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ABSTRACT
Background: We studied direct effects of human granulocyte-macrophage colony stimulating factor
(GM-CSF) on phenotypical characteristics and cytokine-production of non-activated and activated
human monocytes/macrophages (Mc/Mphs) and T cells.
Methods: Purified Mc/Mphs were activated by bacterial lipopolysaccharide (LPS, 1 μg/ml) for 24 h, while
T cells were activated by particles conjugated and antibodies (Abs) against human CD2, CD3, and CD28
for 48 h.
Results: GM-CSF treatment (0.01–10 ng/ml) was shown to reduce percentages of CD197 (CCR7)-positive
cells in non-activated Mph cultures, without affecting significantly CD14+ (LPS co-receptor), CD16+ (FcγRIII,
low-affinity Fc-receptor), CD119+ (interferon-gamma receptor 1), and CD124+ (IL4 receptor α-subunit) cells.
In addition, GM-CSF reduced relative numbers of CD197+ cells, as well as CD14+, CD16+, and CD119+ cells in
activated Mph cultures without affecting CD124+ cell distribution. GM-CSF at the highest dose of 10 ng/ml
enhanced TNF-α and IL-6 (but not IL-1β and IL-10) production in activated Mc/Mphs. In activated T cell
cultures, GM-CSF at 0.1–1.0 ng/ml augmented CD38+ cell numbers in naïve СD45RA+/СD197+ and central
memory СD45RA−/СD197+ cell subsets, with no effect on effector СD45RA−/СD197− and terminally differ-
entiated effector СD45RA+/СD197− cells. GM-CSF at a low dose (0.01 ng/ml) down-regulated INF-γ produc-
tion, while at a high dosage (10.0 ng/ml) up-regulated IL-2 and IL-4 production.
Conclusion: In general, the results suggest that GM-CSF is able to facilitate the implication of both Mph
and T cells in the adaptive immunogenesis.
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Introduction

Granulocyte-macrophage colony stimulating factor (GM-CSF) is
known to stimulate growth and differentiation of granulocytes
and macrophages (Mphs), thus playing an important role in
regulation of innate and adaptive immunity. GM-CSF is capable
of maintaining differentiation and survival of dendritic cells
(DCs), which not only initiate antigen-dependent proliferation
and differentiation of T cells,1,2 but also support many mechan-
isms underlying adaptive immune reactivity.3,4 Importantly, GM-
CSF is produced both in central hematopoietic organs and in the
periphery, and its production is dramatically increased in tissues
upon inflammatory processes implying the active involvement of
GM-CSF in regulation of immune processes in the periphery.
Mphs, mast cells, fibroblasts, endothelial cells, and T cells are
considered to be major GM-CSF producers,5 and various factors
such as pro-inflammatory cytokines (IL-1, IL-6, and TNF-α)
could up-regulate its production levels.6 GM-CSF receptors (GM-
CSFR) consist of α and β chains, with the latter known to be
shared by receptors for GM-CSF, IL-3, and IL-5.7 Recognition of
GM-CSF by its receptor triggers JAK2- and STAT-5-dependent
signaling pathways, which regulate differentiation and functional
activity of the cell,2,8 while implication of PI3K-dependent signal
transduction pathway contributes to growth and survival of
immune cells.9 Low expression levels (20–200 copies per cells)

of high-affinity GM-CSFR have been demonstrated on granulo-
cytes, monocytes (Mcs), Mphs, endothelial cells, and
lymphocytes.10-12 Membrane-associated GM-CSFR expression
on T cells was found to be functionally significant.13

Taken together, major effects of GM-CSF on adaptive
immunity are likely to be facilitated via Mc/Mph-T cell axis.
Therefore, in this study, we addressed direct effects of GM-
CSF on phenotypical characteristics and cytokine production
pattern of Mphs and T lymphocytes.

