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dUBPOTEHHbIN U DUBPOJIMTUHMECKUU MOTEHLIUA
PA3JINMHO AKTUBUPOBAHHbIX MAKPO®DAIOB YEJIOBEKA
Makcumona A.A., Caxuo JI.B., Ocrannu A.A.

DI'BHY «Hayuno-uccaedosamenbckuil UHCMUmym (QyHOaMeHmanbHol U KAUHUYECKOU UMMYHOA0UU»
2. Hosocubupck, Poccus

Pesrome. Makpodaru y4acTBYIOT B peTyJsIunu (uoporeHesa 1 IIpoliecce CUMHTe3a/nerpagalny BHEKIIe-
TOYHOTO MaTpuKca. OTHUM U3 CITOCOOOB peaiM3aliny JaHHOM (DYHKIINHU SIBJISICTCS IIPOAYKIINS UMU (rUOpO-
TeHHBIX 1 (UOPOIMTHUICCKUX (haKTOPOB, BKIIOUas PUOPOHEKTUH, JAMUHIH, KOJIJIareH, a TakKKe IIpoTeasbl
BHEKJIETOYHOTO MaTpuKca. I[TpoayKiius 00IbIIMHCTBA M3 HUX XOPOIIO M3ydeHa B 3KCIIEPUMEHTAILHBIX MO-
IIEeJISIX Ha KMBOTHBIX, OJHAKO B OTHOIIIEHNN MaKpodaroB 4eoBeKa BCE eIlle OCTACTCSI MHOTO HESICHOCTE.
IToaToMy 11e1bI0 HACTOSIIIIETO UCCASAOBAHMS SIBIISUIOCH M3YYSeHHE COASPKaHUS IIPOTea3 BHEKJICTOUHOTO Ma-
tpukca (MMP-2 u MMP-9, karenicuna L), nx uuruoburopon (TIMP-1) u xomnarena (I tuma) B cynepHa-
TaHTaX Pas3IMYHO aKTUBHUPOBAHHBIX MaKpodaroB 4ejaoBeKa. Hamu ObLI0 IIpoBeAeHO cpaBHEHNUE MaKpoda-
roB, nnddepenumpoBaHHbIX M-CSF niin GM-CSF u nanee mojisipru3oBaHHBIX B M 1 TMonojimcaxapuaomM,
B M2a — IL-4 u B M2c — nekcameTa3oHoM. Makpodaru nmoaydaii 3 MOHOIIMTOB MepudeprndecKoil KpoBU
YCIIOBHO 310pOBEIX nToHOpOB. Conepxkanme MMP, TIMP, katencuHa M KoJulareHa OIpeIessiii C TTOMO-
IO COOTBETCTBYIOIIMX HA0OPOB MMMYHOMEPMEeHTHOro aHaian3a. COrjacHO MOJIyYeHHBIM pe3yJbTaTaM,
mrddepeHINPOBOYHBIC (DAKTOPHI UTPAIOT OojIee BaXKHOES 3HAUCHME TSI IIPOAYKIINH BBIIIIEIIE PSUNCIICHHBIX
BEIIIECTB M0 CPABHEHUIO C IMOISIPUIYIOIINMHU cTuMydamMu (uriononmcaxapun, 1L-4, nekcameraszon). [1pnu
sToM Makpodaru, nuddepeHnuposanibie M-CSF, TposBisian mpenMyniecTBEeHHO aHTU(DUOPOTreHHYIO aK-
TUBHOCTL OJrarogapst BeIpaxkeHHoOU npoaykinun MMP, torna kak GM-CSF-unaynupoBaHHbIe KYJIBTYPHI,
HaIIpOTHUB, XapaKTepU30BaInCh TPOoGUOPOreHHLIMU CBOMCTBAMU 3a CUET BbIcOKOTO YpoBHSI TIMP-1 11 xoJ1-
nmareHa I tTumma. M1, M2a u M2c, uanynuposanubele M-CSFE, paznuyannch TOJIbKO IO YPOBHIO TTPOAYKIINU
MMP-2, mpuueMm M2a akTUBHee IIPOAYLIAPOBAIN JaHHYIO METAJLUIOIIPOTEMHA3Y 110 CPAaBHEHMIO C IPYTUMU
noaturtamu. Cpengu GM-CSF-muddepeHimmpoBaHHBIX MaKpodaroB 60jee BEICOKUI YPOBEHD MPOXYKIINHI
TIMP-1 u, B MeHb1el crenneHu, kKonareHa I tTuna ObL1 XapakTepeH ajist M1, Torma Kak cyrepHaTaHThI
M2c oTnn9aarch MUHAMAIBHOM KOHIIEHTpAINEe yKa3aHHBIX (pakTopoB. UTo KacaeTcst ypoOBHSI IIPOXYKIINN
KaTerncuHa L, To oH ObUT OTHOCHTEJIFHO ITOCTOSSHHBIM M He 3aBHCE]I OT YCJIIOBHU reHepauy Makpodaros
(muddepeHIMPOBOUYHBIX U TTOJISIPU3YIONINX CUTHAJIOB). TaKMM 00pa3oM, ITOIyYeHHBIE HaMU JaHHBIC I10-
MOTa[OT UACHTU(MUIIMPOBATH MTOATUIIE MaKpoharoB ¢ aHTH- WX TPOOUOPOTeHHBIM MOTSHIINAIOM 1 MOTYT
OBITH ITOJIC3HEI IJIsI Pa3pabOTKM KJIIETOYHOM Tepaltiu 3a00JieBaHUI, CBSI3aHHBIX C HAPYIIICHUEM PETyJISIIINNI
¢ubporeHesa.
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FIBROGENIC AND FIBROLYTIC POTENTIAL OF DIFFERENTLY
ACTIVATED HUMAN MACROPHAGES
Maksimova A.A. Sakhno L.V., Ostanin A.A.

