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Arginine metabolism plays an important role in the activation of phagocytes, which
are responsible for initiation, regulation, and resolution of inflammation. Deterioration
of phagocyte functions is thought to cause the development of inflammaging and other
age-related disorders. Mesenchymal stromal cells are well known for their immuno-
regulatory properties and ability to modulate activation status of mononuclear phago-
cytes. We aimed to compare arginase activity and NO production in phagocytes from
different sources in young and aged animals, and to explore the effect of syngeneic
thymic mesenchymal stromal cells on these parameters in tissue-resident phagocytes.
We found that arginine metabolism of tissue-resident mononuclear phagocytes from
aged mice is shifted to alternative or anti-inflammatory phenotype, due to a statistically
significant arginase activity increase. Syngeneic co-culture with mesenchymal stromal
cells greatly stimulates arginase activity and up-regulates nitric oxide generation by tis-
sue mononuclear phagocytes regardless of cell donor age. Such bi-directional influence
may be beneficial in clinical application for simultaneous inhibition of inflammation and
infectious process.
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INTRODUCTION

Advanced age impairs correct immune system functioning. The mild inflammatory
state called “inflammaging” is observed in aged subjects, manifested by increased ex-
pression of various inflammatory mediators, and is argued to be caused by altered self-
molecules [12]. At the same time, immune system decline predisposes aged subjects
to a greater risk of infectious diseases, which are the fourth common cause of death
among the people of advanced age [29]. Given the growth of older population through-
out the world, immunosenescence research is obviously of great importance.
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Recently, the focus of immune system studies has shifted to the innate immune
system, due to the recognition of its primary role as a first line defense against infections
and tumor cells, ability to drive adaptive immune responses, and finally, down-regulate
inflammatory reaction and repair damaged tissues. Crucial role in those processes is
attributed to tissue macrophages. Significant progress was made in the understanding
of complex ontogenic origin and functional plasticity of tissue macrophages [14]. Neu-
trophils, earlier recognized as “suicidal killers” only, were found to release a large variety
of cytokines [32] and, similarly to macrophages, are characterized by high metabolic
plasticity [28]. Moreover, neutrophils are currently considered as macrophage partners
in maintaining tissue homeostasis [4, 21]. One of the key features of macrophage meta-
bolic plasticity is differently directed arginine metabolism [24]. Arginine metabolism is
central in the regulation of their pro- and anti-inflammatory activation [27]. There are
two enzymes that utilize arginine and act consequentially: nitric oxide (NO) synthase,
responsible for NO synthesis and its cytotoxic action, and arginase, which is induced
after an inflammatory stage and mediates reparation of tissues due to the synthesis of
proline and polyamines [23]. Neutrophils also express arginase and apparently utilize
the same metabolic pathways of arginine metabolism [8]. So, nitric oxide level and
arginase activity are convenient and representative markers that allow us to estimate
activation state of those innate immune cells.

It is suggested that phagocytes play the central role in the development of inflam-
maging and other age-related immune-based disorders [36]. However, mechanisms
responsible for age-related deterioration are poorly understood, necessitating further
research in this field.

Mesenchymal stem cells (MSC) are promising candidates for treatment of the
immune-based disorders including inflammaging [31, 33, 34]. In our previous study,
we have registered potent modulatory effect of MSC on murine bone-marrow derived
macrophage (BMDM) metabolism, more pronounced in aged animals [10]. However,
tissue-resident macrophages mostly have embryonic origin, and they are functionally
distinct from bone-marrow derived phagocytes [16]. Moreover, tissue-resident phago-
cytes from distinct location differ from each other by molecular signatures and metabolic
profile [18]. Thus, the main aim of this work was to compare arginase activity and NO
production in phagocytes from different sources in young and aged animals. A study of
the effect of syngeneic thymic MSC on these parameters in tissue-resident phagocytes
was also performed to explore the pattern of the modulatory effect of this methodologi-
cal approach in animals of different age.

MATERIALS AND METHODS

Ethical statement. Mice were given ad libitum access to food and water. Animal
manipulations were approved by Bioethics Committee of Educational and Scientific
Centre “Institute of Biology and Medicine” of Taras Shevchenko National University of
Kyiv (Protocol Ne1 of the 20th of February 2017). All experiments were carried out on
young (8—12 weeks) and aged (18-23 months) male C57/B6 mice. Animals were sacri-
ficed by CO, inhalation.

