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Abstract 

 

Role of macrophage-derived heme oxygenase-1 in 

tumor microenvironment 

 

Seung Hyeon Kim 

Under the supervision of Professor Young-Joon Surh 

Cancer Biology 

The Graduate School 

Seoul National University 

 

One of the most common treatment options for breast cancer is 

chemotherapy. After chemotherapy, however, unwanted host effects provoke 

tumor recurrence and aggressiveness of cancer cells which often arise as a 

consequence of disruption in the patient’s immune system. Lymphocytes, 

such as CD8+ cytotoxic T cells which have capability of suppressing cancer 
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progression, are depleted following chemotherapy. Tumor-associated 

macrophages (TAMs), an abundant set of tumor-infiltrating myeloid cells in 

tumor microenvironment, play an important role in immunosuppression 

which often occurs during conventional chemotherapy. Dying cancer cells 

generated during the chemotherapy can potentially hijack accumulated 

TAMs, provoking tumor recurrence. Therefore, reprogramming of TAMs to 

maximize the chemotherapeutic efficacy is considered a promising novel 

anticancer strategy. In this study, I investigated whether tumor cell debris 

generated as a consequence chemotherapy can reduce therapeutic efficacy 

by modulating the activity of tumor-infiltrating macrophages. In a 4T1 

syngeneic murine breast cancer model, the expression of the M1 marker, 

CD86 in the TAMs and the infiltration of CD8+ T cells was reduced 

following paclitaxel (PTX) treatment. PTX treatment also resulted in an 

enhancement of heme oxygenase-1 (HO-1) expression in tumor-infiltrating 

myeloid cells engulfing tumor cell debris. Consistent with the in vivo profile 

of TAMs, bone marrow-derived macrophages (BMDMs) phagocytosing 

breast tumor cell debris exhibited significant upregulation of HO-1 

expression. HO-1 induction in BMDMs engulfing breast tumor cell debris 

inhibited M1 polarization and reprogramed macrophages to the M2 

phenotype. In contrast, inhibition of HO-1 activity with zinc protoporphyin 

IX resulted in sustained M1 macrophage activity of BMDMs co-cultured 
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with breast cancer cell debris. Therapeutic efficacy of PTX to suppress the 

tumor growth was significantly enhanced in HO-1 knock out mice bearing 

4T1 breast cancer. Consistent with that finding, pharmacologic inhibition of 

HO-1 activity augmented the therapeutic efficacy of PTX by stimulating 

CD86+ M1 TAMs in a 4T1 breast cancer. Furthermore, blockade of HO-1 in 

breast tumor bearing mice promoted CD8+ T cell infiltration and activity. 

Taken together, the above findings suggest that tumor cell debris-induced 

HO-1 overexpression in macrophages during chemotherapy dampens 

therapeutic efficacy by manipulating anti-tumor immunity.  

Keywords  

breast cancer, tumor-associated macrophages, chemotherapy, tumor cell 

debris, heme oxygenase-1 

Student number: 2014-30674 
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1. Introduction  

 

Breast cancer, one of the most commonly diagnosed malignancies in women 

worldwide, is often treated with chemotherapy (Tong, Wu, Cho, & To, 2018). 

After chemotherapy, however, unwanted host effects provoke tumor 

recurrence and increase cancer cell aggressiveness, often via disruption of 

the patient’s immune system (Anampa, Makower, & Sparano, 2015; Du, 

Key, Osborne, Mahnken, & Goodwin, 2003; Li et al., 2008; Verma et al., 

2016). The response to chemotherapy is affected by the tumor 

microenvironment (TME), which is the complex region in which cancer 

cells interact with the tumor stroma (Hirata & Sahai, 2017; Maman & Witz, 

2018). Chemotherapy can alter the proportion and activity of lymphocytes, 

including CD8+ cytotoxic T lymphocytes, which play major roles in 

reducing cancer progression (McCoy, Lake, van der Most, Dick, & Nowak, 

2012; Onyema et al., 2015; Samanta et al., 2018; Verma et al., 2016). 

Accordingly, potentiating the functional activity of cytotoxic lymphocytes, 

including CD8+ T cells, has become a central goal of many anti-tumor 

therapies (Coffelt & de Visser, 2015). One example of this is the combined 

use of chemotherapeutic agents plus immune-stimulators that target anti-

tumor immunity (Galluzzi, Senovilla, Zitvogel, & Kroemer, 2012; Hirata & 

Sahai, 2017). 
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Tumor-associated macrophages (TAMs), which act as a bridge between 

innate and adaptive immunity, could potentially be targeted to complement 

chemotherapeutic efficacy (Mantovani, Marchesi, Malesci, Laghi, & 

Allavena, 2017). Increased infiltration of TAMs into tumors following 

chemotherapy has been correlated with a poor prognosis (DeNardo et al., 

2011; Zhao et al., 2017). Notably, TAMs exhibit a dual relationship with 

cancer in response to environmental signals (Mantovani et al., 2017): those 

associated with poor clinical outcome display the M2 (alternatively activated) 

phenotype that promotes tumor progression through immunosuppression 

(Mantovani et al., 2017), whereas those induced by local signals display the 

M1 (classically activated) phenotype which possess cytotoxic and T-cell-

mediated anti-tumor activities (Biswas & Mantovani, 2010; Lewis & Pollard, 

2006; Mantovani et al., 2017). Recent studies have focused on the role of 

environmental factors and the modulation of these factors to skew TAMs 

toward M1 TAMs for enhancing the host anti-tumor response (Baer et al., 

2016; Fridman, Zitvogel, Sautes-Fridman, & Kroemer, 2017; Kaneda et al., 

2016; Pyonteck et al., 2013). 

   For decades, anti-cancer therapies have focused on destroying cancer 

cells to reduce tumor growth (Y. S. Chang, Jalgaonkar, Middleton, & Hai, 

2017; Sulciner et al., 2017). When such therapies kill tumor cells, tumor cell 

debris (apoptotic cells, necrotic cells and cell fragments) can be generated in 
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surrounding area (Sulciner et al., 2017). Importantly, the tumor cell debris 

generated by chemotherapy can contribute to accelerating tumor growth (J. 

Chang et al., 2018; Sulciner et al., 2017). Macrophages critically remove 

dead cells (Gregory & Pound, 2011; Kumar, Calianese, & Birge, 2017; Roca 

et al., 2017), and their phagocytosis of apoptotic cancer cells has been 

suggested to promote tumor growth by modulating TAM activity (Brown, 

Recht, & Strober, 2017; Cunha et al., 2018; Ringleb et al., 2017; Voss et al., 

2017). However, little is understood regarding the molecular mechanisms 

underlying the interaction between cytotoxic agent-generated tumor cell 

debris and TAMs. 

   Chemotherapy-induced oxidative stress is one mechanism through 

which cancer cells are killed (Gorrini, Harris, & Mak, 2013). However, 

cancer cells can bypass oxidative cell death by activating their anti-oxidant 

defense system (Gorrini et al., 2013; Na & Surh, 2014; Nitti et al., 2017). 

The overexpression of stress-responsive antioxidative enzyme, heme 

oxygenase-1 (HO-1), was reported to be associated with poor prognosis in 

breast cancer patients receiving chemotherapy (Hopper, Meinel, Steiger, & 

Otterbein, 2018; Muliaditan et al., 2018; Nitti et al., 2017). Conversely, HO-

1 inactivation can promote the effectiveness of anti-cancer therapy to inhibit 

tumor growth (Alaoui-Jamali et al., 2009; Di Biase et al., 2016; Fang, Sawa, 

Akaike, Greish, & Maeda, 2004; Metz et al., 2010; Miyake et al., 2010; 
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Muliaditan et al., 2018). Recent studies suggest that the induction of HO-1 

in TAMs plays an important role in cancer progression (Halin Bergstrom et 

al., 2016; Hughes et al., 2015; Muliaditan et al., 2018). However, the role of 

overexpressed HO-1 in TAMs during chemotherapy remains poorly 

understood. In this study, I demonstrate that breast tumor cell debris-induced 

HO-1 expression in TAMs can diminishes the efficacy of Paclitaxel (PTX), 

a representative anticancer drug frequently used for the treatment of breast 

cancer. 
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2. Materials and Methods  

 

Materials 

 

Dulbecco’s modified Eagle’s medium (DMEM), penicillin, streptomycin 

and fetal bovine serum (FBS) were obtained from Gibco-BRL (Grand Island, 

NY, USA). PTX, lipopolysaccharide (LPS), hemoglobin (Hb) and antibodies 

against actin were purchased from Sigma-Aldrich Co (St. Louis, MO, USA). 

Red blood cell lysis buffer was a product from Biolegend (San Diego, CA, 

USA). Anti-Nrf2 was purchased from Abcam (Cambridge, UK). Anti-HO-1 

and zinc protoporphyrin IX (ZnPP) were supplied by Enzo Life Sciences, 

Inc (Farmingdale, NY, USA). Anti-rabbit and anti-mouse horseradish 

peroxidase-conjugated secondary antibodies were provided by Zymed 

Laboratories Inc (San Francisco, CA, USA). Polyvinylidene difluoride 

(PVDF) membranes were supplied from Gelman Laboratory (Ann, Arbor, 

MI, USA) and enhanced chemiluminescent (ECL) detection kit was 

obtained from Amersham Pharmacia Biotech (Buckinghamshire, UK). 

 

Human study 
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This study was approved by the institutional review board (IRB) of Seoul 

National University Hospital (Seoul, South Korea), and all patients provided 

signed informed consent for collection of specimens. (IRB number: 1807-

061-957) 

 

Animal study 

 

Balb/c mice (6~9 weeks old) were purchased from Orient Bio (Gyeonggi-

Do, South Korea). HO-1 KO mice, in which the HO-1 gene was deleted by 

targeted gene knockout, were kindly provided by Dr. M.A. Perrella (Harvard 

Medical School, Boston, MA, USA). 4T1 murine mammary 

adenocarcinoma cells (1 x105) were subcutaneously implanted in the 

mammary glands of female Balb/c mice as previously described (Pulaski & 

Ostrand-Rosenberg, 2001). Tumors were grown for 10 days before mice 

were injected with chemotherapeutic agents. Tumor size was measured by 

caliper (width x length x height x 0.52 = mm3). All the animals were 

maintained according to the relevant institutional animal care guidelines. 

Animal experimental procedures were approved by the institutional animal 

care and use committee at Seoul National University, South Korea. (IACUC 

number: SNU-170710-2) 
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Macrophage depletion study 

 

Established 4T1 tumors were injected with clodronate liposomes (1 

mg/mouse; FormuMax Scientific, Inc. Sunnyvale, CA, USA) every 4 day in 

combination with PTX (5 mg/kg) or ZnPP (40 mg/kg). Depletion of 

macrophages was confirmed by flow cytometry.  

 

Cell culture 

 

To generate primary BMDMs, I obtained bone marrow cells by flushing the 

long bones of mice (6~12 weeks old). Bone marrow cells were plated in 

DMEM supplemented with 10% FBS, 100 μg/ml streptomycin, 100 U/ml 

penicillin and 20 ng/ml M-CSF (Biolegend, San Diego, CA, USA) and 

cultured for 7 days to allow for macrophage differentiation. Human MDA-

MB231 cells and murine 4T1 cells were purchased from the American Type 

Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM 

supplemented with 10% FBS, 100 μg/ml streptomycin and 100 U/ml 

penicillin. Cells were maintained at 37°C in a humidified atmosphere of 5% 

CO2. 
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Bioinformatic analysis 

 

Microarray data were extracted from the Gene Expression Omnibus 

database (GSE 43816; National Center for Biotechnology Information, 

Bethesda, MD, USA; https://www.ncbi.nlm.nih.gov/.geo/). Heatmaps were 

generated using the R software (Bioconductor, ComplexHeatmap package). 

 

Macrophage polarization 

 

To generate M1-polarized macrophages, BMDMs were incubated with LPS 

(100 ng/ml) for 24 h as previously described (Kaneda et al., 2016). 

 

Generation of tumor cell debris 

 

Tumor cell debris was generated by incubating breast cancer cells (1ⅹ107) in 

medium supplemented with PTX (1 mM) for 24 h. The presence of dead 

cells among the debris was confirmed by the annexin V/PI assay. 5-

fluorouracil (5-FU)-generated tumor cell debris was acquired by culturing 

breast cancer cells (1ⅹ107) in medium supplemented with 5-FU (500 μM) 

for 48 h. 
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Isolation of single cells from mouse tumors 

 

Tumors were collected from mice and dissociated into single cells as 

described previously (Pachynski, Scholz, Monnier, Butcher, & Zabel, 2015). 

