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Abstract

Immunotherapy is a first-line treatment for many tumor types. However, most breast tumors 

are immunosuppressive and only modestly respond to immunotherapy. We hypothesized that 

correcting arginine metabolism might improve the immunogenicity of breast tumors. We 

tested whether supplementing sepiapterin, the precursor of tetrahydrobiopterin (BH4)—the nitric 

oxide synthase (NOS) cofactor—redirects arginine metabolism from the pathway synthesizing 

polyamines to that of synthesizing nitric oxide (NO) and make breast tumors more immunogenic. 

We showed that sepiapterin elevated NO but lowered polyamine levels in tumor cells, as well as in 

tumor-associated macrophages (TAMs). This not only suppressed tumor cell proliferation, but also 

induced the conversion of TAMs from the immuno-suppressive M2-type to immuno-stimulatory 

M1-type. Furthermore, sepiapterin abrogated the expression of a checkpoint ligand, PD-L1, in 

tumors in a STAT3-dependent manner. This is the first study which reveals that supplementing 

sepiapterin normalizes arginine metabolism, improves the immunogenicity and inhibits the growth 

of breast tumor cells.
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1. Introduction

Immunotherapy has become an effective means to attack many types of cancers. However, 

the majority (88–90%) of breast tumors only modestly respond to common immunotherapy, 

especially those using anti-PD-L1 antibodies [1]. These tumors are immuno-suppressive, 

infiltrated by large populations of regulatory T (Treg) cells and M2-type tumor-associated 

macrophages (TAMs) that dampen the activity of cytotoxic T cells [2–4]. While half of 

ongoing trials for breast tumor immunotherapy are still testing PD-1/PD-L1-targeted drugs 

[2,3,5–8], it is imperative to develop a novel treatment to help improve the immunogenicity 

of breast tumors.

TAM-targeted immunotherapies have recently been explored as a means to improve the 

immunogenicity of tumors [9]. TAMs include tumoricidal M1-type and pro-tumoral M2

type. M1 TAMs are induced by Th1-type stimuli that activate nitric oxide synthase 2 

(NOS-2) to produce NO from arginine, triggering pro-inflammatory signals [10]. In contrast, 

M2 TAMs are induced by Th2-type stimuli that activate arginase 1 (ARG1) to initiate 

polyamine synthesis from arginine, triggering anti-inflammatory signals [10]. Lowered 

M1/M2 TAM ratio often accounts for the immunotherapy-refractoriness of tumors [11,12]. 

To improve the M1/M2 TAM ratio, different methods to reprogram M2-TAMs to M1-TAMs 

have been actively investigated [9]. Nevertheless, most studies utilize pro-inflammatory 

agents (e.g., LPS, IFN-γ, or TNFα) or activators of the signaling pathways (e.g., agonists 

for Toll-like receptor (TLR) or CD40) [9–12]. Such methods could not only induce adverse 

side effects (e.g., septic shock by LPS or IFN-γ and liver toxicity by CD40 or TLR agonists) 

if used in vivo [13–16], but also exert dichotomous effects as both anti- and pro-tumor 

agents [17–20]. To move this field forward, it is essential to devise an alternative approach 

that improves the M1/M2 TAM ratio with potent anti-tumor activities and little side effects.

We hypothesized that correction of arginine metabolism, which is often altered in tumors 

[21], would improve the immunogenicity of breast tumors and suppress their growth. To 

this end, we sought to replenish the cofactors of arginine metabolic pathways diminished 

in tumors, which would exert minimal side effects. Arginine is metabolized into multiple 

products. Among these, the major pathways are those of producing NO, a gaseous signaling 

molecule (Red in Fig. 1), and polyamines, small polycationic metabolites (Green in Fig. 1) 

[22,23]. NO and polyamine signaling counteract each other. For example, NO triggers Th1

type pro-inflammatory signals (e.g., M1-type macrophages), whereas polyamines trigger 

Th2-type anti-inflammatory signals (e.g., M2-type macrophages) [24]. Furthermore, NO 

vs. polyamine synthesis pathways inhibit each other [25–29]. In tumor cells and tumor

infiltrating immune cells, such as TAMs, arginine metabolism is frequently shunted into 

polyamine synthesis pathway, promoting cell proliferation and immuno-suppression [21,26–

28,30–33].

We tested whether supplementing sepiapterin, an endogenously-produced precursor of the 

NOS cofactor BH4 (14), could redirect arginine metabolism from the pathway synthesizing 

polyamines to that of synthesizing NO in mammary tumors. BH4 plays essential roles in 

the formation of the functional dimer, substrate binding and enzymatic functions of NOS 

[34–36]. We previously reported that BH4 bioavailability in breast epithelial cells declined 
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during early-stage carcinogenesis, lowering basal NO production. Treating cultured breast 

cancer cells with sepiapterin not only normalized basal NO levels, but also suppressed cell 

proliferation [37–39].

