serve as damage-

associated molecular patterns, also called alarmins. Damage-

associated molecular patterns are released upon mitochondrial

damage and from apoptotic cells.13,14 They are passively

released to activate the host immune responses associated with

tissue and cell damage.

FAM19A4 (family with sequence similarity 19, member A4),

a member of the TAFA family and also called TAFA4, is a

secretory protein expressed in low levels in normal tissues as

previously reported,15 but its bioactivities have not yet been

studied. We identified FAM19A4 to be a novel cytokine match-

ing criteria previously mentioned.16 In this study, we found that

it was a classical secretory protein and verified for the first time

that its mature protein consists of 95 amino acids. We proved

that the expression of FAM19A4 was upregulated in LPS-sti-

mulated monocytes and macrophages, especially in polarized

M1. As a cytokine ligand of FPR1, FAM19A4 can chemoattract

macrophages, promote phagocytosis against zymosan and

increase ROS release. For its inducible expression pattern and

the capacity to activate FPR1 and to promote macrophages, we

expected that FAM19A4 might have essential roles in infectious

diseases. As the first cytokine ligand of FPR1, FAM19A4

enhances communication among immune cells, which will be

helpful in understanding infection and immunity.

MATERIALS AND METHODS

Mice

All mice used in this study were of a C57BL/6 background, were

between 6–10 weeks old and were bred in the animal breeding

facilities at the Peking University Health Science Center

(Beijing, China) under specific pathogen-free conditions. The

animal experimental procedures were approved by the ethics

committee of the Peking University Health Science Center.

Cell preparation

HEK293 (CRL-1573), RAW264.7 (TIB-71) and THP-1 (TIB-

202) cells were purchased from ATCC (Manassas, VA, USA).

The HEK293T cells were kindly provided by T. Matsuda, Japan.

Human peripheral blood was obtained from the Beijing Red

Cross Blood Center. The peripheral blood mononuclear cells

(PBMCs) were separated by Polymorphprep (Axis-Shield,

Oslo, Norway) at a 1.077 density following the manufacturer’s

instructions. The PBMCs were located at the interface between

RPMI 1640 and Polymorphprep.

The HEK293T and RAW264.7 cells were cultured in com-

plete Dulbecco’s Modification of Eagle’s Medium (DMEM)

with 10% fetal bovine serum (FBS) (inactivated FBS for the

latter). The HEK293T cells were transfected with VigoFect

(Vigorous, Beijing, China) and the RAW264.7 cells were trans-

fected with Lipofectamin2000 (Invitrogen, Koghbatsi, Yerevan,

USA), each according to the manufacturers’ instructions. The

HEK293 cells, the THP-1 cells, the PBMCs, the human macro-

phages and the mice peritoneal macrophages were maintained

in RPMI 1640 with 10% FBS. Monocytes were obtained from

the PBMCs after adhesion for 4 h.

Reagents and antibodies

The pCMV-FPR1 expression plasmid was kindly provided by

Professor Philip M. Murphy from the Laboratory of Molecular

Immunology, National Institutes of Health. The pEGFP-N1-

FPR1 and pcDNA3.1-FAM19A4-myc-his plasmids were con-

structed in our laboratory. The eukaryotic expression and

affinity-purification of the FAM19A4-myc-his protein were

commissioned to be completed by Crown Bioscience, Inc.

(Beijing, China). The polyclonal antibodies against FAM19A4

were generated by immunizing rabbits with the eukaryotic

FAM19A4 protein (300 mg/rabbit). The antibody was purified

from the rabbits’ serum using Protein G agarose beads.

FBS was purchased from Biochrom AG (Berlin, Germany).

Brefeldin A (BFA). PMA, LPS (Escherichia coli 055:B5), Boc-

MLF and thioglycollate broth were all purchased from Sigma-

Aldrich (St. Louis, MO, USA). The FITC-zymosan and reverse

transcription kits were purchased from Invitrogen. The cDNA

panels of multiple human tissues, the Human MTC Panels I

and II and the Human Immune System MTC Panel were pur-

chased from Clontech (Mountain View, CA, USA). The prote-

ase inhibitor cocktail and the PhosSTOP cocktail were

obtained from Roche (Rotkreuz, Switzerland). Rabbit mono-

clonal antibodies (mAbs) of Akt (pan) and Phospho-Akt

(Ser473) for the Western blot were obtained from Cell signaling

Technology (Danvers, MA, USA). The PE-labeled anti-mouse

F4/80 antibodies for flow cytometry (FACS) were purchased

from BD Biosciences (San Jose, CA, USA).

