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Abstract

Various aspects of the in vitro culture conditions can impact the functional response of

immune cells. For example, it was shown that a Ca2+ concentration of at least 1.5 mM during

in vitro stimulation is needed for optimal cytokine production by conventional αβ T cells.

Here we extend these findings by showing that also unconventional T cells (invariant Natural

Killer T cells, mucosal-associated invariant T cells, γδ T cells), as well as B cells, show an

increased cytokine response following in vitro stimulation in the presence of elevated Ca2+

concentrations. This effect appeared more pronounced with mouse than with human lym-

phoid cells and did not influence their survival. A similarly increased cytokine response due

to elevated Ca2+ levels was observed with primary human monocytes. In contrast, primary

human monocyte-derived macrophages, either unpolarized (M0) or polarized into M1 or M2

macrophages, displayed increased cell death in the presence of elevated Ca2+ concentra-

tions. Furthermore, elevated Ca2+ concentrations promoted phenotypic M1 differentiation

by increasing M1 markers on M1 and M2 macrophages and decreasing M2 markers on M2

macrophages. However, the cytokine production of macrophages, again in contrast to the

lymphoid cells, was unaltered by the Ca2+ concentration. In summary, our data demonstrate

that the Ca2+ concentration during in vitro cultures is an important variable to be considered

for functional experiments and that elevated Ca2+ levels can boost cytokine production by

both mouse and human lymphoid cells.

Introduction

Various cell media have been developed for in vitro cell cultures to optimize the growth and

survival of particular cell types. For example, the RPMI1640 media is frequently used for in

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0282037 February 24, 2023 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Eskiocak YC, Ayyildiz ZO, Gunalp S,

Korkmaz A, Helvaci DG, Dogan Y, et al. (2023) The

Ca2+ concentration impacts the cytokine

production of mouse and human lymphoid cells

and the polarization of human macrophages in

vitro. PLoS ONE 18(2): e0282037. https://doi.org/

10.1371/journal.pone.0282037

Editor: Nazmul Haque, TotiCell Limited,

Bangladesh, BANGLADESH

Received: May 25, 2022

Accepted: February 6, 2023

Published: February 24, 2023

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0282037

Copyright: © 2023 Eskiocak 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 paper and its Supporting Information

files.

https://orcid.org/0000-0002-7083-8015
https://orcid.org/0000-0002-4940-6621
https://orcid.org/0000-0002-7115-298X
https://doi.org/10.1371/journal.pone.0282037
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0282037&domain=pdf&date_stamp=2023-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0282037&domain=pdf&date_stamp=2023-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0282037&domain=pdf&date_stamp=2023-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0282037&domain=pdf&date_stamp=2023-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0282037&domain=pdf&date_stamp=2023-02-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0282037&domain=pdf&date_stamp=2023-02-24
https://doi.org/10.1371/journal.pone.0282037
https://doi.org/10.1371/journal.pone.0282037
https://doi.org/10.1371/journal.pone.0282037
http://creativecommons.org/licenses/by/4.0/


vitro cultures of mouse and human lymphocytes [1–3]. However, it was suggested that the Ca2

+ concentration of RPMI1640 (0.49 mM) is actually suboptimal for the in vitro stimulation of

conventional mouse [4] and human [5] αβ T cells, as measured by cytokine production, and

that a 1 mM CaCl2 supplement is required to obtain the maximal cytokine response. Whether

the function of unconventional T cells or of other lymphoid and myeloid cells similarly is

impacted by the Ca2+ concentration in vitro is currently unknown. Unconventional T cells dif-

fer from conventional αβ T cells by their development and functional capabilities. Prominent

examples of unconventional T cells are invariant Natural Killer T (iNKT) cells and mucosal-

associated invariant T (MAIT) cells, which both express an αβTCR, and γδ T cells, which

express a γδTCR. Both iNKT and MAIT cells express a highly conserved invariant TCR α-

chain, which recognizes glycolipids or riboflavin derivates in the context of the non-polymor-

phic MHC class I homologs CD1d or MR1, respectively [6–9]. γδ T cells are largely MHC-

unrestricted and although the antigen for many γδ T cells is not known, some respond to phos-

phorylated isoprenoid metabolites or lipids [10, 11]. These unconventional T cells develop as

memory T cells and can provide a first line of defence during immune responses [12]. B cells

are the second main adaptive lymphoid cell type and are characterized by the expression of a

BCR [13]. As an example of myeloid cells, we choose here macrophages, which are phagocytic

and antigen-presenting effector cells of the innate immune system [14]. Depending on the way

of stimulation, macrophages can differentiate into several functionally distinct subsets, often

referred to as classically activated M1 or alternatively activated M2 macrophages [14–16]. To

determine the impact of the Ca2+ concentration on lymphoid and myeloid cells besides con-

ventional αβ T cells, we here compared their immune response in vitro in the presence of nor-

mal RPMI1640 medium (RPMInorm) and RPMI1640 medium supplemented with 1 mM Ca2+

(RPMIsuppl). Our data indicated that elevated Ca2+ concentrations during PMA/ionomycin

stimulation in vitro increased the cytokine production by both mice and human lymphoid

cells for most cytokines tested. Furthermore, the polarization of human macrophages shifted

towards an M1 phenotype in the high-Ca2+ environment. Consequently, the Ca2+ concentra-

tion during in vitro cultures is an important variable to be considered for functional

experiments.