In the present study, we examined whether sepiapterin could suppress the growth of 

mammary tumors and improve the immunogenicity using ex vivo 3D culture models. We 

found that sepiapterin efficiently shifted arginine metabolism from polyamine synthesis 

to NO synthesis pathways in mammary tumor cells and TAMs. This suppressed cell 

proliferation and expression of PD-L1, a checkpoint inhibitor, in tumor cells in a manner 

dependent on STAT3 activity. Concomitantly, sepiapterin caused conversion of M2-type 

TAMs to M1-type TAMs, further improving the immunogenicity of tumors. This study, 

for the first time, reveals that sepiapterin normalizes arginine metabolism, improves 

immunogenicity and inhibits the growth of mammary tumors.

2. Materials & methods

2.1. Reagents

For inhibition of NO production, cells were treated with 2.5 mM L-NAME (Nω-Nitro-L

arginine methyl ester hydrochloride, Sigma-Aldrich, St. Louis, MO, USA); for induction 

of NO production, 2.5 μM SNAP (S-Nitroso-N-acetyl-DL-penicillamine, Sigma-Aldrich) or 

2.5 μM GSNO (S-nitrosoglutathione, Sigma-Aldrich) was used. To inhibit ODC1, the rate

limiting enzyme of polyamine synthesis, DMFO (DL-α-Difluoromethylornithine, Sigma

Aldrich) was used at 5 mM. To compensate for the reduced BH4 level in cancer cells and 

M2-type macrophages, 20 or 100 μM L-sepiapterin (BH4 precursor, Sigma-Aldrich or Santa 

Cruz Biotech. (Santa Cruz, CA, USA)) was used. For iNOS inhibition, iNOS inhibitor (1400 

W) was obtained from Cayman Chemical (Ann Arbor, MI, USA) and used at 50 and 100 

μM for 2 days [40]. For inhibition of STAT3, 2.5 μM Stattic (Tocris Biosci., Minneapolis, 

MN, USA) was used. For inhibition of SMAD3, 25 μM SIS3 (Sigma-Aldrich) was used. For 

macrophage differentiation/polarization, 100 ng/ml phorbol 12-myristate 13-acetate (PMA, 

Invivogen, San Diego, CA, USA), 5 ng/ml lipopolysaccharide (LPS, Sigma-Aldrich), 20 

ng/ml Interferon-γ (IFN-γ, PeproTech, Rocky Hill, NJ, USA), 20 ng/ml interleukin-4 (IL-4, 

PeproTech) and 20 ng/ml interleukin-13 (IL-13, Pepro-Tech) were used.

2.2. Antibodies

To determine the expression of target proteins, the following antibodies were used. Anti

CD163 (Abcam, Cambridge, MA, USA, ab182422), anti-CD80 (ThermoFisher Sci., MA5–

15512), anti-iNOS (ThermoFisher Sci., PA1–036); anti-Stat1 (Cell Signaling, 9172 T), anti

p-Stat1 (Tyr701, Cell Signaling, 7649 T), anti-STAT3 (Cell Signaling, 9139 T), anti-p-Stat3 

(Ser727, ThermoFisher Sci., 44–384G), anti-IL-12 (R&D, AF309-SP), anti-IL-10 (R&D, 

AF217-SP), anti-p-Smad3 (Novus Bio, Centennial, CO, USA, nbp1–77836), anti-PD-L1 

(Abcam, ab205921, for western blot), anti-PD-L1 polyclonal antibody (Biorbyt, LLC, San 

Francisco, CA, USA, orb74809, for IHC), anti-β-Actin (Sigma-Aldrich, A1978); anti-mouse 

CK 8/18 (DSHB, Iowa City, IA, USA, Troma-I); anti-mouse CK 14 (BioLegend, San Diego, 

CA, USA, 905301); and anti-mouse F4/80 (eBioscience, Waltham, MA, USA, BM8).
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2.3. Cell lines and cell culture

CA1d human breast cancer cells were obtained from Karmanos Cancer Institute (Detroit, 

MI, USA) [41] under Material Transfer Agreement. THP-1 human monocytic cells were 

obtained from American Tissue Culture Collection (ATCC, Manassas, VA, USA). These 

cell lines had been authenticated by the providers through genome sequencing and STR 

profiling. Mycoplasma testing of these cell lines was negative. CA1d breast cancer cells 

were maintained as described [41]. THP-1 cells were maintained at a cell density of 1 

× 105/ml–1 × 106/ml in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 

10 mM HEPES buffer and 1% penicillin/streptomycin as described (All purchased from 

ThermoFisher Sci., Waltham, MA, USA) [42,43]. All cells were maintained in a 37 °C 

humidified incubator with 5% CO2.

2.4. In vitro macrophage polarization

THP-1 cells were subjected to differentiation followed by M1 vs. M2 polarization as 

described [44]. Briefly, cells were seeded in 24-well plates at a density of 250,000 

cells/ml. To differentiate monocytic THP-1 cells to macrophages, cells were treated with 

100 ng/ml PMA for 24 h. To obtain M1-polarized macrophages, 5 ng/ml LPS and 20 ng/ml 

IFN-γ were added to PMA-treated cells, and cells were maintained for up to 66 h. To 

obtain M2-polarized macrophages, 20 ng/ml IL-4 and 20 ng/ml IL-13 were added to PMA

treated cells, and cells were maintained for up to 66 h. For macrophage reprogramming 

experiment, 20 or 100 μM sepiapterin was added to M2-polarized macrophages, and cells 

were maintained for 2 days. Medium was unchanged throughout the entire differentiation/

polarization/reprogramming experiment.

