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Abstract: Many anti-tumor effects of group-specific component-derived macrophage-activating factors
(GcMAFs) have been reported; however, the specific mechanisms remain unclear. Controlling tumor-
associated macrophages (TAMs) in the tumor microenvironment is essential for cancer treatment. This study
assessed the role of GeMAF in macrophage activation, elucidated the mechanisms by which it exerts its anti-
tumor effects, and determined its effects on TAMs in the tumor microenvironment. GcMAF-stimulated
RAW264.7 macrophages and EMTG6 breast tumor cells were co-cultured in a 0.4-um pore cell culture insert, and
gene and protein expression and cell viability were evaluated. DNA microarray analysis of GeMAF-stimulated
RAW264.7 cells was conducted. The induction of M2 RAW264.7 cells by interleukin (IL)-4 and IL-13 was
analyzed. GeMAF stimulation increased the tumor necrosis factor-a and inducible nitric oxide synthase mRNA
and protein levels in RAW264.7 cells but decreased the viability of co-cultured EMT6 cells. These results were
confirmed in the M2 RAW264M2.7 cells, suggesting that GEMAF exerts anti-tumor effects by inducing the
differentiation of macrophages into the M1 type and reprogramming M2 macrophages to the M1 type. The
anti-tumor activity of GeMAF via M2-to-M1 macrophage reprogramming could aid in developing novel cancer
immunotherapies.

Keywords: group-specific component protein-derived macrophage-activating factor; RAW264.7
macrophages; M1/M2 macrophages; macrophage polarization; anti-tumor effects

1. Introduction

The group-specific component (Gc) protein is a 51-58 kDa glycoprotein that functions as a
vitamin D transporter and actin scavenger in the blood [1-3]. In vivo, galactose and sialic acid of Gc
protein are cleaved by [-galactosidase derived from B cells and sialidase derived from T cells,
respectively, to form the Gc protein-derived macrophage-activating factor (GcMAF) with an N-
acetylgalactosamine residue [4]. GeMAF induces superoxide production in macrophages and inhibits
angiogenesis in cancer cells [5]. We have previously observed that GCMAF enhances the phagocytic
activity of peritoneal macrophages [6], inhibits angiogenesis, and reduces tumor size in tumor-
bearing mice [7]. Furthermore, we report a cancer immunotherapeutic strategy to enhance the
immune activity of patients with cancer using artificially glycosylated GcMAF [8].

Tumor growth is greatly influenced by the tumor microenvironment formed by the tumor and
surrounding stromal cells. Tumor-associated macrophages (TAMs), fibroblasts, and vascular
endothelial cells are the major components of tumor stromal cells that promote tumor growth,
invasion, angiogenesis, and immunosuppression [9]. There are two main types of macrophages: M1
macrophages, which are important in innate immunity, such as the production of inflammatory
cytokines and phagocytosis, and M2 macrophages, which exert anti-inflammatory effects and induce
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immunosuppressive cytokines [10]. Although macrophages are a mixture of these two types, many
TAMs in malignant tumors are of the M2 type [11]. Recent studies reported that the M2 type is a
collection of multiple functionally distinct subsets and can be divided into M2a/M2b/M2c/M2d
phenotypes according to different gene expression profiles [12], TAMs can be reprogrammed
between M1 and M2 depending on the surrounding environment [13], and TAMs sometimes co-
expresses M1 and M2 related genes[14].TAMs induce immunosuppression via various factors, such
as interleukin (IL)-10 and transforming growth factor-p, in tumors [15], and produce various factors,
such as the vascular endothelial growth factor (VEGF), IL-8, and cyclooxygenase-2 (COX-2), under
hypoxic stimulation [16,17]. They activate the factors involved in angiogenesis [18], creating a
favorable tumor microenvironment. Controlling macrophage function in the tumor
microenvironment is important for inhibiting tumor progression.

