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Extracellular stimuli may influence the M1/M2 phenotypic polarization of 

macrophages. We examined M1/M2 biomarkers, phagocytic activity, and tumoricidal 

activity in RAW 264.7 mouse macrophages. Macrophages were treated with conditioned 

media (CM) from 4T1 breast cancer cells, curcumin, 22-oxacalcitriol, LPS, or a 

combination of the previously listed. Arginase activity, a M2 phenotypic biomarker, was 

upregulated by the treatment of macrophages with conditioned media. Curcumin, 22-

oxacalcitriol, and LPS partially inhibited RAW 264.7 arginase activity in the presence of 

4T1 breast cancer media. 22-oxacalcitriol increased the phagocytic ability of RAW 264.7 

macrophages in the presence of M2 polarizing substances produced by the 4T1 breast 

cancer cells. Also, LPS increased RAW 264.7 phagocytic ability in the presence of 4T1 

breast cancer CM. This study looked at the potential substances that would possibly
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reverse the M2 tumor promoting macrophage phenotype seen in the breast cancer tumor 

environment.
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I. INTRODUCTION 

Macrophages, cells of the innate immune system, originate from monocytic 

progenitor cells and become specialized in phagocytosing substances that express 

patterns of non-self and/or damaged self-antigens within the body1, 2. Macrophages can 

be phenotypically categorized into M1/M2 macrophages; moreover, newer subdivisions 

of M2 macrophages that have recently been discussed are M2a, M2b, M2c, and tumor 

associated macrophages (TAMs) 1, 2, 3, 22. These M2 subdivisions require exposure to 

specific stimuli and/or cytokines for classification22. Macrophages are of keen interest in 

chronic inflammatory diseases such as cancer since they can be induced to switch 

between functionally different phenotypes that can impact the outcome of disease1, 2, 3, 4, 5, 

6, 7. The phenotypic plasticity exhibited by macrophages is dependent on extracellular 

stimuli present in their environment 1, 2, 8.  

M1 macrophages are considered “pro-inflammatory, bactericidal, or tumoricidal” 

phenotypes; whereas, M2 macrophages are described as “anti-inflammatory, wound 

healing, or tumor promoting” phenotypes1, 2, 3, 4, 5, 6, 7. One of the many characteristics that 

can be used to differentiate M1 from M2 macrophages is the presence or absence of 

specific products produced from the L-arginine-nitric oxide pathway9. Products that are 

produced from the metabolism of L-arginine may be used to identify M1/M2 

macrophages9. Macrophages are considered M1 if they metabolize L-arginine via nitric 

oxide synthase (NOS) to produce nitric oxide (NO) and citrulline9. Alternatively, if
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macrophages metabolize L-arginine via arginase to the end products urea and ornithine, 

they are considered M2 macrophages9. Another characteristic or “biomarker” that can be 

used to differentiate M1/M2 macrophages is their phagocytic activity. M1 macrophages 

have elevated phagocytic activity compared to M2 macrophages1, 2, 11.  Pro-inflammatory 

responses in the body, such as bacterial or viral infections, can increase macrophages’ 

phagocytic activity1, 2, 10. However, anti-inflammatory signals, as seen during wound 

healing or those released from tumors, may decrease phagocytic activity and polarize the 

responding macrophages to the M2 phenotype1, 2, 10.  

A third biomarker used to identify M1/M2 macrophages is their capacity to kill 

tumor cells11. M1 macrophages are capable of tumor killing following their activation by 

secreted chemokines, cytokines, and their recognition of damage-associated molecules11, 

12. Nitric oxide, Tumor Necrosis Factor alpha (TNFα), and Interlukin-12 (IL-12) are just 

a few examples of substances that can polarize a macrophage to the M1 phenotype11, 12.  

M2 macrophages can promote tumor progression via release of immune 

suppressing cytokines such as Tumor Growth Factor β (TNFβ), Interlukin-10 (IL-10), as 

well as the release of arginase 13, 14, 15, 16. Thus, the presence of M1/M2 biomarkers, 

phagocytic activity, and tumoricidal activity are proven characteristics for differentiating 

between M1/M2 macrophages. The phenotypic plasticity of macrophages is highly 

dependent on extracellular stimuli1, 2, 8. Additional stimuli that have the potential for 

polarizing M1/M2 macrophages include lipopolysaccharides, breast cancer cell 

conditioned media, curcumin, and 1α, 25 dihydroxyvitamin (active form of Vitamin D3 

& its analogs)3, 4, 14, 15, 17, 18, 22, 23.  
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Lipopolysaccharide (LPS), often used as a stimuli, is capable of driving 

macrophages to a M1 phenotype17, 18. LPS is an endotoxin derived from the outer cellular 

membrane of Gram-negative bacteria17, 18. LPS triggers M1 polarization by acting as an 

agonist for Toll-Like Receptor 4 (TLR-4) 17, 18. TLR-4 is expressed extracellularly on 

macrophages17, 18. LPS binding to TLR-4 can induce the production of many pro-

inflammatory cytokines via activation of STAT1 and NFkappaB transcription factors17, 18. 

In addition, LPS induces nitric oxide (NO) secretion from macrophages via activation of 

the inducible nitric oxide synthase (NOS2 or iNOS), which is part of the “L-arginine-

nitric oxide pathway17, 18.”  

