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Abstract

The cytokine midkine (MK) is a growth factor that is involved in different physiological pro-

cesses including tissue repair, inflammation, the development of different types of cancer

and the proliferation of endothelial cells. The production of MK by primary human macro-

phages and monocyte-derived dendritic cells (MDDCs) was never described. We investi-

gated whether MK is produced by primary human monocytes, macrophages and MDDCs

and the capacity of macrophages and MDDCs to modulate the proliferation of endothelial

cells through MK production. The TLR stimulation of human monocytes, macrophages and

MDDCs induced an average of�200-fold increase in MK mRNA and the production of an

average of 78.2, 62, 179 pg/ml MK by monocytes, macrophages and MDDCs respectively

(p < 0.05). MK production was supported by its detection in CD11c+ cells, CLEC4C+ cells

and CD68+ cells in biopsies of human tonsils showing reactive lymphoid follicular hyperpla-

sia. JSH-23, which selectively inhibits NF-κB activity, decreased the TLR-induced produc-

tion of MK in PMBCs, macrophages and MDDCs compared to the control (p < 0.05). The

inhibition of MK production by macrophages and MDDCs using anti-MK siRNA decreased

the capacity of their supernatants to stimulate the proliferation of endothelial cells (p = 0.01

and 0.04 respectively). This is the first study demonstrating that the cytokine MK is produced

by primary human macrophages and MDDCs upon TLR triggering, and that these cells can

stimulate endothelial cell proliferation through MK production. Our results also suggest that

NF-κB plays a potential role in the production of MK in macrophages and MDDCs upon TLR

stimulation. The production of MK by macrophages and MDDCs and the fact that these cells

can enhance the proliferation of endothelial cells by producing MK are novel immunological

phenomena that have potentially important therapeutic implications.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0267662 April 27, 2022 1 / 19

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Said EA, Al-Dughaishi S, Al-Hatmi W, Al-

Reesi I, Al-Riyami M, Al-Balushi MS, et al. (2022)

Human macrophages and monocyte-derived

dendritic cells stimulate the proliferation of

endothelial cells through midkine production. PLoS

ONE 17(4): e0267662. https://doi.org/10.1371/

journal.pone.0267662

Editor: Carmelo Bernabeu, Centro de

Investigaciones Biologicas, CSIC, SPAIN

Received: May 30, 2021

Accepted: April 12, 2022

Published: April 27, 2022

Copyright: © 2022 Said et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript. All the detailed values

behind the means, p values, standard deviations

and used to make the figures are available from the

Open Science Framework repository DOI 10.

17605/OSF.IO/KG3ST.

Funding: Author funded EAS. Grant number IG/

MED/MICR/18/02. Funder: Sultan Qaboos

University (https://www.squ.edu.om/). The funders

had no role in study design, data collection and

https://orcid.org/0000-0003-4224-6351
https://orcid.org/0000-0002-2937-8838
https://doi.org/10.1371/journal.pone.0267662
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267662&domain=pdf&date_stamp=2022-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267662&domain=pdf&date_stamp=2022-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267662&domain=pdf&date_stamp=2022-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267662&domain=pdf&date_stamp=2022-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267662&domain=pdf&date_stamp=2022-04-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267662&domain=pdf&date_stamp=2022-04-27
https://doi.org/10.1371/journal.pone.0267662
https://doi.org/10.1371/journal.pone.0267662
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.17605/OSF.IO/KG3ST
https://doi.org/10.17605/OSF.IO/KG3ST
https://www.squ.edu.om/


Introduction

Midkine (MK) is a heparin binding growth factor of 13 kDa that is rich in basic amino acids

and cysteine. It is a cytokine belonging to the midkine family, which includes only two mem-

bers, midkine and pleiotrophin [1]. It is a cysteine- and basic- amino acid rich protein consist-

ing of two domains, N- and C- domains, which are flexible regions, linked to each other by a

flexible disulfide linker region and each one has three anti-parallel β sheets [2]. The MDK gene

is located on 11q11.2 chromosome in human [3].

In adults, significant MK expression is observed only in restricted sites e.g. the kidney [4],

gut [5], epidermis [6], bronchial epithelium [7] and B-lymphocyte [1]. Although MK was

shown to be expressed by myeloid cells in the animal model, only a few studies documented its

expression in human myeloid cells. In fact, low levels of MK expression was detected in mono-

cytes in axolotl [8] and its expression was detected in tissue macrophages in rabbits and mice

[9, 10]. In human, MK protein expression was induced by hypoxia in neutrophils and mono-

cytes [11]. The expression of MK in macrophage-like cells differentiated from the human

monocytic cell line THP-1 is controversial, as Narita et al. did not detect MK in these cells,

while Biriken et al. reported that MK is expressed upon the differentiation of THP-1 using

PMA [10, 12]. To our knowledge, no study has shown the expression of MK by primary

human macrophages and dendritic cells.

MK is involved in development, reproduction, tissue repair, inflammation, innate immu-

nity, control of blood pressure and angiogenesis and it is also strongly expressed during

embryogenesis [2]. MK is able to regulate the activity of CD8 and CD4 T cells as well as macro-

phages, as it interferes with activation of these cells [13]. MK ability to activate CD4 T cells was

described [14], however, contradictory effects were reported for CD8 T cells as a study showed

an inhibitory effect of MK on CD8 T cells [13] while another study described an activating

effect on these cells [15].

MK also plays a role in different diseases including autoimmune diseases such as rheuma-

toid arthritis, systemic lupus erythematosus, and multiple sclerosis [2, 16–19]. MK elevated

levels were associated with poor prognosis in rheumatoid arthritis [20]. Moreover, MK has a

role in the differentiation of T helper 1 (Th1) cells that are important in the pathology of sys-

temic lupus erythematosus [14]. MK also suppresses regulatory T cells (T Regs) that are impor-

tant for the control of multiple sclerosis [18]. MK is also implicated in other diseases like

cancer where it enhances the development of different types of cancers by promoting the pro-

liferation of tumor cells [2] and it participates in the resistance to anti-cancer therapy by affect-

ing the activation of CD8 T cells [15]. MK is also induced in many tissues after injury [2] and

plays an important role in the healing of injuries by promoting survival and repair as observed

in many organs such as the brain, eye, heart and liver [2].