2.5. Nitrite measurement

To quantify the cumulative level of nitric oxide produced by cells, more stable nitric 

oxide metabolite, nitrite, was measured based on the reaction of a dye DAN (2, 3– 

diaminonaphthalene) by using Nitric Oxide Fluorometric Assay Kit (BioVision, Inc, 

Milpitas, CA, USA, #K252) according to the manufacturer’s protocol. Briefly, cells were 

plated at 250,000 cells/ml in a 24-well plate and subjected to drug treatment (cancer cells) 

or differentiation, polarization and reprogramming (macrophages). Cells were maintained 

in 2 ml of the fresh serum free hematopoietic cell medium (phenol red-free, Lonza, Basel, 

Switzerland, #04–744Q) throughout the experiment. The conditioned medium was harvested 

and 10 μl of the medium was reacted with the assay reagents in the dark, and the signal 

intensity was measured using nitrite standards at the fluorescence wavelengths of Ex/Em = 

360/450 nm.

2.6. Polyamine measurement

To determine polyamine levels produced by cells, conditioned media were analyzed 

with Fluorometric Total Polyamine Assay Kit (BioVision, # K475) according to the 

manufacturer’s protocol with modifications. This kit determines the level of hydrogen 

peroxide produced through oxidation of polyamines by spermine/spermidine oxidase in 

the kit. To remove high background levels of hydrogen peroxide produced by cancer cells 

and macrophages prior to the assay, the conditioned media were pretreated with catalase 
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(Sigma-Aldrich or Novus Bio) at 1 U/ml (for cancer cells) or 100 μg/ml (for macrophages) 

and incubated at 37 °C for 1 h (for cancer cells) or 1.5 h (for macrophages). Proteins 

were precipitated with Sample Clean-up Solution provided by the kit, and the precipitated 

proteins were removed by filtration through 10 kDa cut-off Microcon filter (Millipore, St. 

Louis, MO, USA). The flow through was reacted with the assay reagents in the dark, and the 

signal intensity was measured using polyamine standards at the fluorescence wavelengths of 

Ex/Em = 535/587 nm.

2.7. Ex vivo 3D cultures of mouse mammary tumors

All animal experiments conformed to The Guide for the Care and Use of Laboratory 

Animals (National Research Council, National Academy Press, Washington, D.C., 2010) 

and were performed with the approval of the Institutional Animal Care and Use Committee 

of the University of Toledo, Toledo, OH. Mouse mammary tumors (#4 glands, ~ 1 cm 

in diameter, n = 4) were harvested from 18 weeks old female MMTV-PyMT mice (The 

Jackson Laboratory, Bar Harbor, ME, USA). Tumors were rinsed in PBS and chopped into 

~1 mm × 2 mm × 1 mm fragments, as previously described [45,46]. 1–2 fragments/48 well 

were plated onto the ECM gel coat (Matrigel, Corning, Corning, NY, USA) and cultured 

in HMT-3522 S1 medium [47,48] with 4% Matrigel and sepiapterin (0, 20 or 100 μM) for 

one week with drug replenishment every 2–3 days. Tumors were fixed, paraffin-embedded, 

sectioned and stained with eosin/hematoxylin.

2.8. Immunohistochemistry

To determine the expression of specific markers, paraffin-embedded sections of mouse 

mammary tissues were analyzed by immunohistochemistry. Briefly, sections were 

deparaffinized, hydrated, and treated with antigen unmasking solution (Vector Lab., Inc., 

Burlingame, CA, USA) or with Tris-EDTA Buffer (10 mM Tris Base, 1 mM EDTA 

Solution, 0.05% Tween 20, pH 9.0) which had been heated to 95–100 °C in a pressure 

cooker. After being blocked with nonimmune goat serum, sections were processed for 

immunofluorescence staining as described below.

2.9. Immunofluorescence staining and imaging

Immunofluorescence staining/imaging was performed as described previously [37]. Samples 

were incubated with primary antibody for overnight at 4 °C in a humidified chamber. After 

intensive washing (three times, 15 min each) in 0.1% BSA, 0.2% Triton-X 100, 0.05% 

Tween 20, 0.05% NaN3 in PBS, fluorescence-conjugated secondary antibodies (Molecular 

Probes, Waltham, MA, USA) were added for 2 h at room temperature. Nuclei were stained 

with 0.5 ng/ml DAPI. After mounted with anti-fade solution, epi-fluorescence imaging was 

performed on Olympus IX70 microscope using CellSens software. Confocal fluorescence 

imaging was performed on Leica Microsystems TCS SP5 multi-photon laser scanning 

confocal microscope using Suite Advanced Fluorescence (LAS AF) software.