Research Institute of Fundamental and Clinical Immunology, Novosibirsk, Russian Federation

Abstract. Macrophages are involved in the regulation of fibrogenesis and turnover of the extracellular
matrix. One way to perform this function is through the production of profibrotic and fibrolytic factors
including fibronectin, laminin, collagen, and extracellular matrix proteases. The production of most of them
has been well studied in experimental models; however, much remains unclear regarding human macrophages.
Therefore, the aim of this study was to study the content of extracellular matrix proteases (MMP-2 and
MMP-9, cathepsin L), their inhibitors (TIMP-1), and collagen (type I) in supernatants of differently
activated human macrophages. We compared macrophages differentiated by M-CSF or GM-CSF and further
polarized in M1 with lipopolysaccharide, in M2a with I1L-4, and in M2c with dexamethasone. Macrophages
was obtained from peripheral blood monocytes. The content of MMPs, TIMP, cathepsin, and collagen was
determined using appropriate ELISA kits. The results obtained demonstrate that differentiation factors are
more important for the production of the above factors compared to polarizing stimuli (lipopolysaccharide,
1L-4, dexamethasone). Moreover, macrophages differentiated by M-CSF showed predominantly antifibrotic
activity because of pronounced MMPs production, while GM-CSF-induced cultures, on the contrary, were
characterized by profibrotic properties due to the high level of TIMP-1 and type I collagen. M1, M2a, and
M2c, induced by M-CSEF, differed only in MMP-2 production, and M2a produced this metalloproteinase
more than other subtypes. In the case of GM-CSF-differentiated cells, a higher level of production of TIMP-1
and, to a lesser extent, type I collagen was characteristic of M1, whereas M2c¢ have minimal concentration of
them among GM-CSF-induced macrophage subtypes. Concerning the level of cathepsin L production was
relatively constant and did not depend on the generation conditions (differentiation and polarizing signals).
Thus, the data obtained help to identify macrophage subtypes with anti- or profibrotic potential and may be

useful for the development of cell therapy for diseases associated with fibrogenesis dysregulation.