Results

Cytokine production of mouse unconventional T cells and of B cells is

augmented by increased Ca2+ concentrations in vitro
Following activation, iNKT cells are able to produce a wide range of cytokines, including Th1

cytokines, like IFNγ and TNF; Th2 cytokines, like IL-4 and IL-13, the Th17 cytokine IL-17A, as

well as IL-10 [17–19]. When splenic mouse iNKT cells (S1 Fig) were stimulated in vitro with

PMA and ionomycin, the increased Ca2+ concentration had no detrimental effect on iNKT

cell survival (S2A Fig). However, we observed a marked and significant increase in the produc-

tion of all cytokines tested (IFNγ, IL-2, IL-4, IL-10, IL-13, IL-17A) by iNKT cells when stimu-

lated in media supplemented with calcium (Fig 1). Similar to iNKT cells, γδ T cells can

produce a wide range of cytokines following stimulation [20]. No detrimental effect of the Ca2

+ supplementation on γδ T cell survival was observed (S2B Fig). However, we noticed a signifi-

cant increase in the production of IFNγ, IL-2, and IL-4 by γδ T cells stimulated in elevated Ca2

+ levels (Fig 2A–2C). In contrast, the changes for IL-10 and IL-17A remained non-significant

(S3A and S3B Fig). We also analysed the impact of Ca2+ levels on B cells. The survival of stim-

ulated B cells was not impaired by the Ca2+ concentration in vitro (S2C Fig). However, an

increase in the production of IL-2 and IL-10 was observed (Fig 2D and 2E), while IFNγ (S3C

Fig) remained unaffected. Therefore, the PMA/ionomycin stimulation of mouse lymphoid
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cells in complete RPMI medium supplemented with 1.0 mM Ca2+ improves the detection of

numerous cytokines, without impacting the survival of the cells.

Cytokine production of human unconventional T cells and of B cells is

augmented by increased Ca2+ concentrations in vitro
Having established that increased Ca2+ concentrations during in vitro stimulation can aug-

ment the cytokine production of mouse lymphoid cells, we next tested its effect on human

lymphoid cells. For primary human iNKT cells, the elevated Ca2+ levels only increased the pro-

duction of TNF slightly (Fig 3A), without effects on the other cytokines tested (IL-2, IFNγ, IL-

4, IL-17A) or on the expression of the activation marker CD69 (S4 Fig). For primary human

Vδ2+ T cells, some (TNF, IFNγ) (Fig 3B and 3c) but not all (IL-2, IL-4) were boosted by the

Ca2+ supplementation, which did also not influence CD69 expression (S5A–S5C Fig). For pri-

mary human MAIT cells, the elevated Ca2+ levels increased the production of all cytokines

tested (IL-2, TNF, IFNγ) (Fig 3D–3F), without changes to the expression of CD69 (S5D Fig).

A similar effect of the Ca2+ concentrations was noted for primary human B cells (IL-2, TNF,

CD69) (Fig 4, S5E Fig). For some immune cells, the low frequency in the peripheral blood

Fig 1. Ca2+ supplementation in vitro increases the cytokines production of mouse iNKT cells. Splenocytes from C57BL/6 mice were stimulated 4 h with 50

ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium (RPMInorm) or RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). The

production of (a) IFNγ, (b) IL-2, (c) IL-4, (d) IL-10, (e) IL-13, and (f) IL-17A by iNKT cells (live CD8α- CD19/CD45R- CD44+ TCRβ/CD3ε+ CD1d/

PBS57-tetramer+ cells) was analysed by intracellular cytokine staining (ICCS). Summary graphs (left panels) and representative data (right panels) from gated

iNKT cells are shown, respectively. Data were pooled from three independent experiments with three mice per group per experiment (n = 9).

https://doi.org/10.1371/journal.pone.0282037.g001
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makes their analysis directly ex vivo difficult, which is why protocols were established to expand

them in vitro. We, therefore, also tested the impact of elevated Ca2+ concentrations on in vitro
expanded iNKT and Vδ2+ T cells. For expanded human iNKT cells, the elevated Ca2+ levels

only increased the production of TNF slightly (Fig 5B), without effects on the other cytokines

tested (IL-2, IFNγ, IL-4, IL-17A) (S6A–S6D Fig) and decreased CD69 expression (Fig 5A). For

expanded human Vδ2+ T cells, some (IFNγ, GM-CSF) (Fig 5D and 5E) but not all (CD69,

TNF, IL-4) (S6E–S6G Fig) markers were boosted by the Ca2+ supplementation, whereas the

production of IL-2 surprisingly decreased (Fig 5C). For all human lymphoid cell populations

tested, the Ca2+ supplementation in vitro did not impair the cell survival (S7A–S7F Fig). There-

fore, similar to mouse lymphoid cells, the detection of cytokines in primary human lymphoid

cells can be improved by increasing the Ca2+ levels during the in vitro stimulation.