2.10. Image analysis

Quantification of fluorescence signal in micrographs was performed with ImageJ software 

(NIH) referring to the owner’s manual (http://imagej.net/docs/guide/146.html). Briefly, a 
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region of interest (ROI) was determined in reference to an image of DAPI-stained nuclei. 

For quantification of signal in individual cultured cells, the whole cell was selected as ROI. 

For each sample group, at least 50 to 200 measurements were performed. Furthermore, 

measurement of each sample set was repeated by at least three people, and the results were 

combined for the final data. The mean value was represented as arbitrary units (AU). The 

statistical significance of the data was further evaluated using GraphPad Prism Version 5 

software (see statistics section).

2.11. Statistics

All the experiments were performed in replicates (n > = 3 for in vitro experiments; n > 6 for 

ex vivo experiments) ensuring the adequate statistical power as done previously [49]. Unless 

otherwise indicated, statistical significance of the mean difference was tested by two-tailed 

t-tests (parametric) using GraphPad Prism Version 5 software. P-values of 0.05 or less were 

considered significant. Average results of multiple experiments (n > = 3) are presented as the 

arithmetic mean ± SEM.

3. Results

3.1. Sepiapterin promotes basal NO production, while suppressing polyamine synthesis, 
in breast cancer cells and macrophages

In tumors, arginine metabolism is frequently shunted from NO synthesis to polyamine 

synthesis pathways, promoting the growth and immuno-suppressive nature (Fig. 1A) [21,26–

28,30–33]. These two pathways are reported to antagonize each other not only for their 

syntheses, but also for their downstream signaling (Fig. 1B) [22–29,50–54]. Polyamine 

facilitates the activities of the immunosuppressive M2-type TAMs, impairing the pro

inflammatory M1-type TAMs. Conversely, NO facilitates the immuno-stimulatory activities 

of M1-type TAMs, inhibiting M2-type TAMs [55,56]. Normalizing arginine metabolism is 

expected to improve the immunogenicity and suppress the growth of tumors.

We recently reported that breast epithelial cells produce basal NO when cultivated in 

the basement membrane. Conversely, the production is impaired in cells undergoing the 

early-stage breast carcinogenesis, resulting in the upregulation of TGFβ and HER2 [37–39]. 

The declined basal NO production is due to reduced bioavailability of the NOS cofactor, 

BH4, under oxidative stress. Consistently, ectopic addition of the BH4 precursor, sepiapterin, 

restores basal NO production and inhibits proliferation of breast cancer cells [39].

In the present study, we tested our hypothesis that these effects of sepiapterin are due to the 

fact that it could re-direct arginine metabolism from polyamine synthesis to NO synthesis 

pathways. We treated CA1d breast cancer cells with sepiapterin at 20 or 100 μM for three 

days and measured the levels of NO vs. polyamines (Fig. 2A). As a positive control, 

cells were treated with an NO donor, SNAP (2.5 μM) or GSNO (2.5 μM). As a negative 

control, cells were treated with an NOS antagonist, L-NAME (2.5 mM). Vehicle-treated 

(control) cells produced slightly (1–1.2 fold) higher levels of polyamines than NO. This 

trend was exacerbated by L-NAME-treatment, where cells produced 1.5–2 fold higher levels 

of polyamines than NO. In contrast, SNAP or GSNO-treated cells produced 1.5–2 fold 
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higher levels of NO than polyamines. Strikingly, sepiapterin-treatment increased the NO/

polyamine ratio by up to 12 fold in a dose-dependent manner (Fig. 2A). This result clearly 

demonstrates that sepiapterin shifted arginine metabolism from polyamine synthesis to NO 

synthesis pathways.

Next, we tested whether sepiapterin could also influence arginine metabolism and phenotype 

of TAMs. M1 vs. M2-type TAMs play critical roles in determining the immunogenicity 

of the tumor microenvironment (TME) [57]. Consistent with a previous report [56], in 
vitro-polarized M1-type macrophages preferentially produced NO over polyamines, while 

M2-type macrophages preferentially produced polyamines over NO (Fig. 2B). We suspected 

that the difference in arginine metabolism of M1 vs. M2-types might be attributed to 

different bioavailability of BH4. We searched the public database (GSE5099) [58] for the 

expression levels of enzymes involved in BH4 synthesis (Fig. 3A) [59,60]. Among all, two 

critical enzymes, GTP cyclohydrolase (GCH1, the rate-limiting enzyme) and sepiapterin 

reductase (SR, the final enzyme of synthesis reactions) (Fig. 3A), were highly elevated in 

M1, but diminished in M2 macrophages (Fig. 3B) [61–64]. This suggests that BH4 level is 

likely to be elevated in M1 and down-modulated in M2 TAMs. To test the relevance of BH4 

availability to the TAM phenotype, we provided M2 macrophages with 20 μM sepiapterin 

for two days. This caused a dramatic increase of NO and decrease of polyamine levels, 

raising the NO/polyamine ratio by ~4 fold (Fig. 2B).