Angiogenesis plays a vital role in cancer and injury healing [21]. The proliferation of endo-

thelial cells is crucial in angiogenesis [2, 3, 22]. MK implication in the induction of endothelial

cell proliferation was shown under conditions of addition of soluble MK to these cells [22, 23].

In fact, MK is a proangiogenic factor and its constitutive expression in MCF-7 breast carcinoma

cells confers a growth advantage in vivo, probably due to its angiogenic activity [23] and its

addition to endotehelial cells induced their proliferation [22]. Therefore, MK capacity to pro-

mote tumor growth is partially mediated by its capability to enhance angiogenesis in the tumor

[3]. Interestingly, macrophages and dendritic cells (DCs) can also promote the proliferation of

endothelial cells and are involved in angiogenesis [24, 25]. The implication of MK in the mecha-

nisms by which macrophages and DCs promote angiogenesis [24, 25] is not documented

because the production of MK by primary human MDDCs and macrophages was never dem-

onstrated as mentioned above. In addition, the potential production of MK by innate APCs
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would be of great importance for many diseases and mechanisms in which MK is implicated.

Therefore, we investigated if human monocytes-derived DCs (MDDCs) and macrophages, pro-

duce MK, as the production of MK was never demonstrated in human MDDCs and macro-

phages, and the effect of MK produced by these cells on proliferation of endothelial cells.

Materials and methods

Study population

Blood was collected from 25 healthy donors (age = 29.8 ± 8 years, F/M�1). The number of

donors included in each experiment is indicated in the corresponding figure. An informed

consent was obtained from all donors.

Formalin fixed paraffin embedded specimens of tonsils and lymph nodes showing reactive

lymphoid follicular hyperplasia from 4 patients were obtained from the Pathology Department

at the Sultan Qaboos University Hospital (SQUH), Muscat, Oman. The procedure consisted of

staining performed on biopsies that were stored in the bank of the Pathology Department, and

did not involve any special sample collection (article 32 of the Declaration of Helsinki), patient

consent was impracticable to obtain.

The study and the procedure (including the absence of consent for the biopsies) were

approved by the Medical Research Ethics Committee of the College of Medicine and Health

Sciences in the Sultan Qaboos University (SQU) MERC#1654. The data were analyzed anony-

mously. To maintain confidentiality, every donor and patient was assigned with a unique iden-

tification number.

Isolation of peripheral blood mononuclear cells (PBMCs) and monocytes

and differentiation of macrophages and MDDCs

Blood samples were collected in CPDA-1 bags (Terumo, Japan). PBMCs were isolated from

blood samples using Ficoll-Hypaque density gradient technique (Sigma-Aldrich, Germany).

Monocytes were isolated by adherence for 2hrs. in RPMI media with no serum or using

Pan Monocyte Isolation kit (Miltenyi Biotec, Germany) according to the manufacturer

instructions. Macrophages were obtained from monocytes cultured for 6 days in RPMI media

(Gibco, UK) supplemented with 50 ng/ml human recombinant granulocyte-macrophage col-

ony-stimulating factor (GM-CSF; R&D, UK). MDDCs were differentiated from monocytes for

6 days in RPMI media supplemented with 50 ng/ml GM-CSF and 50 ng/ml of human recom-

binant interleukin-4 (IL-4; R&D, UK). Cells (106 cells/ml) were stimulated for 24 hrs with

20ng/ml lipopolysaccharide (LPS; InvivoGen, USA).

Isolation of plasmacytoid DCs (pDCs) and myeloid DCs (mDCs)

Plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) were separated from PBMCs by Plasma-

cytoid Dendritic Cell Isolation kit II, CD1c (BDCA-1)+ Dendritic Cell Isolation kit and Mye-

loid Dendritic Cell Isolation kit (Miltenyi Biotech, Germany) according to the manufacturer’s

instructions. DCs (106 cells/ml) were stimulated with lipopolysaccharide (LPS) as stated above,

while pDCs were stimulated with 5μg/ml resiquimod (InvivoGen, USA) because they express

Toll-like receptors (TLRs) 7 and 9 only. Non-stimulated cells were used as control. Cells (106

cells/ml) were incubated for 24 hours.

Flow cytometry

Cell activation (CD80 and CD86 upregulation) and purity were assessed by flow cytometry

LSRFortessa™ cell analyzer (BD, USA) using monoclonal mouse anti-human Abs anti-CD3
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(561805, ID AB_10893800), CD14 (557923, ID AB_396944), CD19 (557921, ID AB_396942),

CD56 (557919, ID AB_396940)-Alexa700, HLA-DR-APC-Cy7 (335831, ID AB_2868692),

CD123-PE (340545, ID AB_400052), CD11c-APC (559877, ID AB_398680), CD80-PEcy5

(559370, ID AB_397239) and CD86-PEcy7 (561128, ID AB_10563077). The dilutions were accord-

ing to the manufacturer’s instructions (BD, USA). Upon differentiation, the monocyte-derived

macrophages were identified by flow cytometry as CD14+ cells and MDDCs as CD14- cells.

Assessing production of MK mRNA by real time PCR

Total RNA was extracted from cells using PureLink RNA Mini Kit (ambion,life technologies,

USA) according to the manufacturer’s instructions. The concentrations of RNA samples were

determined by NanoDrop technology. The RNA samples were treated with RQ1 RNase-Free

DNase (Promega kit, USA). Complementary DNA (cDNA) was synthesized from the RNA

samples using a reverse transcriptase enzyme (Thermo Scientific, USA). Relative quantitative

real-time PCR was performed using GoTaq1 qPCR Master Mix kit (Promega, USA) and

7500 Fast Real-Time PCR (Applied Biosystems, US). MK forward primers: 5’-CGACTGCAA
GTTTGAGAAC-3’ and reverse primers: 5’-TCTCCTGGCACTGAGCATTG-3’. β-tubulin was

used as housekeeping gene for normalization. Its forward primers: 5’-AAG GAG GTC GAT
GAG CAG AT-3’ and reverse primers: 5’-GCT GTC TTG ACA TTG TTG GG-3’. The

PCR parameters were 1 cycle of 95˚C for 2 minutes (for polymerase activation), followed by 35

cycles of 95˚C for 15 seconds and 60˚C for 1 minute. Expression was measured by comparing

ΔCt between target gene and the reference gene of the same sample. Fold-differences were

then calculated using the following formula 2-ΔΔCT.