Increased Ca2+ during in vitro stimulation of macrophages increases cell

death and induces a shift toward M1 polarization

Given the clear ability of increased in vitro Ca2+ concentrations to augment the cytokine pro-

duction of stimulated mouse and human lymphoid cells, we tested next the impact on myeloid

cells. To this end, we initially measured the impact of elevated Ca2+ levels on primary human

Fig 2. Ca2+ supplementation in vitro increases the production of some cytokines by mouse γδ T and B cells. Splenocytes from C57BL/6 mice were

stimulated 4 h with 50 ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium (RPMInorm) or RPMI1640 medium supplemented with 1 mM

Ca2+ (RPMIsuppl). The production of (a) IFNγ, (b) IL-2, and (c) IL-4 by γδ T cells (live CD19/CD45R- CD4- CD8α- CD3ε+ γδTCR+ cells) and the production of

(d) IL-2 and (e) IL-10 by B cells (live CD3ε- CD4- CD8α- CD19/CD45R+ cells) was analysed by ICCS. Summary graphs (left panels) and representative data

(right panels) from gated γδ T cells and B cells are shown, respectively. Data were pooled from three independent experiments with three mice per group per

experiment (n = 9).

https://doi.org/10.1371/journal.pone.0282037.g002
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Fig 3. Ca2+ supplementation in vitro modulates cytokine production by primary human iNKT cells, Vδ2+ T cells, and MAIT cells. PBMCs were isolated

from the residual leukocyte units of healthy donors. PBMCs were stimulated for 4 h with 25 ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640

medium (RPMInorm) or RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). (a) Human Vα24i NKT cells (live CD14- CD20- CD3+ 6B11+ cells)

were analysed for the expression of TNF. (b, c) Human Vδ2+ T cells (live CD14- CD20- CD3+ γδTCRlow or Vδ2+ cells) were analysed for the expression of (b)

TNF and (c) IFNγ. (d-f) Human MAIT cells (live CD14- CD20- CD3+ Vα7.2+ CD161+ cells) were analysed for the production of (d) IL-2, (e) TNF, and (f)

IFNγ. Summary graphs (left panels) and representative data (right panels) from gated iNKT cells, Vδ2+ T cells, and MAIT cells are shown, respectively. Data

were pooled from three (iNKT cells, Vδ2+ T cells; n = 9) and four independent (MAIT cells; n = 12) experiments with three samples each.

https://doi.org/10.1371/journal.pone.0282037.g003

Fig 4. Ca2+ supplementation in vitro increases the cytokine production of primary human B cells. PBMCs were isolated from residual leukocyte units of

healthy donors. PBMCs were stimulated for 4 h with 25 ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium (RPMInorm) or RPMI1640

medium supplemented with 1 mM Ca2+ (RPMIsuppl). Human B cells (CD14- CD3- CD20+ cells) were analysed for the production of (a) IL-2 and (b) TNF.

Summary graphs (left panels) and representative data (right panels) from gated B cells are shown, respectively. Data were pooled from four independent

experiments with three samples each (n = 12).

https://doi.org/10.1371/journal.pone.0282037.g004
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PBMC monocytes and noticed that some (TNF, IFNγ; Fig 6) but not all (IL-2; S5F Fig) cyto-

kines were boosted by the Ca2+ supplementation, without impact on cell survival (S7G Fig).

These data suggested that the cytokine detection by primary myeloid cells could benefit from

in vitro Ca2+ supplementation as well. Blood monocytes have the ability to differentiate into

functionally distinct macrophages subsets and, therefore, we tested next the impact of the Ca2+

concentration on human monocyte-derived macrophages. Primary human monocyte-derived

macrophages (M0 macrophages) were polarized into M1 with LPS and IFNγ, into M2a with

IL-4 stimulation, or into M2c with IL-10 with or without Ca2+ supplementation. Surprisingly,

and in contrast to the findings with human lymphoid cells (S7 Fig), the polarization of M0

macrophages in elevated Ca2+ concentrations increased cell death, regardless of the subtype

they were polarized into (Fig 7A–7c). Similar results were seen when M0 macrophages were

cultured alone in Ca2+ supplemented medium (S8 Fig). When M0 macrophages were cultured

alone or when they were polarized into M1 macrophages, higher Ca2+ levels increased the

expression of the M1 markers HLA-DRα and CD86 (S9A Fig). In contrast, when M0 macro-

phages were cultured alone or when they were polarized into M2a macrophages, Ca2+ supple-

mentation decreased the expression of the M2a markers CD200R and CD206 (S9B Fig). The

Ca2+ levels did not influence the expression of CD163 on M2c polarized macrophages (S9C

Fig). Importantly, when the expression of the M1 markers HLA-DRα and CD86 was analysed

on M2a and M2c macrophages, Ca2+ supplementation increased the expression of HLA-DRα
on M2a macrophages (Fig 7D) and of CD86 on both M2 macrophages subsets (Fig 7E and

7F). These data indicate that increased Ca2+ concentrations support phenotypic M1

Fig 5. Ca2+ supplementation in vitro modulates cytokine production by expanded human iNKT cells and Vδ2+ T cells. (a, b) iNKT cells were expanded ex
vivo in the presence of αGalCer. The expanded cells were stimulated for 4 h with 25 ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium

(RPMInorm) or RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). Vα24i NKT cells (live CD14- CD20- CD3+ 6B11+ cells) were analysed for the

expression of (a) CD69 and the production of (b) TNF. (c-e) Vδ2+ T cells were expanded in vitro in the presence of Zoledronic acid. Human Vδ2+ T cells (live

CD14- CD20- CD3+ Vδ2+ cells) were analysed for the production of (c) IL-2, (d) IFNγ, and (e) GM-CSF. Summary graphs (left panels) and representative data

(right panels) from gated iNKT cells and Vδ2+ T cells are shown, respectively. Data were pooled from four (iNKT cells; n = 12) and three (Vδ2+ T cells, n = 9)

independent experiments with three samples each.

https://doi.org/10.1371/journal.pone.0282037.g005
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polarization of human monocyte-derived macrophages in vitro. However, these phenotypic

changes appeared not to translate into functional changes, as the production of TNF and

CXCL10 by M1 macrophages (Fig 7G and 7H) and the production of TGFβ and IL-4 by M2a

and M2c macrophages (Fig 7I and 7J) was not influenced by the Ca2+ supplementation. These

data suggest that for myeloid cells the impact of an increased Ca2+ concentration on the cyto-

kine production depends on the activation status of the cells and needs to be tested cell type

specifically.