Real-time PCR

The expression of FAM19A4 at the mRNA level was examined

using real-time PCR with the UPL probes and GAPDH as the

control. The following primers were used:

hFAM19A4-F: 59-Tgctgccagattactcaggtt-39

hFAM19A4-R: 59-gcacacctctctcttcgctac-39

GAPDH-F: 59-tccactggcgtcttcacc-39

GAPDH-R: 59-ggcagagatgatgaccctttt-39

TNF-F: 59-cagcctcttctccttcctgat-39

TNF-R: 59-gccagagggctgattagaga-39

The samples were run in triplicate with the following cycling

conditions: 10 min denaturing at 95 uC, followed by 45 cycles of

15 s at 95 uC and 1 min at 60 uC.

Immunoprecipitation

The cell culture medium was collected and concentrated

through ultrafiltration. The medium was then incubated with

the Protein G agarose beads that were conjugated with rabbit

anti-FAM19A4 or normal rabbit IgG at 4 uC for 2 h. Next, the

beads were collected by centrifugation, washed five times in

phosphate buffer saline (PBS), boiled at 99 uC for 10 min in

loading buffer and analyzed by western blotting.

Western blot

The cell culture supernatants were collected and centrifuged

(1500 r.p.m. for 10 min at 4 uC) to eliminate the residual cells
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and debris. The cells were lysed in lysis buffer (20 mM HEPES

(pH 7.4), 1% Triton X-100, 100 mM NaCl, 50 mM NaF, 10 mM

b-glycerophosphate, 1 mM sodium vanadate, 1 mM PMSF and

1% protease inhibitor cocktail). The protein concentration was

measured using a BCA protein assay reagent (Pierce, Rockford,

IL, USA) with bovine serum albumin as the standard. The cell

culture medium, lysates and immunoprecipitation samples

were separated on 12.5%–15% SDS–PAGE and were subse-

quently transferred to nitrocellulose membranes (Hybond,

Escondido, CA, USA). After being blocked in 5% bovine serum

albumin (BSA) in TBS-T (Tris-buffered saline containing

0.05% Tween 20) for 1 h at room temperature, the membranes

were incubated with the appropriate primary antibodies over-

night at 4 uC, extensively washed in TBS-T, and then incubated

for 1 h at room temperature with the HRP-labeled goat anti-

rabbit. Following three additional washes in TBS-T, the signals

were finally visualized with ECL Substrate (Pierce, Rockford, IL,

USA) and imaged by LAS500 (GE, New York City, NY, USA).

For detecting the phosphorylation of the signaling molecules,

PhosSTOP was added to the lysis buffer. The resolved proteins

were detected after being transferred with the indicated primary

antibodies, followed by incubation in the specific secondary

antibodies (Cell signaling Technology, Danvers, MA, USA).

Phagocytosis assay in vitro and in vivo

In vitro, the human macrophages derived from monocytes and

RAW264.7 cells were pre-treated with FAM19A4 (10 ng/ml in

D) for 2 h and then challenged with FITC-zymosan at a ratio of

10 : 1 cells for 30 min in the absence of the serum. Phagocytosis

was determined by confocal microscopy (Leica TCS SP8,

Wetzlar, Germany) or on a FACSVerse (BD Biosciences, San

Jose, CA, USA) using the BD FACSuite software. The calcula-

tion of the relative recognition index (RRI) was conducted

using the equation RRI5percentage of zymosan-FITC13MFI

(mean fluorescence intensity) of zymosan-FITC1. The ratio of

RRI compared to the control group represents the ability to

conduct phagocytosis. Eight- to 10-week-old C57BL/6J mice

were used to assess the effects of FAM19A4 on the in vivo uptake

of zymosan by the macrophages. A total of 100 ng or 1 mg per

mouse in 1 ml PBS of FAM19A4 (PBS as the control) was pre-

injected into the peritoneum of the mice; 108 particles per

mouse of FITC-zymosan was injected 2 h later. Thirty minutes

later, the infiltrate in the peritoneal cavity was collected, and the

fluorescence intensity was analyzed using flow cytometry. The

scatter profile and the PE-F4/80 staining were used to gate the

macrophages in the peritoneal washout.