Assessing MK and TNF-α protein production

The MK protein was detected in the supernatant using MK human ELISA kit (Biovendor, Ger-

many) according to the manufacturer’s instructions. TNF-α was detected in the supernatant

using Cytometric Bead Array (CBA; BD, USA).

Immunohistochemistry (IHC) and identification of cells

The sections were stained using the Ventana BenchMark Ultra Slide Staining system (Roche,

Switzerland), with the use of the UltraView Universal DAB and UltraView Universal AP RED

Detection kits (Roche, Switzerland). The procedure consisted of heating at 72˚C for 8 min.,

then at 97˚C under a high pH for 64 min. The incubation with the mouse anti-human mono-

clonal anti-MK (sc-46701, ID AB_627949) antibody (Santa Cruz, USA) at dilutions 1/25, 1/50

or 1/100 for 2 hrs. was followed by a 40 min. incubation with rabbit anti-human monoclonal

anti-CD11c (ab52632, ID AB_2129793), anti-CLEC4C (ab239077, ID AB_2904588) or anti-

CD68 (ab213363, ID AB_2801637) antibodies (Abcam, UK). The dilutions of these antibodies

were according to the manufacturer’s instructions. Counterstaining with hematoxylin was per-

formed during 16 min. Positive cells were observed in at least five high power fields (diameter

of the field = 0.44 mm) with 60x objective and 10x ocular lenses (Olympus BX53). Positive cell

identification was done by four independent expert/trained readers.

Electroporation of cells in the presence of siRNA

Cells (106 cells/ml in 2 mm gap cuvette) were electroporated (200 Volts, 2 pulses and 500 μsec/

pulse) with BTX ECM 830 square-wave electroporator (BTX Harvard Apparatus- PR), in the

presence of 600 nM control-siRNA or MK-siRNA containing a mixture of siRNA targeting

MK mRNA sequence (Sigma Aldrich, Germany), then incubated for 16 hrs and stimulated by
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LPS for 24 hrs. The supernatant was collected after the incubation period to test MK produc-

tion by ELISA.

Cell proliferation

Human umbilical vein endothelial cells (HUVEC; material number 200-05N, Thermo Fisher,

USA, received in October 2019) were cultured according to the manufacturer instructions.

Cells were carboxyfluorescein succinimidyl ester (CFSE; E-Bioscience, USA)-labelled and

incubated (105cells/well, 4 days) in the presence or not of macrophage or MDDC supernatants

and soluble MK (Biovendor, Germany) as indicated. HUVEC proliferation was monitored

using flow cytometry. CFSE covalently binds to free amine residues after it passively diffuses

into the cells. After cellular division, the amount of CFSE in each daughter cell is the half of

that present in the mother cell. Therefore, CFSE MFI in the cells decreases when cells prolifer-

ate [26]. To assess cell proliferation, we calculated the percentage, by which the MFI of the

CFSE-labelled cells decreased in the supernatant-treated samples compared to the MFI of the

CFSE-labelled cells that were incubated with the medium alone.

Assessing cell viability

Cells were stained with Annexin-V-PE (BD, USA) and 7AAD (BD, USA) according to the

manufacturer’s instructions. Cells were monitored using flow cytometry.

Statistical analysis

To assess the significance of the observed differences between two variables due to the effect of

treatments on the cells, we used 2-tailed paired t-test. A p value < 0.05 was considered as sig-

nificant. The error bars indicate the standard deviation in all figures. Microsoft Excel was used

for statistical analysis.

Results

MK production by human monocytes and their derived macrophages and

MDDCs

We investigated the production of MK mRNA and protein by human monocytes and their

derived macrophages and DCs. The stimulation of monocytes (n = 3) with 20ng/ml LPS

induced�200 fold-increase in the levels of MK mRNA, p = 0.049 (Fig 1A) and an average of

78.2 pg/ml (ranged from 57.5 to 88.7 pg/ml, p = 0.021) of MK protein (Fig 1B). A similar

increase was observed in macrophages (n = 4) stimulated with 20ng/ml LPS [�200 fold-

increase in MK mRNA, p = 0.008 and an average of 62 pg/ml (n = 5; ranged from 18 to 226.4

pg/ml, p = 0.049) of MK protein (Fig 1C and 1D)], and MDDCs [n = 4,�200 fold-increase in

MK mRNA, p = 0.042 and an average of 179 pg/ml (ranged from 23 to 222.7 pg/ml, p = 0.002)

of MK protein (Fig 1E and 1F)].

To compare with circulating DCs we investigated the production of MK by pDCs and

mDCs. Because human pDCs do not express TLR4 [27, 28], we used resiquimod, an effective

analogue of imiquimod that stimulates TLRs 7 and 8 [29], to stimulate these cells instead of the

TLR4 ligand LPS. The stimulation of pDCs (n = 3) with 5μg/ml resiquimod induced�200

fold-increase in the levels of MK mRNA, p = 0.028 (Fig 1G) and an average of 26.4 pg/ml

(p = 0.049; range from 15.5 to 39.9 pg/ml) of MK protein (Fig 1H). We did not detect MK pro-

duction in LPS-stimulated mDCs isolated by direct (n = 3) and indirect (n = 3) binding to

magnetic beads (n = 3 for each) although these cells upregulated CD80 and CD86 on their sur-

face upon stimulation as observed by flow cytometry (Fig 1I and 1J).
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Fig 1. MK production by human monocytes, macrophages, MDDCs and pDCs. Monocytes (n = 3; A and B),

macrophages (n = 4; C and n = 5; D) and MDDCs (n = 4; E and F), obtained from human PBMCs, were stimulated

with LPS for 24 hrs (106 cells/ml). PDCs, isolated from human PBMCs, were stimulated with resiquimod (n = 3; G and