Keywords: macrophages, matrix metalloproteinase, collagen, cathepsin, fibrosis, anti-fibrotic activity

This work was financed from the budget of Re-
search Institute of Fundamental and Clinical Im-
munology (reg. number 122011800324-4).

Introduction

Macrophages are the central players in the innate
immunity. Due to amazing plasticity, these cells are
involved in the regulation of many processes in the hu-
man body, including regeneration and tissue remodeling.
The ability to produce various biologically active sub-
stances allows macrophages to directly influence the
turnover of the extracellular matrix (ECM) through the
synthesis and secretion of metalloproteinases (MM Ps)
and other enzymes for ECM degradation. Moreover,
it has recently been shown that macrophages directly
contribute to the heart regeneration and fibrosis by
collagen production [13].

However, there are still many unexplored questions
regarding human macrophages. First, animal and
human macrophages differ significantly, e.g., in the
spectrum and expression level of mRNA of MMPs
and TIMPs [10], so the data obtained on experimental
models require confirmation in the human. Second,
most human macrophage research has been done
on classically and alternatively activated macropha-
ges (generally termed M1 and M2a), whereas other
subtypes are still incompletely described (M2b,
M2c, M2d, etc.) [3,11]. Finally, many researchers

use different differentiation factors to obtain M1 and
M2 cells (GM-CSF and M-CSEF, respectively), while
the conditions of differentiation largely influence the
macrophage functional phenotype [5].

Thus, the aim of our study was to study how diffe-
rentiation and polarization signals affect the pro-
duction of fibromodulatory factors by macrophages,
including matrix metalloproteinases (MMP-2 and
MMP-9), tissue inhibitors of metalloproteinases
(TIMP-1) and collagen, and to determine macrophage
phenotypes with a more profibrotic or fibrolytic
potential.

Materials and methods

The study included 63 healthy donors of both se-
xes aged 22-60 years. Mononuclear cells were isolated
by centrifugation of heparinized venous blood in a
ficoll-verografin density gradient and then cultured
in an amount of 4-5x 10°/mL in 12-well plates
(TPP, Switzerland) in RPMI-1640 medium (BioloT,
Russia) supplemented with 10% fetal bovine serum
(Biowest, USA) and 50 ng/mL recombinant M-CSF
or GM-CSF (Sigma-Aldrich, USA). After 1 hour, the
non-adherent fraction of cells was removed, and the
adhesive one continued to be cultured for 7 days. On
the 5" day, appropriate polarizing stimuli were added
to the cultures: 10 pg/mL LPS (. coli 0114:B4, Sigma-
Aldrich, USA) to obtain M1; 20 ng/mL IL-4 (Sigma-
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Aldrich, USA) — to M2a; 50 ng/mL dexamethasone
(Dex) (KRKA, Slovenia) — to M2c. The supernatants
were collected, centrifuged, cryopreserved and stored
at -80 °C.

The level of production of MMP-9, MMP-2,
TIMP-1, cathepsin L, and type I collagen in super-
natants of 7-day-old macrophage cultures was
assessed using enzyme immunoassay. To determine
the concentration of MMP-2, MMP-9, and
TIMP-1, the corresponding ELISA kit (all R&D
System kits, USA) was used in accordance with the
manufacturer’s instructions. Human Cathepsin L
Platinum ELISA (Invitrogen, USA) was used to
determine the level of cathepsin L production in
accordance with the manufacturer’s instructions.
The level of collagen production was determined by
the concentration of the al-chain of type I collagen
using the Human COL1A1 (Collagen Type I Alpha 1)
ELISA Kit (FineTest, China) in accordance with
the manufacturer’s instructions. The data were
recalculated per 100,000 cells.

The significance of statistical differences bet-
ween the compared groups was assessed using non-
parametric Wilcoxon matched pair test and Mann—
Whitney U test; the differences were considered
significant at p < 0.05.