Measurement of intracellular ROS

The mice peritoneal macrophages were recruited using thiogly-

collate broth (4%) stimulation for 2 days. ROS generation in

the macrophages was monitored with the oxidation sensitive

fluorescent probe 29,79-dichlorodihydrofluorescein diacetate

(H2DCF-DA) obtained from the Beyotime Institute of Bio-

technology (Shanghai, China). In brief, the macrophages were

incubated for 30 min at 37 uC with 10 mM H2DCF-DA in

serum-free medium. Then, the cells were washed and pre-treated

with or without FAM19A4 for 2 h before being stimulated with

zymosan (100 mg/ml). The fluorescence of DCF was determined

by FACS.

Chemotaxis assay

The pCMV-FPR1 (kindly provided by Professor Philip M

Murphy from the Laboratory of Molecular Immunology,

National Institutes of Health) or the pEGFP-N1-FPR1-EGFP

plasmid was transiently transfected into the HEK293 cells by

electroporation at 120 V for 20 ms using an electric pulse gen-

erator (Electro Square Porator ECM 830; BTX, San Diego, CA,

USA), and a chemotaxis assay was performed 48 h later. The

chemotaxis assays were performed in 48-well microchemotaxis

chambers (Neutroprobe, Bethesda, MD, USA) as described

previously. In brief, FAM19A4 or fMLF (28 ml/well) diluted

in HEPES-buffered RPMI 1640 medium supplemented with

0.1% BSA was placed in the lower chambers. The cells were

resuspended in the same medium at a density of 106 cells/ml

and were added to the upper chambers (50 ml/well). The upper

and lower chambers were separated by a Rat Tail Collagen

Type 1 (Biomedical Technologies, Stoughton, MA, USA) coated

polyvinylpyrrolidone-free polycarbonate filter (Neutroprobe,

Bethesda, MD, USA) with 12-mm (for HEK293) or 5-mm pores

(for macrophages). The chambers were incubated for 6 h at

37 uC in an atmosphere of 5% CO2. Afterward, the filters were

removed from the chambers, washed, fixed and stained with

the Three Step Stain Set (Richard-Allan Scientific, Kalamazoo,

MI, USA). The cells that migrated into each filter were counted

in five randomly selected high-power fields (3400) per well.17

Significant chemotaxis was compared with the medium and

was defined as a chemotactic index .2.0. In the cross-desens-

itization chemotaxis assay, fMLF and FAM19A4 were tested for

their abilities to chemoattract the HEK293-FPR1 cells with or

without being pre-treated with fMLF or FAM19A4 for 1 h and

the chemotaxis index was calculated.

Receptor internalization assay

FPR1 was expressed in the HEK293 cells as described above. The

HEK293-FPR1 cells were stimulated with fMLF (0.1 mM),

FAM19A4 (0.1 mM) or as negative controls in suspension for

1 h. The cells were then stained with anti-FPR1 or mouse IgG

primary antibodies followed by goat anti-mouse-PE IgG as the

detection antibody. The FPR1 expression was then analyzed on

a FACSVerse flow cytometer. The internalization rate of FPR1 and

the significant differences compared to the control were calculated.

In the receptor internalization assay that was conducted by

confocal microscopy, the pEGFP-N1-FPR1 plasmid was tran-

siently expressed in the HEK293 cells as described above. The

transfected cells were stimulated with fMLF, FAM19A4 or the

negative controls for 1 h in the supernatant, and the subcellular

localization of FPR1-EGFP was observed using a confocal

microscope. The scale bars are 25 mm.

Radio ligand binding assay

The FPR1-EGFP-expressing HEK293 cells were prepared.

FAM19A4 was labeled with 125I. 125INa was purchased from
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DuPont, Inc (Wilmington, DE, USA). The 125I-FAM19A4 in

the binding buffer was concentrated at 13050CPM/100 ml. For

the saturation experiment, equivalent quantities of 125I-

FAM19A4 were incubated with varying quantities of the

FPR1 cell membrane extract in binding buffer. For the com-

petition binding assays, equivalent quantities of the cell mem-

brane extract and 125I-FAM19A4 were incubated with varying

quantities of unlabeled FAM19A4, fMLF or the myc-his peptide.

All the reactions were incubated for binding, and radioactivity

was evaluated as described previously.17

Statistical analysis

The data were expressed as the mean6s.e.m. The statistical

analyses were performed using two-tailed Student’s t-tests (un-

paired) in Prism 5.0 (GraphPad Software, San Diego, CA,

USA). Significant differences between groups are represented

by *P,0.05, **P,0.01 and ***P,0.001.