H). MK mRNA in the cell lysates and protein in the supernatant were detected by real time PCR and ELISA,

respectively. The upregulation of CD80 (I) and CD86 (J) on the surface of mDCs treated with LPS. NS = Non

stimulated. N = number of donors. A 2-tailed paired t-test was applied to assess the significance of the observed

differences � p< 0.05, �� p< 0.01. The error bars indicate the standard deviation.

https://doi.org/10.1371/journal.pone.0267662.g001
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Our results demonstrated that MK is expressed by human MDDCs, pDCs, monocytes and

macrophages. Therefore, as a proof of concept, we investigated if MK production can be

detected in these cells in vivo. For this purpose, we performed double staining IHC using Abs

specific of MK and markers of different cell subsets. Both CD11c and CD1c identify MDDCs

[30], and CD11c can identify DCs that differentiate from monocytes in vivo [31]. However,

both of these markers are also expressed by other cell types such as myeloid classical DC2

(cDC2), macrophages, monocytes, a subset of B cells and granulocytes [30, 32, 33]. Therefore,

we used antibodies directed against CD11c to co-stain with the anti-MK Ab and we referred to

the cells expressing CD11c as CD11c+ cells. To identify pDCs we used antibodies directed

against CLEC4C (CD303) that is specifically expressed by pDCs [30, 34] and we refer to the

cells expressing CLEC4C as CLEC4C+ cells. Moreover, monocytes and macrophages can be

identified using antibodies directed against CD68, CD163, CD14 and CD16. However, all these

markers can be expressed by subsets of DCs as well [30, 35]. Moreover, because CD163, CD14

and CD16 levels can be modulated by stimulation [36], we used antibodies directed against

CD68 [36, 37]. Interestingly, CD68 is expressed in monocytes, macrophages and subsets of DCs

in the tonsils [35], which supports our choice of this marker. We refer to the cells expressing

CD68 as CD68+ cells. We stained sections of tonsils showing reactive lymphoid follicular hyper-

plasia (n = 3) with anti-MK Ab and anti-CD11c, anti-CD68 or anti-CLEC4C Abs. We have

observed MK production in CD11c+ cells (Fig 2A–2C), in CLEC4C+ cells (Fig 2D–2F) and

CD68+ cells (Fig 2G–2I). We calculated the percentage of MK+CD11c+, MK+CLEC4C+ and

MK+CD68+ cells to the total CD11c+, CLEC4C+ and CD68+ cells respectively by counting these

cells in 6 different fields for each sample. The average percentage of MK+CD11c+ cells was

12.2% (ranging from 7.4% to 15.5%), MK+CLEC4C+ cells was 12% (ranging from 7.2% to

17.4%) and MK+CD68+ cells was 10.3% (ranging from 9.4% to 12%; Fig 2J).

We also investigated the induction of MK production upon stimulation of macrophages

and MDDCs with LPS in a dose dependent manner. Both cells produced MK upon stimulation

with 1 ng/ml LPS (an average of 28.3 pg/ml of MK produced by macrophages and 42 of MK

produced by MDDCS; Fig 3A and 3B). MK production reached saturation in both cell types

when stimulated with 20 pg/ml LPS (an average of 142 pg/ml of MK produced by macrophages

and 181.7 of MK produced by MDDCS; Fig 3A and 3B).

NF-κB plays a potential role in MK production by human macrophages

and MDDCs upon TLR triggering

NF-κB has been shown to be implicated in MK production in prostate cancer cell lines [38]

and TLR stimulation induces the activation of NF-κB [39]. Therefore, we investigated whether

NF-κB has a role in MK production upon TLR triggering in macrophages and dendritic cells.

This was done by assessing the effect of 5 μM JSH-23 (Sigma-Aldrich, Germany), a selective

inhibitor of NF-κB [40, 41] that inhibits its activity by blocking NF-κB p65 translocation [42,

43], on the production of MK upon PBMCs, macrophages and MDDCs (n = 4 for each) trig-

gering with 20 and 40 ng/ml LPS. The treatment of PBMCs with JSH-23 decreased the produc-

tion of MK to 30% and 32.5%, induced with 20 and 40 ng/ml of LPS, respectively, compared to

that induced by LPS (p = 0.0028 and 0.018, respectively; Fig 3C). Such treatment decreased the

production of MK by macrophages to 20.27% and 17%, induced with 20 and 40 ng/ml of LPS,

respectively, compared to that induced by LPS (p = 0.002 and 0.004, respectively; Fig 3C). The

treatment with JSH-23 also decreased the production of MK by MDDCs to 21.75% and 16.5%,

induced with 20 and 40 ng/ml of LPS, respectively, compared to that induced by LPS

(p = 0.009 and 0.004, respectively; Fig 3C). This suggests that NF-κB plays a role in the produc-

tion of MK upon TLR triggering.
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NF-κB is involved in the production of TNF-α upon TLR triggering [44] and the NF-κB

inhibitor, JSH-23, blocks TNF-α production induced by LPS [43]. Therefore, we have

Fig 2. MK is produced by human CD11c+, CLEC4C+ and CD68+ cells in the tonsils. Sections of tonsils showing reactive

lymphoid follicular hyperplasia were stained with anti-MK antibody and anti-CD11c, anti-CLEC4C or anti-CD68 antibodies.

Representative pictures of MK staining (brown color) detected in CD11c+ (red color) cells (A-C), CLEC4C+ (red color) cells (D-F)

and CD68+ (red color) cells (G-I) in tonsils showing reactive lymphoid follicular hyperplasia (n = 3). Cells producing MK are

indicated by arrows in the pictures. MK staining appears as brown and CD11c, CD68 and CLEC4C staining appears as red. The

percentage of MK+CD11c+, MK+CLEC4C+ and MK+CD68+ cells to the total CD11c+, CLEC4C+ and CD68+ cells respectively (J).