Specifically, tumor implanted mice were euthanized and tumors were 

harvested. Tumors were then minced and mechanically disaggregated. And 

the disaggregated tumors were passed through a 40 µM filter using DMEM 

supplemented with 2% FBS to prepare a single cell suspension. 

 

Flow cytometric analysis  

 

Single-cell suspensions were washed with PBS containing 1% FBS and non-

specific antibody binding was blocked with anti-mouse CD16/32 Fc receptor 

block antibody (Biolegend, San Diego, CA, USA). The cells were then 

stained by incubation on ice for 30 min with the following fluorescence-

conjugated antibodies: anti-mouse CD45 APC, anti-mouse CD45.2 BV510, 

anti-mouse CD11b Alexa Fluor700, anti-mouse F4/80 PerCP/Cy5.5, anti-

mouse F4/80 APC, anti-mouse Ly-6C PE/Cy7, anti-mouse Ly-6G APC/Cy7, 

anti-mouse CD3ε Alexa Fluor 700, anti-mouse CD8a PE/Cy7, anti-mouse 

CD4 PE, anti-mouse CD206 FITC and anti-mouse CD36 PE. The cells were 

washed with PBS and subjected to flow cytometry. Dead cells were excluded 
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by DAPI (Thermo Fisher Scientific, Waltham, MA, USA) staining.  

For intracellular staining, cells were incubated with ionomycin (1 μg/ml) 

and phorbol myristate acetate (PMA, 100 ng/ml) for 4 h at 37°C in a 

humidified atmosphere of 5% CO2 in the presence of a protein transport 

inhibitor (Brefeldin A; Monensin, Thermo Fisher Scientific, Waltham, MA, 

USA). Cells were fixed and permeabilized with a fixation/permeabilization 

buffer set (Thermo Fisher Scientific, Waltham, MA, USA), and then stained 

with the following antibodies: anti-mouse IL-12p40 PE, anti-mouse TNF-α 

FITC, anti-mouse IFN-γ APC (all from Biolegend, San Diego, CA, USA) 

and anti-mouse Foxp3 FITC (Thermo Fisher Scientific, Waltham, MA, 

USA).  

To examine the presence of EpCAM as an intracellular marker of breast 

tumor cell debris, cells were fixed with 2% formaldehyde in PBS for 30 min 

at room temperature, permeabilized with 0.1% Tween-20 in PBS for 15 min 

at room temperature, and stained with anti-mouse EpCAM FITC 

(Biolegend). To stain intracellular HO-1, I used a fixation/permeabilization 

buffer set (Thermo Fisher Scientific, Waltham, MA, USA), according to the 

manufacturer’s instruction. Briefly, the cells were stained with anti-HO-1 in 

buffer, washed with PBS and analyzed by flow cytometry. I used FACS 

Calibur, LSR Fortessa X-20 and FACS Aria Ⅲ (BD, Franklin Lakes, NJ, 

USA) machines for the above-listed analyses. All samples were analyzed 
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using the Flow jo software package (Tree Star, Ashland, OR, USA). 

 

Cell sorting 

 

Single-cell suspensions obtained from tumors were stained with DAPI, anti-

CD45 APC and anti-CD11b Alexa Fluor700 and subjected to FACS using a 

FACS Aria Ⅲ (BD, Franklin Lakes, NJ, USA). Live cells were identified as 

CD45+ CD11b+.  

 

Immunofluorescence  

 

Tumor specimens were fixed, paraffin-embedded and sectioned, and the 

sections were deparaffinized and rehydrated by serial washes with graded 

xylene and alcohol. For immunofluorescence staining, tissue sections were 

boiled in 10 mM sodium citrate (pH 6), subjected to serial washing, blocked 

with 5% FBS in PBST (PBS + 0.1 % Tween 20) and co-stained with HO-1 

(Enzo, Farmingdale, NY, USA) or CD8 Alexa Fluor 594 (Biolegend, San 

Diego, CA, USA) or CD11b Alexa Fluor 488 (Biolegend, San Diego, CA, 

USA) or CD206 (Biolegend, San Diego, CA, USA) and DAPI (Thermo 
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Fisher Scientific, Waltham, MA, USA) overnight at 4℃. To analyze the 

phagocytosis of macrophages, isolated myeloid cells were incubated with 

F4/80 (Santa Cruz, Dallas, TX, USA). The resulting CD11b+ F4/80+ cells 

were dispensed to glass slides, permeabilized for 5 min at room temperature 

using 0.2% Triton X-100 in PBS and blocked with 3% bovine serum albumin 

(BSA) in PBS containing 0.1% Triton X-100 for 1 h at room temperature. 

Anti-mouse EpCAM Alexa Fluor 594 (Biolegend, San Diego, CA, USA) 

was used to stain tumor cell debris in macrophages. To assess the expression 

of HO-1 in macrophages, myeloid cells were incubated with F4/80 (Santa 

Cruz, Dallas, TX, USA), permeabilized, stained with HO-1 (Enzo, 

Farmingdale, NY, USA) and incubated with the appropriate secondary 

antibodies. Nuclei were counterstained with DAPI and immunofluorescence 

images were collected on a Zeiss LSM 710 confocal microscope (Zeiss, 

Germany). 

 

Phagocytosis assay 

 

PTX-induced tumor cell debris was stained with 1 μl of 1 mg/ml pHrodo-

SE (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at room 

temperature. BMDMs were co-cultured with pHrodo-SE-labeled tumor cell 

debris. After incubation for 8 h, the phagocytic activity of BMDMs was 
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assessed by flow cytometry or confocal microscopy. 

 

Quantitative PCR 

 

Total RNA was isolated from cells and tumor tissues using the TRIzolTM 

reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s 

instructions and reverse transcribed using murine leukemia virus reverse 

transcriptase (Promega, Madison, WI, USA). qPCR analysis was performed 

using a 7300 Real-Time PCR System (Thermo Fisher Scientific, Waltham, 

MA, USA). Gene expression data are presented relative to an internal control. 

The following primers were utilized:  

Gene symbol Primer sequences 

Hmox1 

Forward: GATAGAGCGCAACAAGCAGAA 

Reverse: CAGTGAGGCCCATACCAGAAG 

Cxcl9 

Forward: GGAGTTCGAGGAACCCTAGTG 

Reverse: GGGATTTGTAGTGGATCGTGC 

Cxcl10 

Forward: CCAAGTGCTGCCGTCATTTTC 

Reverse: GGCTCGCAGGGATGATTTCAA 

Il10 

Forward: GCTCTTACTGACTGGCATGAG 

Reverse: CGCAGCTCTAGGAGCATGTG 
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Tnf 

Forward: CCCTCACACTCAGATCATCTTCT 

Reverse: GCTACGACGTGGGCTACAG 

Il12b 

Forward: TGGTTTGCCATCGTTTTGCTG 

Reverse: ACAGGTGAGGTTCACTGTTTG 

Actb 

Forward: TGCTAGGAGCCAGAGCAGTA 

Reverse: AGTGTGACGTTGACATCCGT 

 

Western blot analysis 

 

Whole-cell lysates or tumor extracts were prepared by suspending the cells 

or tumor tissues in lysis buffer (Cell Signaling Technology, Danvers, MA, 

USA) containing protease inhibitors (Roche, Switzerland) on ice, followed 

by centrifugation for 15 min at 13,000 g. Protein concentrations were 

assessed by a BSA assay (Invitrogen, Carlsbad, CA, USA). Proteins were 

resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to PVDF membranes (Gelman Laboratory, 

Ann, Arbor, MI, USA). The membranes were incubated with primary 

antibodies at 4℃ overnight, washed and incubated with horseradish 

peroxidase-conjugated secondary antibodies. The results were developed 

with ECL reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK) 

according to the manufacturer’s instructions and visualized using a LAS 
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4000 (Fujifilm Life Science, Tokyo, Japan). 

 

Statistics 

 

Data are presented as the mean ± SEM (standard error of the mean). For 

between-group differences in the mouse experiments, significance was 

determined using one-way ANOVA analysis with a Tukey’s post hoc test. 

The Student’s t-test was used to compare data from control and experimental 

conditions. The analyses were applied using SigmaPlot 12 (Systat Software, 

San Jose, CA, USA). 
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3. Results 

 

Chemotherapy facilitates development an immunosuppressive TME in breast 

cancer 

 

Chemotherapy acts as a double-edged sword in the regulation of cancer 

progression (Y. S. Chang et al., 2017; Karagiannis et al., 2017). Therapy-

induced changes of the TME often abrogate treatment efficacy via unwanted 

host effects, such as modification of immune cell infiltration and increases 

in immunosuppressive factors (Engblom, Pfirschke, & Pittet, 2016; Maman 

& Witz, 2018). To investigate the impact of chemotherapy on host, I 

analyzed a published gene expression dataset obtained from breast cancer 

patients who received chemotherapeutic treatment (GSE 43816) (Gruosso et 

al., 2016). I found that the expression levels of immunosuppressive genes 

were upregulated, while those of genes associated with immune stimulation 

were downregulated after chemotherapy (Fig. 1A). To verify the 

chemotherapy-associated changes in immune cell subsets, I measured the 

proportion of immune cells in the breast cancer patient who received 

chemotherapy. Immunofluorescence staining revealed that the number of 

intratumoral CD8+ T cells decreased (Fig. 1B), while that of infiltrated M2 
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TAMs (identified by positivity for CD11b and CD206) increased in tumor 

tissues after chemotherapy (Fig. 1C). Next, I examined the impact of 

cytotoxic therapy on anti-tumor immunity in the TME. For this purpose, I 

used a syngeneic murine breast cancer (4T1) model in which mice were 

treated with PTX (Fig. 1D), one of the most commonly used 

chemotherapeutic agents (Di Biase et al., 2016; Ruffell et al., 2014; Rugo et 

al., 2015). As expected, systemic administration of PTX inhibited the growth 

of 4T1 tumors (Fig. 1E, F). To determine whether PTX treatment altered the 

proportion of tumor-infiltrating immune cells, I analyzed infiltrating 

immune cells stained with fluorochrome-conjugated antibodies by flow 

cytometry (Cassetta et al., 2016). I examined the proportion of CD8+ 

cytotoxic T lymphocytes, which play a decisive role in suppressing tumor 

growth, and found that the percentage of recruited CD8+ T cells was 

significantly reduced in the PTX-treated group (Fig. 1G). To investigate 

whether PTX treatment alters the proportion of TAMs in a 4T1 breast cancer 

model, I measured infiltrating TAMs stained with fluorochrome-conjugated 

antibodies by flow cytometry. I found that administration of PTX markedly 

downregulated the surface expression of the M1 marker CD86 (Cunha et al., 

2018) in infiltrated TAMs (Fig. 1H). 

 

Phagocytosis of tumor cell debris regulates the polarization of 
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macrophages to a pro-tumor phenotype 

 

Chemotherapy affects the polarization of TAMs toward immunosuppressive 

functions that suppress anti-tumor immunity (Dijkgraaf et al., 2013; Hughes 

et al., 2015; Mantovani & Allavena, 2015). To understand how PTX therapy 

alters the TAM phenotype, I considered the physiological events that 

characterize the TME after cytotoxic therapy. Given that macrophages 

function to clear cell debris in the TME (Roca et al., 2017), I examined 

whether phagocytosis of the tumor cell debris generated by chemotherapy 

could contribute to TAM polarization. The proportion of macrophages 

phagocytosing breast tumor cell debris (identified by positivity for the breast 

cancer cell marker, EpCAM+) was increased after PTX treatment (Fig. 2A). 

I observed that tumor cell debris (EpCAM+) was engulfed by macrophages 

(F4/80+ cells) from 4T1 tumor-bearing mice injected with PTX (Fig. 2B). To 

further investigate the role of tumor cell debris in the polarization of 

macrophages, I co-cultured BMDMs with 4T1 or MDA-MB-231 breast 

cancer cells treated with PTX for 24 h. PTX-induced cell death was 

confirmed by annexin V/propidium iodide (PI) staining analysis. After co-

culture, I examined markers of M1- and M2-polarized macrophages 

(Engblom et al., 2016; Genard, Lucas, & Michiels, 2017) and found that the 

mRNA levels of Tnf and Il12b were reduced in M1-polarized BMDMs co-
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cultured with cancer cell debris (Fig. 2C-F). Consistent with these 

observations, the percentages of macrophages expressing TNF-α or IL-

12p40 were decreased following co-culture with tumor cell debris (Fig. 2G, 

H). I further confirmed that the proportion of macrophages expressing TNF-

α or IL-12p40 following co-culture with viable breast cancer cells was 

decreased (Fig. 2G, H). Proteins secreted from tumor cells have been shown 

to inhibit M1 polarization, thereby reducing the anti-tumor immune response 

(Ubil et al., 2018). To investigate whether such debris could affect the 

polarization of macrophages to the M2 phenotype, I examined the 

expression of the M2 marker, CD206 in macrophages co-cultured with 

tumor cell debris or viable breast cancer cells. The CD206 expression levels 

of macrophages were higher in macrophages treated with tumor cell debris 

compared to those co-cultured with viable breast cancer cells (Fig. 2I, J). 