GcMAF has been reported to have anti-tumor effects in in vitro models via macrophage
activation [19-22], biological activities such as inhibition of angiogenesis in tumor tissue [5,23,24],
and anti-tumor effects against several types of cancer in clinical trials using GcMAF [7,25-27];
research is being conducted to elucidate the mechanism of action and its usefulness as a new
therapeutic agent. This study clarifies the effects of GcMAF-stimulated macrophages on adjacent
tumor cells in a noncontact environment and assesses the effects of GCMAF on M2 macrophages. We
investigated the anti-tumor mechanisms of GEMAF in the tumor microenvironment.

2. Materials and Methods

2.1. Reagents

Gc protein was extracted from human serum using 25(OH)D3-sepharose column
chromatography as previously described [6]. Gc protein was treated with p-D-galactosidase (Fujifilm
WAKO Pure Chemical Corp., Osaka, Japan) at 37 °C for 3 h and then with sialidase enzyme (Sigma-
Aldrich Japan Inc., Tokyo, Japan) at 37 °C for 3 h to produce the GctMAF. GcMAF was purified using
a 25(0OH)D3-sepharose column.

2.2. Cells

RAW264.7 mouse monocyte-derived macrophage cells (RIKENKAC Co., Ltd., Kyoto, Japan)
were cultured in Dulbecco's modified Eagle's medium (DMEM; Fujifilm WAKO Pure Chemical
Corp.) supplemented with 10% fetal bovine serum (FBS; Nichirei Biosciences Inc., Tokyo, Japan), 100
units/mL penicillin G, and 100 pg/mL streptomycin (Fujifilm WAKO Pure Chemical Corp.). EMT6
mouse breast cancer cells (kindly provided by Professor Osaki, Tottori University, Tottori, Japan)
were cultured in Eagle’s minimum essential medium (EMEM,; Fujifilm WAKO Pure Chemical Corp.)
supplemented with 10% FBS, 100 units/mL penicillin G, and 100 pg/mL streptomycin.

2.3. Co-Culture of RAW264.7 Cells and EMT6 Cells

RAW?264.7 cells were seeded in 0.4-pum pore 6-well cell culture inserts (Griner Japan Inc., Tokyo,
Japan) at 5 x 10° per insert, set in a 6-well plate (AS ONE Corp., Osaka, Japan), and cultured overnight.
After washing with phosphate-buffered saline (PBS; Nacalai Tesque, Inc., Kyoto, Japan), GeMAF (0.1
pg/mL) or lipopolysaccharide (LPS; Escherichia coli O111:B4; 1 ug/mL; Sigma-Aldrich Japan) was
added to FBS-free DMEM, and cells were cultured for 24 h. EMT6 cells were seeded in a 6-well plate
at 5 x 10° per well, cultured overnight, and subsequently co-cultured with stimulated RAW264.7 cells
(ratio 1:1) in FBS-free EMEM for 24 h. After incubation, cells, and the supernatant were collected and
kept at -80 °C for further use.

2.4. Quantitative Reverse Transcription-PCR (RT-gPCR)

RNA was extracted from the cells using NucleoSpin RNA (Takara Bio Inc., Shiga, Japan) and
reverse-transcribed into cDNA using a PrimeScript II 1st strand cDNA Synthesis Kit (Takara Bio Inc.).
RT-qPCR was performed using Power Up SYBR Green Master Mix (Thermo Fisher Scientific Inc.)
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with the StepOne Plus Real-Time System (Thermo Fisher Scientific Inc.). The real-time PCR applied
40 cycles of amplification consisting of 3 s at 95 °C (denaturation) and 30 s at 60 °C (annealing and
extension). The relative expression calculated using the 2-44Ct method was applied to analyze the
results with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Sequences
of all primers (Thermo Fisher Scientific Inc.) used here are as follows[28-30]: GAPDH (Forward, 5’-
ATGGCCTTCCGTGTITCCTAC-3* and Reverse, 5-TAGCCCAAGATGCCCITCAG-3’), tumor
necrosis factor-a (TNF-a; Forward, 5-AATGGCCTCCCTCTCATCAG-3’" and Reverse, 5'-
ACTTGGTGGTTTGCTACGAC-3’), inducible nitric oxide synthase (iNOS; Forward, 5'-
GGAATCTTGGAGCGAGTTGT-3" and Reverse, 5-GCAGCCTCTTGTCTTTGACC-3’), CD206
(Forward, 5'-GGAGGCTGATTACGAGCAGT-3" and Reverse, 5-CATAGGAAACGGGAGAACCA-
3), COX-2 (Forward, 5-CCACTTCAAGGGAGTCTGGA-3 and Reverse, 5-
AGTCATCTGCTACGGGAGGA-3'), and VEGF (Forward, 5-TACCTCCACCATGCCAAGTGGT-3
and Reverse, 5-AGGACGGCTTGAAGATGTAC-3").