Discussion

Here we demonstrate that supplementing the RPMI1640 medium with 1 mM Ca2+ can

increase the cytokine production by both mice and human lymphoid cells during PMA/iono-

mycin stimulation in vitro without impacting the survival of the cells. This effect appeared

stronger for primary lymphoid cells than in vitro expanded cells. Primary human monocytes

responded similarly with an augmented cytokine production to the elevated Ca2+ concentra-

tions. However, for human monocyte-derived macrophages a distinct effect was observed: ele-

vated Ca2+ concentrations in vitro led to increased cell death and promoted phenotypic M1

polarization without impacting cytokine production.

Previous work on conventional mouse [4] and human [21] αβ T cells showed that the 0.49

mM Ca2+ in RPMI1640 are suboptimal to drive cytokine production during in vitro stimula-

tion and a minimal concentration of 1.5 mM was suggested. The basal level of intracellular Ca2

+ in T cells is approx. 100 nM and can increases to 1 μM following stimulation [22]. Therefore,

it is not self-evident how an increase of the extracellular Ca2+ concentration above 0.49 mM

can boost cytokine production by conventional αβ T cells [4, 21]. Irrespective of the mecha-

nism, this observation is important to optimize the analysis of conventional αβ T cells in vitro.

Here, we confirmed that unconventional αβ T cells, γδ T cells, and B cells from both mouse

and human also produce more cytokines after in vitro stimulation in the presence of elevated

Ca2+ levels. The Ca2+ concentration of the extracellular fluid in vivo in humans was measured

to be 2.2–2.7 mM [23]. This indicates that the Ca2+ supplementation brings the Ca2+

Fig 6. Ca2+ supplementation in vitro increases the cytokine production of primary monocytes. PBMCs were isolated from residual leukocyte units of

healthy donors. PBMCs were stimulated for 4 h with 25 ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium (RPMInorm) or RPMI1640

medium supplemented with 1 mM Ca2+ (RPMIsuppl). Human monocytes (CD3- CD20- CD14+ cells) were analysed for production of (a) TNF and (b) IFNγ.

Summary graphs (left panels) and representative data (right panels) from gated monocytes are shown, respectively. Data were pooled from four independent

experiments with three samples each (n = 12).

https://doi.org/10.1371/journal.pone.0282037.g006
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Fig 7. Ca2+ supplementation in vitro increases cell death in polarized human macrophages and favours an M1

phenotype. Primary human monocyte-derived macrophages were cultured untreated (UT) or polarized into M1 (100 ng/

ml LPS, 20 ng/ml IFNγ), M2a (20 ng/ml IL-4), or M2c (20 ng/ml IL-10) macrophages for the indicated hours in either

normal RPMI1640 medium (RPMInorm) or RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl) as indicated.

(a-c) The bar graphs show the relative percentages of cells positive for LIVE/DEAD Fixable Blue Dead Cell Stain (LDB+

cells), indicating dead cells, for (a) M1, (b) M2a, and (c) M2c macrophage. (d-f) The expression (mean fluorescent

intensity, MFI) of (d) HLA-DRα (UT; M2a, 24 hours) and (e, f) CD86 ((e): UT; M2a, 24 hours; (f): UT; M2c, 24 hours)

on live macrophages is shown. The data shown are means ± SEM of biological replicates of six donors, pooled from two

independent experiments with similar results. (g-j) The production of (g) TNF and (h) CXCL10 by M1 macrophages (6

hours) and of (i) TGFβ, and (j) IL4 by M2a (48 hours) or M2c (48 hours) macrophages was analysed ICCS. The data

shown are means ± SEM of biological replicates of five (TGFβ, IL-4) or six donors (CXCL10, TNF), pooled from two

independent experiments with similar results.

https://doi.org/10.1371/journal.pone.0282037.g007
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concentration of the RPMIsuppl medium (approx. 1.8 mM) close to the physiological condi-

tions in vivo.

For primary mouse lymphoid cells, the elevated Ca2+ concentration increased the produc-

tion of 6 out of 6 cytokines tested for iNKT cells (Fig 1), 3 out of 5 for γδ T cells (Fig 2A–2C;

S3A and S3B Fig), and 2 out of 3 for B cells (Fig 2D and 2E; S3C Fig), without a decrease of the

production of any of the cytokines tested. Interestingly, the boosting Ca2+ effect appeared

weaker for primary human lymphoid cells: the elevated Ca2+ concentration increased the pro-

duction of 1 out of 5 cytokines tested for iNKT cells (Fig 3A; S4B–S4E Fig), 2 out of 4 for γδ T

cells (Fig 3B and 3C; S5A–S5C Fig), 3 out of 3 for MAIT cells (Fig 3D–3F), and 2 out of 2 for B

cells (Fig 4), again without any decreases of any of the cytokines tested. The reason for this spe-

cies difference is unclear at this point. The cytokine response of the in vitro expanded cell lines

under increased Ca2+ concentrations was comparable to the primary cells: both primary and

expanded iNKT cells showed increased production for 1 (TNF) out of 5 cytokines tested (Figs

3A and 5B; S6A–S6D Fig). Primary γδ T cells showed increased production for 2 (IFNγ, TNF)

out of 4 (Fig 3B and 3C; S5B and S5C Fig) and expanded γδ T cells showed increased produc-

tion for 2 (GM-CSF, IFNγ) out of 5 (Fig 5D and 5E; S6F and S6G Fig) cytokines tested. Sur-

prisingly, expanded γδ T cells showed a decrease of IL-2 with increased Ca2+ (Fig 5C), which is

the only instance in which we noticed a decrease in cytokine production.