RESULTS

FAM19A4 is a classical secretory protein.

FAM19A4 belongs to a novel secretory protein family called

TAFA, which has five homological members, TAFA1-5.

FAM19A4 has been reported to be secreted when overexpressed

in CHO cells.15 To further verify its secretory pattern, we car-

ried out the BFA inhibition test. As shown in Figure 1a,

FAM19A4 was secreted into the culture supernatant of the

HEK293T cells and the secretion could be inhibited by the

Golgi blocker BFA. This suggests that FAM19A4 is a classical

secretory protein. The protein was then affinity-purified from

the supernatant with a high purity (over 95%, Figure 1b) and

low endotoxin levels (less than 0.11 EU/mg).

The results of the N-terminal sequencing verified that the

mature protein started from the amino acid Histidine at posi-

tion 46 (Figure 1c). Therefore, the signal peptide contained the

first 45 N-terminal amino acids, and the secreted FAM19A4

was composed of 95 amino acids (Figure 1c), which was not

consistent with our prediction (http://www.cbs.dtu.dk/services/

SignalP/).

FAM19A4 is upregulated upon inflammatory stimuli in

monocytes and macrophages.

The expression pattern of a cytokine is useful for determining

its physiological or pathological function. FAM19A4 was

reported at constitutively low levels in most normal tissues,

with relatively higher expression levels in the brain;15 this was

consistent with our results (Supplementary Figure 1). However,

the GEO Profiles database suggests that it is upregulated in

monocytes and macrophages with LPS stimulation (GDS2856

record, GPL570, 242348_at; GDS2430 record, GPL97, 242348_at).

To verify this concept, the PMA-pre-treated THP-1 cells were

stimulated with LPS and the kinetic expression of FAM19A4

during the activation was examined. We found that it was

barely detectable at the mRNA level in the resting THP-1 cells

and increased upon LPS stimulation in a time-dependent pat-

tern that was most obvious at 12 h at the mRNA level

(Figure 2a).

LPS stimulation represents a pro-inflammatory trigger that

can induce differentiation of the macrophages toward the M1

subset.18 Considering that FAM19A4 is upregulated in LPS

stimulated THP-1 cells, we wondered whether the M1 subset

of macrophages had a higher expression level of FAM19A4

than the M0 or M2 subsets. Therefore, we isolated human

peripheral blood monocytes and induced them into macro-

phages with M-CSF stimulation in vitro. With LPS combined

with IFN-c or IL-4 stimulation for 24 h, the macrophages

differentiated into the M1 or M2 subsets, respectively.

FAM19A4 was induced by the M1 polarized activation but

not by M2 at the mRNA level (Figure 2b). These observations
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were consistent with the GEO data. TNF-a was used as the

positive control to confirm the activation of the THP-1 cells

and to identify the subset of M1 but not M2.

Furthermore, we found that FAM19A4 increased in the

THP-1 cells upon LPS stimulation at 48 h in the culture super-

natant at the protein level (Figure 2c and Supplementary Figure

2). The monocytes could also secrete FAM19A4 after 48 h of

LPS stimulation but at a reduced amount compared to the M1

macrophages (Figure 2d).

FAM19A4 shows chemotactic activity on macrophages.

Because FAM19A4 was secreted by the monocytes and macro-

phages upon stimulation, we analyzed whether it had functions

toward the macrophages. Based on the CC and CXC motifs of

FAM19A4A, we first hypothesized about its chemotactic activ-

ities on macrophages. In the dose-response chemotaxis assays,

FAM19A4 induced a typical bell-shaped curve that delineated

its chemotactic activity on macrophages; the optimal dose was

approximately 1 nM (Figure 3a).

FAM19A4 promotes phagocytosis of macrophages involving

Akt activation both in vitro and in vivo

Macrophages are phagocytic cells that play important roles in

the activation of the innate immune responses. They can engulf

and destroy pathogens through phagocytosis.3,19 They can also

produce cytokines in response to external stimuli, and some of

the cytokines affect their function in turn. By testing human

macrophages derived from peripheral blood monocytes by

flow cytometry, we found that FAM19A4 could enhance the

uptake of zymosan by the macrophages in a dose-dependent

manner. This worked at a range of low concentrations on the

bell-shaped curve; the optimal dose was approximately 10 ng/

ml (Figure 3b).