Results

GM-CSF-mediated effects on phenotype and cytokine
production pattern of Mc/Mphs

The particular flow cytometry gating strategy employed in this
study enabled identification of CD14+, CD16+, CD119+,
CD124+, and CD197+Mc/Mph cells. This strategy was described
in detail in our previous reports.14,15 Purity of CD14-positive
cells isolated from blood by positive magnetic separation was
98.7% (92.5–99.4), with cell viability of 96.3% (94.0–99.8).14

CD14 is aglycosylphosphatidylinositol (GPI)-linked 55-kDa
protein present on the surface of Mphs and polymorphonuclear
leukocytes; it constitutes a high-affinity receptor for lipopolysac-
charide (LPS) (a conservative gram-negative bacterial

CONTACT Victor Ivanovich Seledtsov seledtsov@rambler.ru 14 Nevsky str., Kaliningrad, Russia, 236016

HUMAN VACCINES & IMMUNOTHERAPEUTICS
2019, VOL. 15, NO. 12, 2903–2909
https://doi.org/10.1080/21645515.2019.1614396

© 2019 Taylor & Francis Group, LLC

https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2019.1614396&domain=pdf&date_stamp=2019-11-22


component), as well as peptidoglycan (an abundant component of
gram-positive bacterial cell wall). Interaction between CD14 and
its ligands is known to induce production and release of pro-
inflammatory cytokines.16 CD16 molecules are involved in Mph-
mediated cytolysis and phagocytosis of Ab-opsonized cells.17

CD119 (IFNG-R1) is a receptor for IFN-ɣ. Upon interaction
with its ligand, this receptor triggers classical pro-inflammatory
M1-type Mph activation.18 CD124 is a receptor for IL-4. Its liga-
tion by IL-4 facilitates polarization of Mph cells via alternative
anti-inflammatory M2-type pathway.19 CD197 (CCR7) is
a chemokine receptor for two ligands/chemokines (CCL19 and
CCL21) produced by stromal cells in T-zones of lymph nodes.
CD197 ligation induces migration of Mc/Mph to T-dependent
zones of secondary lymphoid organs, thus effectively enabling
participation of these immune cells in adaptive
immunogenesis.20 Data presented in Figure 1 and Table 1 suggest
that GM-CSF (0.01–10.0 ng/ml) significantly reduced the propor-
tion of CD197+ cells in non-activated Mc/Mph cultures, without

exerting a significant impact on the relative numbers of СD14+,
СD16+, СD119+, and СD124+ cells (Table 1).

Next, we activated Mc/Mph cultures with LPS in the
absence of GM-CSF and found specifically induced
CD197+ cell numbers in a statistically significant manner
(increase from 8.31 (6.65–66.05) to 20.38 (7.88–50.75);
p < .05). When added to Mc/Mphs along with LPS, GM-
CSF reduced percentages of CD197+ cells (Figure 2 and
Table 2), with additional reductions in СD14+, СD16+,
and СD119+ cell numbers and no effect on CD124-
positive cells.

As expected, LPS activation resulted in pronounced up-
regulation of TNF-α, IL-1β, IL-6, and IL-10 production. The
data of Table 3 demonstrate that GM-CSF at the highest dose
of 10 ng/ml caused further significant up-regulation of TNF-α
and IL-6 production by activated Mc/Mphs, with no effect on
IL-1β and IL-10 production.

Effects of GM-CSF on phenotype and cytokine production
patterns of various T cell subpopulations

In this part of the study, we applied a multi-color flow
cytometry protocol established in our laboratory and
described in detail in our previous reports.21-24 Briefly, our
algorithm allowed for identification of human CD4-positive
and CD4-negative T cells, with their further sub-
classification into naïve СD45RA+/СD197+, central memory
СD45RA−/СD197+, effector memory СD45RA−/СD197−, and
terminally differentiated effector СD45RA+/СD197− T cells.
We showed previously that the overwhelming majority of
CD4-negative T cells belonged to a CD8-positive cell popu-
lation. Here, purity of T cells isolated from PBMC by mag-
netic separation was 98.6% (94.7–99.2), with the baseline
viability of 95.4% (94.1–99.4).23,24

First, we addressed direct effects of GM-CSF on membrane
expression of a T cell activation marker CD38, which is
a multifunctional receptor/ectoenzyme participating for
instance in synthesis of adenosine diphosphate–ribose
(ADPR) and cyclic ADPR, which is a potent Ca2+ mobilizer
from intracellular stores. Data presented in Table 4 suggest
that T cell activation resulted in significant and pronounced
increases in CD38+ T cell numbers in all T cell subpopulations
studied. Adding GM-CSF (0.01–1.0 ng/ml) further augmented
the numbers of CD38+ cells in СD4-negative and СD4-
positive naïve СD45RA+/СD197+ and central memory

Figure 1. Histograms of staining for CD197+ Mc/Mph.
1 – Mc/Mphs in the absence of GM-CSF;2 – Mc/Mphs in the presence of GM-CSF.

