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MACROPHAGE POLARIZATION IN DYNAMICS OF LEWIS LUNG
CARCINOMA GROWTH AND METASTASIS
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Aim: To assess the functional state of macrophages based on various manifestations of their activity at the different stages
of metastatic tumor growth in C57Bl mice. Materials and Methods: On days 7, 14, 21 and 28 after Lewis lung carcinoma
transplantation to C57BIl mice, macrophages from various anatomic sites were isolated and tested on their cytotoxicity,
metabolic activity, NO production and arginase activity. Results: In the populations of peritoneal and splenic macrophages,
on days 7 and 21 of tumor growth antitumor (IM1) cells prevailed while on days 14 and 28 tumor-promoting (M2) macro-
phages predominated. In the population of lung macrophages, cells with M1 phenotype were in the majority in the early
stages of tumor growth. On days 21 and 28, M1 cells were gradually substituted by cells exhibiting M2 phenotype. This
shift correlated with metastasis to lungs. Conclusion: Lewis lung carcinoma growth is accompanied by the gradual change
in macrophage polarization from antitumor (M1) towards tumor-promoting (M2) type. These changes were more evident

in population of lung macrophages and correlated with the parameters of metastasis.
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Cancer progression is accompanied by the
systemic effects in the host, with the immune
system being involved [1, 2]. Tumor tissue
is not homogeneous — it consists of different cell
types: malignant (forming the main part of tumor
or metastases) and normal cells of the body
(tumor microenvironment), making tumor stroma.
Tumor microenvironment also includes immune
cells especially those constituting innate immune
system — macrophages (Mph), neutrophils, natural
killer cells. Mph representing the considerable part
of immune cells in tumor microenvironment affect
tumor-microenvironment relations during all the
stages of tumor development. Nevertheless, their
role in cancer is ambiguous [3].

Mph belong to the mononuclear phagocyte
system. Nowadays, the term mononuclear phagocyte
system refers to the family of cells of myeloid
origin comprising bone marrow progenitors, blood
monocytes, tissue Mph and dendritic cells [4-6].
Mphrepresent a big heterogeneous cells population.
Depending on the tissue of residence and the sur-
rounding microenvironment, Mph can exhibit dif-
ferent properties [7, 8]. Current Mph classification
considers their anatomical niches of residence/
functioning and activation signals, which allows
dividing them into subtypes [9]. In general, these
cells are divided into two populations: tissue
residential and monocyte-derived infiltrating
Mph [10, 11]. Tissue Mph are believed to be the
progeny of the myeloid bone marrow cells, which
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give rise to circulating blood monocytes through
consecutive stages of differentiation. The latter
constantly migrate into peripheral tissues, where
they differentiate into Mph [12]. However, by now
it is shown that the majority of tissue-resident
Mph population arises in embryonic development
(originate from erythromyeloid precursors of the
yolk sac) and self-maintains due to local proliferation
ratherthan monocyte extravasation [13]. In particular,
it was demonstrated that Mph resident in brain,
lungs, liver, abdominal cavity and spleen are not
differentiated from monocytes, but originate from
embryonic precursors [11, 14]. On the other hand,
classical monocytes (proinflammatory, Ly6Chio
monocytes) serve as a source for infiltrating Mph,
which function in various pathological settings in-
cluding cancer [15, 16].

Today, the origin of resident Mph subsets
in different compartments of the body
is still the subject of discussion. It does not seem
to be always correct to classify these cells according
to M1 and M2 (respectively, classically activated,
proinflammatory and alternatively activated,
anti-inflammatory) cell phenotypes [17]. While
the mechanisms of M1 and M2 Mph activation
and polarization are well described, the problem
of functional state and polarization of resident Mph
subsetsin different anatomical niches during cancer
progression remains to be elucidated. We have
previously described the changes in the functional
activity of Mph isolated from peritoneal cavity, spleen
and tumor of mice bearing Ehrlich carcinoma [18].
The aim of thisresearch was to assess the functional
state of Mph based on various manifestations of their
activity (cytotoxic and metabolic activity, nitric oxide
(NO) production, arginase (Arg) activity) at different
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stages of metastatic Lewis lung carcinoma (LLC)
growth.