Macrophages can be polarized to a M2 phenotype via either breast cancer 

conditioned media (CM) or curcumin. Breast cancer CM is a heterogeneous mixture of 

anti-inflammatory and immunosuppressive tumor secreted factors3, 4, 7, 14, 15. This 

heterogeneous mixture can suppress the M1 macrophages’ tumorcidal effect and promote 

polarization to M2 macrophages3, 4, 7, 14, 15. Additionally, breast cancer cells can express 

Semaphorin 7A36. Semaphorin 7A polarizes macrophages to M2 macrophages that 

produce angiogenic factors which leads to cancer progression and metasisis36.  The next 

stimuli, curcumin, is a polyphenol obtained from Curcuma Longa19, 20, 21. Curcumin also 

has anti-inflammatory properties and can modulate innate immune responses19, 20, 21. 

Recent findings have shown that curcumin polarizes RAW 264.7 macrophages to a M2 

phenotype by inducing the production of two M2 biomarkers, Interleukin -4 (IL-4) and 

Interleukin-13 (IL-13)19. 

Another stimuli that can induce M2 polarization is 1α, 25 dihydroxyvitamin 

(vitamin D3 & analogs)22, 23. Vitamin D3 is capable of modulating immune responses
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by up-regulating three anti-inflammatory M2 markers in macrophages: Interlukin-4 (IL-

4), Interlukin-10 (IL-10), and arginase22. Also, vitamin D3 specifically upregulates 

enzymatic expression of arginase 1, which can suppress nitric oxide synthase in the “L-

arginine nitric oxide pathway9, 22.” Vitamin D3 has been proven to induce M2 phenotype 

biomarkers in macrophages22, 23, 24. Alternatively, vitamin D3 also has the ability to 

induce M1 phenotype bactericidal activity and increase phagocytic activity biomarkers in 

macrophages25. 

In summary, macrophages can be divided into two phenotypes, M1 or M2 

macrophages. M1/M2 macrophages can be identified by different biomarkers: end 

products from the “L-arginine nitric oxide pathway,” phagocytosis activity, and 

tumoricidal activity. Macrophages can exhibit phenotypic plasticity, meaning that 

extracellular stimuli can drive either M1 or M2 phenotype polarization. This study looked 

at the possibility of reversing the M2 tumor promoting macrophage phenotype, seen in 

the breast cancer tumor environment, by introducing extracellular stimuli such as 4T1 

breast cancer cell conditioned medium, curcumin, 22-oxacalcitriol (1α, 25 

dihydroxyvitamin analog), LPS, or combination of the above.
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II. MATERIALS AND METHODS 

2.1 Cell Lines and Reagents 

The highly metastatic 4T1 mouse breast cancer cell line was a kind gift from Ms. 

Rachael Berry (Florida Atlantic University). The RAW 264.7 mouse macrophage cell 

line was a kind gift from Dr. Yoshimi Shibata (Florida Atlantic University). 4T1 and 

RAW 264.7 cell lines were maintained in RPMI 1640 (Gibco, USA) supplemented 

with10% FBS (Sigma Aldrich, St. Louis, USA) and 100x Antimycotic Solution (Sigma 

Aldrich, St. Louis, USA) at 37°C under 5% CO2. 

For the Griess Reagent System, N-(1-naphthyl) ethylenediamine dihydrochloride, 

Sulfanilic acid and 5% Phosphoric acid were obtained from (Sigma Aldrich, St. Louis, 

USA). QuantiChrom Urea Assay Kit (DIUR-100) was purchased from BioAssay Systems 

(USA). 22-oxacalcitriol was purchased from Tocris Bioscience (United Kingdom). LPS 

from Escherichia coli 026:B6 was purchased from Sigma Aldrich (USA). Curcumin was 

purchased from Sigma Aldrich (USA). TritonX-100 was provided by Dr. David 

Binninger (Florida Atlantic University). Complete Protease Inhibitor Cocktail tablets 

were purchased from Sigma Aldrich (USA). Dimethyl Sulfoxide (DMSO) was used to 

solubilize curcumin and 22-oxacalcitriol (Sigma Aldrich, St. Louis, USA). DMSO was a 

vehicle control and used as a 3.33% solution for experimentation. 

2.2 Instruments 

A VersiMax Tunable Plate Reader was used for Spectrophotometer measurements.
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2.3 Generation of Tumor Conditioned Media And RAW 264.7 Conditioning   

Tumor conditioned media was generated according to Madera et al. (2016)26.  4T1 

cells were seeded at 88,888 cells per T25 tissue culture flask (Theromo-scientific) in 

RPMI 1640 supplemented with 10% FBS and antibiotics. After 4 days of culture or 80% 

confluency, the media was collected and passed through a Filtropur syringe filter 

membrane (0.2 μmpore, Sarstedt). Filtered cell-free medium was stored at-20°C until use. 

For conditioning, RAW 264.7 cells were seeded into 96 well plates at 100,000 cells 

perwell. The RAW 264.7 cells were then treated with 10%, 30%, or 50% (v/v) of tumor-

conditioned RPMI and were cultured for 24h. RAW 264.7 cells treated with 100% (v/v) 

RPMI 1640 plus 10% FBS, and antibiotics were used as a non-conditioned control. 