FAM19A4 has been conserved during evolution, and human

FAM19A4 and its murine homologue have 93% identities in

their whole amino-acid sequences. Therefore, we examined the

function of the recombinant human FAM19A4 protein on

murine cells in vitro and in vivo. Consistent with the effects

on human macrophages, FAM19A4 promoted the phagocyt-

osis of the murine macrophage cell line RAW264.7 in vitro

(Figure 3c) and of the mice resident peritoneal macrophages

in vivo (Figure 3d). Using confocal microscopy, we found that

FAM19A4 could markedly increase the number of zymosan

particles swallowed intracellularly by a single cell at a concen-

tration of 10 ng/ml (Figure 3e), which exerted similar effects as

IFN-c (Figure 3f). The spinning confocal microscopy further

demonstrated that FAM19A4 promoted the motoricity of the

macrophages toward the zymosan particles and the ability to

swallow them (Supplementary Movies 1 and 2). As negative

controls of the system, the heated FAM19A4 (FAM19A4-H) or

the myc-his tag peptide (myc peptide) had no effect, which

ruled out the unspecific effect from endotoxins left in the

recombinant protein (FAM19A4-H) and the myc-his tag

(myc peptide). These results confirmed the promoting effect

of FAM19A4 on phagocytosis of both human and mice macro-

phages.

As a part of the respiratory burst triggered by zymosan pha-

gocytosis,20 ROS production in mice macrophages was subse-

quently detected with H2DCF-DA as probes. FAM19A4 could

significantly increase the release of intracellular ROS that were

aroused by zymosan, but it could not lead to an increase of ROS

by itself (Figure 3g).
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In macrophages, phagocytosis is regulated by phospholipid-

modifying enzymes such as PI3K.20 Upon activation of PI3K,

Akt is recruited to the plasma membrane and is further acti-

vated through phosphorylation on Ser473.21 We detected the

total Akt levels and its phosphorylated form on Ser473 in the

mice macrophages 5–15 min after the zymosan challenge. Pre-

treatment of the cells with FAM19A4 for 2 h markedly

increased the phosphorylation of Akt (Figure 3h). Therefore,

the PI3K pathway could be one of the targets of FAM19A4 that

leads to the enhancement of phagocytosis.

These results clarified the function of FAM19A4 in the pha-

gocytosis of macrophages, and they suggest that there might a

functional receptor of FAM19A4 on the stimulated macro-

phages that is involved in phagocytosis and ROS release.

FPR1 is a functional receptor of FAM19A4

According to the function of FAM19A4 toward macrophages,

we hypothesized that its receptor might be a chemotactic recep-

tor that is highly expressed on macrophages and mediates pha-

gocytosis.
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Figure 3 FAM19A4 chemo-attracts macrophages and promotes the phagocytosis of macrophages both in vitro and in vivo. (a) The chemotactic
activity of FAM19A4 on human macrophages. FAM19A4 promotes the phagocytosis of human macrophages derived from monocytes (b, e) and
RAW264.7 cells (c, e); this was analyzed using flow cytometry or confocal microscopy. (d) FAM19A4 increases the phagocytosis of mouse
peritoneal resident macrophages in vivo; this was also analyzed by flow cytometry. There were at least five mice in each group. (f) The calculation
of the number of FITC-zymosan particles that were swallowed by a single macrophage; this was imaged by confocal microscopy (n.10). (g)
FAM19A4 promotes ROS release upon zymosan stimulation in mice peritoneal macrophages. The relative fluorescence intensity is taken as the
average of the values from four repeated experiments. (h) The RAW264.7 cells were pre-treated for 2 h in the presence or absence of FAM19A4 and
were then challenged with zymosan (100 mg/ml) at different time points. The expression of total protein and the phosphorylated forms of Akt were
determined by western blotting. The result of one experiment, representative of four total experiments, is presented.
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When searching for such a chemotactic receptor that can

promote phagocytosis as well, we focused on FPR1, which

has been reported to be a non-classical chemokine receptor

highly expressed on stimulated macrophages that also regulates

phagocytosis.22,23 To test our hypothesis, we overexpressed

FPR1 on the HEK293 cells and observed the effects of

FAM19A4 on the cells. The chemotaxis assays showed that

FAM19A4 was able to recruit FPR1-expressing HEK293 cells

in a dose-dependent manner (Figure 4a). Furthermore, it could

mutually antagonize the chemotactic activity of fMLF, the clas-

sical ligand of FPR1 (Figure 4b).