Neutrophil isolation. Tibias and femurs were aseptically obtained. The bones
were asepticized in 70 % ethanol and washed 3 times in Ca?/Mg?"-free DPBS (Sig-
ma, USA). Epiphyses were excised from leg bones. The bone marrow was flushed out
with 5 ml of Ca?"/Mg*'-free HBSS (Thermo Fisher Scientific, USA), and filtered through

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriyHi Ctygii / Studia Biologica e 2017 e Tom 11/Ne2 e C. 13-22



AGE-RELATED CHANGES OF ARGINASE ACTIVITY AND NITRIC OXIDE LEVEL IN PHAGOCYTES AND THEIR MODULATION... 15

a 70-um nylon mesh filter. The leukocytes were layered on top of a 62 % percoll (Sigma,
USA) density gradient of equal volume. Cells were centrifuged at 1,200 g for 30 min at
room temperature. After centrifugation, neutrophils were harvested from beneath the
62 % percoll layer and washed in Ca*/Mg?*-free DPBS [22]. Bone marrow neutrophils
were resuspended, counted, and 2x10° cells per well were seeded into corresponding
wells of 96-well culture plates. Cells were cultured overnight in complete medium con-
taining RPMI-1640, 10 % FBS and 100 IU/ml ampicillin in CO, incubator (Thermo Sci-
entific, USA) at 37 °C and 5 % CO,,.

Alveolar macrophage isolation. Lungs and trachea were aseptically excised and
rinsed in normal saline to wash-out residual blood. Then, bronchoalveolar lavage was
performed by flushing of the lungs through the trachea three times with 1 ml of Ca?*/
Mg?*-free DPBS containing 1 mM EDTA, using syringe with 30 G needle. Cells were
centrifuged 10 min at 400 g. The supernatant was discarded, cells washed in Ca?/Mg?*-
free DPBS, resuspended, counted, and 2x10° cells per well were seeded into corre-
sponding wells of 96-well culture plates. Non-adherent cells were removed after 2 hours
of incubation at 37°C and 5 % CO,. Cells were cultured overnight in complete medium
in CO, incubator at 37 °C and 5 % CO,.

Peritoneal macrophage isolation. Resident peritoneal macrophages were asepti-
cally isolated as described elsewhere [35]. Briefly, 8 ml of the cold Ca?*/Mg?*-free DPBS
were injected into the peritoneal cavity and slowly aspirated from it. Cells were centri-
fuged 10 min at 400 g. The supernatant was discarded, cells washed in Ca?*/Mg?*-free
DPBS, resuspended, counted, and 2x10°cells per well were seeded into corresponding
wells of 96-well culture plates. Non-adherent cells were removed after 2 hours of incu-
bation at 37 °C and 5 % CO,. Macrophages were cultured in complete medium in CO,
incubator at 37 °C and 5 % CO, alone or with syngeneic thymic MSC for 7 days. The
ratio of co-cultured macrophages/MSCs was 10:1. Control wells contained only MSC.
The culture medium was replaced every other day.

Mesenchymal stromal cell isolation and culturing. Thymuses were removed
under sterile conditions from young 6-8 weeks old C57/B6 male mice. Explant tech-
nigue was applied for the preparation of thymic stromal cell culture [25]. Cell culture me-
dium contained DMEM/F12, 1:1, (Sigma, USA), 10 % fetal bovine serum (FBS, Sigma,
USA), 10 mM L-Glu (Sigma, USA), 100 IU/ml penicillin, and 100 IU/ml streptomycin.
Cells were cultured in CO, incubator (Jouan, France) at 37 °C and 5 % CO,. Mixture of
0.05 % trypsin and 0.02 % EDTA (Bio Test Med, Ukraine) in 1:3 ratio, pH 7.4, was used
for cell passaging. The cells were used in experiment at the third passage.

Nitric oxide measurement. Standard Griess reaction was used for the measure-
ment of nitrites in the supernatants of macrophage cultures, as described previously
[7]. Briefly, 100 uL of Griess reagent, containing equal volumes of 2 % sulfanilamide in
2.5 % H,PO, and 0.2 % N-(1-naphthyl) ethylenediamine dihydrochloride, was added
to each sample in equal volume. After incubation for 30 minutes at RT in the dark, ab-
sorbance was determined in a microplate reader (Ascent, Labsystems, Finland) at 540
nm wavelength. NO concentration was defined in comparison with a standard curve of
sodium nitrite (5 to 100 yM). Quantity of NO was presented per 10° cells.

