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Abstract 

We have previously shown that monoamine oxidase A (MAO A) mediates prostate cancer growth 

and metastasis.  Further, MAO A/Pten double knockout (DKO) mice were generated and 

demonstrated that the deletion of MAO A delayed prostate tumor development in the Pten knockout 

mouse model of prostate adenocarcinoma.  Here, we investigated its effect on immune cells in the 

tumor microenvironment in MAO A/Pten DKO mouse model.  Our results shows that Paraffin 

embedded prostate tissues from MAO A/Pten DKO mice had elevated markers of immune 

stimulation (CD8+ cytotoxic T cells, granzyme B, and IFNγ) and decreased expression of markers 

of immune suppression (FoxP3, CD11b, HIF-1-alpha, and arginase 1) compared to parental Pten 

knockouts (MAO A wildtype). CD11b+ myeloid derived suppressor cells (MDSC) were the 

primary immunosuppressive cell types in these tumors. The data suggest that deletion of MAO A 

reduces immune suppression in prostate tumors to enhance antitumor immunity in prostate cancer.  

Thus, MAO A inhibitor may alleviate immune suppression, increase the antitumor immune 

response and be used for cancer immunotherapy. 

 

Keywords: prostate cancer, monoamine oxidase A, immune suppression, mouse model  
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1. Introduction 

Monoamine oxidase (MAO) is a key enzyme regulating serotonin, norepinephrine, dopamine, and 

other neurotransmitters that mediate synaptic transmission to control brain functions.  Monoamine 

oxidase A (MAO A) and B (MAO B) isoenzymes represent two distinct proteins with different 

physiological roles [1,2].  MAO A serves as a key determinant of aggression, depression, and 

autism, establishing the genetic basis of mental disorders [3,4].  MAO B plays a critical role in 

neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s disease [5].   

Intriguingly, MAO A is overexpressed in prostate tumors and increased further in higher-

Gleason grade prostate tumors.  MAO A inhibitors suppressed prostate tumor growth or bone 

metastasis in a mouse xenograft model, suggesting a potential role of MAO A in prostate cancer 

progression [6,7].  MAO A inhibitors showed efficacy against both androgen-sensitive and 

androgen-resistant prostate cancer cells in vitro [8].   MAO A was also overexpressed in classical 

Hodgkin lymphoma and MAO A inhibitors reduced its growth in vitro [9].  To target MAO A 

inhibitor specifically to cancer, near-infrared dye conjugated with a MAO A Inhibitor, clorgyline, 

was developed.  Clorgyline is a specific MAO A inhibitor.  NMI reduces prostate cancer growth 

more effectively than clorgyline and can be used for non-invasive diagnosis [10].  Decreasing 

MAO A activity by clorgyline or NMI reduced glioma progression in a mouse xenograft model, 

which showed increased macrophage infiltration in tumors [11].  NMI exhibited greater potency 

than previously FDA-approved drugs against brain, prostate, and non-small cell lung cancer cells 

in vitro [12].  The optimal dose and potential off-target organs of concern for NMI were determined 

via biodistribution imaging kinetics analysis [13].  These works led to a phase II clinical trial, 

which demonstrated the efficacy of the non-selective irreversible MAO A and MAO B inhibitor 

phenelzine in patients with biochemical recurrent castration sensitive prostate cancer [14].  The 
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roles of MAO A and B isoenzymes in cancer, brain and heart diseases, and many other functions 

have been reviewed recently [15,16]. 

The tumor microenvironment of solid tumors is a heterogeneous mixture of epithelial, 

mesenchymal, and immune cells. The types and functions of infiltrating cells present are highly 

variable and partially dependent on factors secreted by the tumor [17]. Analysis of immune cell 

infiltration can shed important light on the activated status of the immune response to the tumor 

(tumor immunogenicity) and the type of immunosuppression present at the time of biopsy.   

Antitumor responses are mediated by natural killer cells, CD8+ cytotoxic T cells, and M1 

macrophages, which are promoted by Th1 differentiated CD4+ helper T cells [18]. Despite the 

capability of antitumor immune cells to mount immune responses, tumors have a number of 

mechanisms to escape immune action [19]. Myeloid-derived suppressor cells (MDSCs) are a 

heterogeneous subset of innate immune cells which play a significant role in tumor immune 

tolerance. Identified by cell-surface expression of CD11b, these cells directly mediate T cell 

suppression as well as expand other immunosuppressive cells such as T regulatory cells (T regs) 

and M2 macrophages [20].  In cancers, these cells are often recruited to the tumor 

microenvironment and induce immune suppression by repressing the activity of cytotoxic T cells 

[21]. 

MAO A is a known regulator of hypoxia through the direct stabilization of the transcription 

factor HIF-1a [6].  MAO A may also modulate the immune system through regulation of HIF-1a. 