2.5. Nitric Oxide (NO) Assay

The collected supernatants were evaluated using the Griess assay to measure NO production by
determining the amount of nitrite ions (NO2) in the solution. The Griess reagent containing 1%
sulfanilamide (Fujifilm WAKO Pure Chemical Corp.), 2.5% phosphoric acid (Fujifilm WAKO Pure
Chemical Corp.), and 0.1% N-1-naphthylethylenediamine hydrochloride (Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan) was prepared and mixed with nitrous acid. The absorbance of a sample of
known concentration prepared with an aqueous sodium solution (Fujifilm WAKO Pure Chemical
Corp.) and the culture supernatant was measured at 550 nm using a microplate reader (Tecan Group
Ltd., Mannedorf, Switzerland), and the amount of nitrite ions was calculated.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of TNF-a in the cell supernatant were gauged using an ELISA kit
(ThermokFisher Scientific Inc.), according to the manufacturer’s instructions.

2.7. Evaluation of EMT6 Cell Number for Crystal Violet Staining Assay

EMT6 cells were seeded in 6-well plates at 5 x 10° per well and co-cultured with GcMAF-
stimulated RAW264.7 cells (ratio 1:1) for 48 h. EMT®6 cells were washed with PBS and stained with a
crystal violet solution containing 0.5% crystal violet (Fujifilm WAKO Pure Chemical Corp.) and 20%
methanol (Fujifilm WAKO Pure Chemical Corp.) for 15 min. The solution was removed, and the cells
were washed four times with tap water. The stained cells were eluted with 1% sodium dodecyl sulfate
(SDS, Fujifilm WAKO Pure Chemical Corp.). Using a microplate reader, the number of live cells was
evaluated by measuring the absorbance at 570 nm with a reference wavelength of 720 nm.

2.8. DNA Microarray Analysis

RAW264.7 cells were seeded in a 60-mm culture-dish plate at 6 x 10¢ cells per well and cultured
overnight. RAW264.7 cells were stimulated with GEMAF at a final concentration of 1 pg/mL for 24 h,
and RNA was extracted. DNA microarray analysis was performed by Filgen Inc. (Aich, Japan) using
a mouse GeneChip Clariom S Assay (Thermo Fisher Scientific Inc.). Microarray data were analyzed
using the Microarray Data Analysis Tool v.3.2. (Filgen Inc.).

2.9. M2 Polarization of RAW264.7 Cells

RAW264.7 cells were seeded in a 6-well plate at 8 x 105 per well and cultured overnight. After
washing with phosphate-buffered saline (PBS; Nacalai Tesque, Inc., Kyoto, Japan), the cells were
cultured for 72 h in FBS-free DMEM supplemented with IL-4 and IL-13 (20 ng/mL each; Thermo
Fisher Scientific Inc., MA, USA) for M2 polarization. M2-stimulated RAW264.7 cells were treated
with GeMAF (0.1 ug/mL) for 24 h, and the treated cells supernatant was collected.

do0i:10.20944/preprints202406.1145.v1
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2.10. Evaluation of EMT6 Cell Number for Cell Counting kit-8 (CCK-8) Assay

EMT6 cells were seeded in 24-well plates at 3 x 10* per well and co-cultured with GcMAF-
stimulated M2 RAW264.7 cells (ratio 1:1) for 48 h. EMT6 cells were washed with PBS and analyzed
using the cell counting kit-8 (Dojindo, Kumamoto, Japan). The number of live cells was determined
by measuring the absorbance at 450 nm with a reference wavelength of 600 nm using a microplate
reader.