N = number of donors.

https://doi.org/10.1371/journal.pone.0267662.g002
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investigated whether TNF-α production was affected as a control of JSH-23 activity. The treat-

ment of PBMCs with JSH-23 decreased the production of TNF-α to 19.25% and 28.1%,

induced with 20 and 40 ng/ml of LPS, respectively, compared to that induced by LPS

(p = 0.005 and 0.011, respectively; Fig 3D). Such treatment decreased the production of TNF-α
by macrophages to 17.8% and 10.5%, induced with 20 and 40 ng/ml of LPS, respectively, com-

pared to that induced by LPS (p = 0.0003 and 0.0008, respectively; Fig 3D). The treatment with

JSH-23 also decreased the production of TNF-α by MDDCs to 12.2% and 14.8%, induced with

Fig 3. NF-κB plays a potential role in the TLR-induced MK production in macrophages and MDDCs. Macrophages

(A) and MDDCs (B) were treated with the indicated LPS concentrations for 24 hrs. MK was detected in the supernatant

by ELISA (n = 3). Human PBMCs, macrophages and MDDCs (106 cells/ml; n = 4) were pre-treated or not with JSH-23

for 1hr. Cells were then stimulated with LPS (20 or 40 ng/ml) in the presence or not of 10 μM JSH-23 for 24 hrs. C. MK

was detected in the supernatant by ELISA and D. TNF-α was detected in the supernatant by CBA. N = number of donors.

A 2-tailed paired t-test was applied to assess the significance of the observed differences � p< 0.05, �� p< 0.01, ���

p< 0.001 compared to cells treated with LPS alone. The error bars indicate the standard deviation.

https://doi.org/10.1371/journal.pone.0267662.g003
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20 and 40 ng/ml of LPS, respectively, compared to that induced by LPS (p = 0.0045 and 0.0017,

respectively; Fig 3D).

MK produced by MDDCS and macrophages stimulates the proliferation of

human vascular endothelial cells

Monocytes have a short half-life when they are circulating in the blood [45] and stimulating

them through their TLRs might lead to undesirable immune responses [46]. They differentiate

in the tissues to macrophages or MDDCs [47] that can modulate endothelial cells proliferation

[48]. Moreover, our results demonstrated that macrophages and MDDCs could produce MK,

and as mentioned above MK is able to stimulate the proliferation of vascular endothelial cells

(VECs) [22, 23]. Therefore, we investigated the capacity of MDDCs and macrophages to pro-

mote the proliferation of endothelial cells through MK production. For this purpose, we used

HUVECs, which are a physiological representative of human VECs [49].

MDDCs and macrophages (106 cells/ml, n = 3 for each) were electroporated or not with

MK-specific or control siRNAs. The electroporation of these cells with MK-specific siRNA

inhibited 100% of the production of MK upon stimulation with LPS, while the cells electropo-

rated with the control siRNA produced MK [average� 189.3 pg/ml for macrophages and�

229 pg/ml for MDDCs (Fig 4A and 4B)]. The incubation of HUVECs in the presence of the

supernatant of LPS-stimulated MDDCs and macrophages electroporated or not with the con-

trol siRNA stimulated the proliferation of HUVECs. This was observed by flow cytometry by

the decrease in the MFI of CFSE-labelled HUVECs incubated in the presence of these superna-

tants, compared to those incubated with the medium alone [an average of MFI decrease�

41.1% and 53.7% for supernatants of macrophages electroporated or not with the control

siRNA respectively; p = 0.046 and 0.005 respectively; (Fig 4C) and an average of MFI decrease

� 42.6% and 30% for supernatants of MDDCs electroporated or not with the control siRNA

respectively; p = 0.041 and 0.002 respectively; (Fig 4D)]. This decrease was lower in HUVECs

incubated in the presence of the supernatants of macrophages or MDDCs electroporated with

MK-specific siRNA [(15.9% and 8.1% respectively; p = 0.047 and 0.028 respectively; (Fig 4C–

4F)]. The addition of soluble MK, at concentrations similar to those produced by macrophages

and MDDCs, to HUVECs incubated in the presence of the supernatants of macrophages or

MDDCs, electroporated with MK-specific siRNA, induced a decrease in the MFI of CFSE-

labelled HUVECs to levels similar to those observed with the cells incubated with the superna-

tants of macrophages and MDDCs electroporated or not with the control siRNA (Fig 4C–4F).

This showed that the inhibition of MK production by these cells decreased the capacity of

MDDCs and macrophages to stimulate HUVECs proliferation.

We did not observe any effect on HUVEC viability when these cells were incubated with

the supernatants of macrophages or MDDCs electroporated with MK-specific siRNA (Fig

4G). Indicating that the absence of MK did not affect the viability of HUVECs.

Our results suggest that macrophages and MDDCs stimulate the proliferation of endothe-

lial cells through MK production (Fig 5).

Discussion

This is the first study to demonstrate the production of MK by primary human monocytes,

macrophages and MDDCs. The levels of MK produced by monocytes, macrophages, MDDCs

and pDCs were comparable to those produced by the non-stimulated human monocytic cell

line THP-1 cultured for 24 hrs and�8- to 55.2-fold lower than those produced by PMA-stim-

ulated THP-1 cells [12]. This difference might be related to the fact that THP-1 cells are leuke-

mic cell lines and that their activation profile and physiology are not similar to primary human

PLOS ONE MK produced by macrophages and monocyte-derived dendritic cells stimulate endothelial cell proliferation

PLOS ONE | https://doi.org/10.1371/journal.pone.0267662 April 27, 2022 10 / 19

https://doi.org/10.1371/journal.pone.0267662


Fig 4. Macrophages and MDDCs stimulate the proliferation of HUVECs through MK production. Macrophages and

MDDCs were electroporated with control or MK-specific siRNAs (n = 3). Cells (106 cells/ml) were stimulated with LPS for 24

hrs. MK levels in the supernatants of A. macrophages and B. MDDCs were measured by ELISA. CFSE-labelled HUVECs (105

cells/well) were incubated for 4 days in the presence of the supernatants of stimulated C. macrophages or D. MDDCs non-

electroporated (indicated as DC and macrophage) or electroporated with the control siRNA or MK siRNA (n = 3). Soluble

human MK (200 pg/ml) was added to HUVECs incubated in the presence of the supernatants of macrophages or MDDCs

PLOS ONE MK produced by macrophages and monocyte-derived dendritic cells stimulate endothelial cell proliferation
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monocytes and other innate APCs [50]. Of note, MK levels detected in our study are compara-

ble to IL-12 and IL-10 levels produced by monocytes, mDCs and pDCs upon TLR stimulation