Consistently, sepiapterin treatment of CD163 + M2-type macrophages led to their robust 

conversion to iNOS + M1-type macrophages, which was more efficient than that by 

lipopolysaccharide (LPS), a known inducer of the M2-to-M1 TAM conversion (Fig. 4A) 

[65]. To validate that sepiapterin indeed reprogrammed M2-type macrophages to M1-type 

macrophages, we measured a number of different markers for M1 vs. M2 macrophages. 

M1 macrophage markers we tested were STAT1, phospho-STAT1 (p-Y701) and IL-12; 

M2 macrophage markers we tested were IL-10, CD163 and STAT3 [66,67]. Especially, 

the production of IL-12 (Th1 cytokine) vs. IL-10 (Th2 cytokine) serves as the functional 

validation of M1 vs. M2 macrophages [66]. Our western blot analyses showed that 

sepiapterin treatment of M2-macrophages significantly elevated all the M1 markers tested, 

while downmodulating M2 markers. In contrast, sepiapterin did not affect the levels 

of M1 and M2 marker in M1 macrophages. Importantly, sepiapterin treatment of M2

macrophages increased IL-12 level by ~70%, while decreasing IL-10 level by ~70% (Fig. 

4B). These results confirm that sepiapterin induced reprogramming of M2 macrophages to 

the functional M1 macrophages.

3.2. Sepiapterin inhibits proliferative phenotype of mammary tumor cells

To test whether sepiapterin indeed suppresses the proliferative phenotype of tumors, we 

applied the drug to ex vivo 3D-cultured mammary tumors for one week. These tumors were 

derived from MMTV-PyMT mice, which form multifocal, metastatic luminal B-type tumors 

[68]. Sepiapterin (100 μM) greatly suppressed their proliferative phenotype, indicated by 

diminished density of tumor epithelium (cytokeratin 14 level). Such effect of sepiapterin 

was in stark contrast with that of L-NAME (NOS antagonist, 2.5 mM) exacerbating the 

proliferative phenotype of tumors (Fig. 5A).
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3.3. Sepiapterin inhibits the expression of the immune checkpoint ligand PD-L1 in 
mammary tumor cells via suppression of STAT3 activity

We hypothesized that this anti-tumor activity of sepiapterin was partly due to its immuno

stimulatory effects. We measured the level of an immune checkpoint ligand, PD-L1, a major 

executor of immunosuppression [69]. As expected, PD-L1 was highly expressed in control 

tumors. In contrast, sepiapterin abrogated PD-L1 expression, along with diminished density 

of tumor epithelium (cytokeratin 8/18 level). This was again in stark contrast with the effect 

of L-NAME that greatly elevated PD-L1 level (Fig. 5B).

To examine the mechanism of NO-mediated PD-L1 regulation, we tested for the 

involvement of STAT3 and SMAD3, known positive regulators of PD-L1 [70,71]. Besides, 

STAT3 and SMAD3 are shown to be negatively regulated by NO [36,39,72]. To determine 

which transcription factor was involved in L-NAME-induced upregulation of PD-L1, we 

inhibited STAT3 (Stattic) or SMAD3 (SIS3) in breast cancer cells treated with L-NAME. 

(We confirmed the efficacy of Stattic and SIS3 in downmodulating STAT3 (p-STAT3) 

and SMAD3 (p-SMAD3), respectively (Fig. 6A, lanes 5, 6)). As expected, L-NAME 

significantly elevated PD-L1, p-STAT3 and p-SMAD3 levels (Fig. 6A, lanes 2, 10). 

However, L-NAME-mediated increase of PD-L1 was abrogated by STAT3 inhibition, but 

not by SMAD3 inhibition, suggesting the critical role of STAT3 (Fig. 6A, lanes 3, 4).

Sepiapterin, which would promote NO production, downmodulated both p-STAT3 and PD

L1 levels (Fig. 6A, lane 8). (This effect of sepiapterin was abrogated by co-addition of 

L-NAME, confirming the critical role of NO production (Fig. 6A, lane 11)). Conversely, 

DMFO, the inhibitor of ornithine decarboxylase (ODC1)—the essential enzyme for 

polyamine synthesis—did not significantly affect PD-L1 and p-STAT3 levels (Fig. 1A, B, 

Fig. 6, lane 9). These results suggest that the level of NO, but not the levels of polyamines, 

regulates STAT3-mediated PD-L1 expression. Interestingly, p-STAT3-expression was 

concentrated on tumor cells in the regions infiltrated by TAMs in a manner dissimilar to 

PD-L1 and p-SMAD3 detected throughout the tumor epithelia (Fig. 6B). This is consistent 

with the report that STAT3 is part of the paracrine signaling pathway between TAMs and 

breast tumor cells [73].

3.4. Sepiapterin reprograms M2-type TAMs to M1-type TAMs in mammary tumors

Lastly, we tested whether sepiapterin could indeed reprogram M2-type TAMs to M1-type 

TAMs in mammary tumors, consistent with in vitro results (Fig. 2B, Fig. 4A, B). As 

expected, control tumors showed predominantly CD163 + M2-type TAMs (M1/M2 = 10%). 