2.11. Statistical Analysis

A two-tailed Student’s t-test was used to assess significance. Statistical significance was set at p
<0.05.

3. Results

3.1. Changes in GeMAF-Stimulated Cells in a Non-Contact Co-Culture System

Here, we examined the macrophage-derived humoral factors that influence the anti-tumor
activity of GcMAF in the tumor microenvironment by co-culturing GcMAF-stimulated macrophages
with tumor cells in a non-contact manner. GcMAF-stimulated RAW264.7 cells and EMT6 cells were
co-cultured in a 0.4-um pore cell culture insert, RNA was extracted from the cells, and gene and
protein expression levels in the supernatant were determined using PCR, ELISA, and NO assays
(Figure 1).
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Figure 1. Gene and protein expression levels in GeMAF-stimulated RAW264.7 cells and EMT6 breast
tumor cells. RAW?264.7 cells were stimulated with 0.1 ug/mL GecMAF or 1 pug/mL LPS for 24 h and co-
cultured with EMT6 cells for 24 h. Then, mRNA expression levels of (A) TNF-a and (B) iNOS were
determined in RAW264.7 cells; (E) COX-2 and (F) VEGF were measured in EMT6 cells using PCR and
expressed as a ratio to the levels in unstimulated cells. (C) TNF-a and (D) NO production in the
supernatant was evaluated using ELISA and NO assays, respectively. Results are expressed as the
mean * standard deviation (SD) of three independent experiments. *p < 0.05 , **p < 0.01, and ***p <
0.001 vs. control; t <0.05, ++p <0.01, and tttp <0.001 vs. co-culture (RAW264.7 cells and EMT6 cells).

GcMAF-stimulated RAW264.7 cells exhibited higher mRNA expression levels of TNF-a and
iNOS than the unstimulated monocultures (Figure 1A, B). The gene expression levels remained high
even after co-culture with EMT6 cells. Similar TNF-a and NO level changes were observed in the
culture supernatant, confirming the results (Figure 1C, D). These results suggest that GcMAF induces
inflammatory cytokine production by macrophages and that its activity is unaffected by the presence
of tumor cells. In EMT6 cells, the mRNA expression levels of COX-2 and VEGF, which are associated
with tumor growth and invasion, increased after GCMAF stimulation (Figure 1E, F). GeMAE-
stimulated changes in RAW264.7 cells were confirmed following LPS treatment. Therefore, GCMAF
may effectively activate macrophages.

3.2. Changes in EMTG6 Cells Induced by GeMAF-Stimulated RAW264.7 Cells

LPS-activated macrophages suppress the proliferation of co-cultured tumor cells [31]. Here, we
evaluated whether GeMAF, which activates macrophages similarly to LPS, alters the survival of co-
cultured EMT6 cells (Figure 2).
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Figure 2. Change in EMT6 cell viability after co-culture with GeMAF-stimulated RAW264.7 cells.
EMT6 cells were stimulated with 0.1 ug/mL GcMAF or 1 pug/mL LPS for 24 h and co-cultured with
RAW264.7 cells for 48 h. After removing the insert, EMT6 cells were stained with crystal violet. After
washing with tap water, the stained cells were eluted with 1% SDS. Absorbance was measured and
expressed as a ratio to the unstimulated cells. Results are expressed as the mean + SD of three
independent experiments. *p < 0.05 vs. control; tp < 0.05 vs. co-culture (RAW264.7 cells and EMT6
cells).