Table 1. Percentages of CD14+, CD16+, CD119+, CD124+, CD197+ cells in non-activated Mc/Mph cell cultures.

CD marker

GM-CSF (ng/ml)

0.0 0.01 0.1 1.0 10.0

CD14 25.05
(23.07–32.16)

32.30
(11.94–38.25)

22.76
(11.43–34.53)

23.82
(9.55–33.49)

19.72
(11.69–41.79)

CD16 11.06
(4.87–16.35)

5.95
(3.82–11.60)

4.59
(3.52–17.39)

8.7
(3.32–17.09)

8.35
(3.32–18.32)

CD119 83.16
(78.07–88.75)

74.58
(58.49–82.18)

80.79
(69.83–84.08)

81.32
(70.01–88.82)

82.65
(78.62–89.37)

CD124 47.01
(14.76–57.57)

39.60
(11.55–54.93)

47.43
(11.22–55.10)

44.45
(11.41–55.48)

47.05
(9.64–55.13)

CD197 8.31
(6.65–66.05)

3.68*
(3.58–7.73)

3.23*
(3.08–5.67)

6.29*
(2.51–41.62)

5.4*
(2.69–47.58)

Notes: Data are presented as Median with the first and third quartiles (Q1-Q3); *p < 0.05 – as compared to Mc/Mph cells cultured in the
absence of GM-CSF.
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СD45RA−/СD197+ T cell compartments. No GM-CSF-
mediated effect on CD38 expression was detected in effector
СD45RA−/СD197− and terminally differentiated effector
СD45RA+/СD197 T cell subsets, altogether suggesting that
direct effects of GM-CSF on T cells was dependent on the
particular T cell population.

Table 5 summarizes data on cytokine levels in activated T cell
cultures in the presence and absence of GM-CSF. T cell activation
alone stimulated IL-2 (major T cell growth factor), INF-γ (major
pro-inflammatory Th1-type cytokine), IL-4 (anti-inflammatory
Th2-type cytokine), and IL-10 (immunosuppressive cytokine).
In these experimental settings, GM-CSF at the highest concentra-
tion of 10.0 ng/ml significantly up-regulated IL-2 and IL-4
production by activated T cells, with concomitant down-
regulation of IL-10 secretion. Interestingly, treatment with low
GM-CSF concentrations (0.01 ng/ml) reduced INF-γ production.
Taken together, GM-CSF affected immunoregulatory cytokine

production pattern by activated T cells polarizing it to pro- or
anti-inflammatory direction, which could be subject to the parti-
cular GM-CSF concentrations present in cell microenvironment.

Discussion

Mph cells possess effector qualities, as well as antigen-presenting
and immunoregulatory properties playing pivotal role inmechan-
isms facilitating efficient interplay between innate and adaptive
immunity. Activation of Mph cells leads to drastic enhancement
of their functional activity, which generally occurs via two major
polarization pathways. LPS and Th1-type cytokines (IFN-γ) have
been shown to skew macrophage polarization toward classical
pro-inflammatory (M1-type) pathway manifesting itself in the
induction of: (i) several markers, such as CD40 co-stimulatory
molecule (belongs to TNF-receptor superfamily) andCD64 (high-
affinity Fc-receptor for monomeric IgG) expression, (ii) TNF-α,

Figure 2. Histograms of staining for CD14+, CD16+, CD119+, and CD197+ Mc/Mphs.
1 – Mc/Mphs activated by LPS in the absence of GM-CSF;2 – Mc/Mphs activated by LPS in the presence of GM-CSF.

Table 2. Percentages of CD14+, CD16+, CD119+, CD124+, CD197+ cells in LPS-activated Mc/Mph cell cultures.