L-NAME further depleted M1-type TAMs (M1/M2 < 1%). Conversely, sepiapterin-treated 

tumors showed predominantly CD80 + M1-type TAMs (M1/M2 = 90%) (Fig. 7). These 

results altogether demonstrate that sepiapterin efficiently improves the immunogenicity and 

suppresses the growth of mammary tumors.

4. Discussion

Recently, the FDA (March 2019) approved the first immunotherapy drug (Atezolizumab, 

PD-L1 inhibitory antibody) for treating triple-negative breast cancer. This subtype, 
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comprising 10–12% of breast cancers, harbors a higher number of tumor-infiltrating 

cytotoxic (CD8+) T cells and is more immuno-stimulatory than other types of breast 

cancers [2–6]. In contrast, the majority (88–90%) of breast tumors—hormone receptor 

(ER/PR)-positive and/or HER2-positive types—are mostly immuno-suppressive, harboring 

a large number of FoxP3+ regulatory T (Treg) cells and a low number of cytotoxic T cells 

[2–4]. These types of breast cancers only modestly responded to a PD-1-targeting drug 

(Pembrolizumab) in the earlier clinical trials [1]. Nevertheless, more than half of over 80 

ongoing immunotherapy trials for breast cancer are still targeting PD-1/PD-L1 [2,3,5–8]. It 

is imperative to develop a novel approach to improve the immunogenicity of breast cancer.

In the present study, we tested whether sepiapterin, an endogenous biosynthetic precursor 

of the NOS cofactor BH4, could improve the immunogenicity and suppress the growth of 

mammary tumors using ex vivo 3D culture models. We showed that sepiapterin normalized 

arginine metabolism of both mammary tumor cells and TAMs by elevating the NO-to

polyamine ratio. This was accompanied by downmodulation of the immune checkpoint 

ligand, PD-L1, in tumor cells; reprogramming of TAMs from the immune-suppressive 

M2-type to the immunostimulatory M1-type; and growth suppression of mammary tumors 

(Fig. 7B).

Such effects of sepiapterin were largely due to its suppression of STAT3 (Fig. 6A), a 

transcription factor that contributes to the immunoevasive phenotype of tumors [74]. STAT3 

induces the expression of genes critically involved in immune-suppression, such as PD-L1, 

IL-10 and TGF-β [70,75,76]. As a mechanism of NO-mediated suppression of STAT3 

activity, Kim et al. reported that NO directly S-nitrosylates STAT3 (at Cys259) to inhibit 

its activation [72]. In support of Kim et al.’s finding, we also observed that a treatment of 

CA1d breast cancer cells with sepiapterin or L-NAME up- or down-regulated S-nitrosylation 

levels of STAT3, respectively (data not shown). In fact, S-nitrosylation levels of STAT3 were 

negatively correlated with the activation (phosphorylation) levels of the protein (Fig. 6A). 

This suggests that sepiapterin-mediated suppression of STAT3 activity was at least in part 

mediated by the increase in S-nitrosylation.

Sepiapterin is likely to promote the activities of NOS-1 and −3 in breast cancer cells, and 

NOS-2 in macrophages. We previously showed that breast epithelial cells express NOS-1 

and −3 at high levels, but not NOS-2. Such expression patterns of NOS1–3 in breast cells 

do not change during cancer progression, despite that the levels of the NOS cofactor, BH4, 

(and NO) decline along with malignant progression [39]. This suggests that changes in BH4 

levels have no effect on NOS levels and that supplementing sepiapterin in breast cancer 

cells would only promote the activities of NOS-1 and −3. Conversely, in macrophages 

NOS-2 expression is 40–50% higher than NOS-1 and −3, and is further increased in the 

M1-type [58]. Moreover, we observed that the use of an NOS-2 inhibitor (1400w) along 

with M1-polarizing agents (LPS and IFNγ) inhibited M1-polarization (increase in NO/

polyamine ratio and increase in M1 marker), but instead induced M2-polarization (decrease 

in NO/polyamine ratio and increase in M2 marker) (data not shown). This result suggests 

that NOS-2 is essential for M1-polarization of macrophages and, thus, would be involved in 

sepiapterin-induced M2-to-M1 reprogramming of macrophages.
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We showed that sepiapterin effectively shifts arginine metabolism from the pathways 

synthesizing polyamines to that synthesizing NO in breast cancer cells and macrophages. 

This is in line with previous reports that elevated NO synthesis inhibits polyamine synthesis 

and the downstream signaling [22–29,50–54]. Polyamines are polycationic metabolites 

essential for cell proliferation and immuno-suppression and are elevated in many types of 

tumors. After their biosynthesis, polyamines are transported through the specific transporters 

and elicit autocrine/paracrine signaling [22,24,27,28,50]. On one hand, they play critical 

roles in cell cycle progression, gene transcription, protein translation and oxidative stress, 

contributing to the proliferative potential of tumor cells [77–79]. On the other hand, 

polyamines help expand the populations of immuno-suppressive leukocytes within tumors, 

including myeloid derived suppressor cells (MDSCs), Tregs, and M2-type macrophages. 