Similar to the co-culture with LPS-stimulated RAW264.7 cells, 48-h co-culture with GecMAF-
stimulated RAW264.7 cells significantly suppressed the proliferation of EMT6 cells. Co-culture of
GcMAF-stimulated RAW264.7 and EMT6 cells (Figure 1E, F) revealed that GcMAF- or LPS-
stimulated EMT6 cells exhibited enhanced gene expression and tumor growth as a survival response.
The inhibitory effect of RAW264.7 cells on tumor cell proliferation was stronger than that of EMT6
cells.
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3.3. Comprehensive Analysis of Gene Levels in GcMAF-Stimulated Macrophages using DNA Arrays

DNA arrays were used to analyze GcMAF-induced gene expression changes in macrophages
(Figure 3).
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Figure 3. Comprehensive gene expression analysis using DNA microarrays. A scatter plot shows the
differentially expressed genes between GcMAF-stimulated and control RAW264.7 cells. The X-axis
displays the average signal intensity of genes in GcMAF-stimulated RAW264.7 cells, and the Y-axis
corresponds to the average signal intensity of genes in control RAW264.7 cells. Genes that were
expressed 2-fold or more in GeMAF-stimulated RAW264.7 cells are indicated by dots.

In GeMAF-stimulated RAW264.7 cells, levels of 1735 genes, including TNF-a, iNOS, IL-16, IL-6,
C-X-C motif chemokine ligand 2, and C-C motif chemokine ligand 5, were upregulated more than 2-
fold compared to unstimulated cells. The expression of several genes related to inflammatory
cytokines was upregulated. Although a few genes related to anti-inflammatory cytokines were
upregulated, the increase in the expression of M1-related genes was more significant. These results
suggested that GcMAF induces M1 polarization in macrophages.

3.4. Evaluation of M2-to-M1 Macrophage Reprogramming by GcMAF

GcMAF activates macrophages to convert them into inflammatory cells and exerts anti-tumor
effects. Whether TAMs exert the same effects in the tumor microenvironment remains unclear. We
examined the effect of GcMAF on the M2 polarization of macrophages to verify whether GcMAF
activates TAMs in the tumor microenvironment. RAW264.7 cells were stimulated with IL-4 and IL-
13 to acquire the M2 type [32]. After the addition of GcMAF, the cells were cultured for 24 h to
determine whether M2 RAW 264.7 cells were reprogrammed to attain the M1 type (Figure 4).
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Figure 4. Gene and protein expression levels in GeMAF-induced M2 RAW264.7 cells. RAW264.7 cells
were first stimulated with 20 ng/mL of IL-4 and IL-13 each for 72 h (M2) and then with GeMAF 0.1
pg/mL for 24 h. mRNA expression levels of (A) CD206, (B) TNF-a, and (C) iNOS were evaluated in
RAW264.7 cells using RT-PCR. (D) TNF-a levels in the supernatant were evaluated using ELISA. (E)
NO levels were evaluated using the NO assay. All levels are expressed as a ratio to the unstimulated
cells. Results are expressed as the mean + SD (n = 3). *p < 0.05, *p < 0.01, and **p < 0.001 vs. control;
tp <0.05, t1p <0.01, and tttp < 0.001 vs. co-culture (M2).

Expression levels of CD206 in mRNA were increased in the M2 RAW264.7 cells compared to
those in the unstimulated cells, but this effect was significantly suppressed in GeMAF-stimulated M2
RAW264.7 cells (Figure 4A). GeMAF-stimulated M2 RAW264.7 cells exhibited increased mRNA
expression levels of TNF-a and iNOS, which are M1 macrophage-related genes, compared to the
unstimulated cells (Figure 4B, C). A similar trend was observed in the TNF-a and NO levels in the
culture supernatant. According to the previous results, TNF-a and NO production were increased in
the GeMAF-stimulated cells compared to the unstimulated and IL-4- and IL-13-stimulated RAW264.7

cells (Figure 4D, E). These results suggested that GcMAF induces M2-to-M1 macrophage
reprogramming.