Evaluation of arginase activity. Arginase activity was analyzed in cell lysates as
described elsewhere [7]. Briefly, cells were lysed with 0.1 % Triton X-100 lysis solu-
tion. Then, 100 uL 50 mM Tris-HCI, pH 7.5, and 10 pL of 10 mM MnCl, were added
to each specimen, and the plates were heated for 7 min at 56 °C for enzyme activa-
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tion. Then, 100 pL 0.5 M L-arginine was added to the equal volume of the sample.
After the incubation for 2 h at 37 °C, the reaction was stopped with 800 uL of the
acid mix containing H,PO,/H,SO,/H,0 in the volume ratio of 1:3:7. Then, 40 uL 6 %
a-isonitrosopropiophenone in 100 % ethanol was added to the tubes. Samples were
incubated for 30 min at 95 °C. After cooling, absorbance was determined in a micro-
plate reader (Ascent, Labsystems, Finland) at 540 nm wavelength. Urea concentration
was assessed by comparison with a standard curve of 7.5 to 60 pg urea. The following
formula was used:

ug ureax50 (dilution factor)

- - - - - — = units of arginase per 10°cells
60 (molecular weight of urea)xt (minutes of incubation with arginine)

1 unit — quantity of enzyme which is needed to hydrolyze 1 uM arginine per minute.
Statistical analysis. Student’s t-test was used for statistical significance determi-
nation. The values of p <0.05 were considered as significant.

RESULTS AND DISCUSSION

In order to explore the age features of arginase activity and NO production in
phagocytes, we have used cells of different ontogeny from discordant sources (peri-
toneal and alveolar macrophages, bone marrow derived neutrophils). Arginase activity
was higher in phagocytes from old mice compared to young animal (Fig. 1-3). However,
this difference was statistically significant (p<0.05) only in the case of alveolar and peri-
toneal macrophages. Conversely, in our previous experiments with splenic and BMDM,
cells from old mice had lower arginase activity than their younger counterparts [10, 11].
It has been shown that peritoneal cavity contains two populations of macrophages:
large peritoneal macrophages, presumably derived from the yolk sac, and small peri-
toneal macrophages, that are thought to be derived from bone marrow precursors [5].
Under the steady state conditions, as in our experiment, fetal precursor-derived large
peritoneal macrophages prevail over small peritoneal macrophages. Alveolar macro-
phages are also believed to originate from fetal precursors [13]. As mentioned previ-
ously, macrophages differentiated from monocytes which migrated into the tissues upon
inflammation, are functionally distinct from fetal precursor-derived tissue-resident mac-
rophages [16]. BMDM rather resemble macrophages differentiated from inflammatory
monocytes, than tissue-resident macrophages. Splenic macrophages ontogeny is hard
to define, because spleen contains four distinct populations of macrophages, where red
pulp macrophages have a fetal origin, while the origin of three other cell populations is
largely unknown [9, 15]. Therefore, age-related changes in phagocyte arginase acti-
vity depend on their ontogeny, and this assertion is also confirmed by findings of other
research group [6].

To explore reversibility of age-related changes in arginine metabolism, we co-cul-
tured syngeneic thymic MSC with peritoneal macrophages, obtained from mice of dif-
ferent age. Co-culture peritoneal macrophages from both young and old animals with
syngeneic thymic MSC resulted in up-regulation of arginase activity as compared to
corresponding controls (p<0.001 and p<0.05, respectively) regardless of donor’s age.
These results are consistent with reports of different authors regarding anti-inflammatory
activation of alveolar macrophages upon co-culture with mesenchymal stromal cells [3,
20, 30]. A similar pattern of arginase activity was observed in our previous experiment
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after co-culturing of BMDM from mice of different age with MSC [10]. Thus, MSC ex-
ert arginase-stimulating effect on phagocytes irrespective of their ontogeny and donor
age. However, considering already enhanced arginase activity in tissue-resident macro-
phages from old animals, and the ability of arginase to suppress T-lymphocyte prolifera-
tion by limiting arginine availability [26], such effect may not always be beneficial. In par-
ticular, phagocytes were shown to acquire immunosuppressive and tumor-promoting

function after co-culture with MSC [17].

6

-

Arginase activity (units/10° cells
~ w

300

250

N
5]
g

2
g

Arginase activity (units/10° cells)
I
2

~

Arginase activity {units/10° cells)

Young Mph

*%

[

Old Mph

Young Mph Young Mph+MSC

Old Mph

Old Mph+MSC

Young Neu

0Old Neu

Fig. 1.