This is partly ascribed to the polyamine-mediated upregulation of CD73 and CD39, 

ectonucleotidases involved in the production of the immuno-suppressive adenosine [33,80–

82]. Extracellular adenosine, which binds its cognate receptors, inhibits T cell signaling, 

induces the expansion of immuno-suppressive leukocytes and contributes to the activation of 

PD-L1/PD-1 immune checkpoint pathway [83,84].

Elevated expression of PD-L1 on tumor cells and M2-type macrophages is a major 

contributor to the immuno-suppressive nature of tumors. PD-L1 binds the receptor, PD-1, 

on the surface of cytotoxic T cells and inhibits their tumoricidal activity [4,57,85]. 

Reprogramming of M2-type TAMs (PD-L1-high) to M1-type TAMs (PD-L1-low) has been 

actively explored as a means to improve the immunogenicity of tumors [86]. However, most 

studies have tested the application of pro-inflammatory agents (e.g., LPS, IFN-γ, or TNFα) 

to M2-type macrophages in vitro [10,11]. These agents would not only induce adverse 

systemic toxicity (e.g., septic shock) in vivo [13], but also exert both anti- and pro-tumor 

effects [17,18].

Our results showed that sepiapterin dramatically reprograms M2-type TAMs to M1-type 

TAMs within tumors, suggesting its potential utility as an effective immunotherapy drug. 

Besides, sepiapterin, an endogenously-produced precursor of BH4, has been safely utilized 

in clinical trials for treating patients with phenylketonuria, a metabolic disorder caused by 

BH4 deficiency [87]. Our finding is in line with the report that curcumin, the polyphenol 

component of turmeric, could reprogram M2-type tumor-associated microglia in the brain 

to M1-type and effectively kill glioblastoma [88]. Furthermore, curcumin is shown to 

inhibit STAT3 in TAMs in both in vitro and in vivo conditions, in a manner similar to our 

results. Polyphenols are plant-derived antioxidants and reported to promote NO production 

by protecting BH4 from ROS-mediated degradation [89–91]. (Oxidative degradation of 

BH4 is a major cause of BH4 deficiency and NOS dysfunction [36,39].) The findings 

of our and other studies strongly suggest the utility of normalizing NO production in 

the immunotherapy of different types of tumors and warrant further investigation of their 

clinical feasibility.
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Fig. 1. 
Two major arginine metabolic pathways: NO synthesis vs. polyamine synthesis pathways. 

A) Arginine metabolic pathways: NO synthesis pathway is shown in red, while 

polyamine synthesis pathways are shown in green. B) Antagonistic relationship between 

NO and polyamine synthesis pathways. Abbreviations: ADC: Arginine decarboxylase; 

AGAT: Arginine:glycine amidinotransferase; AMD1: Adenosylmethionine decarboxylase 

1; ARG1/2: Arginase 1/2; ASL: Argininosuccinate lyase; ASS; BH4: tetrahydrobiopterin; 

GCH1: GTP cyclohydrolase I; GTP: Guanosine-5′-triphosphate; NO: nitric oxide; NFκB: 

Nuclear factor kappa B; Myc: Avian myelocytomatosis viral oncogene; NOS1–3: nitric 

oxide synthase 1–3; ODC1: Ornithine decarboxylase 1; OTC: Ornithine transcarbamylase; 

SEP: Sepiapterin.
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Fig. 2. 
Sepiapterin redirects arginine metabolism from polyamine synthesis to NO synthesis 

pathways in breast cancer cells and macrophages. A) Levels of NO vs. polyamines secreted 

by CA1d cells vehicle-treated (vehicle 1: H2O; vehicle 2: DMSO) or treated with NO donor 

(SNAP [2.5 μM] or GSNO [2.5 μM]), NOS inhibitor (L-NAME [2.5 mM]) or sepiapterin 

(SEP, 20 or 100 μM) for 3 days. B) Levels of NO vs. polyamines secreted by in vitro

polarized THP-1 cells (Monocytes, M0, M1 or M2-type). M2 cells were further treated with 

or without sepiapterin (SEP, 20 μM) for 2 days. Error bars: ± SEM. *, p-value < 0.05; **, 

p-value < 0.01, ***, p-value < 0.001.
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Fig. 3. 
BH4 levels are likely to be elevated in M1 and down-modulated in M2 TAMs. A) 

Schematic of Tetrahydrobiopterin (BH4) synthesis pathways: De novo biosynthesis (brown) 

and regeneration (green). Abbreviations: GTPCH, GTP cyclohydrolase I; PTPS, 6-pyruvoyl

tetrahydropterin synthase; SR, sepiapterin reductase; AR, aldose reductase; CR, carbonyl 

reductase; DHFR, dihydrofolate reductase; DHPR, dihydropteridine reductase; PCD, 

pterin-4a-carbinol-amine dehydratase; AAAH, aromatic amino acid hydroxylases; AGMO, 

alkyl-glycerol monooxygenase; NOS, nitric oxide synthase [60]. B) Expression levels of 

key enzymes for BH4 synthesis, GTPCH (left) and SR (right), in inactive (M0), M1 or M2 

human macrophages (GSE5099) [58].
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Fig. 4. 
Sepiapterin induces conversion of M2-type macrophages to M1-type macrophages in vitro. 