BMDMs co-incubated with breast tumor cell debris also showed elevated 

mRNA levels of Il10 which is an immunosuppressive M2 marker (Fig. 2K, 

L). Danger-associated molecular patterns (DAMPs) from dead cells 

contribute to promoting tumors by triggering immunosuppression 

(Hernandez, Huebener, & Schwabe, 2016). Macrophages co-cultured with 

tumor cell debris showed increased Il10 mRNA levels compared to 

macrophages treated with DAMPs released from PTX-generated tumor cell 

debris (Fig. 2K, L). These results suggest that engulfment of tumor cell 
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debris induces an immunosuppression that could be an important aspect of 

the TME changes seen in the wake of anti-cancer therapy. To evaluate the 

expression of phosphatidylserine (PS) recognition receptor on the surface of 

M2 TAMs (Niu et al., 2017; H.-W. Wang & Joyce, 2010), I verified the 

expression of CD36 in BMDMs treated with tumor debris. The expression 

levels of CD36 were higher in macrophages exposed to breast cancer cell 

debris compared to those co-cultured with viable breast cancer cells (Fig. 

2M, N).  

 

Engulfment of tumor cell debris induces HO-1 expression in 

macrophages 

 

Chemotherapy for tumor eradication in breast cancer patients has been 

reported to upregulate HO-1 expression, which is associated with the low 

survival rate (Gorrini et al., 2013; Muliaditan et al., 2018). Moreover, TAMs 

represent the major tumoral source of HO-1 in breast cancer (Muliaditan et 

al., 2018). To determine whether HO-1 expression of TAMs was enhanced 

after chemotherapy, the HO-1 expression of macrophages in human breast 

cancer samples was measured. HO-1 overexpression of infiltrated 

macrophages was evident following chemotherapy (Fig. 3A). Likewise, 
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Hmox1 mRNA expression levels of tumor-infiltrating myeloid cells were 

enhanced in the PTX-treated 4T1 breast cancer group relative to untreated 

4T1 breast cancer group (Fig. 3B). Consistent with the mRNA levels, the 

protein expression of HO-1 in TAMs was also increased in PTX treated 

group compared to non-treated group (Fig. 3C). The elevated expression of 

HO-1 in TAMs derived from 4T1 tumor-bearing mice injected with PTX 

was confirmed by immunofluorescence staining (Fig. 3D). In another 

experiment, BMDMs co-cultured with tumor cell debris showed induction 

of HO-1 expression to a greater extent than did the untreated group (Fig. 3E, 

F). To further determine whether tumor cell debris is critical for the 

overexpression of HO-1 in macrophages following chemotherapy, the 

expression levels of HO-1 in macrophages co-cultured with viable breast 

cancer cells or PTX-generated tumor cell debris were compared. 

Macrophages co-incubated with breast cancer cell debris showed 

significantly higher levels of HO-1 than those co-cultured with viable breast 

cancer cells (Fig. 3G, H).  

 

HO-1 overexpression triggered by phagocytosis of tumor cell debris 

regulates the polarization of macrophages 
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Given that HO-1 is an important factor for the polarization of macrophages, 

it could be a promising target in cancer immunotherapy (Mantovani et al., 

2017; Naito, Takagi, & Higashimura, 2014; Vijayan, Wagener, & 

Immenschuh, 2018). To test whether the tumor cell debris-induced HO-1 

overexpression of macrophages is essential for their polarization, I used HO-

1-deficient BMDMs from HO-1 knockout (HO-1 KO) mice. First, I 

examined whether ablation of HO-1 could affect the activation of M1-

polarized macrophages treated with tumor cell debris. The proportion of M1 

macrophages (identified by the expression of TNF-α and IL-12p40) was 

significantly decreased in wild-type (WT) cells co-cultured with 4T1 tumor 

cell debris, whereas HO-1 KO macrophages were unaffected by this 

treatment (Fig. 4A, B). To further explore the role of HO-1 activity in 

macrophage polarization, I used ZnPP, which is a pharmacologic inhibitor 

of HO-1. I found that the ZnPP-mediated inhibition of HO-1 activity 

restored the mRNA levels of Tnf and Il12b in M1-polarized macrophages 

co-cultured with 4T1 tumor cell debris (Fig. 4C, D) or MDA-MB-231 tumor 

cell debris (Fig. 4E, F). Then, I examined whether inhibition of HO-1 

activity could affect M2 polarization. The expression of CD206 in HO-1-

deficient macrophages treated with tumor cell debris was lower than that in 

WT macrophages (Fig. 4G, H). Inhibition of HO-1 activity with ZnPP also 

decreased the CD206 expression of macrophages exposed to tumor cell 
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debris (Fig. 4I, J). HO-1-deficient macrophages treated with cell debris 

showed decreased mRNA levels of Il10 compared to the WT macrophages 

(Fig. 4K, L). Inhibition of HO-1 activity with ZnPP depleted the Il10 mRNA 

levels in macrophages co-cultured with tumor cell debris (Fig. 4M, N). HO-

1-deficient macrophages exposed to tumor cell debris exhibited a diminished 

CD36 expression compared to the corresponding WT macrophages (Fig. 4O, 

P). Finally, the expression of CD36 in macrophages co-cultured with breast 

cancer cell debris was downregulated in the ZnPP-treated group (Fig. 4Q, 

R). Taken together, these results suggest that HO-1 signaling induced by 

tumor cell debris modulates the polarization of macrophages in the TME 

following chemotherapy. 

 

HO-1 inactivation amplifies the therapeutic efficacy of PTX 

 

To determine whether HO-1 inactivation could enhance the therapeutic 

efficiency of PTX, I used HO-1 KO mice implanted with 4T1 breast cancer 

cells (Fig. 5A). It is noticeable that the tumor growth of this model was 

completely inhibited in HO-1 KO mice treated with PTX (Fig. 5B, C). To 

further confirm the role of HO-1 in the response to PTX, I injected 4T1 

tumor cell-implanted mice with PTX and ZnPP (Fig. 5D). I found that co-

treatment of mice with the HO-1 inhibitor plus PTX suppressed tumor 
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growth more effectively than PTX treatment alone (Fig. 5E, F).  

 

HO-1 inhibition promotes anti-tumor T cell function in response to PTX 

treatment 

 

In the context of an anti-tumor immune response, sufficient numbers of 

infiltrating T cell are needed to achieve a favorable clinical outcome 

(Fridman et al., 2017; Spranger & Gajewski, 2018). Interestingly, there were 

significantly more CD8+ T cells in tumors of mice treated with PTX plus 

ZnPP compared to those from mice treated with PTX alone (Fig. 6A, B). As 

enhanced levels of the chemokines such as CXC-chemokine ligand 9 

(CXCL9) and CXC-chemokine ligand 10 (CXCL10) are reportedly 

associated with amplified numbers of tumor-infiltrating CD8+ T cells (Ugel, 

De Sanctis, Mandruzzato, & Bronte, 2015), I examined whether HO-1 

inhibition could accelerate the infiltration of CD8+ T cells by upregulating 

expression of chemokines. Indeed, the mRNA levels of Cxcl9 and Cxcl10 

were higher in tumors from mice treated with PTX plus ZnPP, and this 

coincided with enhanced CD8+ T cell recruitment (Fig. 6C, D). The 

functions of cytotoxic T lymphocyte effectors are mediated through 

secretion of cytokines, such as interferon (IFN)-γ (Durgeau, Virk, Corgnac, 
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& Mami-Chouaib, 2018). The proportion of T cells producing IFN-γ was 

significantly increased in mice treated with PTX and ZnPP compared to 

those treated with PTX alone (Fig. 6E, F). Furthermore, the proportion of 

Foxp3+ regulatory T cells (Tregs) from 4T1 tumor-bearing mice injected 

with PTX plus ZnPP was lower than that from 4T1 tumor-bearing mice 

treated with PTX alone (Fig. 6G). Consistent with the ability of PTX plus 

ZnPP to increase the anti-tumor immune responses, PTX and ZnPP co-

treatment increased the proportion of macrophages phagocytosing breast 

tumor cell debris to a greater extent than that achieved with PTX alone (Fig. 

6H).  

 

HO-1 inactivation-induced M1 TAMs are crucial for the enhanced 

response to PTX therapy 

 

To further determine whether macrophages are necessary to support the T 

cell function in PTX and ZnPP co-treatment, I used a clodronate liposome 

to chemically deplete macrophages (Genard et al., 2017) (Fig. 7A). These 

results revealed that the tumor-inhibiting efficacy of PTX and ZnPP co-

treatment was abrogated in the macrophage depletion group (Fig. 7B, C). 

Macrophage depletion decreased the intratumoral CD8+ T cell population 
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(Fig. 7D) and downregulated the expression of Cxcl9 and Cxcl10 of tumor 

from mice treated with PTX and ZnPP (Fig. 7E, F). To evaluate whether 

inactivation of HO-1 enhanced the therapeutic efficacy of PTX by 

reprogramming of TAMs, I analyzed markers of TAM phenotypes. As 

shown in Fig. 7G, the CD86 expression of macrophages was upregulated in 

mice injected with PTX plus ZnPP compared to that in mice treated with 

PTX alone. The mRNA levels of Il10 in CD11b+ myeloid cells from 4T1 

tumor-bearing mice treated with PTX and ZnPP were reduced compared 

with those from mice treated with PTX alone (Fig. 7H). These results 

suggest that inactivation of HO-1 stimulates the conversion of TAMs to the 

M1 phenotype upon chemotherapy. 
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Figure 1. Chemotherapy alters proportion of tumor-infiltrating 

immune cells. 

 

(A) Heatmap of genes from breast cancer patients who underwent 

chemotherapeutic treatments (GSE 43816). (B) Representative images of 

tumor sections from the patients with breast cancer subjected to 

chemotherapy following staining for CD8 T cells. (C) Representative images 

of tumor tissues from breast cancer patients receiving chemotherapy stained 

for CD206. (D) Mice were implanted subcutaneously in the mammary gland 

with 4T1 tumor cells. At 10 days after tumor cell injection, the mice were 

subjected to intraperitoneal injection of vehicle or PTX (5 mg/kg) every 5 

day. Mice were sacrificed on day 15 after PTX treatment, and tumors were 

collected. (E) Representative photographs of tumors in each group. (F) 

Effect of PTX on growth of implanted 4T1 murine mammary 

adenocarcinoma. The relative volume change is plotted as the total mean ± 

SEM. (G) Effects of PTX on proportion of CD45+CD3+CD8+ tumor-

infiltrating lymphocytes. Whole tumors were dissociated into single cells 

and flow cytometry was used to identify tumor-infiltrating immune cells. 

The CD45+CD3+CD8+ tumor-infiltrating lymphocyte populations (as 

percentages) in tumors collected from mice treated with or without PTX 

were assessed by flow cytometry. (H) The CD45+CD11b+Ly6G-Ly6C-
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F4/80+ TAM subsets of 4T1 tumors were gated and analyzed for CD86 

expression by flow cytometry. The mean fluorescence intensity (MFI) of 

CD86+ TAMs is shown for each group. Data were analyzed by the Student’s 

t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Figure 2. PTX-generated tumor cell debris contributes to macrophage 

polarization. 

 

(A) Phagocytosis of breast tumor cell debris was analyzed as the proportion 

of macrophages found to contain intracellular EpCAM, as assessed by flow 

cytometry. (B) Whole tumors were processed into single cells. 