Similar to the lymphoid cells, primary human monocytes increased the production of 2 out

of 3 cytokines tested (Fig 6; S5F Fig) when stimulated in the presence of elevated Ca2+ levels

(Fig 6; S5F Fig). However, the data we obtained with human primary monocyte-derived mac-

rophages were in contrast to the ones from lymphoid cells and primary human monocytes.

Most importantly, we noticed a clear increase in the frequency of macrophages that died when

incubated for more than six hours in the presence of elevated Ca2+ levels (Fig 7A–7C; S8 Fig).

Calcium-induced ER-stress [24, 25] and mitochondrial changes [26] can trigger ROS- (reactive

oxygen species) production in macrophages, which can lead to cell death [24, 25, 27–29]. This

might explain why macrophages are more sensitive to the Ca2+ concentration of the medium.

Furthermore, we observed a shift towards an M1 phenotype for both M0 macrophages (S9

Fig) as well as M1 and M2 macrophages (Fig 7D–7F) in the presence of elevated Ca2+ levels.

However, these phenotypic changes appeared not to translate into functional changes (Fig

7G–7J). Incidentally, ROS-induced NFκB/MAPK activation in macrophages [30, 31] supports

M1 polarization [32–34]. However, given the large amount of macrophage cell death we

observed, we cannot exclude the possibility that the apparent M1 shift is the result of M1 mac-

rophages potentially being less sensitive to this Ca2+-induced cell death. We are aware of only

two other studies on the impact of Ca2+ on the cytokine production of macrophages. Both

showed that calcium influx can impair LPS-induced IL-12 production of mouse macrophages

[35, 36] without affecting the production of TNF or IL-6 [36]. Therefore, it is unclear at this

stage whether elevated Ca2+ concentration in vitro can influence the cytokine production of

macrophages.

In summary, our data demonstrate that the Ca2+ concentration during in vitro cultures is

an important variable to be considered for functional experiments and that supplementing the

media with 1 mM Ca2+ can boost the cytokine production by both mice and human lymphoid

cells.

Material and methods

Human samples

Residual leukocyte units from healthy donors were provided by Dokuz Eylul University Blood

Bank (Izmir, Turkey) after obtaining informed written consent from all donors. The ethical
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approval for the study was obtained from the ‘Noninvasive Research Ethics Committee’ of the

Dokuz Eylul University (approval number: 2018/06-27/3801-GOA). All protocols performed

were in accordance with the relevant guidelines and regulations for human samples.

Mice

All mice were housed in the vivarium of the Izmir Biomedicine and Genome Center (IBG,

Izmir, Turkey) in accordance with the respective institutional animal care committee guide-

lines. C57BL/6 and BALB/c mice were originally purchased from the Jackson Laboratories

(Bar Harbor, ME, USA). All mouse experiments were performed with prior approval by the

institutional ethic committee (‘Ethical Committee on Animal Experimentation’ of the Izmir

Biomedicine and Genome Center, approval number: 19/2016) in accordance with national

laws and policies. All the methods were carried out in accordance with the approved guidelines

and regulations and following 3R (replacement, reduction, refinement) procedures. These

aspects of this study are reported in accordance with the ARRIVE guidelines [37]. Mice were

sacrificed by cervical dislocation and as all mouse experiments were performed ex vivo, no

anaesthesia was required.

Reagents, monoclonal antibodies, and flow cytometry

α-galactosylceramide (αGalCer) was obtained from Avanti Polar Lipids (Birmingham, AL,

USA). Monoclonal antibodies were purchased from either BioLegend (San Diego, CA, USA),

eBiosciences (San Diego, CA, USA), BD Biosciences (Franklin Lane, NJ, USA), or R&D Sys-

tems (Minneapolis, MN, USA). The list of antibodies against the mouse and human antigens

used in this study, with clone name, vendor, and the conjugated fluorochrome, is given in S1

Table. Anti-mouse CD16/32 (2.4G2) antibody (Tonbo Biosciences, San Diego, CA, USA) or

Human TruStain FcX (BioLegend) was used to block Fc receptors according to the manufac-

turers’ recommendations. Unconjugated mouse and rat IgG antibodies were purchased from

Jackson ImmunoResearch (West Grove, PA, USA). Dead cells were labelled with Zombie UV

Dead Cell Staining kit (BioLegend) or with LIVE/DEAD Fixable Blue Dead Cell Stain kit

(ThermoFisher Scientific, Waltham, MA, USA). Flow cytometry of fluorochrome-conjugated

antigen-loaded CD1d tetramers were performed as described [38]. Cells were analysed with

LSR-Fortessa (BD Biosciences), and data were processed with CellQuest Pro (BD Biosciences)

or FlowJo (BD Biosciences) software. Graphs derived from digital data are displayed using a