However, FAM19A4 could induce FPR1 internalization if it

was the agonist of the receptor. The surface expression of FPR1

on the transfected HEK293 cells was then examined by flow

cytometry before and after treatment with FAM19A4. As

shown in Figure 4c, FAM19A4 decreased the surface level of

FPR1 (approximately 20%) as fMLF did, suggesting the inter-

nalization of the receptor. Confocal microscopy further visua-
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Figure 4 FPR1 is a functional receptor of FAM19A4. (a) FAM19A4 was tested for its chemotactic abilities on the HEK293-FPR1 cells, and
significant differences compared with the medium were calculated. (b) In the cross-desensitization chemotaxis assay, fMLF and FAM19A4 were
tested for their ability to chemoattract HEK293-FPR1 cells with or without pre-treatment with fMLF or FAM19A4 for 1 h and the chemotaxis index
was calculated. (c) fMLF (0.1 mM) or FAM19A4 (0.1 mM) were used to treat the HEK293 cells expressing FPR1-EGFP for 1 h; these cells were then
analyzed by confocal microscopy. The scale bars represent 25 mm. (d) After HEK293-FPR1 was stimulated with fMLF, FAM19A4 or the negative
controls in suspension for 1 h, the quantity of FPR1 on the cell surface was evaluated using flow cytometry. The internalization rate of FPR1 and
significant differences compared to the control were calculated. (e) In the saturation experiment, equivalent quantities of 125I-FAM19A4 were
incubated with varying quantities of the FPR1-transfected cell membrane extract in binding buffer. The y-axis represents the radioactivity of the
binding, and the x-axis represents the concentration of FPR1. (f) In the competitive binding assays, equivalent quantities of the cell membrane
extract and 125I-FAM19A4 were incubated with varying quantities of unlabeled ligands. The y-axis represents the percentage of the max radio-
activity of the specific binding complexes, and the x-axis represents the logarithmic form of the concentration of the competitors. (h, i) Boc-MLF
(1 mM) was used to pre-treat the human (g) or mice (h) macrophages for 10 min followed by incubation with FAM19A4 for 30 min; the phagocytosis
assay (g) or the ROS detection (h) were then performed as described before. fMLF, formyl-methionyl-leucyl phenylalanine; FPR1, formyl peptide
receptor 1.
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lized the internalized receptor by the FAM19A4 treatment

using HEK293 cells that transiently overexpressed FPR1-

EGFP (Figure 4d).

To further confirm that FPR1 is a specific receptor for

FAM19A4, we performed radioactive binding assays. The

recombinant FAM19A4 protein was iodinated with 125I and

used as a tracer. The saturation binding assays indicated that

FAM19A4 could saturate FPR1-transfected HEK293 cells with

a Kd of 0.4447 nM (Figure 4e). The competition binding assays

were performed with unlabeled FAM19A4, fMLF and the myc-

his tag peptide. The unlabeled FAM19A4 displaced 125I-

FAM19A4 from the FPR1-transfected cells with a Ki of

58.81 pM, indicating the specificity of the binding; fMLF could

also compete for the binding of 125I-FAM19A4 on the target

cells, verifying the specific binding to FPR1. As the control, the

myc-his tag peptide was not competitive at all, ruling out the

potential influence of this tag in the recombinant protein

(Figure 4f).

Whether the functions of FAM19A4 on the macrophages

were mediated by FPR1 was subsequently clarified using Boc-

MLF, a specific antagonist of FPR1.24 The macrophages were

pre-treated with Boc-MLF for 10 min, followed by incubation

with FAM19A4 for 30 min and stimulation with zymosan for

15–60 min. We found that the Boc-MLF pre-treatment wea-

kened the increased phagocytosis and the ROS releasing abil-

ities caused by FAM19A4 (Figure 4g and h). This result further

demonstrates that FPR1 is a functional receptor for FAM19A4.

DISCUSSION

FAM19A4, also called TAFA4, was first reported, along with its

family members TAFA1, 2, 3 and 5, to be secreted when over-

expressed in CHO cells.15 In this study, we have shown that it is

secreted via the Golgi-dependent classical pathway and that its

signal peptide contains the first 45 amino acids from the N-

terminal, which is inconsistent with our prediction. Addi-

tionally, we have for the first time identified that its mature

protein is composed of 95 amino acids.