CD45+CD11b+ myeloid cells were isolated, cytospun onto glass slides, and 

subjected to immunofluorescence analysis for identification of breast tumor 

cell debris (EpCAM+) phagocytosed by macrophages (F4/80+). (C, D) 

BMDMs were treated with 100 ng/ml LPS for 24 h to cause them to skew 

toward the M1 phenotype. The mRNA expression levels of Tnf (C) and Il12b 

(D) in M1-polarized macrophages treated with or without 4T1 cell debris for 

30 h were measured by qPCR. (E, F) qPCR analysis of Tnf (E) and Il12b (F) 

in M1-polarized macrophages treated with or without MDA-MB-231 cell 

debris for 30 h. (G, H) M1-polarized macrophages were co-cultured with 

viable tumor cells or tumor cell debris for 30 h. The percentages of 

macrophages expressing TNF-α (G) and IL-12p40 (H) were analyzed by 

flow cytometry. (I) Macrophages were co-cultured with viable 4T1 cells or 

4T1 tumor cell debris for 24 h, and the CD206 expression of macrophages 

was analyzed by flow cytometry. (J) Macrophages were co-cultured with 

viable MDA-MB-231 tumor cells or MDA-MB-231 tumor cell debris for 24 
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h, and the proportion of macrophages expressing CD206 was analyzed by 

flow cytometry. (K) The Il10 mRNA levels of macrophages incubated for 8 

h with or without 4T1 cell debris or DAMPs from 4T1 tumor cell debris 

were analyzed by qPCR. (L) The mRNA expression of Il10 in macrophages 

treated with MDA-MB-231 cell debris or DAMPs from MDA-MB-231 cell 

debris for 8 h was assessed by qPCR. (M) The expression of CD36 in 

macrophages co-cultured with viable 4T1 cells or 4T1 tumor cell debris for 

24 h was analyzed by flow cytometry. (N) The CD36 expression in 

macrophages among BMDMs co-cultured with viable MDA-MB-231 cells 

or MDA-MB-231 tumor cell debris for 24 h was analyzed by flow cytometry. 

The significance of differences between groups was determined by one-way 

ANOVA (Tukey’s post hoc test) and the Student’s t-test was used to compare 

results obtained from the control and experimental conditions. *p < 0.05, 

**p < 0.01, and ***p < 0.001. NS: not significant. 
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Figure 3. Phagocytosis of PTX-generated tumor cell debris induces HO-

1 expression in macrophages. 

 

(A) Representative images of tumor tissues from breast cancer patients 

receiving chemotherapy stained with CD11b and HO-1 are shown. (B) 

Relative mRNA levels of Hmox1 in CD45+CD11b+ tumor-associated 

myeloid cells isolated from 4T1 tumors were assessed by qPCR. (C) The 

HO-1 expression levels of TAMs from 4T1 tumor-bearing mice injected 

with or without PTX were analyzed by flow cytometry. (D) Representative 

immunofluorescence images of HO-1 expression in TAMs. (E, F) The 

protein expression levels of HO-1 in macrophages co-incubated for 8 h with 

tumor cell debris generated from murine 4T1 (E) or human MDA-MB-231 

(F) breast cancer cells were measured by Western blot analysis. (G, H) The 

HO-1 expression levels of macrophages (F4/80+) cultured with viable cancer 

cells or tumor cell debris were analyzed by flow cytometry. Comparisons 

between the control and experimental groups were performed with the 

Student’s t-test. One-way ANOVA (Tukey’s post hoc test) was used to 

determine the significance of differences between groups. *p < 0.05, **p < 

0.01, and ***p < 0.001. 
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Figure 4. Tumor cell debris-induced HO-1 expression is crucial for the 

modulation of macrophage polarization. 

 

(A, B) BMDMs from WT or HO-1 KO mice were treated with LPS (100 

ng/ml) for 24 h. The resulting M1-polarized macrophages were co-cultured 

with 4T1 tumor cell debris for 30 h. The proportion of macrophages 

expressing TNF-α (A) and IL-12p40 (B) was determined by flow cytometry. 

(C, D) BMDMs were treated with LPS (100 ng/ml) for 24 h, and the obtained 

M1-polarized macrophages were incubated with ZnPP (1 μM) or vehicle for 

1 h. The mRNA expression levels of Tnf (C) and Il12b (D) in the above-

treated macrophages co-cultured with or without 4T1 cell debris for 30 h 

were measured by qPCR. (E, F) WT BMDMs were treated with LPS (100 

ng/ml) for 24 h. M1-polarized macrophages were pre-treated with ZnPP (1 

µM) for 1 h, and co-cultured with or without MDA-MB-231 cell debris for 

30 h. The mRNA expression levels of Tnf (E) and Il12b (F) were measured 

by qPCR. (G) BMDMs from WT or HO-1 KO mice were co-treated with 

4T1 tumor cell debris for 24 h, and the expression of CD206 in macrophages 

was analyzed by flow cytometry. (H) BMDMs from WT or HO-1 KO mice 

were co-cultured with or without MDA-MB-231 tumor cell debris for 24 h, 

and the CD206 expression in macrophages was analyzed by flow cytometry. 

(I) WT BMDMs pre-treated with ZnPP (10 µM) for 1 h were co-cultured 
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with or without 4T1 tumor cell debris. After 24 h of incubation, the CD206 

expression of macrophages was assessed by flow cytometry. (J) WT 

BMDMs pre-treated with ZnPP (10 µM) for 1 h were co-cultured with or 

without MDA-MB-231 tumor cell debris for 24 h, and the CD206 expression 

of macrophages was analyzed by flow cytometry. (K) BMDMs from WT or 

HO-1 KO mice were co-cultured with or without 4T1 tumor cell debris for 

8 h, and the mRNA levels of Il10 were analyzed by qPCR. (L) BMDMs from 

WT or HO-1 KO mice were co-cultured with or without MDA-MB-231 

tumor cell debris for 8 h, and the mRNA levels of Il10 were analyzed by 

qPCR. (M) WT BMDMs pre-treated with ZnPP (10 μM) for 1 h were co-

incubated with or without 4T1 breast cancer cell debris for 8 h, and the 

mRNA levels of Il10 were analyzed by qPCR. (N) WT BMDMs pre-treated 

with ZnPP (10 µM) for 1 h were co-incubated with or without MDA-MB-

231 tumor cell debris for 8 h, and the mRNA levels of Il10 were analyzed 

by qPCR. (O) BMDMs from WT or HO-1 KO mice treated with tumor cell 

debris for 24 h, and the expression of CD36 in macrophages was analyzed 

by flow cytometry. (P) BMDMs from WT or HO-1 KO mice were treated 

with MDA-MB-231 tumor cell debris for 24 h, and the CD36 expression in 

macrophages was analyzed by flow cytometry. (Q, R) Macrophages pre-

treated with ZnPP (10 μM) for 1 h were co-incubated with or without breast 

cancer cell debris for 24 h, and the expression of CD36 in macrophages was 
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assessed by flow cytometry. (S, T) Macrophages from WT or HO-1 KO mice 

were co-incubated with tumor cell debris. The phagocytosis of cell debris 

was quantified as the proportion of macrophages (F4/80+) containing 

intracellular tumor cell debris (pHrodo+), as assessed by flow cytometry (S) 

and immunofluorescence (T). Data were analyzed with the Student’s t-test. 

The significance of differences between experimental groups was 

determined using one-way ANOVA (Tukey’s post hoc test). *p < 0.05, **p 

< 0.01, and ***p < 0.001. NS: not significant.
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Figure 5. Inactivation of HO-1 sensitizes the host response to PTX therapy. 

 

(A) WT or HO-1 KO mice implanted with 4T1 tumors were intraperitoneally 

injected with vehicle or PTX (5 mg/kg, 5 days). (B) Representative images are 

shown for each group. (C) Tumor volume was calculated as a relative volume 

change and plotted as the total mean ± SEM (D) Mice implanted with 4T1 tumor 

cells received vehicle or PTX (5 mg/kg, 5 days) with or without daily 

intraperitoneal injection of ZnPP (40 mg/kg). Mice were sacrificed on day 15 after 

PTX treatment, and tumors were collected. (E) Representative images of tumors 

are shown for each group. (F) Tumor volume was calculated as a relative change 

and plotted as the total mean ± SEM. The significance of the differences between 

experimental groups was determined using one-way ANOVA (Tukey’s post hoc 

test). **p < 0.01, and ***p < 0.001. 



54 

 



55 

 



56 

 

  



57 

 

Figure 6. HO-1 inhibition increases T cell-mediated anti-tumor 

immunity in PTX therapy. 

 

(A) CD45+CD3+CD8+ tumor-infiltrating lymphocyte populations (as 

percentages) were identified by flow cytometry. (B) Representative images 

of tumor sections stained for CD8+ T cells and DAPI are shown (C, D) The 

whole-tumor mRNA expression levels of Cxcl9 (C) and Cxcl10 (D) were 

analyzed by qPCR. (E) The percentages of IFN-γ+CD8+ T cells in CD45+ 

populations were detected by flow cytometry. (F) The proportions of IFN-

γ+CD4+ T cells in the CD45+ populations were analyzed by flow cytometry. 

(G) The percentages of Foxp3+CD4+ T cells were analyzed by flow 

cytometry. (H) Engulfment of breast tumor cell debris was analyzed as the 

proportion of F4/80+ macrophages found to contain intracellular EpCAM (a 

marker of breast tumor cell debris), as assessed by flow cytometry. Data 

were analyzed by the Student’s t-test. The significance of the differences 

between experimental groups was determined using one-way ANOVA 

(Tukey’s post hoc test). *p < 0.05, **p < 0.01, and ***p < 0.001.  
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Figure 7. HO-1 inactivation-induced M1 TAMs are required for the 

enhancement of PTX therapy. 

 

(A) 4T1 breast cancer-bearing mice were injected with vehicle or PTX (5 

mg/kg, 5 days) in combination with daily intraperitoneal injection of ZnPP 

(40 mg/kg). For macrophage depletion, mice were treated with clodronate 

liposomes every 4 day. (B) Representative photographs of tumors are shown 

for each group. (C) Tumor volume was calculated as a relative change and 

plotted as the mean ± SEM. (D) Representative images of tumor sections 

stained for CD8+ T cells and DAPI are shown. (E, F) The whole-tumor 

mRNA expression levels of Cxcl9 and Cxcl10 were analyzed by qPCR. (G) 

CD45+CD11b+Ly6G-Ly6C-F4/80+ TAM subsets of 4T1 tumors were 

subjected to flow cytometry to measure CD86 expression. (H) The mRNA 

levels of Il10 were measured in TAMs. Data were analyzed by Student’s t-

test. The significance of the differences between experimental groups was 

determined using one-way ANOVA (Tukey’s post hoc test). *p < 0.05 and 

**p < 0.01. 
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Figure 8. The therapeutic efficacy of 5-FU is enhanced by co-treatment 

of HO-1 inhibitor in a 4T1 breast cancer mouse model. 

 

(A) 4T1 tumor-bearing mice were administrated with vehicle or 5-

fluorouracil (5-FU) (40 mg/kg) three times at 5-day intervals, while ZnPP 

(40 mg/kg) was given once a day. Mice were euthanized on day 15 after 5-

FU treatment, and tumors were collected. (B) Representative photographs 

are shown for each group. (C) Tumor volume was calculated as a relative 

volume change and plotted as the total mean ± SEM. (D-G) Whole tumors 

were dissociated into single cells, and flow cytometry was used to identify 

the tumor-infiltrating immune cells. (D) CD45+CD11b+Ly6G-Ly6C-F4/80+ 

TAM subsets of 4T1 tumors were gated and analyzed for CD86 expression 

by flow cytometry. The MFI of CD86+ TAMs is shown for each group. (E) 

The percentages of CD45+CD3+CD8+ tumor-infiltrating lymphocytes in 

tumors collected from mice of the various groups were assessed by flow 

cytometry. (F) The percentages of IFN-γ+CD8+ T cells among the CD8+ T 

cells were determined by flow cytometry. (G) The HO-1 expression levels 

of macrophages (F4/80+) co-cultured with or without tumor cell debris for 8 

h were analyzed by Western blotting. (H) WT BMDMs pre-treated with 

ZnPP (10 μM) for 1 h were co-incubated with or without 5-FU-generated 

4T1 tumor cell debris for 8 h, and the mRNA levels of Il10 were analyzed 
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by qPCR. (I) BMDMs pre-treated with ZnPP (10 µM) for 1 h were co-

incubated with or without 5-FU-generated 4T1 tumor cell debris for 8 h, and 

the mRNA levels of Il10 were analyzed by qPCR. (J) BMDMs were treated 

with LPS (100 ng/ml) for 24 h, and the obtained M1-polarized macrophages 

were incubated or with ZnPP (1 μM) for 1 h. The mRNA expression levels 

of Il12b in the above-treated macrophages co-incubated with or without 4T1 

cell debris for 30 h were measured by qPCR. Data were analyzed by the 

Student’s t-test. The significance of the differences between experimental 

groups was determined using one-way ANOVA (Tukey’s post hoc test). *p 

< 0.05, **p < 0.01, and ***p < 0.001. 
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Figure 9. Schematic representation of the mechanisms underlying 

TAM-mediated phagocytosis of tumor cell debris in the TME after 

chemotherapy. 