2.4 Measurement of Nitric Oxide  

RAW 264.7 cells were seeded in 96 well plates in combination or singularly with 

4T1 conditioned media, 22-oxacalcitriol, curcumin, or LPS. Untreated RAW 264.7 in 

RPMI 1640 were used as a control. After 24h, the nitrates in the supernatant were 

assayed with Griess reagents. Briefly, the Griess reagent was made by combining 1% N-

(1-naphthyl)ethylenediamine dihydrochloride solution (10mg/ml) with a 1% Sulfanilic 

acid (10mg/ml) in 5% Phosphoric acid as a 1:1 ratio. Culture supernatant, deionized 

water, and Griess reagent were combined in a 15:13:2 (v/v/v) ratio respectively in a 96 

well plate. The absorbance was read at 548nm in a microplate spectrophotometer. A 

100uM NaNO2 standard curve was used to calculate the nitrite concentration. 2 to 3 

independent experiments were done in triplicate. 
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2.5 Measurement of Arginase Activity 

Arginase activity was determined according to a microplate assay26. RAW 264.7 

cells were seeded at 100,000 cells per well in a 96 well plate. The RAW 264.7 cells were 

then cultured in RPMI 1640 media in combination or singularly with 4T1 conditioned 

media, curcumin, 22-oxacalcitriol, or LPS. Untreated RAW 264.7 in RPMI 1640 were 

used as a control. The cells were cultured for 24h. The supernatants were removed and 

the cells were washed with DPBS. 100ul of a 0.5% TritionX-100 containing Complete 

Protease Inhibitor Cocktail was added to each well. The plate was rocked for 20 minutes 

at room temperature. Once the cells were lysed, the lysate was pipetted several times 

before transferring 50ul of the lysate to a new 96 well plate. 50ul of an arginase 

activation solution [1:4 (v/v) of 10mM MnSO4 to 50nM TrisCl pH 7.5] was added to 

each well and incubated for 10 minutes at 55C in a water bath. 25ul of each activated 

lysate solution was then transferred to a new 96 well plate. Next, 25ul of an arginase 

substrate solution (0.5M L-arginine, pH 9.7) was added to the activated lysate. The 96 

well plate was incubated for 19h at 37C under 5% CO2. After incubation, Quantichrom 

Urea Assay Kit reagents were mixed and added to the 50ul samples, as indicated by the 

manufacturer’s instructions. The samples were then incubated at room temperature for 20 

minutes, and read at 430nm by a microplate spectrophotometer. Urea concentrations were 

determined by serially diluting a 50mg/dL urea standard from the Quantichrom Urea 

Assay Kit.  2 to 3 independent experiments were done in triplicate. 

2.6 Neutral Red Phagocytosis Assay 

The Neutral Red assay was completed according to Geng, Y. et al (2016)27.  

Briefly, RAW 264.7 cells were plated in a 48 well plate at 100,000 cells per well. The 
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cells were cultured for 24h in combination or singularly with 4T1 conditioned media, 

curcumin, 22-oxacalcitriol, or LPS. After 24h, the supernatants were discarded. 100ul of 

a 0.09% neutral red DPBS solution was added to each well and incubated for 1h. After 

1h, the neutral red solution was removed and the cells were washed 3 times with DPBS. 

Then, 100ul of a cell lysis solution [1% acetic acid solution (v/v) in 50% ethanol (v/v)] 

was added to each well. The plate was incubated at room temperature for 15min. Next, 

the lysate was transferred to a 96 well plate and measured at 540nm in a 

spectrophotometer. 2 independent experiments were done in triplicate. 

2.7 Cytotoxicity Assay 

RAW 264.7 macrophages were incubated 24h in combination or singularly with 

4T1 conditioned media, curcumin, 22-oxacalcitriol, or LPS. The RAW 264.7 cells were 

washed twice with RPMI 1640 and then co-cultured with 4T1 target cells (104/well) in 

50ul/well for 24h at 37C in 5% CO2.  Lactate dehydrogenase (LDH) activity in the 

culture supernatants was determined by using a CytoTox 96® Non-Radioactive 

Cytotoxicity Assay Kit (Promega, USA), per manufacture’s guidelines. The absorbance 

was measured at 490nm using a microplate reader. LDH release was obtained from non-

treated RAW 264.7 cells incubated with 4T1 target cells. Experimental LDH release was 

obtained from treated RAW 264.7 cells incubated with 4T1 target cells. Maximum 

release was obtained by adding 5ul of lysis solution to 50ul of 4T1 target cells alone. 