‘bi-exponential display’. Cell were gated as follows: (a) mouse: Vα14i NKT cells (live CD8α-

CD19/CD45R- CD44+ TCRβ/CD3ε+ CD1d/PBS57-tetramer+ cells), γδ T cells (live CD19/

CD45R- CD4- CD8α- CD3ε+ γδTCR+ cells), and B cells (live CD3ε- CD4- CD8α- CD19/

CD45R+ cells); (b) human: Vα24i NKT cells (live CD14- CD20- CD3+ 6B11+), δ2+ T cells ex
vivo (live CD14- CD20- CD3high γδTCRlow cells, or live CD14- CD20- CD3+ Vδ2+ cells) and in
vitro (live CD14- CD20- CD3+ Vδ2+ cells), MAIT cells (live CD14- CD20- CD3+ Vα7.2+

CD161+ cells), B cells (live CD3- CD14- CD20+ cells), and macrophages (live CD68+ cells).

Representative data are shown in S1 Fig.

Cell preparation

Single-cell suspensions from mouse spleens were prepared as described [39]. In brief, the

spleens were filtered through a 70 μm cell strainer (BD Biosciences) and red blood cells and

dead cells were eliminated through Lymphoprep (StemCell Technologies, Vancouver, Canada)

density gradient centrifugation (300 g, 10 min, RT). Human PMBCs were obtained from the

residual leukocyte units of healthy donors via density gradient centrifugation (300 g, 30 min,

RT) with Ficoll-Paque Plus (GE Healthcare, Chicago IL, USA). To obtain monocytes, a second
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density gradient centrifugation with 46% iso-osmotic Percoll (GE Healthcare) was performed

(400 g, 10 min, RT) [40].

In vitro expansion of human iNKT cells

Human iNKT cells were expanded from resting PBMCs of healthy donors as described before

[41]. Briefly, freshly isolated PBMCs (1 x 106 cell/ml, 5 ml/well) were treated with 100 ng/ml

αGalCer (KRN7000, Avanti Polar Lipids) and cultured for 13 days. 20 IU/ml human recombi-

nant IL-2 (Proleukin, Novartis, Basel, Switzerland) was added to the cultures every other day

starting from day 2. From day 6 onwards, the concentration of IL-2 was increased to 40 IU/ml.

At the end of the expansion, an aliquot of each sample was collected and analysed for iNKT

cell expansion by flow cytometry. Expansion was done in RPMI 1640 (Gibco, Waltham, MA,

USA, or Lonza, Basel, Switzerland) supplemented with 5% (v/v) Human AB serum (Sigma-

Aldrich, St. Louis, MO, USA), 1% (v/v) Penicillin/Streptomycin, 1 mM sodium pyruvate

(Lonza), 1% (v/v) non-essential amino acids (Cegrogen Biotech, Stadtallendorf, Germany), 15

mM HEPES buffer (Sigma-Aldrich), and 55 μM 2-mercaptoethanol (AppliChem, Darmstadt,

Germany).

In vitro expansion of human Vδ2+ T cells

Human Vδ2+ T cells were expanded from PBMCs of healthy donors similar to published pro-

tocols [41–43]. Briefly, freshly isolated PBMCs (1 x 106 cell/ml, 5 ml/well) were cultured with

5 μM Zoledronic acid (Zometa, Novartis) in the presence of 100 IU/ml human recombinant

IL-2 (Proleukin, Novartis) for 13 days. IL-2 was replenished every other day and from day 6

onwards the concentration was increased to 200 IU/ml. The cultures were performed in

RPMI1640 (Gibco or Lonza) supplemented with 5% (v/v) Human AB serum (Sigma-Aldrich),

1% (v/v) Penicillin/Streptomycin (Gibco), 1 mM sodium pyruvate (Lonza), 1% (v/v) non-

essential amino acids (Cegrogen), 15 mM HEPES buffer (Sigma-Aldrich), and 55 μM 2-mer-

captoethanol (AppliChem).

Human macrophage generation

Purified monocytes were cultured in RPMI1640 (Gibco or Lonza) medium containing 5%

FCS (Corning, NY, USA), 1% Penicillin/Streptomycin (Gibco), and 10 ng/ml human recombi-

nant M-CSF (Peprotech, London, UK) for their differentiation into macrophages. 3 x 106 cells/

well were seeded in low-attachment 6-well plates (Corning) and incubated for 7 days at 5%

CO2 and 37˚C. Macrophages were collected and cultured in 24-well cell culture plates as 5 x

105 macrophages/well for 24 hours in RPMI1640 medium containing 5% FCS, 1% Penicillin/

Streptomycin. On the following day, the cell culture media was replaced with fresh media and

macrophages were stimulated with the relevant polarization factors as described below. The

cells were verified to be over 90% CD68+ by flow cytometry.