Results and discussion

Initially, we analyzed the content of ECM pro-
teases in the supernatants of M- and GM-CSF-
differentiated macrophages. MMP-2 and MMP-9
were chosen for assessment because they are important
for fibrogenesis and are the most well produced by
human macrophages. Figure 1A shows that the level of
MMP-2 in the supernatants of M-CSF-differentia-
ted cells was significantly higher compared to GM-
CSF-differentiated analogs. For example, M1(LPS)
in the presence of M-CSF produced MMP-2 at a level
of 3050 pg/mL, while that in the presence of GM-CSF
reached only 33 pg/mL. The content of MMP-2 in
M-CSF-differentiated M2a(IL-4) supernatants was
more than 100 times higher than that of GM-CSF-
induced analogs (5450 and 48 pg/mL, respectively,
py <0.01), and in M2c(Dex) was more than 70 times
higher (2730 and 40 pg/mL, respectively, p; < 0.01).
At the same time, among M-CSF-differentiated
macrophages, M2a(IL-4) were characterized by a
higher MMP-2 value compared to MI1(LPS) and
M2c(Dex) (pw < 0.05 and py, = 0.06, respectively). No
significant differences were found among GM-CSF-
differentiated M 1(LPS), M2a(IL-4), and M2c(Dex).

Next, we determined the content of MMP-9
(Figure 1B). In general, human macrophages produ-
ced this metalloproteinase more actively than MMP-2
(6500-11,000 vs 30-5500 pg/mL, respectively). At
the same time, the level of MMP-9 in cultures of
M-CSF-differentiated macrophages was on average
1.5-1.7 times higher compared to cells differentiated
by GM-CSE M-CSF- and GM-CSF-induced
MI1(LPS) (10170 vs 6770 pg/mL) and M2c(Dex)

(11000 vs 6540 pg/mL) differed significantly from
each other (py < 0.05). As for M2a(IL-4), despite the
fact that in general, M-CSF-induced cells produced
more MMP-9 compared to GM-CSF (9330 vs
6770 pg/mL), no significant differences were found
between subtypes. At the same time, polarizing stimuli
apparently had a less significant effect on the level
of MMP-9 production, since statistical differences
were not found among MI1(LPS), M2a(IL-4) and
M2c(Dex), differentiated by the same factor.

TIMPs are specific inhibitors of metalloprotei-
nases. M-CSF induced the cells with equally low
TIMP-1-producing activity for all subtypes (Fi-
gure 1C) (at the lower sensitivity level of the method,
< 80 pg/mL). However, GM-CSF-differentiated
macrophages quite actively produced this inhibitor
(1450-3800 pg/mL). TIMP-1 production by M1(LPS)
was the highest (3080 pg/mL) and significantly
exceeded M2c(Dex) and M2a(IL-4) at the trend level
(1450 and 2100 pg/mL, respectively, py = 0.004 and
0.06). On the contrary, M2c(Dex) were characterized
by a minimal level of TIMP-1 compared to other sub-
types of GM-CSF-differentiated cells (py, < 0.05).

Cathepsin L is the one of the proteases for which
ECM is a substrate. Figure 1D demonstrates that
macrophages produced cathepsin L at relatively the
same level, regardless of the differentiation and pola-
rizing stimuli. Thus, M-CSF-differentiated M 1(LPS)
did not differ significantly from M?2a(IL-4) and
M2c(Dex), although Cathepsin L concentration in the
M2c(Dex) supernatants was slightly higher compa-
red to the other macrophage subtypes (2350 pg/mL
vs 1650 and 1510 pg/mL, respectively). GM-CSF-
differentiated M1(LPS), M2a(IL-4), M2c(Dex) also
did not differ in cathepsin L production (1600, 1480,
and 1330 pg/mL, respectively).