Values are the average of 2 independent experiments done in triplicate. Background 

values for media were subtracted from each point. Treated and non-treated RAW 264.7 

cells without 4T1 cells were routinely run alongside with the experimental values.
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Percent specific lysis = 100% X 

 [(A490 Experimental - A490 Effector Spontaneous- A490Target 

Spontaneous)/(A490 Target Maximum- A490 Target Spontaneous
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III. RESULTS 

3.1 Conditioned media from the highly metastatic 4T1 breast cancer cell line 

downregulated the M1 phenotypic biomarker nitric oxide in RAW 264.7 

macrophages 

 We sought to determine whether conditioned medium (CM) from the 4T1 breast 

cancer cell line would affect the phenotype of RAW 264.7 macrophages and polarize the 

cells to the M2 immunosuppressive type.  Untreated RAW 264.7 macrophages are known 

to produce low levels of the M1 marker nitric oxide (NO). Nitric oxide levels are 

produced by the catabolism of L-arginine via nitric oxide synthase. After a 24h treatment, 

it was confirmed that untreated RAW 264.7 macrophages produced significant levels of 

NO (Figure 1). Furthermore, treatment with conditioned media from 4T1 breast cancer 

cells significantly downregulated NO production compared to the baseline levels of 

untreated RAW 264.7 macrophages (Figure 1). There was no statistical difference in NO 

levels seen between the 10%, 30%, or 50% CM (v/v) treated RAW 264.7 macrophages 

since the absorbance values were below the measurable NO standard range (standard not 

shown) of the Griess reagents (Figure 1). 
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Figure 1. Conditioned media from 4T1 breast cancer cells downregulated the 

production of the M1 macrophage biomarker nitric oxide in RAW 264.7 

macrophages 

RAW 264.7 cells were seeded at 100,000cells/well in a 96 well plate in RPMI medium-

10% FCS containing conditioned medium (CM) from 4T1 cells at 10%, 30%, and 50% 

(v/v). After 24h, the supernatant fluids were tested with the Griess reagent for the M1 

macrophage biomarker nitric oxide. Results are shown as a mean (mean of triplicates ± 

s.e.m.) of at least two independent experiments. Statistical analyses was done by Student 

t-Test: Two-Sample Assuming Unequal Variances. 

 
3.2 Curcumin hindered the production of the M1 macrophage biomarker nitric 

oxide from RAW 264.7 macrophages 

In this experiment, we wanted to assess the effects of curcumin or vitamin D3 

analog 22-oxacalcitriol in polarizing M1 RAW 264.7 macrophages to the M2 phenotype. 

Additionally, we examined the effects of LPS, an inflammatory endotoxin, on the RAW 

264.7 macrophage phenotype. The level of the M1 macrophage biomarker nitric oxide 

(NO) was significantly decreased in RAW 264.7 cells treated with curcumin when 

compared to the untreated control (Figure 2). However, a 24h treatment with 22-
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oxacalcitriol had no statistically affect on NO production when compared to untreated 

RAW 264.7 NO baseline levels (Figure 2). In contrast, LPS increased NO levels in RAW 

264.7 compared to either untreated or 22-oxacalcitrol treated RAW 264.7 cells (Figure 

2). 

 
Figure 2. Curcumin hindered the production of the M1 biomarker nitric oxide in 

RAW 264.7 macrophages 

RAW 264.7 cells were seeded at 100,000cells/well in a 96 well plate and treated with 

curcumin (5uM), 22-oxacalcitriol (10^-7M), or LPS (20ng/ml) in RPMI medium. In 

addition, RAW 264.5 macrophages were treated with RPMI 1640 as a control. DMSO 

was used as a vehicle control. 10% (v/v) CM from 4T1 breast cancer cells was used as 

negative control for nitric oxide. After 24h, the supernatants were tested for the M1 

macrophage biomarker nitric oxide. Results are shown as a mean (mean of triplicates ± 

s.e.m.) of at least two independent experiments. Statistical analyses was done by t-Test: 

Two-Sample Assuming Unequal Variances. 
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3.3 LPS reduced the M2 polarizing effects of 4T1 breast cancer conditioned medium 

on RAW 264.7 macrophages 

 In this experiment, we studied whether the inflammatory endotoxin LPS could 

reverse the immunosuppressive M2 phenotype engendered by 10% 4T1 CM. (Figure 3). 

We first showed that 10% conditioned medium completely blocked the production of the 

M1 biomarker NO, when compared to untreated cells. The result indicated that the 

conditioned medium prevented the production of the M1 phenotypic marker that is 

thought to play a role in killing tumor cells. However, LPS in combination with tumor 

cell-conditioned medium partially reversed the suppressive effects of conditioned 

medium on NO production (Figure 3). 

 

 
Figure 3. Lipopolysaccharide (LPS) reduced the M2 polarizing effects of 4T1 breast 

cancer conditioned media on RAW 264.7  
RAW 264.7 cells were seeded at 100,000cells/well in a 96 well plate and treated with 

10% conditioned medium (CM) from 4T1 breast cancer cells in combination with LPS
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 (20ng/ml). After 24h, the supernatants were tested for the M1 macrophage biomarker 

nitric oxide. Results are shown as a mean (mean of triplicates ± s.e.m.) of at least two 

independent experiments. Statistical analyses was done by t-Test: Two-Sample Assuming 

Unequal Variances. 

3.4 Tumor conditioned medium from 4T1 breast cancer cells induced arginase 

activity in RAW 264.7 macrophages 

Our lab sought to ascertain the effect of treating phenotypically M1 macrophages 

with tumor cell conditioned medium to determine if the cells could be polarized to a M2 

phenotype. We quantified the levels of urea in the cell lysate supernatant fluids from 

treated cells as a measure of the arginase activity, a M2 biomarker (Figure 4). RAW 

264.7 macrophages treated with 10% or 30% CM (v/v) produced significantly increased 

levels of urea after a 24 hour treatment (Figure 4). The concentration of urea from 

untreated RAW 264.7 macrophages was below the measurable concentration range of the 

Urea Standard (standard not shown), provided by the Quantichrom Urea Assay Kit. 