MATERIALS AND METHODS

Animals. The male C57BIl mice 2-2.5 month
old weighting 19-20 g from the breeding facility
of R.E. Kavetsky Institute of Experimental Pathol-
ogy, Oncology and Radiobiology were used in the
study. The experiments were performed in accor-
dance with standard international rules on biologic
ethics, the European Convention for the Protection
of Vertebrate Animals Used for Experimental and
Other Scientific Purposes [19] and the regulations
approved by Institutional Animal Care and Use
Committee.

Experimental tumor. The strain of metasta-
sizing LLC used in the experiment [20] was kindly
granted by the R.E. Kavetsky Institute of Experi-
mental Pathology, Oncology and Radiobiology Bank
of Cell Lines from Human and Animal Tissues.

Design of experiment. On day 0, C57BI mice
(n = 20) were injected with LLC cells in the hind
foot (4 x 10°% cells/mouse) and followed till day
28 after tumor transplantation. The frequency (%)
and latent period of tumor appearance, the tumor
volume (mm?), proportion of mice with metastases
(%), number and volume of metastases (mm?)
were recorded [21]. Immunological testing was
performed on days 7, 14, 21 and 28 after tumor
challenge. Mph from different anatomical niches
were obtained and functionally tested. Peritoneal,
spleen and lung Mph were assessed for NO pro-
duction and Arg activity. Peritoneal and spleen
Mph were tested for the metabolic and cytotoxic
activities too. Intact mice of the same strain, age
and sex (n = 12) were used as the control group
(referred to as the intact control).

Isolation of Mph. Peritoneal and spleen Mph
were isolated as described in [18]. In order to ob-
tain lung Mph, aseptically removed lungs were
homogenized with Potters homogenizer in me-
dium 199 supplemented with 10% of bovine serum
(Sigma, USA). Cell suspensions were centrifuged
(550 g, 10 min) and resuspended in medium 199.
After counting, 1 x 10° cells were placed on flat-
bottomed plates and cultured for 2 h (37 °C, 5%
CO,, 100% humidity). Thereafter, non-adherent
cells were removed, and the adherent cells were
washed twice with 0.9% NaCl and taken for further
investigation.

Cytotoxic activity (CTA) assay. CTA was
determined by MTT assay [22]. LLC cells were
used as a target. In brief, target cells (2 x 104 cell/
well) in RPMI 1640 medium supplemented with
10% fetal bovine serum (all reagents from Sigma,
USA) and antibiotics were placed in a flat-bottom
96-well plates where Mph (4 x 10° cell/well)
were adhered beforehand, and incubated for
18 h at 37 °C in a 100% humidity atmosphere with
5% CO,. Control wells contained target cells or ad-

hered Mph only. Then 0.01 ml of MTT solution/well
(5 mg/ml, Sigma, USA) was added, and incubation
continued for 2 h. Then the plates were centrifuged
(550 g for 15 min) and washed twice with 0.9%
NaCl solution. After that, 0.12 ml of 2 M KOH and
0.14 ml of dimethyl sulfoxide (50% solution) were
added into each well. Optical density (OD) was
measured at A = 545 nm vs A = 630 nm using a mi-
croplate ELISA reader (StatFax-2100, USA). Each
sample was done in triplicate. CTA index (CTAI, %)
was calculated by the formula:

CTAl = [1 — (ODuphetc = ODpmpn)/(ODy, — OD-
biank)] * 100%,

where OD,,,, — optical density (OD) in wells
containing only adhered Mph; OD,, — OD in wells
containing only tumor cells; OD,phtc — OD in wells
wherein tumor cells and Mph where incubated,;
ODpjank — OD in wells with the culture medium only.

Metabolic activity examination. Mph meta-
bolic activity was assessed by nitroblue tetrazolium
(NBT) test as described previously with some
modification [23]. In brief, Mph (1 x 10° cell/ml,
0.2 ml/well) were incubated with 0.2% NBT solu-
tion (0.02 ml/well, Sigma, USA). After incubation
(1 h, 5% CO,, 37 °C), the plates were washed
two times with 0.9% NaCl solution. The 2 M KOH
solution (0.06 ml/well) and 50% DMSO solution
(0.07 ml/well) were used to dissolve diformazan
granules. OD was measured at A = 630 nm with the
use of a micro ELISA reader (StatFax-2100, USA).
Each sample was done in triplicate. The results are
presented as OD units (OU).