A) (Left) THP-1 human macrophages (M0) were in vitro-polarized to M1-type (by LPS + 

INFγ) or M2-type (by IL4 + IL13). M2-type macrophages were further treated with LPS 

(1 mg/ml, positive control) or sepiapterin (SEP, 100 μM) to test for their conversion to 

M1-type. M1 marker (red, iNOS [NOS2]); M2 marker (green, CD163). Scale bars: 50 μm. 

(Right) Quantification of the intensity of NOS2 or CD163 signal per cell. Error bars: ± 

SEM. ***, p-value < 0.001. B) (Left top) Western blot analysis of THP-1 macrophages in 

M0, M1 or M2 states and treated with vehicle or SEP as in A). (Right) The blots were 

analyzed for the expression of STAT1, p-STAT1 (p-Y701), IL-12, IL-10, CD163 or STAT3. 

β-actin (ACTB1) was used as the internal loading control. The intensity of each blot was 

quantified, normalized against ACTB1 signal and shown as the fold difference with respect 

to M0. Error bars: ± SEM. ***, p-value < 0.001, **, p-value < 0.005, and *, p-value < 0.05.
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Fig. 5. 
Sepiapterin induces immuno-stimulatory-shift of mammary tumor cells. A) (Left) Mammary 

tumors from MMTV-PyMT mice (18 weeks) were ex vivo 3D-cultured [45,46] under 

treatment with vehicle (PBS), L-NAME (2.5 mM, NOS inhibitor) or sepiapterin (100 

μM) for 1 week. First column: normal mouse mammary glands. Second, third and fourth 

columns: ex vivo-cultured tumors. First row: 100x (normal glands), 40x (ex vivo tumors); 

second row: 200x H&E images. Third row: CK14 staining (mammary epithelial marker); 

fourth row: DAPI-merged. Note the restoration of normal-like gland (from H&E staining) 

and reduction in the epithelial density (from CK14 staining) by sepiapterin vs. worsened 

malignancy by L-NAME. Scale bars: 50 μm. (Right) Quantification of the intensity of 

CK14 signal per cell. Error bars: ± SEM. ***, p-value < 0.001. B) (Left) Mammary tumors 
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from MMTV-PyMT mice were ex vivo 3D cultured as in A), paraffin-embedded, sectioned 

and stained for PD-L1 (red) and CK8/18 (green, mammary epithelial marker). (Right) 

Quantification of the intensities of PD-L1 and CK8/18 signals per cell. Error bars: ± SEM. 

*, p-value < 0.05; **, p-value < 0.01, ***, p-value < 0.001.
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Fig. 6. 
STAT3 plays critical role in NO-mediated PD-L1 regulation. A) (Top) Western blots of 

CA1d cells with different treatments: Lane 1: vehicle-treated (Ctrl); lane 2: L-NAME; lane 

3: L-NAME + Stattic (STAT3 inhibitor); lane 4: L-NAME + SIS3 (SMAD3 inhibitor); lane 

5: Stattic; lane 6: SIS3; lane 7: vehicle-treated (Ctrl); lane 8: Sepiapterin (SEP, 100 μM); 

lane 9: DMFO (ODC1 inhibitor); lane 10: L-NAME; and lane 11: L-NAME + SEP. Blots 

were analyzed for the levels of PD-L1, p-STAT3 and p-SMAD3. β-actin (ACTB1) was 

used as the internal loading control. Note the dramatic decrease of PD-L1 and p-STAT3 

levels by L-NAME + Stattic (lane 3), Stattic (lane 5) or SEP treatment (lane 8). (Second, 

third and fourth panels) Quantification of the intensities of PD-L1, p-STAT3 and p-SMAD3 

normalized against ACTB. Error bars: ± SEM. AU, arbitrary unit. *, p-value < 0.05; **, 
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p-value < 0.01, ***, p-value < 0.001. B) Co-staining of p-STAT3, PD-L1 or p-SMAD3 (red) 

with macrophage marker (F4/80, green). Note the concentrated localization of p-STAT3

expressing tumor cells in the regions infiltrated by macrophages.
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Fig. 7. 
Sepiapterin reprograms M2-type TAMs to M1-type TAMs in mammary tumors. A) (Left) 

Mammary tumors from MMTV-PyMT mice were ex vivo-cultured as in Fig. 5A, paraffin

embedded, sectioned and co-stained for M1/M2 macrophage markers: CD80 (M1, red) vs. 

CD163 (M2, green). Counter-stained with DAPI. Note the prominent M2-type macrophages 

(green) in control and L-NAME-treated tumors vs. prominent M1-type macrophages (red) 

in SEP-treated tumor. Scale bars: 50 μm. (Right) Quantification of the intensity of CD80 

or CD163 signal per cell. Error bars: ± SEM. *, p-value < 0.05, ***, p-value < 0.001. B) 

Scheme of signaling pathways ivolved in sepiapterin-mediated immuno-stimulatory shift of 

macrophage and cancer cell.
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