 

Phagocytosis of tumor cell debris upregulates the HO-1 expression of 

macrophages upon chemotherapy. This overexpression of HO-1 regulates 

the polarization of TAMs in the TME. Therefore, reprogramming of TAMs 

by HO-1 inactivation is a potential strategy for improving the response to 

chemotherapy via enhancement of anti-tumor immunity.
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4. Discussion 

 

For decades, various anti-tumor therapies have utilized a wide array of 

strategies in an attempt to eliminate tumors (Sulciner et al., 2017; Weigert, 

Mora, Sekar, Syed, & Brune, 2016). However such therapies can trigger 

massive changes in aspects of the immune contexture, including the density, 

location and composition of tumor-infiltrating immune cells (Becht, Giraldo, 

Dieu-Nosjean, Sautes-Fridman, & Fridman, 2016; Fridman et al., 2017). 

Cytotoxic therapy can shift the TME toward an immunosuppressive 

environment, and thereby developing strategies to maintain a durable anti-

tumor immune response during chemotherapy are required (Fridman et al., 

2017; Hirata & Sahai, 2017; Ruffell et al., 2014). Therefore, reprogramming 

the TME to an immunogenic phenotype may potentiate therapeutic efficacy 

with the goal of tumor regression (Binnewies et al., 2018; Nagarsheth, 

Wicha, & Zou, 2017). 

Chemotherapy-generated tumor cell debris has been shown to stimulate 

tumor growth, and this has critical implications for cancer therapy (J. Chang 

et al., 2018; Sulciner et al., 2017). PS presented on the surface of tumor cell 

debris can contribute to generation of an immunosuppressive TME (Kumar 

et al., 2017). A chemotherapy-induced immunosuppressive TME has been 
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shown to regulate macrophage polarization, and this has been associated 

with the therapeutic response of a tumor (Brown et al., 2017; Ubil et al., 

2018). These results suggest that breast tumor cell debris generated during 

chemotherapy undergoes phagocytosis by macrophages, and this inhibits 

activation of the anti-tumor immune response-promoting M1 macrophage 

phenotype. Therefore, chemotherapeutic strategies that focus on killing 

cancer cells may act as a double-edged sword. In the TME, TAMs are a 

major source of HO-1, which mediates immune suppression in breast cancer 

(Arnold, Magiera, Kraman, & Fearon, 2014; Muliaditan et al., 2018). Here, 

I demonstrate that engulfed breast tumor cell debris stimulates the HO-1 

expression of macrophages and thereby inhibits M1 macrophage 

polarization. Conversely, inactivation of HO-1 in macrophages enhances 

therapeutic efficacy by polarizing them toward the M1 phenotype. 

Impairment of LC3-associated phagocytosis (LAP) followed by engulfment 

of dying cancer cells was previously shown to regulate the polarization of 

macrophages toward the M1 phenotype (Cunha et al., 2018). This raises the 

possibility that tumor cell debris-induced HO-1 expression may regulate the 

immunomodulatory signaling of macrophage polarization via the LAP 

pathway. Collectively these results suggest that targeting tumor cell debris-

induced HO-1 expression in macrophages could be a potential strategy to 

promote chemotherapeutic efficacy by switching macrophages to an 
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immune-stimulatory phenotype. 

The major approaches currently used to target TAMs for anti-cancer 

therapy include depleting them or reprogramming to attain an anti-tumor 

phenotype (Guerriero, 2018; Mantovani et al., 2017). The targeting of PS 

receptors, which recognize dead tumor cells, has been shown to yield 

therapeutic effects by reprogramming TAMs to the M1 phenotype 

(Georgoudaki et al., 2016; Kumar et al., 2017; Stanford et al., 2014). 

However, blocking PS receptors present on the surface of macrophages 

could decrease their clearance of dead tumor cells (Stanford et al., 2014), 

which is crucial for preventing secondary necrosis and subsequent 

physicochemical stress (Lauber, Ernst, Orth, Herrmann, & Belka, 2012). It 

has been suggested that it may be unwise to deplete TAMs in combination 

with cytotoxic anti-tumor therapy due to the potential for aberrant immune 

responses (Poh & Ernst, 2018; Shree et al., 2011). Thus, it is far more 

attractive to consider targeting macrophages for anti-cancer therapy while 

enabling them to maintain ability to efficiently clear dead cancer cells (Shree 

et al., 2011). I found that HO-1-deficient macrophages did not significantly 

differ from WT macrophages in their ability to take up tumor cell debris (Fig. 

4S, T). Therefore, anti-tumor strategies could potentially target the HO-1-

mediated reprogramming of TAMs without altering their clearance 

efficiency. 
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Activation of the immunogenic function of M1 TAMs is critical for 

proper T cell education in the TME (Baer et al., 2016; Daley et al., 2017; 

Medler, Cotechini, & Coussens, 2015). Typically, M1 TAMs mediate the 

influx of T cells through production of T cell chemokines (Baer et al., 2016; 

Mantovani & Allavena, 2015; N. Wang, Liang, & Zen, 2014). Abundant 

accumulation of M1 TAMs and CD8+ T cells in a tumor has been associated 

with favorable patient outcomes and thus may be a critical component of 

anti-tumor therapy (Becht et al., 2016). Here, the increased proportion of M1 

TAMs coincided with enhanced anti-tumor T cell responses in a 4T1 tumor 

model treated with PTX and a HO-1 inhibitor. Previous studies showed that 

therapeutic inefficacy can be caused by Tregs, which suppress lymphocytic 

activity via HO-1-mediated mechanisms (Choi, Pae, Jeong, Kim, & Chung, 

2005; El Andaloussi & Lesniak, 2007). M2 TAMs play a key role in 

enhancing the immunosuppressive activity of Tregs through IL-10 

(Mantovani et al., 2017). In line with the decreased mRNA levels of Il10 in 

TAMs observed herein, I found that the proportion of Tregs was decreased 

in mice treated with PTX and a HO-1 inhibitor compared to those from mice 

treated with PTX alone. Together, these findings indicate that the HO-1-

mediated conversion of TAMs toward the M1 phenotype contributes to 

converting an immunosuppressive TME to an immunogenic TME that is 

capable of undergoing anti-tumor responses during PTX therapy. 
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Modulation of the ability of conventional chemotherapy-generated 

tumor cell debris to change the TME could be a novel approach for 

preventing unwanted therapy-induced effects (J. Chang et al., 2018; Sulciner 

et al., 2017). Recently other studies showed that 5-FU-generated tumor cell 

debris stimulates tumor growth (J. Chang et al., 2018). Although I focused 

on PTX in the present study, I found that 5-FU, which is another first-line 

chemotherapeutic agent, also showed similar results in a 4T1 breast cancer 

model. Consistent with the ability of HO-1 inhibition to upregulate the 

therapeutic efficacy of PTX, I observed that HO-1 inhibition promoted the 

therapeutic efficacy of 5-FU by upregulating anti-tumor immunity (Fig. 8). 

Thus, the overexpression of HO-1 triggered by macrophage engulfment of 

5-FU-induced tumor cell debris could be a target for the reprogramming of 

TAMs. Immune checkpoint blockade therapy (e.g., with anti-CTLA-4 and 

PD-1), which is a firmly established treatment for cancer, acts against a 

variety of tumor types by enhancing anti-tumor immunity (Sharma & 

Allison, 2015; Spranger & Gajewski, 2018). However, only a small 

proportion of patients show a clinical response to this therapy, suggesting 

that other immune-modulatory treatments might be required to improve this 

anti-tumor strategy (Georgoudaki et al., 2016; Muliaditan et al., 2018; 

Spranger & Gajewski, 2018). The failure of immune checkpoint inhibitors 

is likely to reflect the immunosuppressive nature of the TME (Samanta et al., 
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2018). Reprogramming TAMs toward an immune-stimulatory phenotype 

enhances the activity of immune checkpoint inhibitors (Baer et al., 2016; 

Georgoudaki et al., 2016; Kaneda et al., 2016). Thus, it will be worthwhile 

to determine whether the M1 TAMs induced by HO-1 inactivation could 

improve the response to immune checkpoint inhibitors.  

In summary, these findings collectively show that TAM-mediated 

phagocytosis of breast tumor cell debris diminishes therapeutic efficacy by 

decreasing the post-chemotherapy proportion of M1 TAMs. Specifically, I 

reveal that tumor cell debris-induced HO-1 expression in macrophages is 

critical to their polarization upon chemotherapy, and that inhibition of HO-

1 overexpression in TAMs can create a robust anti-tumor immune response 

to potentiate the efficacy of chemotherapy. 
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Taurine chloramine potentiates phagocytic activity of 

peritoneal macrophages through upregulation of dectin-1 

mediated by heme oxygenase-1-derived carbon monoxide 
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1. Abstract 

 

Timely resolution of inflammation that occurs following microbial infection 

or tissue damage is an important physiologic process to maintain or restore 

host homeostasis. Taurine chloramine (TauCl) is formed as a consequence 

of reaction between taurine and hypochlorite in leukocytes, and it is 

especially abundant in activated neutrophils that encounter oxidative burst. 

As neutrophils undergo apoptosis, TauCl is released to extracellular matrix 

at inflamed sites, thereby affecting coexisting macrophages in the 

inflammatory microenvironment. In this study, I investigated the role of 

TauCl in phagocytosis by macrophages upon fungal infection. I found that 

exogenous TauCl substantially increased the phagocytic activity of 

macrophages through upregulation of dectin-1, a receptor for fungal β-1,3-

glucans, which is presents on the surface of macrophages. The previous 

studies demonstrated the induction of heme oxygenase-1 (HO-1) expression 

in murine peritoneal macrophages treated with TauCl. Knocking out HO-1 

or pharmacologic inhibition of HO-1 with zinc protoporphyin IX, abrogated 

the TauCl-induced dectin-1 expression and subsequent phagocytosis of 

macrophage. Furthermore, carbon monoxide (CO), a by-product of the HO-

1-catalyzed reaction, induced dectin-1 expression and potentiated 

phagocytic capability of macrophages, which appeared to be mediated 
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through peroxisome proliferator-activated receptor gamma (PPAR-γ) up-

regulation. Taken together, induction of HO-1 expression and subsequent 

CO production by TauCl are essential for phagocytosis of fungi by 

macrophages. These results suggest that TauCl plays important roles in host 

defense against fungal infection and has therapeutic potential in the 

management of inflammatory diseases. 
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2. Introduction  

 

Detection of infected microbial pathogens and stimulation of innate immune 

responses by phagocytes are critical for maintaining or restoring host 

homeostasis (Billings et al., 2016; Brubaker, Bonham, Zanoni, & Kagan, 

2015; David M Underhill & Helen S Goodridge, 2012). Phagocytes, such as 

macrophages, play major roles in host defense against microbial infections 

by removing the pathogens through modulation of the immune responses. 

When microbial infection occurs, both macrophages as well as neutrophils 

are recruited to the inflamed site from circulating blood to detect, kill and 

engulf the pathogens. Macrophages then initiate an immune response for 

microbial clearance through their pattern recognition receptors (PRRs). 

Among the various infections caused by different microbial species, fungal 

infections are prevalent due to increasing immunosuppressive medical 

treatment (Gordon D Brown, Denning, Gow, et al., 2012; Gordon D Brown, 

Denning, & Levitz, 2012).  

Acute inflammatory response to fungal infection is accompanied by 

production of endogenous mediators (Charles N Serhan, Chiang, Dalli, & 

Levy, 2015) that are involved in resolution of acute inflammation (N. Chiang, 

de la Rosa, Libreros, & Serhan, 2017; C. N. Serhan, 2017). Upon microbial 

infection, recruited neutrophils overproduce reactive oxygen species (ROS) 
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and hypochlorous acid (HOCl) that protect the host from pathogens by 

oxidizing microbes. However, the overproduced these reactive species may 

cause oxidative stress and chronic inflammation in host. Therefore, timely 

neutralization of these oxidants is essentially required to maintain 

homeostasis (Smith, 1994; Weiss, 1989). Taurine, a semi-essential sulfur-

containing β-amino acid, is present at high concentrations in most cells of 

all animal species (Sturman, 1993). Notably, taurine which is abundant in 

neutrophils reacts stoichiometrically with HOCl to produce taurine 

chloramine (TauCl) (Weiss, Klein, Slivka, & Wei, 1982). Once the activated 

neutrophils undergo apoptosis, TauCl is released to the infected 

microenvironment where the recruited macrophages accumulate. TauCl then 

acts as a local autacoid to the abundant macrophages at the inflamed site. 