However, no statistical difference was seen between the 10% or 30% CM (v/v) in terms 

of urea production (Figure 4). When the concentration of 4T1 conditioned medium was 

increased to 50%, it caused a decrease in the production of arginase compared to the 10% 

and 30% (v/v) 4T1 CM treatment (Figure 4).
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Figure 4. Conditioned media from 4T1 mouse breast cancer induced arginase activity, 
an M2 macrophage biomarker from RAW 264.7 macrophages 

Results are expressed as urea production from arginase actively converting L-arginine to 

urea. RAW 264.7 cells were seeded at 100,000cells/well in a 96 well plate and treated 

with conditioned medium (CM) from 4T1 cells at 10%, 30%, and 50% (v/v). Cells were 

also treated with RPMI 1640 medium as a control. Results are shown as a mean (mean of 

triplicates ± s.e.m.) of at least two independent experiments. Statistical analyses was, 

done by t-Test: Two-Sample Assuming Unequal Variances. 

 

3.5 Anti-inflammatory compounds, curcumin and 22-oxacalcitrol, did not polarize 

M1 macrophages to the M2 phenotype 

In an effort to find additional means to produce macrophages with the M2 phenotype, 

we sought to determine if the immune modulators, curcumin or 22-oxacalcitriol, would 

achieve arginase activity in the M1 RAW 264.7 macrophages. Urea was a product 

resulting from arginase metabolizing the amino acid L-arginine.  4T1 breast cancer CM at 

10% (v/v) was used as a positive control for arginase activity in RAW 264.7 

macrophages (Figure 5). DMSO, the vehicle control, caused arginase activity in RAW 

264.7 cells after 24 hours (Figure 5). Neither curcumin nor the vitamin D3 analog 
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22-oxaclacitriol induced positive levels of arginase when compared to DMSO or 10% 

(v/v) 4T1 CM (Figure 5). Additionally, RAW 264.7 macrophages treated with LPS did 

not induce arginase activity when compared to DMSO or 10% (v/v) CM from 4T1 breast 

cancer cells (Figure 5). 

 
Figure 5. Anti-inflammatory compounds, curcumin and 22-oxacalcitriol, did not 

upregulate the M2 macrophage biomarker arginase in RAW 264.7 macrophages 

Results are expressed as urea production from arginase actively converting L-arginine to 

urea.RAW 264.7 cells were seeded at 100,000cells/well in a 96 well plate. RAW 264.7 

cells treated with 10% (v/v) 4T1 conditioned medium (CM) were used as a positive 

control. DMSO in medium served as a vehicle control. Also, RAW 264.7 cells were 

treated with curcumin (5uM), 22-oxacalcitriol (10^-7M), and LPS (20ng/ml) for 24h. 

Results are shown as a mean (mean of triplicates ± s.e.m.) of at least two independent 

experiments. Statistical analyses was done by t-Test: Two-Sample Assuming Unequal 

Variances. 
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3.6 Curcumin, 22-oxacalcitriol, or LPS inhibited the M2 polarizing effects of 4T1 

breast cancer conditioned medium toward RAW 264.7 macrophages as reflected by 

decreased arginase activity 

 Given that RAW 264.7 macrophages treated alone with curcumin, 22-

oxacalcitriol, or LPS do not induce arginase (Figure 5), we sought to determine if they 

could inhibit the M2 polarizing effects of tumor cell conditioned medium.  The results, in 

figure 6, show that all three; curcumin, 22-oxacalcitriol, and LPS, significantly 

downregulated arginase (M2 biomarker) production compared to RAW 264.7 

macrophages treated with 10% 4T1 breast cancer CM.  

 
Figure 6. Curcumin, 22-oxacalcitriol & LPS hindered the M2 polarizing effects of 

4T1 breast cancer conditioned media by downregulating arginase activity in RAW 

264.7 macrophages RAW 264.7 cells were seeded at 100,000cells/well in a 96 well 

plate. RAW 264.7 macrophages treated with 10% (v/v) breast cancer conditioned 
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medium (CM) were used as the positive control for urea production. RAW 264.7 

macrophages were treated with 10% (v/v) 4T1 CM in combination with curcumin (5uM), 

22-oxacalcitriol (10^-7M), or LPS (20ng/ml). After 24h, urea was measured as a product 

of arginase activity on L-arginine. Results are shown as a mean (mean of triplicates ± 

s.e.m.) of at least two independent experiments. Statistical Analyses was done by t-Test: 

Two-Sample Assuming Unequal Variances. 
 

3.7 Enhanced phagocytic activity seen in curcumin or LPS treated RAW 264.7 

macrophages 

 Since macrophages are considered specialized phagocytic immune cells, we 

wanted to know the effects 4T1 breast cancer CM, curcumin, 22-oxacalcitriol, or LPS 

would have on phagocytic activity in RAW 264.7 macrophages after a 24h treatment. 