In vitro stimulation

Splenocytes were stimulated in vitro with 50 ng/ml PMA and 1 μg/ml ionomycin (both Sigma-

Aldrich) for 4 h at 37˚C in the presence of both Brefeldin A (GolgiPlug) and Monensin (Golgi-

Stop, both BD Biosciences). As GolgiPlug and GolgiStop were used together, half the amount

recommended by the manufacturer where used, as suggested previously [44]. Cells were stim-

ulated in completemouse RPMI medium (RPMI 1640 supplemented with 10% (v/v) FCS (Corn-

ing), 1% (v/v) Pen-Strep-Glutamine (10.000 U/ml penicillin, 10.000 μg/ml streptomycin, 29.2

mg/ml L-glutamine (Gibco)) and 50 μM 2-mercaptoethanol (AppliChem), containing 0.42
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mM Ca2+). For human studies, freshly isolated PBMCs or expanded cell populations were

stimulated in vitro with 25 ng/ml PMA and 1 μg/ml PMA for 4 h at 37˚C in the presence of

Brefeldin A or monensin. Cells were stimulated in completehuman RPMI medium (RPMI 1640

supplemented with 10% (v/v) FCS, 1% (v/v) Penicillin/Streptomycin, 1 mM sodium pyruvate

(Lonza), 1% (v/v) non-essential amino acids (Cegrogen), 15 mM HEPES buffer (Sigma-

Aldrich), and 55 μM 2-mercaptoethanol (AppliChem). Considering the Ca2+ found in the FCS

(3.9 mM) [21] the supplemented RPMI medium contained approx. 0.8 mM Ca2+ (RPMInorm).

To obtain the RPMIsuppl medium containing elevated Ca2+ concentrations, 1 mM CaCl2

(Sigma-Aldrich) was added to the RPMInorm medium (i.e. approx. 1.8 mM Ca2+).

Human macrophage polarization

Macrophages were stimulated (i) for M1 polarization with 100 ng/ml LPS (InvivoGen, San

Diego, CA, USA) and 20 ng/ml IFNγ (R&D Systems) for 6h, 12h, or 24h; (ii) for M2a with 20

ng/ml IL-4 (R&D Systems) for 24h or 48h; or (iii) for M2c with 20 ng/ml IL-10 (R&D Systems)

for 24h or 48h. The particular incubation times for the experiments are specified in the figures.

Statistical analysis

Results are expressed as mean ± standard error of the mean (SEM). Normal distribution was

tested using D’Agastino–Pearson Test. Statistical comparisons were drawn using either a two-

tailed paired Student’s t-test (normally distributed data) or Wilcoxon matched-pairs signed

rank test (not normally distributed data) (Excel, Microsoft Corporation; GraphPad Prism,

GraphPad Software). p-values <0.05 were considered significant and are indicated with

(�p< 0.05, ��p < 0.01, ���p< 0.001, ����p<0.0001. Each experiment was repeated at least

twice, and background values were subtracted. Graphs were generated with GraphPad Prism

(GraphPad Software).

Supporting information

S1 Fig. Gating strategy to identify leukocytes and macrophage purity. (A, B) Exemplary dot

plots illustrating the gating strategy employed to identify the indicted (A) mouse or (B) human

lymphoid cells. (C) Purity of the differentiated macrophages: human PBMC-derived mono-

cytes were incubated for 7 days in RPMI1640 medium containing 10 ng/ml M-CSF for macro-

phage differentiation and the percentage of CD68+ macrophages was determined by

intracellular staining. Left: representative flow cytometry data (blue = undifferentiated;

red = differentiated); Right: Summary data (n = 3; un-diff = undifferentiated;

diff = differentiated). (D-F) Evaluation of macrophage polarization. Primary human mono-

cyte-derived macrophages were left unstimulated (UT) or stimulated for 12 h (D) with 100 ng/

mL LPS and 20 ng/mL IFN-γ for M1 polarization (M1), (E) with 20 ng/mL IL-4 for M2a polar-

ization (M2a), or (F) with 20 ng/ mL IL-10 for M2c polarization (M2c). Expression of indi-

cated surface markers was analyzed by flow cytometry. The bar graphs indicate mean

fluorescent intensity (MFI). The biological replicates of 6 independent donors pooled from 2

independent experiments are shown.

(PDF)

S2 Fig. Stimulation of murine iNKT cells, γδ T cells, or B cells in RPMIsuppl has no negative

impact on cell viability. Splenocytes from C57BL/6 mice were stimulated 4 h with 50 ng/ml

PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium (RPMInorm) or RPMI1640

medium supplemented with 1 mM Ca2+ (RPMIsuppl). (a) iNKT cells; (b) Vδ2+ T cells; and (c)

B cells were stained and analysed by flow cytometry. The bar graphs show the relative
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percentages of cells positive for LIVE/DEAD Fixable Blue Dead Cell Stain, indicating dead

cells. Data were pooled from three independent experiments with three mice per group per

experiment (n = 9).

(TIF)

S3 Fig. Ca2+ supplementation in vitro has no impact on the production of some cytokines

by mouse γδ T and B cells. (a-c) Splenocytes from C57BL/6 mice were stimulated 4 h with 50

ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium (RPMInorm) or

RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). The production of (a) IL-10

and (b) IL-17A by γδ T cells (live CD19/CD45R- CD4- CD8α- CD3ε+ γδTCR+ cells) and the

production of (c) IFNγ by B cells (live CD3ε- CD4- CD8α- CD19/CD45R+ cells) was analysed

by ICCS. Summary graphs (left panels) and representative data (right panels) from gated γδ T

cells and B cells are shown, respectively. Data were pooled from three independent experi-

ments with three mice per group per experiment (n = 9).