Although TauCl has bactericidal and fungicidal activity (Waldemar Gottardi 

& Nagl, 2005; Chaekyun Kim & Cha, 2014; Lackner et al., 2015), the 

underlying molecular mechanisms are poorly understood. 

To clear fungal invasion, macrophages accumulated at the inflammation 

site must detect and engulf the fungi through phagocytic receptors that 

recognize fungal-cell specific surface molecules called pathogen associated 

molecular patterns (PAMPs) (Erwig & Gow, 2016). Dectin-1 is one of the 

PRRs that recognizes β-1,3-glucans which constitute the major cell wall of 

multiple pathogenic fungi including Candida albicans. Dectin-1 plays a 
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central role in the host defense against fungal infection through peroxisome 

proliferator-activated receptor gamma (PPAR-γ) activation (Galès et al., 

2010). Upon the recognition of fungal cell wall carbohydrates, the 

transmembrane receptor dectin-1 mediates phagocytosis of fungi and 

initiates an acute inflammatory response by producing inflammatory 

cytokines (Gordon D Brown, 2006; Goodridge et al., 2011). The loss of 

dectin-1 provokes devastating or aberrant immune response which leads to 

an inability of macrophages to engulf fungi (Dambuza & Brown, 2015). The 

mechanisms by which the expression of dectin-1 in macrophages affects the 

clearance of fungal infection still remains unresolved. Here, I demonstrated 

that TauCl could promote phagocytic activity of macrophages through 

upregulation of dectin-1 mediated by the stress-responsive protein HO-1 

overexpression upon fungal infection. 
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3. Materials and Methods 

 

Materials 

 

TauCl as a crystalline sodium salt (molecular weight 181.57) was prepared 

according to the previously published method (Waldemar Gottardi & Nagl, 

2002). Dulbecco’s modified Eagle’s medium (DMEM), penicillin, 

streptomycin and fetal bovine serum (FBS) were obtained from Gibco-BRL 

(Grand Island, NY, USA). Taurine, CORM-3, yeast malt (YM) broth, 

fluorescein isothiocyanate (FITC), GW9662, hemoglobin (Hb) and 

antibodies against actin were purchased from Sigma-Aldrich Co. (St. Louis, 

MO, USA). Red blood cell lysis buffer was a product from iNtRON 

biotechnology. Curdlan was purchased from invivogen (San Francisco, CA, 

USA). Primary antibodies against PPAR-γ and ZnPP were supplied by Santa 

Cruz Biotechnology, Inc. (Santa Cruz, Dallas, TX, USA). Anti-HO-1 was 

the product of stressgen (Ann, Arbor, MI, USA), and anti-rabbit and anti-

mouse horseradish peroxidase-conjugated secondary antibodies were 

provided by Zymed Laboratories Inc. (San Francisco, CA, USA). 

Polyvinylidene difluoride (PVDF) membranes were supplied from Gelman 

Laboratory (Ann, Arbor, MI, USA). Enhanced chemiluminescent (ECL) 

detection kit was obtained from Amersham Pharmacia Biotech 
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(Buckinghamshire, UK).  

 

Mice 

 

C57BL/6 mice (6~9weeks old) were purchased from Central Lab Animal 

Inc. (Seoul, South Korea) HO-1 KO mice, in which HO-1 gene is abolished 

by targeted gene knockout, were used for experiment. HO-1 KO mice were 

provided by Dr. M.A. Perrella (Harvard Medical School). All the animals 

were maintained according to the institutional animal care guidelines. 

Animal experimental procedures were approved by the institutional animal 

care and use committee at Seoul National University. IACUC number: SNU-

160718-2 

 

Cell culture 

 

The primary peritoneal macrophages were obtained from mice following 

intraperitoneal thioglycollate injection (Murray et al., 2014). Murine 

macrophage RAW264.7 cells were purchased from American Type Culture 

collection (ATCC, Manassas, VA, USA). RAW264.7 cells and peritoneal 

macrophages were cultured in DMEM, with 10% FBS, 100 μg/ml 

streptomycin and 100 U/ml penicillin. Cells were maintained at 37 °C in a 
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humidified atmosphere of 5% CO2 and 95% O2.   

 

Survival test 

 

C. albicans was cultured on a yeast mold plate at 25°C for 1 day and a single 

colony was inoculated into 10 mL YM broth at 30°C for 24 h. C. albicans 

(1ⅹ109) was injected into mice peritoneum. Intraperitoneal administration of 

vehicle or TauCl was performed 3 times a week. Mouse survival (%) was 

assessed twice daily. 

 

Phagocytosis assay 

 

C. albicans and curdlan were stained by using 1mg/ml FITC in carbonate-

bicarbonate buffer (pH 9.6). C. albicans (1ⅹ106) and curdlan (2.5 mg per 

mouse) were administered intraperitoneally followed by injection of vehicle 

or TauCl (20 mg/kg, intraperitoneally), and mice were sacrificed 12 h later. 

Peritoneal leukocytes were harvested by washing with 3 ml of PBS 

containing 3 mM ethylene diamine tetra acetate (EDTA). For phagocytosis 

in vivo, exudate cells were labelled with allophycocyanin (APC)-conjugated 

anti-F4/80-antibody (macrophages marker). All samples were analyzed by 

using BD FACS CaliburTM Flow Cytometer (BD, Franklin Lakes, NJ, USA) 



100 

 

and Flow jo (Tree star). Dead cells were excluded by 7-aminoactinomycin 

D (7AAD) (Biolegend, San Diego, CA, USA) staining. 

 

Flow cytometry analysis 

 

The cells were washed with PBS containing 0.5% bovine serum albumin 

(BSA). To block non-specific antibody binding, the cells were pre-treated 

with unlabeled isotype control Abs, and then stained with CD16/32 antibody 

was performed to block non-specific binding to Fc receptors. Fluorescence-

conjugated dectin-1 and F4/80 (eBioscience, San Diego, CA, USA) were 

added to samples by incubation on ice for 30 min. After washing the cells 

with PBS, dectin-1 expression was analyzed by flow cytometry. To confirm 

the level of PPAR-γ in inner cells, cells were fixed with 2% formaldehyde 

in PBS for 30 min at room temperature. A permeabilization of cells was 

proceeded with 0.2 % Tween-20 in PBS for 15 min at room temperature, and 

blocked with 2 % BSA in PBS for 30 min. Anti- PPAR-γ antibodies in PBS 

containing 2% BSA were applied for 1 h at 4 °C. After washing with PBS, 

cells were incubated with FITC-conjugated secondary antibody for 1 h. 

Dead cells were excluded by 7-aminoactinomycin D (7AAD) (Biolegend, 

San Diego, CA, USA) staining. All samples were analyzed by using BD 

FACS CaliburTM Flow Cytometer (BD, Franklin Lakes, NJ, USA) and Flow 
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jo (Tree star).  

 

Reverse transcription PCR (RT-PCR) 

 

Total RNA was isolated from macrophages using TRIzolTM (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s instruction. To 

generate cDNA, total RNA was reverse transcribed by using murine 

leukemia virus reverse transcriptase (Promega, Madison, WI, USA). 

Amplification of genes was performed by PCR analysis using SolgTM 2x 

Taq PCR Smart Mix (Solgent, Daejeon, South Korea) according to 

instruction from the manufactures. The PCR products were analyzed with 2% 

agarose gel and stained with SYBR® Green for visualization. The mRNA 

levels were normalized to GAPDH. The primer pairs of the expected 

products were as follows 

Gene symbol Primer sequence 

C-type lectin domain family 7 

member a (Clec7a) 

5’-GGCGACACAATTCAGGGAGA-3’ 

5’-TGGGGAACTGCATTTCTGACT-3' 

Pparg 

5’-GCTCCACACTATGAAGACATTCCA-3’ 

5’-CGGCAGTTAAGATCACACCTATCA-3’ 

Gapdh 

5’-TGTGAACGGATTTGGCGTA-3’ 

5’-GGTCTCGCTCCTGGAAGATG-3’ 
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Western blot analysis 

 

Whole cell extracts were prepared by suspending the cells in the cell lysis 

buffer (Cell signaling technology, Danvers, USA) containing protease 

inhibitors (Roche, Switzerland) for 1 h on ice, followed by centrifugation for 

15 min at 12,000 g. The protein concentration was determined by using the 

BCA protein assay reagents (Pierce, Rockford, IL, USA). The protein 

samples were solubilized with SDS-polyacrylamide gel electrophoresis 

sample loading buffer and boiled for 5 min. Protein were electrophoresed on 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred to PVDF membranes. The membranes were blocked with 5 % 

fat-free dry milk in PBST (PBS containing 0.1% Tween-20) buffer for 1 h at 

room temperature and incubated with primary antibody diluted at 1:1000 in 

3% fat-free dry milk-PBST overnight at 4℃. After washing to remove 

primary antibodies, the blots were incubated with horseradish peroxidase-

conjugated secondary antibody. The immunoblot was incubated with the 

ECL according to the manufacturer’s instruction and visualized with LAS 

4000 (Fujifilm Life Science, Tokyo, Japan). 

 

Transfection with Pparg siRNA 
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Pparg siRNA (Bioneer, Daejeon, South Korea) was transfected into 

RAW264.7 cells with lipofectamine RNAi-MAX reagents (Invitrogen Life 

Technologies, Carlsbad, CA, USA) according to the manufacturer’s 

instructions. 

 

Immunocytochemistry analysis 

 

Peritoneal macrophages from mice treated with curdlan-FITC were fixed 

with 2% formaldehyde. The cells were washed in PBS and blocked with 3% 

BSA in TBST. Anti-F4/80 was applied for overnight at 4℃ and then washed 

in PBS. Fluorophore-conjugated secondary antibodies were incubated for 

another 1 h at room temperature. Samples were imaged at 20x using an 

Eclipse Ti-U inverted microscope integrated by an NIS-Elements imaging 

software (Nikon, Japan). 

 

Statistical analysis 

 

All data were presented as mean ± SE and statistical analysis were completed 

in sigmaplot 12. Statistical significance was performed using Student’s t test. 

The criterion for statistical significance was *p < 0.05, **p < 0.01, and ***p < 

0.001.
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4. Results 

 

TauCl potentiates host defense to fungal infection 

 

In this study, I aimed to investigate the effect of TauCl on the phagocytic 

function of macrophages to elucidate its role in the host defense against 

fungal infection. First, I examined whether TauCl administration could 

protect mice from fungal infection. Injection of a lethal dose of C. albicans 

to the peritoneum of mice resulted in severe systemic toxicity, leading to a 

robust reduction in the survival rate (Fig. 1A). The lethal effects of this 

fungal pathogen were ameliorated by intraperitoneal administration of TauCl.  

 

TauCl promotes phagocytic efficiency of peritoneal macrophages in a 

fungal infection  

 

To investigate the role of TauCl in host defense to fungal infection, I 

examined the possibility that TauCl could potentiate phagocytic activity of 

macrophages. Phagocytosis is a key process, particularly macrophages, to 

eliminate pathogens after recognition by surface receptors (W. Kim et al., 

2015; David M Underhill & Helen S Goodridge, 2012). To assess the effect 

of TauCl on phagocytosis by macrophages, I used an in vivo phagocytosis 
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assay by intraperitoneal injection of C. albicans-FITC. As illustrated in Fig. 

2A, exogenous injection of TauCl to mice increased the phagocytic activity 

of macrophages (Fig. 2A). To further confirm the effects of TauCl on 

phagocytosis of macrophages, I evaluated the phagocytic activity using a 

cognate ligand of fungi, curdlan, a β-1,3-glucan polymer derived from 

Alcaligenes faecalis (Greenblatt, Aliprantis, Hu, & Glimcher, 2010; Kumar 

et al., 2009; Nembrini, Marsland, & Kopf, 2009; Trinath et al., 2014). As 

curdlan has a specific affinity for dectin-1, it has been used as a model pure 

β-1,3-glucan recognized by macrophages and dendritic cells in studying host 

immune response to fungal infection (Ferwerda, Meyer-Wentrup, Kullberg, 

Netea, & Adema, 2008). Administration of curdlan led to infiltration of 

leukocytes to the mouse peritoneum which peaked at 6 h (Maruyama et al., 

2005). I treated the mice with TauCl at 6 h following curdlan administration. 