There was statistically less phagocytosis seen in 10%, 30%, and 50% (v/v) 4T1 CM 

treated RAW 264.7 macrophages (Figure 7). However, curcumin treatment increased 

phagocytic activity in RAW 264.7 cells after 24 hours (Figure 7). Most notably was the 

significant increase in phagocytosis with the LPS treatment in comparison to the 

untreated RAW 264.7 cells (Figure 7). 

 
Figure 7. Curcumin or LPS treatment enhanced phagocytosis in RAW 264.7 

macrophages compared to the downregulation of phagocytosis seen from 4T1 breast 

cancer CMs 
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RAW 264.7 cells were seeded at 100,000cells/well in a 48 well plate and treated with 

10% 4T1 CM (v/v), 30% 4T1 CM (v/v), & 50% 4T1 CM (v/v). Also, RAW 264.7 cells 

were treated with curcumin (5uM), 22-oxacalcitriol (10^-7M), or LPS (20ng/ml) for 24h. 

RAW 264.7 cells treated with RPMI 1640 media were used as a 24h control. A 0.09% 

Neutral Red solution was added to the cells to measure phagocytic activity. Results are 

shown as a mean (mean of triplicates ± s.e.m.) of at least two independent experiments. 

Statistical analyses was done by t-Test: Two-Sample Assuming Unequal Variance 

 

3.8 Combined treatment with 4T1 breast cancer conditioned media and 22-

oxacalcitriol increased phagocytosis in RAW 264.7 macrophages 

 In this experiment we wanted to see what effect curcumin, 22-oxacalcitriol, or 

LPS, in combination with 4T1 breast cancer CM, would have on RAW 264.7 

macrophages after 24h treatment. We determined that the combined treatment of 4T1 

breast cancer CM and 22-oxacalcitriol increased RAW 264.7 macrophage phagocytic 

activity compared to 4T1 CM alone (Figure 8). In addition, the combined treatment of 

4T1 CM and LPS statistically increased RAW 264.7 phagocytosis (Figure 8). There was 

no statistical difference seen between 4T1 CM treatment and the combination treatment, 

4T1 CM plus curcumin (Figure 8)
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Figure 8. The vitamin D analog 22-oxacalcitriol enhanced the phagocytic ability of 

RAW 264.7 macrophages even in the presence of immunosuppressive tumor cell-

conditioned medium 

RAW 264.7 cells were seeded at 100,000cells/well in a 48 well plate. RAW 264.7 cells 

were treated with 10% 4T1 CM (v/v) plus curcumin (5uM); 10% 4T1 CM (v/v) plus 22-

oxacalcitriol (10^-7M); and 10% 4T1 CM (v/v) plus LPS (20ng/ml). A 0.09% Neutral 

Red solution was used to determine phagocytic activity after a 24h treatment. Results are 

shown as a mean (mean of triplicates ± s.e.m.) of at least two independent experiments. 

Statistical analyses was done by t-Test: Two-Sample Assuming Unequal Variances. 
 

3.9 Pre-treatment of RAW 264.7 macrophages with curcumin, 22-oxacalcitrol, or 

LPS inhibited tumoricidal activity in RAW 264.7 macrophages  

  We determined, in this experiment, the tumoricidal activity of untreated and pre-

treated RAW 264.7 macrophages when co-cultivated with 4T1 breast cancer cells. 

Untreated RAW 264.7 macrophages have significant tumorcidal activity in the Effector 

to Target ratios; 1:1, 2:1, and 3:1 (Figure 9). Curcumin had slight tumoricidal activity at 

the Effector to Target ratio ranges of 2:1 and 3:1 (Figure 9). As for 22-oxacalcitriol and 
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LPS treated RAW 264.7 macrophages, there was no tumoricidal activity on 4T1 breast 

cancer cells after a 24h co-cultivation (Figure 9). 

 
Figure 9. Curcumin, 22-oxacalcitrol, or LPS blocked the tumoricidal activity of 

RAW 264.7 macrophages 

Pre-Treated RAW 264.7 macrophages were seeded at a 1:1, 2:1, and 3:1 Effector to 

Target ratio in a 96 well plate. Untreated RAW 264.7 cells showed significant levels of 

Lactate Dehydrogenase, an indicator of leaky or dying 4T1 breast cancer cells. Results 

are shown as a mean (mean of triplicates ± s.e.m.) of at least two independent 

experiments. Statistical analyses was done by t-Test: Two-Sample Assuming Unequal 

Variances.
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IV. DISCUSION 

 Macrophages, phagocytic cells of the innate immune system, can exibit 

distinguishing M1/M2 phenotypic characterisitcs. M1/M2 phenotype characterization 

methods include: the measurments of the M1 biomarker nitric oxide, the measurment of 

the M2 biomarker arginase, the increase in phagocytic activity of M1 macrophages 

compared to the decrease of phagocytic activity in M2 macrophages, and the M1 

tumoricidal phenotype compared to the M2 tumor promoting phenotype. In addition, 

depending on extracellular stimuli, macrophages exhibit phenotypic plasticy which is the 

polarization between M1/M2 phenotypes,. This study looked at the roles of extracellular 

stimuli such as breast cancer CM, curcumin, 22-oxacalcitriol (1α, 25 dihydroxyvitamin 

analog), and LPS in affecting M1/M2 biomarkers, phagocytic activity, and tumoricidal 

activity in RAW 264.7 mouse macrophages. Also presented were the roles of curcumin, 

22-oxacalcitriol (1α, 25 dihydroxyvitamin analog), and LPS on the reversal of the 

immunosuppressive effects of tumor cell-conditioned medium.  