As expected, FAM19A4 enhances the motoricity of macro-

phages. It chemo-attracts macrophages and promotes the

macrophages to move toward zymosan particles and swallow

more of these particles intracellularly at a low concentration

(Supplementary Movies 1 and 2). As part of the essential path-

way in the phagocytosis of macrophages, Akt is recruited to the

plasma membrane upon the activation of PI3K through the

binding of its plekstrin homology domain to PIP3, which is

catalyzed by PI3K. Further activation of Akt requires phos-

phorylation on Ser473 by the mTORC2 complex.21 FAM19A4

acts on a particular stage of the PI3K pathway to increase the

phosphorylation of Akt on Ser473 (Figure 3h) and finally pro-

mote phagocytosis by the macrophages.

FPR1 is a G-protein coupled receptor that was originally

identified to be highly expressed on macrophages. It plays roles

in chemotaxis, the killing of microorganisms through pha-

gocytosis, and the generation of ROS. In addition, FPR1 is

thought to play a role in sensing the endogenous signals of

dysfunctional cells, which should attract leukocytes to the sites

of inflammation and tissue damage.11,22,23,25,26 As the ligand

with the highest affinity for FPR1, fMLF has a Kd of 0.04 nM.27

According to the ratio of Ki for fMLF (Ki50.08139 pM) and

FAM19A4 (Ki558.81 pM) from the competition binding ana-

lysis, the Kd of FAM19A4 is 722 times that of fMLF. Thus, the

calculated Kd of FAM19A4 is approximately 30 nM, suggesting

a higher affinity than some known ligands for FPR1, such as the

endogenous peptides Ac2-26 cleaved from Annexin-1 (a Kd

value of ,0.9 mM).11,28 Therefore, FAM19A4 is an endogenous

ligand with a high affinity.

FPR1 can be activated by peptides from bacteria and viruses

as well as by the endogenous damage-associated molecular

patterns from bone and liver mitochondria to induce the severe

inflammatory response syndrome.29–31 As the endogenous

ligand of FPR1, the N-terminal peptide Ac2-26 is cleaved from

Annexin-1 during inflammation and epithelial wound heal-

ing.32 All the known ligands are passively released to activate

the host immune responses when infections occur. FAM19A4

would be more important as a cytokine ligand for FPR1. It

evokes active host defenses in inflammatory responses. As a

cytokine, FAM19A4 promotes communication among the

immune cells via FPR1 and provides us with a new mechanistic

basis for anti-inflammatory immunity.

Growing evidence supports the fact that FPR1 plays critical

roles in infectious diseases.33,34 Here, we reported that FAM19A4

is a novel cytokine ligand of FPR1. It increases upon inflam-

matory stimulation in macrophages. Many intracellular cyto-

kines, such as IL-1a and IL-33, are released upon cellular

disintegration and serve as first-line alarmins to mediate sig-

naling functions via their receptors on neighboring cells.35,36

FAM19A4 is a potential alarmin that is initially induced during

infections. Additionally, FAM19A4 was upregulated in the neuro-

endocrine CRI-G1 cell line upon mitochondrial and oxidative

stress (GDS4014, GPL1355, 1378557_at) and in human brain

endothelial cells in an in vitro model of cerebral malaria;37 this

further verifies that the expression of FAM19A4 is inducible in

different tissues and cells. These results indicate that FAM19A4

is involved in stress and infectious responses.

FAM19A4 possesses all the characteristics of a cytokine

because (i) it is a classical secretory protein; (ii) its mature

protein has a small molecule size of 95 amino acids; (iii) it

exerts its functions by binding to its specific receptor, and

(iv) it plays a role at a range of low concentrations on a bell

shaped curve. In conclusion, our work identifies FAM19A4 as a

novel cytokine ligand of FPR1 in macrophages for the first

time. However, Delfini et al.38 have defined FAM19A4 to be a

specific marker of the C-low-threshold mechanoreceptor,

which could be a potent analgesic in pain relief. FPR1 is not

restricted to leukocytes involved in inflammatory responses

toward infection, but is also found on the cells of the neuro-

muscular and endocrine system.39 Whether FAM19A4 plays a

role in the neural system through FPR1 or other receptors

requires further study. As a novel cytokine, FAM19A4 would

be a novel mediator in neuro-immunoregulation in inflam-

matory responses.
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