Puc. 1.

Fig. 2.

Puc. 2.

Fig. 3.

Puc. 3.

Arginase activity of the alveolar macro-
phages obtained from mice of different ages.
Values are given as meantSEM (n = 4).
*p < 0.05 compared to young Mph group.
Mph — macrophages

ApriHazHa aKTUBHICTb anbBEONspHUX Ma-
KpodpariB, OTpUMaHVX BiJ MWLLIER pi3HOro
Biky. *p < 0,05 NOpiBHSIHO 3 rpyno Makpo-
daris Mmonoamx muwen. Mph — makpodaru

Arginase activity of the peritoneal mac-
rophages obtained from mice of different
ages, alone or after co-culturing with syn-
geneic thymic MSC. Values are given as
mean+SEM (n = 3). *p < 0.05 compared to
young Mph group; **p < 0.001 compared to
young Mph group; # p < 0.05 compared to
old Mph group. Mph — macrophages, MSC —
mesenchymal stromal cells

ApriHasHa  aKTUBHICTb  MepuUTOHearnbHUX
Makpodaris, oTpUMaHuX Big MULLEN Pi3HO-
ro BiKy, KynbTMBOBaHWX Okpemo abo pasom
3i CUHFEHHUMU TUMIYHUMU ME3EHXIMHUMU
ctoBbypoBuMMU KniTuHamu. *p < 0,05 no-
PiBHSHO 3 Trpynolo MmakpodariB Monoamx
muwen; **p < 0,001 MopiBHAHO 3 rpymnoto
Makpodparis monogux muwen; # p < 0,05
MOPIBHSHO 3 rpyrnoto Makpodaris crapux Mu-
wen. Mph — makpocbarn, MSC — Me3eHXiMHi
CcTOBOYPOBI KNiTUHK

Arginase activity of the neutrophils obtained
from mice of different ages. Values are given
as mean+SEM (n = 4). *p < 0.05 compared
to young Mph group. Neu — neutrophils
ApriHazHa aKTUBHICTb HenTpodinie, OTpu-
MaHUX Big Muwen pisHoro Biky. *p < 0,05
MOPIBHAAHO 3 rpynok Makpodparis MONoamx
muen. Neu — HenTpodpinum
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There were not statistically significant differences in nitrite levels between cells
obtained from mice of different age in all investigated phagocyte populations (Fig. 4-6).
Therefore, basal nitric oxide production is preserved in phagocytes of aged mice at
the same level as in young animals. These data corroborate our previous findings on
BMDM [10] and splenic macrophages [11] obtained from young and aged intact C57/B6
and immunized CBA/Ca mice, respectively, and are in concordance with the results of
another research groups [6, 19]. However, Cecilio et al. as well as Kohut et al. reported
dramatical age-related changes in stimulated NO generation by murine phagocytes [6,
19]. According to the observations of mentioned research groups, phagocytes from mice
of different age respond differently to exogenous (pro- and anti-inflammatory) stimuli,
depending on the origin and maturity of these cell donors. Arginine metabolism of BMDM
from aged animals was more sensitive to exogenous stimuli than that from young mice.
Whereas susceptibility of tissue phagocytes to exogenous arginine metabolism inducers
did not differ significantly as a whole in the animals of different age [6, 19].
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l Fig. 6. The level of NO production by the neutro-
phils obtained from mice of different ages.
Values are given as meantSEM (n = 4).
*p < 0.05 compared to young Mph group.
Neu — neutrophils
Puc. 6. PiBeHb npoaykuii okcuay asoTy HeuTpodi-
namu, oTpPUMaHUMM Bif, MULLIEN Pi3HOTO BIKY.
*p < 0,05 nopiBHSAHO 3 rpynot Makpodaris
Young Ne Ol Neu mMonoaux muwen. Neu — HenTpodinu
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MSC display both anti-inflammatory and proinflammatory effects in vivo, and can be
considered as bi-directional exogenous modulators of arginine metabolism [1]. Unlike
BMDM in our previous experiments [10], peritoneal macrophages after the co-culture
with syngeneic thymic MSC exhibited higher nitric oxide production compared to cor-
responding control cells, regardless of donor age (p<0.05 and p<0.01 as compared to
macrophages from young and old animals, respectively). Apart from its role as cytotoxic
agent, NO plays important signaling role in the regulation of the development, differentia-
tion, and function of T-lymphocytes, where low levels of NO in the microenvironment of
these cells, including reactive nitrogen species produced by tissue phagocytes, up-regu-
late their differentiation and survival, whereas high levels inhibit their proliferative acti-
vity [2]. Thus, it can be speculated, that stimulation of NO production may be a part of the
immunosuppressive action of MSC. However, this suggestion warrants further study.