CD marker

GM-CSF (ng/ml)

0.0 0.01 0.1 1.0 10.0

CD14 25.01
(11.37–33.46)

18.42*
(7.56–30.70)

20.99*
(7.98–28.95)

20.91*
(7.99–31.94)

20.35*
(23.07–32.16)

CD16 12.05
(4.94–24.10)

9.11*
(3.27–14.29)

8.13*
(3.60–16.96)

7.75*
(3.55–13.47)

8.13*
(3.77–12.70)

CD119 84.55
(65.02–86.62)

77.92
(74.54–79.66)

77.15*
(65.45–80.28)

78.31*
(68.12–80.31)

79.29*
(67.94–79.68)

CD124 45.12
(15.91–56.74)

45.70
(14.31–53.22)

43.79
(16.83–54.3)

42.62
(16.92–53.26)

44.92
(16.11–53.05)

CD197 20.38
(7.88–50.75)

12.34*
(6.59–46.22)

16.55*
(5.44–39.62)

11.60*
(5.55–38.97)

11.52*
(5.46–41.86)

Notes: Data are presented as Median with the first and third quartiles (Q1-Q3); *p < 0.05 – as compared to Mc/Mph cells activated by LPS in
the absence of GM-CSF.

Table 3. Concentrations of cytokines (pg/ml) in Mc/Mph cell culture supernatants.

Cytokine Without activation

Activation + GM-CSF (ng/ml)

0.0 0.01 0.1 1.0 10.0

TNF-α 320.8
(74.2–421.6)

1198.2
(745.1–1553.6)

1284
(533.8–1638)

1166
(496.3–1516)

1282.2
(551.1–1599.8)

1418.6*
(1002.4–1849.9)

IL-1β 5.7
(0–157.6)

459.0
(265.8–507.6)

300.6
(118.2–621.6)

372.6
(183.6–683.4)

369.0
(337.8–754.8)

399
(288–757.8)

IL-6 124.0
(36.0–733.5)

8339
(4734–14577)

10881
(6328–13633)

9336
(5711–13269)

9192
(5103–13315)

12216*
(8921–17225)

IL-10 0.8
(0–31.6)

118.98
(95.87–127.54)

124.95
(86.25–161.03)

139.2
(92.93–165.3)

93.6
(78.75–140.1)

89.85
(75.68–139.65)

Notes: Data are presented as Median with the first and third quartiles (Q1-Q3); * p < 0.05 – as compared to LPS-activated Mc/Mph cells cultured in the absence of
GM-CSF.
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IL-1β, IL-6, IL-12, and IL-23 cytokine production, and (iii) reac-
tive nitrogen species (NO).25,26 From the functional perspective,
M1-type Mphs have been shown: (i) to be able to process and
present antigens to T cells, (ii) to possess cytotoxic properties, and
(iii) to initiate immune responses and protect against intracellular
pathogens.27 On the other hand, glucocorticoids, Th2-type cyto-
kines (IL-4, IL-10, and IL-13), fungal, and helminth infection
drive Mph polarization via an alternative (M2-type) pathway,
which describes Mphs with enhanced: (i) expression of such
markers, as СD163 (an endocytic receptor for hemoglobin-
haptoglobin complexes), CD206 (mannose receptor), galactose
E-type, and C-type receptors, (ii) anti-inflammatory cytokine
production, such as transforming growth factor-β (TNF-β) and
IL-10. M2-type Mphs are devoid of antigen presenting functions,
but they do play an important role in protection against extra-
cellular pathogens,26 wound healing, and tissue repair.27

GM-CSF is generally regarded as a pro-inflammatory
cytokine, which facilitates Mph migration to the periphery
and supports classical M1-type Mph activation pathway.
Functional balance between migrating M1-type Mph cells
and resident M2-type Mphs is believed to determine in
part, if not completely, the course of inflammatory
process.5 However, direct inhalation exposure of GM-
CSF was recently reported to confer anti-inflammatory
activity on lung Mphs.28 In agreement with this notion,
GM-CSF produced in tumor foci in situ has been shown

to facilitate alternative M2-type Mph polarization, thus
providing immunosuppressive tumor-supportive milieu.29

Furthermore, GM-CSF-treated Mphs have been shown to
lack dominant expression of pro-inflammatory genes,5

altogether suggesting that GM-CSF does not appear to
be a cytokine that unidirectionally polarizes Mph cells
toward M1 (or indeed M2) phenotype.