[51]. The fact that malignant cells can produce higher levels of MK is supported by the fact

that levels of MK produced by monocytes, macrophages, MDDCs and pDCs, as observed in

our study, are also lower than those produced by tumor cells. They are�3.5- to 25.8-fold

lower than those produced by human A549 cells (lung squamous cell carcinoma),�4- to

27.6-fold lower than those produced by human U87 cells (glioma) and�45- to 310-fold lower

than those produced by human WM164 (melanoma) cells [15]. The normal range of MK levels

in the blood of healthy individuals is not precisely documented. Different studies have

reported variable levels of MK in the blood of healthy individuals. The reported average values

ranged between 65.6 ± 14.76 pg/mL and 2870 ± 100 pg/ml [52–60], with a few individuals hav-

ing levels of 0 pg/ml of MK in their blood [52]. However, these studies agree on the presence

of a constant production of MK in healthy individuals [52]. The detected levels of MK in our

study suggest that monocytes, macrophages, MDDCs and pDCs might participate in the pro-

duction of MK in healthy individuals, however in the absence of strong inflammatory condi-

tions that lead to the robust stimulation of these innate APCs, other cells might constitute the

major source of MK in healthy individuals. The levels of MK in the blood increase in obesity

and different inflammatory conditions such as systemic Lupus erythematosus (SLE), rheuma-

toid arthritis, Crohn’s disease and sepsis, as well as different types of cancer such as esophageal,

gastric, duodenal, colon, hepatocellular, bile-duct and gallbladder, pancreatic, thyroid and

lung carcinomas [52–56, 58–62]. It is very tempting to hypothesize that MK produced by

monocytes, macrophages, MDDCs and pDCs, participates in increasing MK levels in the

blood, as these cells play important roles in the inflammatory diseases and cancers [63].

In our study, MK production was induced by TLR triggering. This indicates that MK can

be produced by these cells in conditions that involve the presence of TLR ligands including

pathogen-associated molecular patterns (PAMPs) in infections and damage-associated

electroporated with MK-specific siRNA (MK Added). E. Representative flow cytometry plots showing the CFSE labeling and its

MFI in HUVECs incubated as indicated above F. Representative flow cytometry histograms showing the CFSE labeling in

HUVECs incubated as indicated above. G. The percentages of annexin V and 7AAD negative HUVECs incubated under the

conditions mentioned above as observed by flow cytometry. NS = Non stimulated (no supernatant). A 2-tailed paired t-test was

applied to assess the significance of the observed differences �� p< 0.01, � p< 0.05. N = number of donors. The error bars

indicate the standard deviation.

https://doi.org/10.1371/journal.pone.0267662.g004

Fig 5. Schematic representation of the capacity of macrophages and MDDCs to stimulate the proliferation of endothelial cells through MK production.

https://doi.org/10.1371/journal.pone.0267662.g005

PLOS ONE MK produced by macrophages and monocyte-derived dendritic cells stimulate endothelial cell proliferation

PLOS ONE | https://doi.org/10.1371/journal.pone.0267662 April 27, 2022 12 / 19

https://doi.org/10.1371/journal.pone.0267662.g004
https://doi.org/10.1371/journal.pone.0267662.g005
https://doi.org/10.1371/journal.pone.0267662


molecular patterns (DAMPs) in injured tissues and tumors [64]. The production of MK is not

general or specific to myeloid innate antigen presenting cells as this production is not detected

in mDCs while pDCs produced MK. Accordingly, we have detected the production of MK by

CD11c+ cells, CLEC4C+ cells and CD68+ cells in tissues from human tonsils showing reactive

lymphoid follicular hyperplasia. Although CD11c might be the best choice to identify DCs that

differentiate from monocytes in vivo [31], it is also expressed by other cell types as mentioned

above [30, 32, 33]. Therefore, the exact identity of the CD11c+ cells producing MK remains to

be elucidated. CLEC4C is specifically expressed by pDCs [30, 34], which suggests that pDCs in

the tonsils can produce MK. CD68 is expressed in monocytes, macrophages and subsets of

DCs in the tonsils [35], suggesting that monocytes, macrophages and/or DCs in the tonsils can

also produce MK. The fact that CD68 and CD11c can be expressed together on monocytes,

macrophages and DCs in the tonsils [35], suggests that at least a part of the CD11c+ MK pro-

ducing cells might be CD68+ cells, which can be monocytes, macrophages and/or DCs. This

indicates that MK production by DCs and macrophages should be investigated in infections,

tumors and injuries that lead to the activation of these cells [64].

Our results showed that the selective inhibitor of NF-κB [40, 41], JSH-23, which inhibits its

activity by blocking NF-κB p65 translocation [42, 43], inhibited MK production by macro-

phages and MDDCs upon stimulation with LPS. JSH-23, blocks inflammatory cytokine pro-

duction induced by LPS [43] and it was used to study effects of NF-kB inhibition on biological

activities [41, 42, 65, 66]. NF-kB inhibitors are used to demonstrate its implication in the pro-

duction of different molecules including MK [38, 40, 65, 67]. Therefore, our results suggest

that NF-κB plays a potential role in MK production upon TLR stimulation in macrophages

and MDDCs. This is supported by the fact that MK gene can be induced by this nuclear factor

as shown in cell lines [38], the presence of a putative NF-κB-binding site in the 5’ non-coding

region of the MDK gene [68] and the fact that TLR triggering leads to the activation of NF-κB

[39].

Moreover, our results showed that macrophages and MDDCs were able to stimulate the

proliferation of HUVECs, which constitutes a physiological representative of human vein

endothelial cells (VECs) [49], through MK production. This is supported by the fact that solu-

ble MK stimulated the proliferation of these cells [22, 23] and that DCs and macrophages can

activate the proliferation of endothelial cells [24, 25]. This shows that MK produced by macro-

phages and DCs plays a role in endothelial cell proliferation. This is potentially important in

angiogenesis a process that is crucial for tissue repair and for the survival of tumor cells [69].

Therefore, interfering with the production of MK by antigen presenting cells (APCs) by nega-

tively regulating its production to limit angiogenesis in tumors and by inducing this produc-

tion to stimulate angiogenesis for tissue repair represents a potentially important therapeutic

strategy. Other factors that are produced by MDDCs and macrophages might also be impli-

cated in the stimulation of endothelial cell proliferation, as the inhibition of this stimulation

upon inhibiting MK production was not complete as shown by our results. Of note, the pres-

ence or absence of MK in the supernatant of macrophages and MDDCs did not affect the sur-

vival of HUVECs as observed by our results.