NO production was measured by standard
Griess reaction [24]. In brief, cell suspensions
(2 x 108 cell/well) were placed in a volume
of 200 ul in 96-well flat-bottom tissue culture
plates and cultured for 24 h. Each cell sample was
investigated in duplicate. At the end of the incu-
bation period, supernatants were collected and
NO production was assessed by the accumulation
of nitrite (as stable metabolite of NO) by Griess
reaction. An aliquot of culture supernatant (100 ul)
was mixed with an equal volume of Griess reagent
(Acros Organics, Belgium) and incubated for
1 h at room temperature in the dark. The reaction
products were colorimetrically quantified at A =
550 nm. The standard curve plotted by the results
of measurements of the solutions containing known
concentration of NaNO, was used for converting
the absorbance to micromolar concentrations
of NO expressed in uM NO, per 108 cells.

Arg activity was determined based on urea
measurement [24, 25]. Mph were lysed by double
freezing and melting. Then 50 ul of 50 mM Tris-HCI
(pH 7.4) and 10 pl of 50 mM MnCl, were added
to each sample. Samples were incubated at 56 °C for
10 min, and upon addition of 100 ul of 0.5 M L-ar-
ginine (pH 9.7) further heated for 30 min (37 °C).
The reaction was stopped with 800 ul of acidic mix-
ture (1:3:7, 96% H,S0O,: 85% H3;PO,: H,0). Then
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40 ul of a-isonitrosopropriophenone (Sigma-Aldrich,
USA) was added to the solution, which was heated for
30 min (95 °C) and incubated for 30 min at 4 °C. Urea
concentration was measured spectrophotometrically
atA=550 nm. Values of optical density were converted
to mass of urea based on calibration curve of standard
urea solution. Arg activity was calculated as described
in [26]. One unit of Arg activity means the amount of the
enzyme hydrolyzing 1 uM of arginine per 1 min. Results
are expressed as units/10° cells.

Statistical analysis. Statistical significance
between groups was evaluated by nonparametric
Mann — Whitney U test using Prism software Version
4.0. and assessed at p < 0.05. Correlation analysis
between metastases volume, metastases number
and NO production by lung Mph was determined
by Pearson’'s correlation coefficient using Prism
software Version 4.0. Results are presented in box
plots where whiskers mean maximum and minimum
values, upper and lower borders of rectangles match
the third and first quartiles respectively.

RESULTS AND DISCUSSION

Throughout the experiment, the standard pa-
rameters of tumor growth (frequency, latent period
of tumor appearance, tumor volume) and metas-
tasis (proportion of mice with metastases, number
and volume of metastases) were analyzed. The
tumor yield reached 100% with the latency of 9.3 £
1.2 days. The dynamics of tumor growth and me-
tastasis in the lung within 28 days of observation
were characteristic of this cancer model (Table).

In the intact mice, CTA of peritoneal or splenic
Mph was almost the same with cytotoxicity index
of 14.4% and 13.0%, respectively (Fig. 1). In the
tumor-bearing mice, Mph isolated from different
anatomical niches exhibited different functional
activity depending on the day of tumor growth and
theisolation source. CTA of the peritoneal Mph was
elevated on day 7 of tumor growth (p < 0.05) and
sharply decreased a week later (1.4 times lower
as compared to the intact control). CTA of the
splenic Mph on day 7 and 14 of tumor growth was
1.2 and 2.9 times lower (p < 0.05) as compared
to the intact control level. On day 21, the CTA
of peritoneal Mph was elevated as compared to the
intact control, splenic Mph — increased to the level
of intact control. On day 28, independently of the
isolation source, CTA of Mph was below the intact
control level (see Fig. 1, a and b).

The metabolic activity of Mph, examined by the
NBT-reduction test, is depicted in Fig. 2. The

Table. Tumor volume and metastasis parameters in LLC-bearing C57BI
mice

Parameter - = Day of tum201r growth >
Tumor volume, - T77.0+8.5 826.0+270.1 1861.0 +238.8
mm?®
Metastases - - 43+0.9 10.3+0.3
number, n
Metastases - - 14.3+0.9 M1.2+47
volume, mm?®

metabolic activity of Mph changed in the same
way whichever was the source of their isolation.
As compared to the intact control, metabolic activity
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Fig 1. Changes in the cytotoxic activity of splenic (a) and perito-
neal (b) Mphin LLC-bearing C57BI mice. P-value were calculated
as compared to intact control
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Fig 2. Changes in the metabolic activity in NBT-test of splenic
(a) and peritoneal (b) Mph in LLC-bearing C57BI mice. P-value
were calculated as compared to intact control
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of peritoneal and splenic Mph was elevated on day
7 of tumor growth and gradually declined at the end
of the experiment.