We first determined the baseline levels of nitric oxide and arginase present in the 

M1 macrophage cell line used throughout the study. Untreated RAW 264.7 cells, grown 

in RPM11640 medium, produced significant levels of the M1 biomarker NO (Figure 1) 

as expected from the literature28. The baseline levels of arginase present in the M1 

macrophage cell line were below the measurable range of the standard curve for urea 

production by arginase activity on L-arginine (Figure 4). Results indicated that the RAW 
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264.7 macrophages exhibited an M1 phenotype based on their preference to metabolize 

L-arginine via nitric oxide synthase to the end product NO9.  He et al. (2011) showed that 

RAW 264.7 macrophages, grown in DMEM media, produced both low levels of NO as 

well as arginase. The discrepancy, seen in arginase production between the He et al. 

(2011) study on RAW 264.7 macrophages and our data, could be explained by the use of 

different cell culture media.  

  We demonstrated the M2 polarizing potential of 4T1 breast cancer conditioned 

media (CM) on RAW 264.7 macrophages (Figure 4). Madera et al. (2015) used 10% 

(v/v) conditioned media from 4T1 breast cancer cells to treat bone marrow derived 

macrophages and showed a decrease in nitric oxide activity.  Deng et al. (2014) used 30% 

(v/v) conditioned media from 4T1 breast cancer cells and treated primary peritoneal 

derived mouse macrophages to induce M2-type Tumor Associated Macrophages. Thus, 

we sought to determine an optimal concentration of 4T1 CM that produced significant 

arginase activity in RAW 264.7 cells to establish an in vitro model of tumor associated 

M2 macrophages. We could then use this model to ascertain if any substances would 

reverse the M2 suppressive phenotype. We determined that 10% and 30% 4T1 CM 

significantly upregulated arginase activity, as indicated by the levels of urea production 

(Figure 4). Treating RAW 264.7 macrophages with a 50% (v/v) concentration of 4T1 CM 

decreased arginase activity (Figure 4). This result could indicate a threshold level of 4T1 

CM’s M2 polarizing effects on RAW 264.7 macrophages, or perhaps depletion of 

medium nutrients at 50% of spent media. We decided that an optimal concentration of 

10% (v/v) 4T1 breast cancer CM would be used for further experimentation.  
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LPS is a proven macrophage activator in that it promotes the M1 pro-

inflammatory phenotype via binding to TLR-417, 18. We saw that LPS further upregulated 

the baseline NO production from RAW 264.7 macrophages (Figure 2). This indicated 

that RAW 264.7 cells can be stimulated with LPS without being first “primed” with 

Interferon gamma (INFγ), an important activator of macrophages31. In addition, the LPS 

treatment was able to partially inhibit the extreme M2 polarizing effects of 4T1 CM 

during the combined treatment of 4T1 breast cancer CM plus LPS (Figure 3). However, 

LPS did not completely inhibitarginase production induced by 4T1 CM in the combined 

treatment (Figures 3 & 6). This result indicated a mixed population of M1/M2 

macrophage phenotypes. In terms of phenotypic plasticity, the results of the 

combinational treatment showed that LPS has a greater M1 pro-inflammatory effect 

compared to the M2 anti-inflammatory effect of 4T1 breast cancer CM on RAW 264.7 

macorphages5.  

Curcumin downregulated NO production in RAW 264.7 macrophages, but did not 

upregulate arginase activity (Figures 2 & 5). This result would suggest that curcumin 

does not promote a clear M1/M2 phenotype in RAW 264.7 macrophages. Thus, we 

hypothesized, curcumin generates a M0 or “non-activated” RAW 264.7 macrophage 

phenotype32. Further experimentation with differing concentrations of curcumin would 

need to be done to test this hypothesis. A combined treatment, of 4T1 CM and curcumin, 

on RAW 264.7 cells showed no change in NO (data not shown) but, there were positive 

levels of arginase activity (Figures 6). Although curcumin clearly has some inhibitory 

properties towards the 4T1 CM’s M2 polarizing activity in RAW 264.7 cells, there is still 

M2 polarization occurring as seen by the low levels of arginase activity (Figure 6). 
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The non-calcemic analogue of 1α, 25 dihydroxyvitamin 22-oxacalcitriol had no 

immune modulating effects on RAW 264.7 macrophages in terms of affecting either NO 

or arginase activity (Figure 2 & 5). However, 22-oxacalcitriol partially inhibited the M2 

polarizing effects of 4T1 CM (Figure 6). Our findings are relevant to studies indicating 

that vitamin D deficiency predisposes the development of breast cancer, and that women 

entering treatment for breast cancer do poorly if they have low levels of this hormone24. 

Recent studies have shown that all cells of the immune system rely on the use of the 

vitamin D3 steroid hormone for optimal function24. Our results indicated that 4T1 CM 

pre-treatment of M1 macrophages to produce the M2 phenotype were essential for 

observing the immune modulatory effects of 22-oxacalcitirol.  