Macrophages and DCs have an important influence on the cells of the adaptive immune

system. Among their effects on B cells, macrophages and DCs, is their capacity to increase the

survival of these cells [70, 71]. Taking into consideration that MK induces a signaling cascade

that lead to the survival of B cells [1], it would be interesting to investigate whether MK plays a

role in the capacity of macrophages and DCs to regulate B cell survival. Different effects were

also described for MK on T cells. MK was shown to activate CD4 T cells and have a role in the

differentiation to T helper 1 (Th1) cells [14]. This corroborates with the fact that MK was also

shown to have an inhibitory effect on the differentiation of T Regs [72]. However,
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contradictory effects were reported for MK on CD8 T cells. A study showed that MK can have

an activating effect on CD8 T cells [13], while another study reported that MK indirectly pro-

motes CD8 T cell dysfunction [15]. Knowing the crucial role of macrophages and DCs in the

activation of CD4 and CD8 T cells [73], it would be very interesting to define the role of MK

produced by these APCs in their capacity to control T cells. Our results about the expression

of MK in monocytes, macrophages and DCs in the tonsils suggest a role for MK in the ability

of these cells to control B and T cells in the tonsils and other secondary lymphoid organs. For

instance, tonsillar DCs are important for the stimulation of B cell responses [74], therefore it

would be interesting to investigate whether MK that can influence the survival of B cells [1], as

mentioned above, might participate in this process. Moreover, DCs and macrophages can

influence the stimulation of T cells, and tonsillar DCs might have a regulatory or stimulatory

effect on T cells depending on the cause of activation and the phenotype of the DCs [75, 76]. It

is interesting then to understand the potential implication of MK in these effects; especially

that MK has stimulatory effects on CD4 T cells [14], and either stimulatory or inhibitory effects

on CD8 T cells [13, 15], as mentioned above. Moreover, DCs and macrophages might partici-

pate in the lymphangiogenesis that occurs in the lymph nodes that are enlarged during inflam-

mation [24]. Taking into consideration our results about the capacity of DCs and

macrophages to produce MK in the secondary lymphoid tissues, and the effect of MK on the

proliferation of endothelial cells, it is important to assess the role of MK produced by DCs and

macrophages in the lymphangiogenesis in these tissues.

MK plays a role in interfering with viral infections e.g. HIV [77] and in different physiologi-

cal processes including reproduction, tissue repair, inflammation, innate immunity, control of

blood pressure and angiogenesis [2]. It is also associated with diseases including rheumatoid

arthritis, systemic lupus erythematosus, multiple sclerosis and cancers [2, 16–19]. Therefore,

investigating the production of MK by innate APCs in these situations and aiming to regulate

MK production by these cells might lead to beneficial outcomes including the inhibition of

tumors growth. Moreover, MK implication in the resistance to anti-cancer therapy was shown

[15]. MK is also able to regulate the activity of macrophages [13]. The role of MK produced by

macrophages and DCs in these processes should be investigated.

Conclusion

Altogether, MK is a cytokine that is produced by macrophages and MDDCs upon TLR liga-

tion. NF-κB plays a potential role in the induction of MK production in macrophages and

MDDCs upon TLR stimulation. Macrophages and MDDCs can stimulate endothelial cell pro-

liferation through MK production. These results shed light on novel immunological phenom-

ena that might have important therapeutic implications.
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Nuclear Factor Kappa B in the Heart of Hereditary Hypertriglyceridemic Rat. Oxidative Medicine and

Cellular Longevity. 2016; 2016:9814038. https://doi.org/10.1155/2016/9814038 PMID: 27148433

66. Wang Q, Dong X, Li N, Wang Y, Guan X, Lin Y, et al. JSH-23 prevents depressive-like behaviors in

mice subjected to chronic mild stress: Effects on inflammation and antioxidant defense in the hippocam-

pus. Pharmacology Biochemistry and Behavior. 2018; 169:59–66. https://doi.org/10.1016/j.pbb.2018.

04.005 PMID: 29684396

67. Rathnasamy G, Sivakumar V, Rangarajan P, Foulds WS, Ling EA, Kaur C. NF-κB–Mediated Nitric

Oxide Production and Activation of Caspase-3 Cause Retinal Ganglion Cell Death in the Hypoxic Neo-

natal Retina. Investigative Ophthalmology & Visual Science. 2014; 55(9):5878–89. https://doi.org/10.

1167/iovs.13-13718 PMID: 25139733

68. Uehara K, Matsubara S, Kadomatsu K, Tsutsui J-i, Muramatsu T. Genomic Structure of Human Midkine

(MK), a Retinoi1c Acid-Responsive Growth/Differentiation Factor1. The Journal of Biochemistry. 1992;

111(5):563–7. https://doi.org/10.1093/oxfordjournals.jbchem.a123797 PMID: 1639750

PLOS ONE MK produced by macrophages and monocyte-derived dendritic cells stimulate endothelial cell proliferation