The assessment of phagocytic activity of peritoneal macrophages (PMs) was 

then performed 12 h after treatment of TauCl. The proportion of PMs labeled 

with F4/80 and engulfing curdlan-FITC was selectively assessed by flow 

cytometry. PMs from mice treated with TauCl showed a higher proportion 

of macrophages carrying out engulfment of curdlan (F4/80+curdlan-FITC+) 

than those from mice injected curdlan-FITC alone (Fig. 2B). I also 

confirmed the TauCl-induced phagocytic activity of macrophages by 

immunofluorescence staining. TauCl administration potentiated phagocytic 
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activity of macrophages in curdlan-challenged mice (Fig. 2C). 

 

TauCl increases dectin-1 expression in macrophages of mice infected 

with fungal pathogens 

 

Upon recognition of pathogens by phagocytic receptors, macrophages 

stimulate ingestion of fungal particles. Macrophages then initiate an immune 

response for microbial clearance through their PRRs. A deficiency of these 

receptors on macrophages causes a more severe infection owing to inability 

to activate phagocytic functions (Kawai & Akira, 2011). Dectin-1 is a 

representative PRR that recognizes β-1,3-glucans of fungi (Gordon D Brown, 

2006; Goodridge et al., 2011). To determine whether TauCl promotes the 

phagocytic activity of macrophages through upregulation of PRR expression, 

I examined the proportion of dectin-1expressed macrophages which play a 

decisive role in the clearance of fungi. I measured the expression of dectin-

1 in PMs of mice upon C. albicans infection. TauCl treatment increased the 

expression of dectin-1 in macrophages (Fig. 3A). Like C. albicans, 

administration of curdlan alone caused a modest increase in the proportion 

of dectin-1 expressing PMs as a host adaptive response to acute 

inflammation (Fig. 3B). However, the proportion of macrophages 

expressing dectin-1 was further increased in the curdlan plus TauCl treated 
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group (Fig. 3B). In general, the amounts of residual PMs are not sufficient 

for use in biochemical analysis. Thioglycollate broth is a medium that is 

widely used to enrich macrophages (Murray et al., 2014). To examine the 

potent role of chlorination of taurine in upregulation of dectin-1 expression, 

mice pretreated with thioglycollate were administrated phosphate buffered 

saline (PBS), taurine or TauCl. Compared with TauCl, the same 

concentration of its parent molecule, taurine exerted much weaker effect on 

dectin-1 expression (Fig. 3C). Consistent with the increased protein level, 

expression of dectin-1 mRNA, C-type lectin domain family 7 member A 

(clec7a) was also elevated in PMs of mice treated with TauCl (Fig. 3D). I 

also measured the protein and mRNA levels of dectin-1 in the thioglycollate-

elicited PMs treated ex vivo with TauCl for 36 h. TauCl treatment increased 

dectin-1 expression at both protein (Fig. 3E) and mRNA level (Fig. 3F). 

Altogether, these data suggest that TauCl contributes to the phagocytosis of 

fungi through upregulation of dectin-1 in macrophages.  

 

TauCl-induced HO-1 expression is critical for upregulation of dectin-1 

expression in macrophages in a murine peritonitis  

 

Considering a prominent role of HO-1 in cellular protection against 

inflammatory insults (Ryter & Choi, 2016), I attempted to determine 
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whether the TauCl-induced HO-1 expression (C. Kim, Jang, Cho, Agarawal, 

& Cha, 2010; W. Kim et al., 2015) could contribute to dectin-1 upregulation 

to promote phagocytic activity of macrophages. I verified the role of HO-1 

in TauCl-induced dectin-1 expression by use of HO-1 knockout mice. TauCl 

treatment further increased the dectin-1 expression in macrophages during 

curdlan-induced peritonitis. The expression of dectin-1 induced by TauCl 

was abrogated in HO-1 knockout mice (Fig. 4A). Consistent with this 

finding, inhibition of HO activity by zinc protoporphyrin Ⅸ (ZnPP) 

attenuated TauCl-induced enhancement of dectin-1 expression (Fig. 4B).  

 

TauCl-induced HO-1 expression is essential for enhanced phagocytic 

activity of macrophages in a murine peritonitis 

 

PMs from HO-1 deficient mice treated with TauCl showed a significantly 

lower phagocytic activity (Fig. 5A) compared to those from the wild type 

mice upon TauCl treatment. Likewise, pharmacologic inhibition of HO 

activity with ZnPP abrogated the TauCl-induced stimulation of phagocytic 

activity of macrophages (Fig. 5B). These findings suggest that HO-1 

overexpression contributes substantially to the TauCl-mediated potentiation 

of phagocytic activity of macrophages. 
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CO enhances phagocytic activity of murine macrophages through 

upregulation of dectin-1 expression 

 

CO is a gaseous byproduct of the HO-1-catalyzed reaction and has been 

known to have strong anti-inflammatory activity. I attempted to confirm the 

involvement of CO in TauCl-induced upregulation of dectin-1 by using 

hemoglobin (Hb) as a scavenger of CO. Scavenging CO resulted in marked 

decrease in the proportion of dectin-1 expressing macrophages treated with 

TauCl (Fig. 6A). To further verify the critical role of CO in enhancement of 

phagocytic activity through dectin-1 in macrophages, I utilized CO-releasing 

molecule-3 (CORM-3). Mice pretreated with thioglycollate were injected 

with PBS or CORM-3. The proportion of dectin-1 expressing PMs from 

mice treated with CORM-3 was further elevated (Fig. 6B). As shown in Fig. 

7A, the PMs from mice treated with curdlan-FITC plus CORM-3 exhibited 

increased phagocytic activity compared to those from mice injected curdlan-

FITC alone. CORM-3 also induced upregulation of dectin-1 expression in 

cultured murine PMs (Fig. 7B). 

 

TauCl-induced HO-1 expression upregulates dectin-1 expression 

through PPAR-γ activation 
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It has been documented that PPAR-γ is a transcription factor that regulates 

the expression of dectin-1 in macrophages (Galès et al., 2010; Lefèvre et al., 

2015). Upregulation of dectin-1 expression via activation of PPAR-γ 

augments antifungal host defense (Gales et al., 2010). This prompted us to 

determine whether the TauCl-induced HO-1 expression and subsequent 

dectin-1 upregulation could be mediated via PPAR-γ in PMs. PMs obtained 

from mice treated with TauCl showed the significantly elevated PPAR-γ 

expression in curdlan-induced peritonitis (Fig. 8A). To further determine 

whether TauCl-induced dectin-1 expression was mediated by PPAR-γ, I 

utilized a PPAR-γ antagonist GW9662. When the mice were cotreated with 

GW9662 and curdlan, TauCl failed to increase dectin-1 expression in PMs 

(Fig. 8B). Likewise, GW9662 injection abrogated TauCl-induced 

phagocytic activity of PMs (Fig. 8C). In addition, suppression of PPAR-γ 

with GW9662 resulted in blockade of dectin-1 upregulation in macrophages 

treated with TauCl (Fig. 8D). When the transcriptional expression of PPAR-

γ was silenced in RAW 264.7 cells by use of siRNA, TauCl barely induced 

the expression of dectin-1 at both transcriptional (Fig. 8E) and translational 

level (Fig. 8F). These results suggest that PPAR-γ mediates the upregulation 

of TauCl-induced dectin-1 expression in macrophages. To further confirm 

that the increase of HO-1 by TauCl is responsible for the PPAR-γ 

upregulation in macrophages, TauCl was intraperitoneally administered with 



111 

 

thioglycollate in mice. PMs obtained from TauCl-treated mice showed 

enhanced expression of PPAR-γ as well as HO-1 (Fig. 9A). Pharmacologic 

inhibition of HO activity attenuated upregulation of TauCl-induced PPAR-γ 

expression in PMs (Fig. 9B). In contrast, intraperitoneal injection of CORM-

3 induced the expression of PPAR-γ in PMs (Fig. 9C). 
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Figure 1. TauCl enhances host defense from fungal infection 

 

(A) Mice infected with Candida albicans (1ⅹ109 yeasts/mouse, n=9/group) 

were treated with or without TauCl (20 mg/kg) intraperitoneally. Mouse 

survival (%) was monitored twice daily. P value to infected group without 

TauCl treatment. ***p<0.001 
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Figure 2. TauCl enhances phagocytic activity of macrophages in a 

murine peritonitis model 

 

(A) Phagocytic activity of PMs from mice treated with vehicle or TauCl (20 

mg/kg, i.p.) was measured. The proportion of macrophages (F4/80+) 

engulfing C. albicans-FITC was assessed by flow cytometry. (B) Mice were 

challenged with 2.5 mg of curdlan-FITC (from Alcaligenes faecalis) for 6 h 

followed by intraperitoneal administration of vehicle or TauCl (20 mg/kg). 

After 12 h, mice were sacrificed, and peritoneal exudates were collected. 

The proportion of macrophages engulfing curdlan-FITC (F4/80+curdlan-

FITC+) was identified by flow cytometry. (C) Phagocytosis was detected by 

immunostaining using anti-F4/80 (red; macrophages marker) and curdlan-

FITC (green). A representative fluorescence micrograph shows 

macrophages (red) engulfing curdlan-FITC (green). Data were analyzed by 

Student’s t-test, *p<0.05. 
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Figure 3. TauCl augments phagocytosis through upregulation of dectin-

1 expression in PMs 

 

(A) The level of dectin-1 on PMs in C. albicans infection was detected by 

flow cytometry. (B) The proportion of PMs expressing dectin-1 in the 

curdlan-induced murine peritonitis model was quantified by flow cytometry. 

(C, D) The expression of TauCl-induced dectin-1 in the thioglycollate-

elicited PMs were analyzed by flow cytometry and RT-PCR. Clec7a, dectin-

1 mRNA (E, F) Protein and mRNA levels of dectin-1 in the harvested 

primary macrophages treated with vehicle or TauCl (0.5 mM) for 36 h were 

measured. All data were analyzed by Student’s t-test, *p<0.05, **p<0.01 

and ***p<0.001. 
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Figure 4. TauCl-induced HO-1 expression is important to upregulation 

of dectin-1 expression 

 

(A) The proportion of dectin-1 expressing PMs from WT and HO-1 KO mice 

was compared by flow cytometry. (B) Mice treated with curdlan-FITC (2.5 

mg/mouse) for 6 h were given an i.p. injection of vehicle or the HO-1 

inhibitor, ZnPP (25 mg/kg) 1 h prior to the TauCl (20 mg/kg) treatment. The 

proportion of dectin-1 expressing PMs from mice was determined by flow 

cytometry.



121 

 

 

  



122 

 

Figure 5. TauCl-induced HO-1 expression is critical for stimulating 

phagocytosis by macrophages 

 

(A) Phagocytic activity of macrophages was determined by flow cytometry 

as described in Materials and Methods. (B) The proportion of macrophages 

ingesting curdlan-FITC (F4/80+curdlan-FITC+) was determined by flow 

cytometry. Histograms represent quantification of flow cytometry. All data 

were analyzed by Student’s t-test, *p<0.05, **p<0.01 and ***p<0.001. 



123 

 

  



124 

 

Figure 6. TauCl-induced CO production plays a role in upregulation of 

dectin-1 expression in macrophages 

 

(A) Representative flow cytometry data illustrate dectin-1 expression of 

macrophages co-treated with TauCl (0.5mM) and Hb (10 µM) as a CO 

scavenger for 36 h. (B) Histograms represent dectin-1 expression in PMs 

from mice injected with thioglycollate alone or thioglycollate plus CORM-

3 (10 mg/kg). All data were analyzed by Student’s t-test, *p<0.05. 
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Figure 7. CO increases phagocytosis through dectin-1 expression 

 

(A) Mice were pre-treated with CORM-3 (10 mg/kg) 3 times per week prior 

to i.p. injection of curdlan-FITC (2.5mg/kg/mouse). After 18 h, mice were 

sacrificed, and peritoneal exudates were collected. The engulfment of 

curdlan-FITC by macrophages (F4/80+curdlan-FITC+) was detected by flow 

cytometry. (B) Dot-plot represents dectin-1 expression of PMs derived from 

mice treated with curdlan. All data were analyzed by Student’s t-test, 

*p<0.05.  
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Figure 8. TauCl upregulates dectin-1 expression via PPAR-γ in 

macrophages 

 

(A) PPAR-γ expression of PMs from mice treated with curdlan was 

determined by flow cytometry. (B) Mice treated with curdlan-FITC 

(2.5mg/mouse) for 6 h were given an i.p. injection of vehicle or GW9662 (3 

mg/kg), a PPAR-γ inhibitor, 1 h before TauCl (20 mg/kg) treatment. The 

proportion of PMs expressing dectin-1 was determined by flow cytometry. 