Indeed, data presented in this report are consistent
with a dual role for GM-CSF in an inflammatory process.
On the one hand, GM-CSF could stimulate migration of
Mc/Mphs and lymphocytes to inflammatory foci, and
support their survival in the periphery. This is achieved
via: (i) stimulation of pro-inflammatory cytokine produc-
tion (TNF-α and IL-6) in Mphs,30 and (ii) reduction in
the proportion of the cells expressing CD197+ (CCR7
chemokine receptor), which is likely to be instrumental
in promoting Mph migration in lymph tissues.
Accordingly, down-regulation of ССR7 expression with
reciprocal ССR5 expression has been shown previously
to promote Mph migration in the periphery to sites of
inflammation.20,31 It is tempting to speculate that from
the immunological standpoint, the accumulation of Mc/
Mphs in inflammatory sites nurtures conditions for anti-
gen uptake with subsequent antigen processing and pre-
sentation, as well as for further differentiation of Mphs
into DCs, could promote inductive immunogenesis in the

Table 4. Percentages of CD38+ T cells in T cell subpopulations studied.

T cell subpopulation Without activation

Activation + GM-CSF (ng/ml)

0 0.01 0.10 1.00 10.00

CD4+ Naïve cells 23.4
(15.5–30.5)

47.1
(29.1 − 62.7)

49.5
(39.8–66.4)

51.0
(36.0–67.5)

50.8*
(41.5–63.3)

49.9
(35.7–61.6)

Central memory cells 9.1
(7.1–12.8)

28.6
(24.3–29.9)

29.1
(24.6–32.6)

31.3*
(27.6–32.3)

29.1
(25.8–33.4)

28.9*
(25.7–30.0)

Effector memory cells 3.7
(2.2–5.3)

14.2
(10.3–19.0)

15.5
(9.8–20.0)

15.7
(9.7–21.1)

16.8
(11.0–20.9)

15.1
(11.1–19.5)

Terminally-differentiated effector cells 8.3
(5.7–15.2)

40.3
(29.8–51.0)

45.7
(37.6–54.6)

47.1
(38.6–55.5)

44.2
(38.1–53.4)

42.3
(36.9–54.6)

CD4− Naïve cells 9.5
(5.3–24.4)

25.7
(19.2–37.6)

28.6
(22.6–38.1)

29.3*
(22.5–40.6)

26.5
(21.0–38.8)

24.6
(21.8–37.5)

Central memory cells 12.6
(9.6–18.4)

25.4
(17.7–33.3)

26.0
(19.8–34.3)

26.9*
(21.7–34.0)

26.3
(19.1–33.9)

23.8
(19.6–29.2)

Effector memory cells 2.8
(1.7–4.9)

8.0
(4.9–10.2)

6.3
(5.4–10.0)

8.1
(5.5–11.8)

8.0
(5.0–10.0)

7.3
(4.6–10.6)

Terminally-differentiated effector cells 6.7
(2.4–8.9)

15.4
(11.7–18.9)

15.5
(12.7–22.3)

16.8
(14.9 − 22.3)

17.1
(15.1–19.5)

15.4
(13.8–21.5)

Notes: T cell activation was performed in the presence of MACSiBead particles conjugated with Abs against human CD2, CD3, and CD28. Data are presented as
Median with the first and third quartiles (Q1-Q3); * p < 0.05 – as compared to T cells activated in the absence of GM-CSF.

Table 5. Cytokine concentrations in T cell culture supernatants (pg/ml).

Cytokine Without activation

Activation + GM-CSF (ng/ml)

0 0.01 0.10 1.00 10.00

IL-2 <10 590.0
(121.0–869.5)

580.0
(96.0–987.5)

540.0
(106.0–1034.5)

468.0*
(244.0–1120.0)

614.0*
(272.0–1142.0)

INF-γ <10 5094.0
(4039.8–9688.3)

2652.0*
(2290.0–5530.0)

3312.0
(2524.0–7669.5)

5764.0
(3941.5–9071.5)

6276.0
(3716.0–9346.0)

IL-4 <2 11.6
(5.4–29.5)

7.1
(0.5–30.6)

7.4
(2.4–31.5)

8.8
(4.6–31.6)

13.9*
(10.8–30.8)

IL-10 <5 620.6
(484.8–870.9)

528.9
(452.7–668.4)

509.4
(430.2–732.3)

512.1
(366.9–934.8)

452.4*
(322.2–769.5)

Notes: T cell activation was performed in the presence of MACSiBead particles conjugated with Abs against human CD2, CD3, and CD28. Data are presented as
Median with the first and third quartiles (Q1-Q3); * p < 0.05 – as compared to cell culture supernatants derived from activated T cells cultured in the absence of
GM-CSF.
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periphery. Such Mph differentiation is accompanied by
increase in CCR7 expression on DCs, thus effectively
permitting their migration to lymph nodes for developing
adaptive immunogenesis.32 On the other hand, by down-
regulating CD14, СD16, and CD119 expression (and pos-
sibly other Mph-related molecular receptors for inflam-
matory ligands), GM-CSF could prevent (or restrain) the
development of excessive inflammatory activity, which
otherwise could hinder the development of a well-
balanced adaptive immunogenesis and lead to a severe
tissue damage.