PLOS ONE | https://doi.org/10.1371/journal.pone.0267662 April 27, 2022 18 / 19

https://doi.org/10.21037/atm.2016.08.53
http://www.ncbi.nlm.nih.gov/pubmed/27942529
https://doi.org/10.1038/srep29447
http://www.ncbi.nlm.nih.gov/pubmed/27385120
https://doi.org/10.1111/bph.12601
http://www.ncbi.nlm.nih.gov/pubmed/24460734
https://doi.org/10.1309/AJCPWT70XOVXSVGE
http://www.ncbi.nlm.nih.gov/pubmed/21917682
https://doi.org/10.1016/j.ejr.2018.11.001
https://doi.org/10.1155/2015/146389
https://doi.org/10.1155/2015/146389
http://www.ncbi.nlm.nih.gov/pubmed/25737783
https://doi.org/10.1054/bjoc.2000.1339
http://www.ncbi.nlm.nih.gov/pubmed/10952771
http://www.ncbi.nlm.nih.gov/pubmed/24975970
https://doi.org/10.3889/oamjms.2018.315
https://doi.org/10.3889/oamjms.2018.315
http://www.ncbi.nlm.nih.gov/pubmed/30159050
https://doi.org/10.18632/oncotarget.13658
https://doi.org/10.18632/oncotarget.13658
http://www.ncbi.nlm.nih.gov/pubmed/27903979
https://doi.org/10.1371/journal.pone.0088299
https://doi.org/10.1371/journal.pone.0088299
http://www.ncbi.nlm.nih.gov/pubmed/24516630
https://doi.org/10.1002/ibd.21011
https://doi.org/10.1002/ibd.21011
http://www.ncbi.nlm.nih.gov/pubmed/19572374
https://doi.org/10.1177/0885066619861580
http://www.ncbi.nlm.nih.gov/pubmed/31284807
https://doi.org/10.1159/000512729
https://doi.org/10.1159/000512729
http://www.ncbi.nlm.nih.gov/pubmed/33442337
http://www.ncbi.nlm.nih.gov/pubmed/26052447
https://doi.org/10.1155/2016/9814038
http://www.ncbi.nlm.nih.gov/pubmed/27148433
https://doi.org/10.1016/j.pbb.2018.04.005
https://doi.org/10.1016/j.pbb.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29684396
https://doi.org/10.1167/iovs.13-13718
https://doi.org/10.1167/iovs.13-13718
http://www.ncbi.nlm.nih.gov/pubmed/25139733
https://doi.org/10.1093/oxfordjournals.jbchem.a123797
http://www.ncbi.nlm.nih.gov/pubmed/1639750
https://doi.org/10.1371/journal.pone.0267662


69. Kerbel RS. Tumor angiogenesis. N Engl J Med. 2008; 358(19):2039–49. Epub 2008/05/09. https://doi.

org/10.1056/NEJMra0706596 PMID: 18463380; PubMed Central PMCID: PMC4542009.

70. Pham LV, Pogue E, Ford RJ. The Role of Macrophage/B-Cell Interactions in the Pathophysiology of B-

Cell Lymphomas. 2018; 8(147). https://doi.org/10.3389/fonc.2018.00147 PMID: 29868471

71. Wykes M, MacPherson G. Dendritic cell-B-cell interaction: dendritic cells provide B cells with CD40-

independent proliferation signals and CD40-dependent survival signals. Immunology. 2000; 100(1):1–

3. Epub 2000/05/16. https://doi.org/10.1046/j.1365-2567.2000.00044.x PMID: 10809952; PubMed

Central PMCID: PMC2326988.

72. Wang J, Takeuchi H, Sonobe Y, Jin S, Mizuno T, Miyakawa S, et al. Inhibition of midkine alleviates

experimental autoimmune encephalomyelitis through the expansion of regulatory T cell population.

2008; 105(10):3915–20. https://doi.org/10.1073/pnas.0709592105 %J Proceedings of the National

Academy of Sciences. PMID: 18319343

73. Friedl P, Gunzer M. Interaction of T cells with APCs: the serial encounter model. Trends in immunology.

2001; 22(4):187–91. Epub 2001/03/29. https://doi.org/10.1016/s1471-4906(01)01869-5 PMID:

11274922.

74. Wagar LE, Salahudeen A, Constantz CM, Wendel BS, Lyons MM, Mallajosyula V, et al. Modeling

human adaptive immune responses with tonsil organoids. Nature Medicine. 2021; 27(1):125–35.

https://doi.org/10.1038/s41591-020-01145-0 PMID: 33432170

75. Vangeti S, Gertow J, Yu M, Liu S, Baharom F, Scholz S, et al. Human Blood and Tonsil Plasmacytoid

Dendritic Cells Display Similar Gene Expression Profiles but Exhibit Differential Type I IFN Responses

to Influenza A Virus Infection. The Journal of Immunology. 2019; 202(7):2069–81. https://doi.org/10.

4049/jimmunol.1801191 PMID: 30760619

76. Hallissey CM, Heyderman RS, Williams NA. Human Tonsil-derived Dendritic Cells are Poor Inducers of

T cell Immunity to Mucosally Encountered Pathogens. The Journal of Infectious Diseases. 2013; 209

(11):1847–56. https://doi.org/10.1093/infdis/jit819 PMID: 24371254

77. Said EA, Krust B, Nisole S, Svab J, Briand JP, Hovanessian AG. The anti-HIV cytokine midkine binds

the cell surface-expressed nucleolin as a low affinity receptor. Journal of Biological Chemistry. 2002;

277(40):37492–502. https://doi.org/10.1074/jbc.M201194200 PubMed PMID: ISI:000178447100075.

PMID: 12147681

PLOS ONE MK produced by macrophages and monocyte-derived dendritic cells stimulate endothelial cell proliferation

PLOS ONE | https://doi.org/10.1371/journal.pone.0267662 April 27, 2022 19 / 19

https://doi.org/10.1056/NEJMra0706596
https://doi.org/10.1056/NEJMra0706596
http://www.ncbi.nlm.nih.gov/pubmed/18463380
https://doi.org/10.3389/fonc.2018.00147
http://www.ncbi.nlm.nih.gov/pubmed/29868471
https://doi.org/10.1046/j.1365-2567.2000.00044.x
http://www.ncbi.nlm.nih.gov/pubmed/10809952
https://doi.org/10.1073/pnas.0709592105
http://www.ncbi.nlm.nih.gov/pubmed/18319343
https://doi.org/10.1016/s1471-4906(01)01869-5
http://www.ncbi.nlm.nih.gov/pubmed/11274922
https://doi.org/10.1038/s41591-020-01145-0
http://www.ncbi.nlm.nih.gov/pubmed/33432170
https://doi.org/10.4049/jimmunol.1801191
https://doi.org/10.4049/jimmunol.1801191
http://www.ncbi.nlm.nih.gov/pubmed/30760619
https://doi.org/10.1093/infdis/jit819
http://www.ncbi.nlm.nih.gov/pubmed/24371254
https://doi.org/10.1074/jbc.M201194200
http://www.ncbi.nlm.nih.gov/pubmed/12147681
https://doi.org/10.1371/journal.pone.0267662