 We assessed the changes of phagocytic activity induced by the following 

extracellular stimuli on RAW 264.7 macrophages: 4T1 conditioned media, curcumin, 22-

oxacalctriol, and LPS. Untreated RAW 264.7 macrophages were used as a reference for 

the potential phagocytic activity changes with 24h extracellular stimuli treatments 

(Figures 7). 4T1 CM treatments significantly inhibited phagocytic activity in RAW 264.7 

cells which would indicate M2 polarization (Figure 7). This result agreed with the 

observation that M2 phenotypic macrophages have decreased phagocytic expression32. 

Jing et al. (2008) found that Activin A, a multifactorial anti-inflammatory factor of the 

Transforming Growth factor Beta (TGRβ) family, suppressed phagocytic activity in 

mouse peritoneal macrophages. Also, Claire el al. (2013) found that 4T1 mouse breast 

cancer cells secreted the phagocytic inhibitor Activin A factor. Thus, Activin A could be 

one of the many phagocytic suppressing mediators found in our 4T1 breast cancer CM34, 

35. As for RAW 264.7 macrophages treated with curcumin, the phagocytic activity
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 significantly increased compared to the untreated RAW 264.7 cells (Figure 7). Geo et al. 

(2015) found that curcumin treatment caused the production of the M2 biomarker IL-4 in 

RAW 264.7 macrophages. Varin et al. (2010) found that IL-4 activated macrophages 

have impaired phagocytic activity. Further studies would need to be done to investigate 

the connection between curcumin induced IL-4 secretion and phagocytic activity19, 35. 

While 22-oxaclcitiol alone did not have any effect on phagocytic activity of RAW 264.7 

cells, the combination treatment of 4T1 CM and 22-oxacalcitriol significantly increased 

phagocytosis (Figure 7 & 8). This would indicate that additional stimuli such as 4T1 CM 

may be needed to induce a functional change in 22-oxacalcitriol treated RAW 264.7 

macrophages. Lastly, LPS does significantly upregulate phagocytic activity in RAW 

264.7 cells (Figure 7). This result suggested that LPS further promoted the M1 phenotype 

seen in RAW 264.7 macrophages. The 4T1 CM plus LPS combinational treatment of 

RAW 264.7 cells increased the phagocytic activity in comparison to 4T1 CM treatment 

alone (Figure 8). This would indicate that LPS has a greater effect in promoting M1 

phenotypic macrophages compared to the M2 polarizing effects of 4T1 CM. 

Tumoricidal activity of untreated and treated RAW 264.7 macrophages were 

evaluated in relation to co-cultivation with highly metastatic 4T1 mouse breast cancer 

cells. Baseline RAW 264.7 macrophages, which have a proven M1 phenotype, are 

positive for tumorcidal activity (Figure 9). Curcumin significantly downregulated the 

tumoricidal activity of RAW 264.7 macrophages (Figure 9). Additionally, 22-

oxacalcitriol inhibited RAW 264.7 from killing 4T1 breast cancer cells which was 

consistent with 22-oxacalcitiol’s M2 polarizing effect (Figure 9). LPS, a known M1 
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polarizing factor of RAW 264.7 macrophages, did not have any measurable tumoricidal 

activity on 4T1 breast cancer cells (Figure 9). 

 Our study demonstrated that RAW 264.7 mouse macrophages can be 

phenotypically characterized as M1 or M2 macrophages using the following biomarkers: 

nitric oxide, arginase, phagocytic activity, and tumoricidal activity. We also demonstrated 

the phenotypic plasticity of RAW 264.7 mouse macrophages with the following stimuli: 

4T1 breast cancer conditioned media, curcumin, 22-oxacalcitriol (a vitamin D3 analog), 

LPS, or combination of the previously listed. We concluded that 4T1 breast cancer media 

induced M2 polarization in RAW 264.7 mouse macrophages via the following results: 

the downregulation of nitric oxide, the upregulation of arginase activity, and the 

downregulation of phagocytic activity. Curcumin stimulated a potential M0, a tissue 

macrophage phenotype, in RAW 264.7 mouse macrophages via the downregulation of 

both nitric oxide and arginase. The increased phagocytic activity seen in RAW 264.7 

mouse macrophages treated with curcumin, could further support a M0, a tissue 

macrophage phenotype32.  The 22-oxacalcitriol treatment on RAW 264.7 mouse 

macrophages had no effect on nitric oxide, arginase, nor phagocytic levels. In contrast, a 

4T1 combinational treatment with 22-oxacalcitriol promoted a low grade M2 polarization 

effect. The LPS treatment of RAW 264.7 mouse macrophages showed a further activated 

M1 phenotype via the increase of nitric oxide and phagocytosis activity. However, LPS 

did not promote tumoricidal activity, which indicated a more complicated understanding 

in the priming and activating of a tumor killing macrophage phenotype. Our study can be 

used to further understand the complex role extracellular stimuli have on the polarization 

of macrophages in chronic inflammatory diseases such as cancer. In addition, our study 
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can be used to look at potential stimuli that may reverse the immunosuppressive M2 type 

Tumor Associated Macrophage in an in vitro tumor breast cancer model.
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