As itis known, Mph play ambiguous role in can-
cer progression. During all the stages of cancer
processes, they regulate the interplay between
cancer cells and tumor microenvironment and
are able to acquire different properties depend-
ing on the signals of the functioning environment.
Depending on tissue microenvironment, Mph can
polarize towards M1 or M2 phenotype, possessing
pro-inflammatory or anti-inflammatory activities,
respectively. We assessed the functional state
of Mph based on their Arg- or NO-producing ac-
tivities that allows us to distinguish between Mph
polarization type.

In the intact C57BIl mice, Mph produced high
levels of NO but low amounts of Arg indepen-
dently of the isolation niche. NO/Arg ratio was
25.6, 26.8 and 27.8 for, respectively, peritoneal,
spleen and lung Mph (Fig. 3). In the tumor-bearing
mice, peritoneal and spleen Mph exhibited similar
changes in their NO- and Arg-producing activities.
On day 14 and 28 of tumor growth, production
of NO by peritoneal Mph dropped by 31.7% and
28.6% comparing with the intact control. Splenic
Mph production of NO was reduced by 27.1%
on day 14 comparing with the intact control. It worth
mentioning that on day 21 of tumor growth the
production of NO by splenic Mph increased (p <
0.05) 1.1 times as compared to the intact control
group. The highest Arg activity, on the contrary
to NO production, was registered on days 14 and
28 of tumor growth. Lung Mph exhibited different
dynamics of changes in NO and Arg production.
On the early stages of tumor growth (days 7 and
14), NO/Arg ratio was 28.3 and 33.6 respectively.
At further time points (day 21 and 28 of tumor
growth) NO/Arg ratio was significantly declining
(p < 0.05) due to the increase in Arg activity and
statistically significant decrease in NO production.

Thus, analysis of the changes in the indices
characterizing functional activity of Mph isolated
from various anatomical niches (peritoneal cavity,
spleen and lung) on different stages of LCC growth
pointed to the gradual change in Mph polarization.
In peritoneal and splenic Mph, antitumor (M1) Mph
prevailed on days 7 and 21 of tumor growth while
on days 14 and 28 tumor-promoting (M2) Mph
came out on top. In the population of lung Mph,
obtained data indicated the presence of M1 cells
on the early stages of tumor growth (up to day
14); later (till day 28) their gradual polarization
to the M2 phenotype was registered. Changes
in functional polarization of lung Mph (from anti-
tumor towards tumor-promoting) correlated with
the metastasis initiation that is proved by Pearson
correlation coefficient. Metastases volume and
number inversely correlated with NO production
by lung Mph (r = -0.92 and -0.89 respectively).
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Fig. 3. Changes in NO/Arg ratio for various residential peri-
toneal (a), splenic (b) and pulmonary (c¢) Mph isolated from
LLC-bearing C57BI mice. P-value were calculated as compared
to intact control

Correlation between metastasis parameters and
the activity of peritoneal and splenic Mph was
insignificant.

It is known that the tumor process is accom-
panied by the development of local and systemic
inflammation with the expression of proinflam-
matory transcription factors in tumor cells (such
as NF-kB, STATS3, HIF-1a), which determine the
production of spectrum of cytokines, chemokines
and inflammatory enzymes in the tumor microen-
vironment, as well as the influence of these factors
on the immune response.
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As the effectors of the innate immune response,
Mph are able to response on wide spectrum
of stimuli: viral, bacterial, parasitic antigens, im-
mune complexes, antigens of apoptotic or necrotic
cells, soluble mediators produced by other cells.
The direction of resident Mph polarization depends
on the signals of the local microenvironment, such
as components of damaged cells, cytokines and
chemokines of activated lymphocytes, microbial
products. In particular, affected by lipopolysac-
charide, interferon-gamma and granulocyte-
macrophage colony-stimulating factor Mph are
polarized to M1 phenotype and acquire the ability
to secrete significant amounts of proinflammatory
cytokines (interleukin (IL)-1-beta, tumor necrosis
factor, IL-12, IL-18 and IL-23), which promotes the
involvement in the immune response of lympho-
cytes taking part in antigen-specific inflammatory
reactions (Th1 and Th17) [2, 27, 28]. Such gradual,
associated with changes in production of humoral
factors, mutual activation of lymphocytes and Mph
possibly explains the increase in number of M1-
polarized cells on day 21 of tumor growth regis-
tered in this experiment. Later, due to the increase
in production of tumor-promoting cytokines (IL-6,
IL-17, IL-23, epidermal growth factor receptor,
transforming growth factor-B), Mph polarization
towards M2 phenotype emerged on day 28 of tu-
mor growth.