Finally, the production of type I collagen by
human macrophages was investigated. It turned out
that all the studied macrophage subtypes produced
collagen I at a well-detectable level (Figure 1E). In
general, except M2c(Dex), M-CSF-differentiated
macrophages had a significantly lower level of col-
lagen I production compared to GM-CSF analogs.
Actually, the concentration of collagen in M-CSF-
differentiated MI(LPS) supernatants was more
than 2.5 times lower than that in GM-CSF-induced
MI1(LPS) cultures (3350 vs 8100 pg/mL, respectively;
py = 0.05). M2a(IL-4) differentiated M-CSF also
had lower levels of collagen I compared to GM-CSF
analogs (4740 vs 7000 pg/mL, p; < 0.05). However, no
significant differences were found between M1(LPS),
M2a(IL-4), and M2c(Dex) differentiated by M-CSF
factor.

MMPs and TIMPs are the most important me-
diators of ECM turnover, so the ability of macropha-
ges to produce these factors at high concentrations
is believed to reflect their ability to maintain tissue
homeostasis through ECM remodeling [15]. MMPs
degrade ECM proteins, predominantly collagen,
while TIMPs are specific inhibitors of MMPs.
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Figure 1. Production of profibrotic and fibrolytic factors by differently activated human macrophages
Note. (A) Production of MMP-2 by macrophage subtypes, n = 7-8. (B) Production of MMP-9 by macrophage subtypes, n = 12-14. (C) Production
of TIMP-1 by macrophage subtypes, n = 6-12. (D) Production of cathepsin L by macrophage subtypes, n = 5-10. (E) Production of collagen | by

macrophage subtypes, n = 4-13. Data are presented as individual values, median and interquartile range;

* py < 0.05: **, p, < 0.01; ***, p, < 0.001

statistical difference with M-CSF-induced cells. The line indicates the differences between the indicated macrophage subtypes; #, py, < 0.05; ##,

pw < 0.01.

The expression of MMPs and TIMPs in cells and tis-
sues is specific and depends on many factors. The syn-
thesis of MMPs and TIMPs is controlled by various
microenvironmental signals such as cytokines and
growth factors. Moreover, the expression of various
MMPs can be stimulated or suppressed by integrin sig-
nals, ECM proteins, and cell shape changes. In general,
the level of MMP production outside of pathology is
quite low, but it significantly increases in tissues during
wound healing, repair, and remodeling [10].

Human macrophages produce the wide spectrum
of MMPs, as well as TIMPs, and their production

depends on the stage of maturation/cell differentiation
and the polarization state of macrophages. In general,
the expression of most MMPs (MMP-2, MMP-7,
MMP-9, etc.) is significantly increased during the
differentiation of monocytes into macrophages [10].
At the same time, differentiation factors, such as
M-CSF or GM-CSEF, can affect the spectrum of
MMPs and TIMPs produced. Here we demonstrate
that in relation to MMP-2 and MMP-9 production,
M-CSF increases MMP levels more than GM-CSF,
and this is consistent with the study of Aristorena
et al., which indicated that mRNA MMP-2 and
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MMP-9 were more strongly expressed in M-CSF-
stimulated macrophages (although the differences
were not too pronounced) [1].

In addition, various activation signals (LPS,
IFNy, TNFa, 1L-18, IL-4, IL-10) influence the
MMP and TIMP profile [6, 7]. However, the data
obtained are often contradictory. So, Huang et al.
showed that the polarization of macrophages towards
M1 phenotype increases the mRNA expression
of MMP-1 and MMP-12 along with decrease in
MMP-2 expression. As for MMP-9 and TIMP-1,
there is no difference between M1 and M2 cells [6].
On the contrary, Jager et al. revealed an increase in
MMP-1, MMP-9, MMP-12 and TIMP-1 expression
after M2 polarization, while M1 and M2 cells did
not differ in the MMP-2 expression [7]. Most likely,
these differences are due to the different protocols for
the generation of macrophages. Of note, the authors
utilized M-CSF for macrophage generation. Along
with Huang’s study, we also found higher levels of
MMP-2 in M-CSF-induced M2a(IL-4) cultures
compared to M1(LPS), and showed that there is no
significant difference on MMP-9 production between
MI1(LPS), M2a(IL-4), and M2c(Dex).