Clearly, the effect of GM-CSF on adaptive immunogen-
esis is not restricted to just Mph cells, but also involves
T cells. Here, we showed that GM-CSF treatment was
facilitative of direct CD38-dependent activation of relatively
low-differentiated T cells, which could migrate to lymphoid
tissues and proliferate if appropriate antigenic stimuli are
available. Interestingly, in our experiments, GM-CSF did
not enhance CD25 expression, and neither it up-regulated
T cell sensitivity to IL-2 (data not shown). We speculate
that positive GM-CSF-mediated effects on the generation of
immunological memory are likely to be associated with its
ability to stimulate immunogenic antigen-presentation,
rather than with a direct growth effect on T cells. Indeed,
CD38 has been shown to concentrate in the contact area of
T cell-antigen-presenting cell immunologic synapse,33 sug-
gesting that GM-CSF could affect antigen presentation by
fine-tuning immunological synapse configuration via
a putative CD38-dependent mechanism.

Taken together, phenotypical data obtained here suggest
that local GM-CSF production would stimulate influx of
Mc/Mphs to the periphery and their subsequent differentia-
tion into DCs. Furthermore, through favoring T-cell-
mediated immunogenesis in regional lymph nodes, GM-
CSF could promote the development of the antigen-driven
immune memory. In this case, anti-inflammatory activity of
GM-CSF would protect tissues per se from excessive cyto-
destructive inflammation and provide a supportive environ-
ment for immune memory formation.

We stress that our experimental system is not without
some limitations. Thus, we studied the effects of GM-CSF
on Mphs and T cells upon their relatively brief exposure to
this cytokine in the absence of co-stimulatory signals in
order to minimize secondary effects of mediators produced
by immunocompetent cells. This particular situation could
to some extent underlie relatively minor functional GM-
CSF-mediated changes observed in immunocompetent cells
studied. We argue that under in vivo conditions those
immunocompetent cells are subject to a more robust multi-
component cell- matrix- and cytokine-dependent stimula-
tion, such that GM-CSF-mediated effects on initiation and
maintenance of the adaptive immunogenesis could be much
more pronounced, thus playing more substantial role in it.

Interestingly, the hematopoietic system of GM-CSF-deficient
mice appears to be normal, with the most significant changes
observed in some individual T cell responses.34 This data denote
that GM-CSF could be a more significant player in positive reg-
ulation of the adaptive immunogenesis rather than of the innate
immunity. This conclusion is indeed in agreement with the results

of this study, as well as with the current paradigm on the role of
GМ-CSF as an immunostimulatory cytokine. On the other hand,
GM-CSF plays a key role in the generation of myeloid-derived
suppressor cells known to exert negative effects on the develop-
ment of adaptive T cell immune reactivity. Therefore, multi-
directional effects of GM-CSF on innate and adaptive immune
reactivity require caution as far as therapeutic applications of this
cytokine are concerned.

Conclusions

In general, major effects of GM-CSF on immunity could
be directed toward establishing a favorable migration pat-
tern, antigen processing and presentation conditions for
implementing adaptive immune reactivity, with concomi-
tant protection against excessive pro-inflammatory activa-
tion of the immune system.

Materials and methods

The study protocol has been approved by the committee on
human research at the Immanuel Kant Baltic Federal University
(№7/10.03.2015). Heparinized blood samples were taken from
median cubital vein of 22 healthy donors (both men and women
aged between 21 and 40 years) according to a standard clinical
procedure. Signed informed consent forms were obtained from all
donors.