Gradual polarization from M1 toward M2 phe-
notype was more evident for lung Mph and corre-
lated strongly with the metastasis parameters. This
finding can underline new approaches to reducing
the metastasis by influencing the direction of Mph
polarization.
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3MIHU NONAPU3ALIT MAKPODATIB
Y ANHAMILI POCTY METACTA3YIO4OI
KAPLWHOMMU NblOIC

A.B. Yymax*, H.I. @edocosa, H.JI. Yepemmenxo, T.B. Cumnuu,
I.M. Boeiikosa, B.®D. Yexyn

Incmumym ekcnepumenmanbroi namoaoeii, oHKoA02ii ma
padiobionoeii im. P.€. Kaseyvkoeo HAH Ykpainu, Kuie 03022,
Ykpaina

Merta: OuiHutn cTtaH makpodaris muwenn nidHii C57BI
3a pi3HUMKU nposiBaMMn iX PYHKLIOHANbHOT aKTUBHOCTI
Ha PIBHMX CTafiax POCTy MeTacTasyw4yoi nyxnmHu. Ma-
Tepiann Ta meroam: Y [OOCNIOXEHHI BUKOPUCTOBYBaIU
Muwen nidii C57Bl 3 enigepmoigHOK MeTacTasyk4yoto
KapunHomoto nerexi Jibwoic. Ha 7-, 14-, 21- T1a 28-11 oeHb
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nicng nepewenneHHs NyxaMHu makpodarm 3 pisHMX Hilw
6ynu BuAiNeHi Ta nigoaHi GyHKuioHanbHOMY aHanidy. Pe-
3ynbtatn: Makpodarn, oTpumMaHi 3 pisHUX BGionorivHMx
HilW Yy iHTaKTHUX TBApPWH, 3a AOCNIOXEHUMN NOKA3HUKAMU
dYHKUiOHaNbHOI akTUBHOCTI Manu deHotun M1. Y nony-
nauigx makpodaris, OTPMMaHUX 3 CEE3iHKM Ta NepPUTOHE-
asibHOi MOPOXHUHU MuLwwen niHii C57BI Ha 7-i 21-wy pobu
POCTY KapumHOMUW nereHi Jibic nepesBaxann KIiTUHU
3 NPOTUNYXIMHHUMK BnacTuBocTamu (M1), Ha 14- Ta 28-
MYy 4,00y — KNiTUHM 3 NPONYXIMHHUMW BacTueBocTaMmn (M2).
Y nonynsauii nereHesux makpodaris Ha paHHix cTagigax nyx-
JINHHOIO MpPOoLEecy nepesaxanu KNiTuHu 3 geHotunom M1,
no 28-i pobu cnocTtepirann MocTyrnoBy iXx nonspuaadito
0o ¢eHotuny M2. Taki 3MiHM KOpentoBann 3 NOKasHUKaMm
MeTacTa3yBaHHS B JIEreHi B Ui TeEpMiHWN. BUCHOBOK: AHani3
nokasHuKiB GYHKLiIOHANbHOI akTUBHOCTI Makpodaris CBij-
YUTb NPO iX MOCTYNOBY Nonspu3auiio Bif KNTUH 3 NpO-
T1- (M1) go kniTMH 3 nponyxaMHHuMu (M2) BnacTuBoCTS-
MU B AWHaMILi POCTY KapumHoMu nereHi Jiboic. Busasneni
3MiHN OyNu HaNBINbLL BUPAXKEHVUMU B NONYNSALIii NereHeBnx
Makpodaris Ta Mann KOPENsUinHMin 3B 930K 3 NOKa3HMKa-
MU MeTacTa3yBaHHS.

Knwo4oBi cnoBa: kapunHoma nereHi JIbtoic, mMuwi AiHii
C57BI, makpodaru, dyHkLiOHaNbHa aKTUBHICTb, MeTacTa-
3yBaHHS.