TIMP-1 production reflects the profibrotic
capacity of cells, and high values of this inhibitor
were found in progressive fibrosis in humans and in
experimental animals. On the contrary, during the
resolution of fibrosis, there is a rapid decrease in
the TIMP level and a change in the overall balance
of MMP/TIMP, accompanied by an increase in the
rate of ECM degradation [2]. In addition, TIMPs
can influence fibrogenesis by regulating the growth
of various cell types, in particular, by stimulating
proliferation of fibroblasts [9]. According to our
results, GM-CSF directs macrophage differentiation
to a more profibrotic phenotype compared to M-CSFE.
In contrast to Jager et al., who showed a higher level of
TIMP-1 in M-CSF- differentiated macrophages with
the M2 phenotype at the level of mRNA expression [7],
we did not reveal any differences between M1 and
M2 at the protein level. But this discrepancy may be
insubstantial, since the level of production often is not
in line with the level of gene expression.

Here, we also studied for the first time the pro-
duction of such an important ECM protease as
cathepsin L by differently activated human macro-
phages. Our data show that macrophages pro-
duce cathepsin L at a well-detectable level (1300-
2300 pg/mL), which is relatively constant regardless
of microenvironmental conditions.

Collagen is the predominant component of ECM
playing an important structural role and largely
determines the mechanical properties, organization,
and structure of tissues. An increase in the collagen
amount is associated with the development of fibrosis.
It is believed that fibrillar collagens, and especially
type I collagen, are of paramount importance. Thus,
type 1 collagen has been shown to be involved in

the pathogenesis of pulmonary and hepatic fibrosis,
systemic scleroderma, and hypertrophic scars [8].

It was previously thought that all collagens are
secreted exclusively by fibroblasts, but it is now known
that certain types of collagens can be produced by
numerous epithelial cells as well as by macrophages.
Several studies in animal models have demonstrated
that macrophages express collagen mRNA and
isoforms of collagen-associated genes, and are capable
of producing various types of collagens, in particular,
type I collagen [13, 14]. Moreover, by producing
collagen, macrophages directly contribute to the
development of cardiac fibrosis [13]. Recent studies
suggest that collagen production by macrophages is
an important link in the pathogenesis of fibrosis and
regeneration [14].

In humans, the ability of macrophages to produ-
ce collagen has also been demonstrated. Indeed,
Schnoor et al. showed that monocyte-derived macro-
phages expressed mRNA of all collagen types (except
XIII and XXII) are capable of producing type VI
collagen [12]. In another study, the high level of
expression of mRINA of various types of collagens (IV,
VI, VIII, etc.) was also confirmed [4].

Here we first demonstrate that human macro-
phages are capable of producing type I collagen.
Moreover, the level of production of this protein
is largely determined by the conditions of macro-
phage differentiation (M-CSF or GM-CSF), while
polarizing stimuli have a less significant effect.
Differentiation stimuli can act directly on collagen
mRNA expression and its further production or
indirectly through the regulation of the MMP/TIMP
balance, which in turn affects collagen degradation.

Conclusion

In summary, M-CSF-differentiated macropha-
ges in general exhibit more fibrolytic properties
due to the higher level of production of MMP-2
and MMP-9, along with a low value of TIMP-1
and collagen I, while GM-CSE on the contrary,
promotes profibrotic activity of macrophages. At
the same time, polarization in the M1, M2a, M2c
direction in the presence of M-CSF slightly affects
the production of the studied factors (differences
were found only for MMP-2 production). In the
case of GM-CSF-differentiated cells, the differences
were also not very noticeable. However, in general,
it can be concluded that a higher level of production
of TIMP-1 and, to a lesser extent, collagen I was
characteristic of MI(LPS). In contrast, M2c(Dex)
have minimal concentration of them among GM-
CSF-induced macrophage subtypes. Thus, the results
obtained help to identify macrophage subtypes with
anti- or profibrotic potential and may be useful for the
development of cell therapy for diseases associated
with fibrogenesis dysregulation.
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