(TIF)

S4 Fig. Ca2+ supplementation in vitro has no impact on the expression of CD69 and the

production IL-2, IFNγ, IL-4, and IL-17 by primary human iNKT cells. PBMCs were isolated

from the residual leukocyte units of healthy donors. PBMCs were stimulated for 4 h with 25

ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium (RPMInorm) or

RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). Human Vα24i NKT cells

(live CD14- CD20- CD3+ 6B11+ cells) were analysed for the expression of the activation marker

(a) CD69 and the production of the cytokines (b) IL-2, (c) IFNγ, (d) IL-4, and (e) IL-17. Sum-

mary graphs (left panels) and representative data (right panels) from gated iNKT cells are

shown, respectively. Data were pooled from three independent experiments with three samples

each (n = 9).

(JPG)

S5 Fig. Ca2+ supplementation in vitro has no impact on expression of CD69 on human pri-

mary Vγ2+ T cells, MAIT cells, and B cells, and on the production of the IL-2 by human

monocytes and IL-4 by Vγ2+ T cells. PBMCs were isolated from residual leukocyte units of

healthy donors and were stimulated for 4 h with 25 ng/ml PMA and 1 μg/ml ionomycin in

either normal RPMI1640 medium (RPMInorm) or RPMI1640 medium supplemented with 1

mM Ca2+ (RPMIsuppl). Human Vδ2+ T cells (live CD14- CD20- CD3+ γδTCRlow or Vγ2+ cells)

were analysed for the expression of (a) CD69 and the production of (b) IL-2 and (c) IL-4. (d)

Human MAIT cells (live CD14- CD20- CD3+ Vα7.2+ CD161+ cells) were analysed for the

expression of CD69. (e) Human B cells (CD14- CD3- CD20+ cells) were analysed for the

expression of CD69. (f) Human monocytes (CD3- CD20- CD14+ cells) were analysed for the

production of IL-2. Summary graphs (left panels) and representative data (right panels) are

shown for the cytokine data. Data were pooled from three (Vδ2+ T cells; n = 9) and four

(MAIT cells, B cells, monocytes; n = 12) independent experiments with three samples each.

(JPG)

S6 Fig. Ca2+ supplementation in vitro has no impact on the expression of CD69 by

expanded Vγ2+ T cells and on the production of some cytokines by expanded human iNKT

and Vγ2+ T cells. iNKT cells were expanded ex vivo in the presence of αGalCer. Vγ2+ T cells

were expanded in vitro in the presence of Zoledronic acid. The expanded cells were stimulated

for 4 h with 25 ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640 medium

(RPMInorm) or RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). Vα24i NKT

cells (live CD14- CD20- CD3+ 6B11+ cells) were analysed for the production of (a) IL-2, (b)

IFNγ, (c) IL-4, and (d) IL-17 were measured by ICCS. Human Vδ2+ T cells (live CD14- CD20-
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CD3+ Vγ2+ cells) were analysed for the expression of (e) CD69 and the production of (f) TNF,

(g) IL-4. Summary graphs (left panels) and representative data (right panels) from gated iNKT

cells and Vγ2+ T cells are shown, respectively. Data were pooled from four and three indepen-

dent experiments with three samples each for iNKT cells (n = 12) and Vγ2+ T cells (n = 9),

respectively.

(JPG)

S7 Fig. Stimulation of human lymphoid cells in RPMIsuppl has no negative effect on cell

viability. PBMCs were isolated from residual leukocyte units of healthy donors and were stim-

ulated either directly (a-d) or after in vitro expansion of indicated cells (e, f). The cells were

stimulated for 4 h with 25 ng/ml PMA and 1 μg/ml ionomycin in either normal RPMI1640

medium (RPMInorm) or RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). Pri-

mary (a) iNKT cells, (b) Vδ2+ T cells, (c) B cells; and (d) MAIT cells, (e) monocytes, or in vitro
expanded (f) iNKT cells and (g) Vδ2+ T cells were stained and analysed by flow cytometry.

The bar graphs show the relative percentages of cells positive for LIVE/DEAD Fixable Blue

Dead Cell Stain, indicating dead cells. Data were pooled from three (a-b, g) or four (c—f) inde-

pendent experiment with three samples each (n = 9–12).

(JPG)

S8 Fig. Ca2+ supplementation in vitro increases cell death of M0 macrophages. Primary

human monocyte-derived macrophages were cultured for 6, 12, 24, or 48 hours in either nor-

mal RPMI1640 medium (RPMInorm) or RPMI1640 medium supplemented with 1 mM Ca2+

(RPMIsuppl). The bar graphs show the relative percentages of cells positive for LIVE/DEAD

Fixable Blue Dead Cell Stain (LDB+ cells), indicating dead cells. Data shown are means ± SEM

of biological replicates of six donors, pooled from two independent experiments with similar

results.

(JPG)

S9 Fig. Ca2+ supplementation in vitro affects the expression of macrophage polarization

markers. Primary human monocyte-derived macrophages were cultured untreated (MØ) or

polarized into M1 (100ng/ml LPS, 20 ng/ml IFNγ, 12 hours), M2a (20 ng/ml IL-4, 24 hours),

or M2c (20ng/ml IL-10, 24 hours) macrophages in either normal RPMI1640 medium (RPMI-
norm) or RPMI1640 medium supplemented with 1 mM Ca2+ (RPMIsuppl). The surface expres-

sion (mean fluorescent intensity, MFI) of indicated (a) M1 markers (HLA-DR, CD86, CD64),

(b) M2a markers (CD200R, CD206), and an (c) M2c marker (CD163) are shown. The data

shown are means ± SEM of biological replicates of six donors, pooled from two independent

experiments with similar results.

(JPG)

S1 Table. Details on the antibodies used in this study.

(PDF)
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