Isolation of cells and assessment of cell viability

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from blood using Ficoll-Paque (Ficoll-Paque™
PREMIUM, 1.077 ± 0.001 g/mL, GE Healthcare, USA)
gradient centrifugation. CD14-positive cells were isolated
from PBMCs by magnetic column separation (MS col-
umns, Miltenyi Biotec, Bergisch Gladbach, Germany)
using CD14 MicroBeads (CD14 Micro Beads human,
Miltenyi Biotec). CD3 + T lymphocytes were also isolated
by magnetic column separation using CD3 MicroBeads
(CD3 Micro Beads human, Miltenyi Biotech). All proce-
dures were performed exactly as specified in the manu-
facturer’s instruction. Cells were counted using a Z2 Cell
and Particle counter (Beckman Coulter Inc.,
Fullerton, USA).

Cell cultures

Isolated CD14-positive cells were cultured at 1.0–
1.5 × 106/ml in 24-well plates in the presence or absence
of bacterial LPS (1.0 μg/ml, Salmonella typhi,
Pyrogenalum, Medgamal, Scientific Research Institute of
Epidemiology and Microbiology named after
N. F. Gamalei, Russian Academy of Russia) in a serum-
free cell culture medium TexMACS™ (Miltenyi Biotec)
supplemented with 5.0 × 10−5 2-mercaptoethanol (Acros
Organics/Thermo Fisher Scientific, NJ, USA) in
a humidified CO2 incubator at 37ºC for 24 h. Isolated
T cells were cultured at 1.0–1.5 × 106/ml in the presence
or absence of MACSiBead particles conjugated with
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antibodies (Abs) against human CD2, CD3, and CD28 (T
Cell Activation/Expansion Kit, human, MACS Miltenyi
Biotec) in the same cell culture medium for 48 h. Both
Mc/Mph and T cell cultures were incubated in the pre-
sence (test cultures) or absence (negative controls) of
a tenfold dilution series of recombinant human GM-CSF
(0.01; 0.1; 1.0, and 10.0 ng/ml).

Flow cytometry

Surface characteristics of Mc/Mph cells were studied by
staining with a cocktail of the following specific monoclo-
nal antibody (Ab)-based reagents: peridinin chlorophyll
(PerCP)-labeled anti-CD14 (eBioscience, USA), fluorescein
isothiocyanate (FITC)-labeled anti-CD16, phycoerythrin
(PE)-labeled anti-CD119, allophycocyanin (APC)-labeled
anti-CD124, and PE/Alexa Fluor® 488-labeled anti-CD197
(BioLegend, San Diego, CA). Phenotype of various T cell
subsets was analyzed using the following Ab reagents:
СD4-PerCP, CD115-FITC (eBioscience), CD197-PE,
CD45RA-APC (BD Pharmingen, San Jose, CA), and
CD25-FITC (BioLegend). Cell viability was assessed by
staining with a membrane impermeable dye propidium
iodide (PI) (eBioscience) followed by flow cytometry.
Single-stained samples were used to determine the levels
of compensation for spectral overlaps. Positive/negative
boundaries and non-specific binding were established by
using unstained controls and fluorescence minus one con-
trols (FMO). To account for the nonspecific antibody
binding, we used isotype controls (Iso IgG2a for APC,
PE, AF488; Iso IgG1 for FITC, PE) (BioLegend). Flow
cytometry was performed on a BD Accuri™ C6 flow cyt-
ometer (BD Biosciences, San Jose, CA, USA), and data
analysis was done using BD Accuri™ C6 Software package
(BD Biosciences).

ELISA

Concentrations of interleukin-1β (IL-1β), IL-2, IL-4, IL-10,
IL-6, interferon-γ (IFN-γ) and tumor necrosis factor-α
(TNF-α) in cell culture supernatants were measured
using commercially available ELISA kits (Vector-Best,
Novosibirsk, Russian Federation), according to the manu-
facturer’s instructions, using an Automated EIA and
Chemistry Analyzer (ChemWell 2910, Awareness
Technology, Inc., Palm City, FL).

Statistical analysis

Statistical analysis was performed using IBM SPSS
Statistics for Windows, version 20.0 (Armonk, NY: IBM
Corp). None of the quantitative variables in the compar-
ison groups were normally distributed according to the
Kolmogorov–Smirnov test. Therefore, comparison
between independent groups was performed using the
Mann–Whitney U test. Median (Me) with the first and
third quartiles [Ме (Q1-Q3)] were calculated for the vari-
ables in the comparison groups. P < .05 was considered
statistically significant.
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