3.5. Suppression of EMT6 Cell Proliferation by GeMAF-Stimulated M2 RAW264.7 Cells
We verified whether GEMAF exerts anti-tumor effects on M2 RAW264.7 cells (Figure 5).
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Figure 5. Suppression of EMT6 cell proliferation by GcMAF-stimulated M2 RAW264.7 cells.
RAW264.7 cells seeded in the insert were first stimulated with IL-4 and IL-13 at 20 ng/mL for 72 h and
then with GEMAF (0.1 pug/mL) for 24 h and co-cultured with EMT6 cells for 48 h. After removing the
insert and washing with PBS, the viable cells were counted using the CCK-8 assay and expressed as
aratio to the unstimulated cells. Results are expressed as the mean + SD (n=5). tp <0.05 vs. RAW264.7
cells (M2) + EMTS6 cells.

Cell viability analysis using CCK-8 revealed that co-culture with GcMAF-stimulated M2
RAW?264.7 cells inhibited the proliferation of EMT6 cells more significantly than the co-culture with
unstimulated M2 RAW264.7 cells. Therefore, GCMAF acts on M2 macrophages and suppresses the
proliferation of coexisting tumor cells. No significant differences in cell proliferation were observed
between EMT6 cells cultured alone for 24 h in GeMAF medium and EMT6 cells co-cultured with
RAW264.7 cells. These results suggest that GCMAF has no direct cytotoxic or proliferative effects on
tumor cells; however, stimulation of macrophages with GEMAF induces anti-tumor effects and cell
death in tumor cells.

4. Discussion

This study observed that GeMAF-stimulated RAW264.7 cells induced inflammatory cytokine
production and suppressed the proliferation of adjacent EMTG6 cells in a non-contact environment via
humoral factors. In a previous study, enzyme-treated bovine colostrum MAF enhanced the
phagocytic activity of mouse peritoneal macrophages but did not induce the production of
inflammatory cytokines, such as TNF-a and IL-1f [33]. This suggests that GcMAF purified from
serum and colostrum MAF (a mixture of proteins including GeMAF) exhibits different properties.
When co-cultured with GeMAF-stimulated RAW264.7 cells, EMT6 cells exhibited enhanced gene
expression levels of COX-2 and VEGF, which are involved in cell invasion and proliferation. During
damage or death, cells emit various factors that signal to the cells surrounding abnormalities. Proteins
produced by dead tumor cells induce immunosuppressive white blood cells around the tumors via
macrophages [34]. Suppression of cell proliferation by GcMAF-stimulated macrophages may be due
to the action of the surrounding surviving cells, which emit survival signals. Cell proliferation was
decreased in EMT6 cells co-cultured with GcMAF-stimulated RAW264.7 cells, suggesting that
GcMAF suppresses tumor cell proliferation signals via macrophage activation.

In the tumor microenvironment, TAMs stimulated by colony-stimulating factor-1 produced by
tumor cells exist as M2 macrophages that secrete epidermal growth factors and promote tumor cell
proliferation and invasion [35]. In contrast, M1 macrophages attack tumor cells directly by producing
reactive oxygen species and NO or indirectly via antibody-dependent cellular cytotoxicity mediated
by anti-tumor antibodies [36,37]. To verify whether GcMAF exerted anti-tumor effects in M2
macrophage-dominant tumor microenvironment, we examined its effects on M2 macrophages. The
cells were cultured in a medium containing IL-4 and IL-13 to differentiate undifferentiated
macrophages into the M2 type in vitro [32]. In this study, when RAW264.7 cells induced to M2 type
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were stimulated with GcMAF, a shift to M1 type was observed by analyzing the mRNA expression
and components produced in the culture supernatant. The survival rate of the co-cultured EMT6 cells
decreased, similar to the results of in vivo studies using a mouse model in which tumor cells were
implanted subcutaneously [38]. These results suggest that GcMAF exerts anti-tumor effects by
stimulating macrophages in the tumor microenvironment to exert Ml-type functions or
reprogramming M2 macrophages to express M1-type functions. Our study revealed the anti-tumor
action mechanisms of GcMAF-stimulated macrophages on adjacent tumor cells, highlighting the
potential use of GEMAF in cancer immunotherapy.
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