CONCLUSION

Arginine metabolism of tissue-resident mononuclear phagocytes from aged C57/B6
mice is shifted to alternative or anti-inflammatory phenotype (M2). Besides, there was
non-statistically significant shift towards an anti-inflammatory N2 phenotype of polymor-
phonuclear phagocytes. Meanwhile basal NO production by tissue phagocytes from
different locations appears to be unaltered with age, and arginine metabolism skew is
mostly stipulated by arginase activity fluctuations. Age-related changes in phagocyte
arginase activity depend on their location and, most likely, ontogeny. Statistically signifi-
cant increase in arginase activity was observed in alveolar and peritoneal macrophages
of old mice, indicating more pronounced anti-inflammatory activation of tissue-resident
mononuclear phagocytes with age. MSC greatly stimulate arginase activity, and there-
fore, anti-inflammatory activation of peritoneal macrophages and donor age turns out
to be irrelevant. Co-culturing with MSC also moderately up-regulates NO generation
by tissue mononuclear phagocytes regardless of cell donor age. Thus, MSC may si-
multaneously inhibit inflammatory response and enhance defense mechanisms against
pathogens in these cells. One can suggest that targeted cell therapy based on MSC
might be effective in patients suffering from immune-inflammatory disorder coupled with
recurrent infectious diseases.
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MeTaboni3m apriHiHy Bigirpae BaxnmBy posb Y akTuBaLii doarounTie, HEOOXiOHMX Ans
iHiLiauiT, perynauii Ta pesontouii 3ananeHHs. MNMopyLleHHsa OyHKLIOHYBaHHSA LUMX KMITUH
BBaXa€ETbCS NPUYNHOIO PO3BUTKY XPOHIYHOIO 3ananeHHs 1 iHLLKX BIKOBUX 3aXBOPIOBaHb.
MeseHxiMHi CTOBOYpOBI KNiTUHM BiJOMi CBOIMW iMyHOPErynaTopH1UMM BacTUBOCTAMM Ta
30aTHICTIO MOOYNIOBAaTU akTUBALINHWUIA CTaTyC MOHOHYKNeapHux darountis. MeToto Ha-
LWoT poboTK Byno NOPIBHATY apriHasHy akTUBHICTb i NPOAYKL0 OKcuay a3oTy dparouuTa-
MU, OTPUMAHUMMU 3 PI3HUX JKepern y MONoamx i CTapyx TBapuH, a Takox JOCiANTY edpekT
CNiBKYNbTUBYBAHHSI 3i CUHTEHHUMMW TUMIYHUMW ME3EHXIMHUMW CTOBOYPOBUMMW KIiITUHAMM
Ha Ui NOKasHWKN TKaHWHHKX dharouunTi. BcTaHOBMNEHO, Lo MeTaboni3am apriHiHy TKaHWH-
HUX MOHOHYKIeapHMX haroumTiB CTapux MULLEN 3MillyBaBca B OGik npoTm3ananbHoro
deHoTUNy, 3aBAsKM CTATUCTUYHO OOCTOBIPHOMY MiABULLEHHIO apriHa3HOI aKTUBHOCTI.
CVIHreHHe CniBKyNbTUBYBaHHS 3 ME3EHXIMHMMMU CTOBOYPOBMMM KNITMHAMWU 3HAYHO CTU-
MyroBano apriHasHy akTMBHICTb i NigBMLLYBano NpoayKLito OKcuay a3oTy TKaHUHHUMMU
MOHOHYKIeapHUMK dharoumtamm HesanexHo Big Biky TBapWH. Takuii BNvMB Moxe OyTu
CNpUATAMBMM Mig, Yac KNiHIYHOro 3acTOCyBaHHSA ME3EHXIMHUX CTOBOYPOBUX KIITUH ANS
0QHOYACHOro MPUrHIYEeHHs 3anarneHHs Ta iHeKLIMHUX NpoLeciB.

Knrovoei crioga: harounTti, Me3eHxiMHi CTOBOYpOBI KMiTMHK, CTapiHHS, apriHasa,
oKkcug asoty
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