(C) Phagocytic activity of macrophages was measured by flow cytometry. 

(D) The dectin-1 level of PMs co-treated with TauCl and GW9662 (5 µM) 

was determined by flow cytometry. (E, F) RAW264.7 cells were transfected 

with scrambled or PPAR-γ siRNA for 24 h followed by treatment with TauCl 

for an additional 36 hr. The protein (E) and mRNA (F) levels of dectin-1 

were measured by flow cytometry and RT-PCR, respectively. All data were 

analyzed by a Student’s t-test, *p<0.05, **p<0.01 and ***p<0.001.  
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Figure 9. HO-1 induction by TauCl is required for dectin-1 upregulation 

by PPAR-γ in macrophages 

 

(A) Mice were treated with thioglycollate and TauCl as described in 

Materials and Methods. The protein expression levels of PPAR-γ and HO-1 

in macrophages were assessed by Western blot analysis. (B) To determine 

whether HO-1 activation is required for PPAR-γ induction by TauCl, mice 

were co-treated with TauCl (20 mg/kg) and ZnPP (25 mg/kg). After 3 days, 

mice were sacrificed to collect PMs. The PPAR-γ protein level of 

macrophages was measured by Western blot analysis. (C) To verify that CO, 

as a by-product of HO-1 reaction, is required for PPAR-γ expression in 

macrophages, mice were co-injected with thioglycollate and CORM-3. The 

protein level of PPAR-γ was measured by Western blot analysis. All data 

were analyzed by Student’s t-test **p<0.01 and ***p<0.001. 
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Figure 10. A proposed mechanism underlying TauCl-induced 

phagocytosis 

 

TauCl is endogenously produced by activated neutrophils in inflammatory 

microenvironment, which can stimulate the phagocytic activity of 

macrophages through induction of HO-1 expression and subsequently CO 

production. This, in turn, leads to PPAR-γ activation and dectin-1 

upregulation.  
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5. Discussion 

 

Every human has fungi as part of their microbiota which can be pathogenic 

factors when systemic immunity of host is changed. It is becoming of great 

importance to understand the underlying mechanisms by which host 

immunity plays a crucial role in the prevention and resolution of fungal 

infection (G. D. Brown, 2011). Phagocytes, such as macrophages, are 

important to clear of pathogens through their PRRs, which detect the 

microbial PAMPs (Charles N Serhan et al., 2015; Winkler et al., 2016). In 

order to eliminate the pathogens efficiently, the macrophages are required to 

stimulate the expression of the phagocytic receptor (David M Underhill & 

Helen S Goodridge, 2012). During acute inflammation response, 

endogenous pro-resolving mediators are produced to facilitate phagocytic 

actions of macrophages required for timely resolution of inflammation (Nan 

Chiang et al., 2012; C. N. Serhan, 2017). 

TauCl, a metabolite of taurine produced by activated neutrophils, is 

released to the site of inflammation. TauCl is a long-lived mild oxidant that 

inhibits invasion of pathogens (Lackner et al., 2015). TauCl kills pathogens 

directly by transferring the chlorine atom to the amino group to the pathogen 

membrane (Waldemar Gottardi & Nagl, 2005). The subsequent formation of 

a chlorine cover made up of covalent N-Cl bonds impairs the viability of 
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pathogens including bacteria and fungi (W. Gottardi, Debabov, & Nagl, 

2013). Several studies suggest that TauCl functions as an endogenous 

signaling molecule that regulates the generation of pro- and anti-

inflammatory mediators in macrophages at the inflamed site (Chaekyun Kim 

& Cha, 2014; J. Marcinkiewicz, Grabowska, Bereta, & Stelmaszynska, 

1995). I have previously demonstrated that TauCl enhances the efferocytic 

activity of macrophages (W. Kim et al., 2015). A TauCl-derived increase of 

HO-1 activity is associated with the upregulation of scavenger receptors 

expressed on the surface of macrophages, which facilitates recognition and 

engulfment of apoptotic neutrophils in the inflammatory microenvironment 

(W. Kim et al., 2015). In this study, I demonstrate that TauCl facilitates 

clearance of pathogens through potentiation of phagocytic activity of 

macrophages.  

Phagocytic receptors promote phagocytosis following recognition of 

particulate targets on pathogens. The pathogenic fungal β-1,3-glucans are 

recognized by dectin-1, a PRR expressed on macrophages (D. M. Underhill 

& H. S. Goodridge, 2012). I found that TauCl exerts phagocytosis through 

the upregulation of dectin-1 which recognizes fungal β-1,3-glucans. 

Phagocytosis presents engulfed antigens efficiently to initiate an adaptive 

immune response (D. M. Underhill & H. S. Goodridge, 2012). Dectin-1 

regulates several Th17-associated cytokines which influence the 
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differentiation of activated CD4+ T-cells (Drummond & Brown, 2011; 

LeibundGut-Landmann et al., 2007). Thus, it seems that TauCl-mediated 

stimulation of phagocytosis could enhance anti-fungal effects through 

activation of the immune responses. 

Acute inflammation that occurs upon microbial infection gives rise to 

transient induction of HO-1 that possesses an anti-inflammatory capability. 

The enhanced HO-1 expression protects the host tissue from injuries caused 

by pathogens through multiple mechanisms (Pamplona et al., 2007). In line 

with this notion, HO-1 knockdown increases susceptibility to microbial 

infection, which is associated with inability of the macrophages to protect 

the host from pathogens (Wegiel et al., 2014). TauCl has been shown to exert 

cytoprotective and anti-inflammatory effects through HO-1 upregulation 

(Chaekyun Kim & Cha, 2014; Janusz Marcinkiewicz & Kontny, 2014). This 

prompted me to speculate that HO-1 upregulation in macrophages might be 

critical for its anti-fungal activity. In spite of the several studies 

demonstrating that elevated HO-1 expression enhances bacterial clearance 

(Bilban et al., 2006; Onyiah et al., 2013), little is known about the molecular 

mechanisms by which HO-1 induction stimulates phagocytosis. In the 

present study, I found that TauCl-induced HO-1 overexpression plays an 

important role in phagocytosis through dectin-1 upregulation. 

CO generated as a consequence of HO-1 induction is an important 
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molecule that acts as an anti-inflammatory substance and a pro-resolving 

mediator (Fullerton & Gilroy, 2016; C. N. Serhan, 2017). Although CO is 

relatively inert gas in biological systems, it can maintain cellular protection 

against inflammatory insults (H. J. Kim et al., 2017). The present study 

indicates that HO-1-derived CO production by TauCl can upregulate dectin-

1 expression and thereby stimulates fungal clearance by macrophages. 

Recent studies suggest that fungal antigen recognition by dectin-1 leads to 

LC3-associated phagocytosis (LAP) (Tam et al., 2016). Initiation of LAP 

accelerates internalization of microbial particles and phagosome maturation 

for degradation of the phagosome contents (Vernon & Tang, 2013). HO-1 

induction and subsequent CO production are potentially involved in 

autophagy for enhancement of host protection (Lee et al., 2014; Yun, Cho, 

& Lee, 2014). It will be worthwhile determining whether TauCl-induced CO 

production is involved in LAP acceleration by dectin-1 during fungal 

clearance. 

PPAR-γ plays an essential role in inflammation by regulating expression 

of phagocytic receptors of macrophages, such as dectin-1 (Galès et al., 2010; 

Odegaard et al., 2007). PPAR-γ is also required for the alternative activation 

of macrophages which is considered to mediate anti-inflammatory effects. 

Activation of PPAR-γ promotes uptake and killing of C. albicans by 

macrophages (Coste et al., 2003). The upregulation of dectin-1 by PPAR-γ 
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ligands in macrophages promotes phagocytosis and triggers resolution of 

candidiasis (Coste et al., 2008; Galès et al., 2010; Lefèvre et al., 2015; 

Lefevre et al., 2010). Moreover, dectin-1 activation by a particulate yeast-

derived β-glucan resulted in conversion of polarized immunosuppressive 

M2 macrophages into an M1-like phenotype with potent immune-

stimulating activity (Liu et al., 2015). In this study, I found that TauCl-

induced HO-1 expression upregulates dectin-1 through PPAR-γ in 

macrophages. Several studies have suggested that HO-1-derived CO 

enhances PPAR-γ activity, thereby regulating inflammatory processes 

(Bilban et al., 2006; Hoetzel et al., 2008). CO facilitates the termination of 

acute inflammation by stimulating production of pro-resolving lipid 

mediators production (Tsoyi et al., 2016). PPAR-γ is a member of the nuclear 

receptors of lipid ligand-inducible transcription factors (Ahmadian et al., 

2013). I speculate that CO produced as a consequence of TauCl-induced HO-

1 upregulation may trigger activation of PPAR-γ. Further studies will be 

necessary to elucidate how TauCl-induced CO production enhances PPAR-

γ elevation. 

In conclusion, TauCl released from apoptotic neutrophils in the inflamed 

site enhances phagocytic activity of macrophages by stimulating expression 

of HO-1 and subsequently dectin-1 (Fig. 8). Specifically, CO, a byproduct 

of the HO-1-catalyzed reaction, plays a critical role as a putative signaling 
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molecule in mediating TauCl-induced phagocytosis. These results suggest 

that TauCl, a metabolite of taurine produced in the inflammatory 

microenvironment, has a powerful therapeutic potential to act as a modulator 

of phagocytic activity in the inflammatory disorders.  
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국 문 초 록 

유방암 치료를 위하여 많이 쓰이는 치료방법 중 하나는 화학요법

이다. 그러나 화학 요법 치료 후 면역 시스템의 문제로 암의 재

발이나 악성화가 진행 되기도 한다. 특히, 암 진행을 억제하는 중

요한 역할을 가지고 있는 CD8+ T세포가 화학 요법 후 활성이 떨

어지기도 한다. 종양 미세환경에서 많은 부분을 차지하고 있는 

종양 관련 대식세포는 화학 요법 치료에서 항암 면역 반응을 조

절하는 역할을 가지고 있다. 화학 요법으로 인하여 생성된 사멸

된 암세포는 종양 관련 대식세포를 조절 하여 암을 재발시키기도 

한다. 그러므로 종양 관련 대식세포를 재프로그래밍 하여서 화학

요법의 효과를 극대화시키는 방법이 항암 치료 전략 중 주목받고 

있다. 이번 연구에서는 화학 요법 후 사멸된 암세포가 대식세포

의 활성을 조절하여 항암 치료의 효과를 줄이는지 알아보았다. 

4T1 유방암 모델에서 파클리탁셀을 처리한 군에서는 CD86+M1 

대식 세포와 CD8+ T세포의 비율이 줄어들었다. 흥미롭게도 파클

리탁셀을 투여한 군에서 사멸된 암세포를 잡아먹은 대식세포의 

헴산화 효소 발현이 증가 되어있었다. 또한, 사멸된 암세포를 잡

아먹은 골수 유래 대식 세포의 헴 산화 효소 발현도 확인 할 수 
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있었다. 사멸된 암세포를 잡아먹은 골수 유래 대식세포의 헴 산

화 효소의 발현은 M1 극성화를 줄이고 M2 극성화를 증가 시켰

다. 반대로 헴 산화 효소를 비활성화 시키면 사멸된 암세포를 잡

아 먹은 골수 유래 대식 세포의 M1 활성이 유지됨을 관찰할 수 

있었다. 헴 산화 효소 녹아웃 마우스를 사용한 4T1 유방암 모델

에서는 파클리탁셀의 치료 효과가 증진되었다. 마찬가지로, 4T1 

유방암 모델에서 zinc protoporphyin IX를 사용하여 HO-1 활성을 억

제하니 CD86+ M1 대식 세포 비율이 증진되어 파클리탁셀의 치료 

효과를 증가시켰다. 또한 유방암 모델에서 헴 산화 효소의 억제

는 CD8+ T세포의 유입을 증진시켰다. 이를 통해, 화학요법으로 생

성된 사멸된 암세포를 통하여 대식 세포의 증가된 헴 산화 효소

는 항암 면역을 억제하여 항암치료 효과를 감소 시킨다는 것을 

알았다. 이러한 결과는 유방암 종양 미세 환경에서 화학요법으로 

증가된 헴 산화 효소를 표적으로 치료 하면 면역 시스템을 조절

하여 화학 요법을 증진시킬 수 있음을 시사한다.  

주요어: 유방암, 화학 요법, 종양 관련 대식세포, 사멸된 암세포, 

헴 산화 효소  

학번: 2014-30674 
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