Although a number of studies have explored the causes of immune suppression in cancer in animal 

models [22], the potential of MAO A to modulate immune responses in a prostate cancer animal 

model had yet to be examined.  
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MAO A is overexpressed in prostate cancer and increases further in advanced-stage prostate 

cancer, which was shown to facilitate prostate tumorigenesis [23,24].   To further elucidate MAO 

A’s effect on prostate cancer development, a conditional gene knockout technique was used to 

introduce prostate-specific MAO A deficiency to a Pten-KO murine model mimicking human 

prostate cancer [25].  The selective loss of Pten expression in the prostate of the conditional Pten-

null mouse leads to spontaneous development of hyperplasia, which is followed by prostatic 

intracellular neoplasia (PIN) at 2 months of age, and adenocarcinoma by 3-6 months [26,27].  The 

combined loss of MAO A and Pten expression in the prostate of MAO A/Pten DKO mice drastically 

curtailed the development of invasive adenocarcinoma despite the onset of PIN by 6 months of 

age, suggesting that MAO A inactivation significantly abrogates PIN to prostate cancer transition 

initiated by Pten loss [25].  This paper describes the mechanism through which MAO A inhibition 

reduces prostate cancer growth.  We hypothesized that hypoxia may alter the tumor 

microenvironment through enzymes such as arginase 1, allowing for the inhibition or expansion 

of immune cells associated with immune suppression.   

 

 

2. Methods 

2.1  Animal studies 

The generation of conditional MAO A/Pten DKO mice was previously described [25].  All mice 

utilized for these experiments were 9 months old with the exception of one Pten KO mouse (age: 

6  months) which showed advanced tumor progression and was pathologically diagnosed at similar 

stage to Pten KO mice at 9 months of age.    
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To study the effects of MAO A on tumor growth, 2x105 mouse glioma cells (GL-26) 

expressing renilla luciferase were subcutaneously injected in the syngeneic MAO A KO or wild-

type C57 B/L male mice.  Tumor size was determined 10 days after the tumor implantation by 

bioluminescence imaging.  

Mice were maintained in a 12 h day/light cycle with access to water or food according to a 

protocol approved by the University of Southern California Institutional Animal Care and Use 

Committee.  All procedures conducted involving mice were approved (#20308) by Institutional 

Animal Care and Use Committee at the University of Southern California.  

 

2.2 Immunohistochemical analysis 

Dorsolateral prostate tissues were collected from 9 months old wild-type, MAO A KO, Pten KO, 

and MAO A/Pten DKO mice and fixed in buffered zinc formalin. Tissues were paraffin embedded 

and cut to 5μm sections onto glass microscope slides. For immunohistochemistry (IHC), antigen 

retrieval was performed in 10 mM sodium citrate buffer, pH 6.0 for 15 minutes at 95° C. Tissues 

were blocked in 10% normal goat serum in PBS containing 0.3% Triton X-100, pH 7.6 for one 

hour at room temperature. Tissues were probed with antibodies at optimized dilutions overnight at 

4° and washed with PBS, pH 7.6. Detection was performed using appropriate IgG secondary 

antibody for 30 minutes at room temperature, followed by ABC reagent and DAB substrate. 

Tissues were counterstained and visualized by light microscopy. 

Multiple antigen staining using Vector Blue© and Vector Red© (Vector Labs) chromogen 

substrates was performed as recommended by the manufacturer. Tissues used for multiple antigen 

staining were counterstained with Methyl Green (Vector Labs) and visualized by light microscopy. 

The following primary antibodies were used: anti-F4/80 (3H2113, Santa Cruz Biotechnology), 
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anti-granzyme B (2C5, Santa Cruz Biotechnology), anti-IFNγ (XMG1.2, BioLegend), anti-HIF-

1a (241808, R&D Systems), anti-CD8 (H35, in-house), anti-CD11b (5C6, in-house), anti-arginase 

1 (19/Arginase 1, BD Biosciences), anti-iNOS (polyclonal, Abcam), anti-FoxP3 (polyclonal, 

Abcam).  

 

2.3 Statistical analysis 

Representative images were taken from each animal group (n=3 mice per group, 3-5 high powered 

fields per mouse). All data are presented as mean ± SD. Differences between multiple groups were 

analyzed by one-way ANOVA followed by Tukey test to compare groups. Differences between 

two groups were analyzed by an independent t-test. P values of <0.05 were considered to be 

statistically significant.  ImageJ software was used for the quantification of images. 

 

3. Results 

3.1 Tumor growth  

To assess the potential impact of MAO A, tumor cells were implanted in MAO A KO mice and the 

tumor growth was monitored.  GL-26 mouse glioma cells stably expressing renilla luciferase were 

subcutaneously implanted in syngeneic MAO A KO or wild-type C57 B/L male mice.  After 10 

days, tumor size was determined via bioluminescence imaging.  Tumor growth was significantly 

reduced in MAO A KO mice when compared to wild-type mice (Figure 1).  Even greater growth 

suppression was observed after similarly implanting in MAO A/B DKO mice (data not shown).  

We previously described the isolation of MAO A/B DKO mice, which exhibit biochemical and 

behavioral phenotypes that are more severe than either MAO A or MAO B KO mice [28].    
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Figure 1  

MAO A KO mice display reduced tumor growth. 

A.  Subcutaneous GL26 tumor formation in wild type (WT) and MAO A KO (AKO) mice at 10 

days post implantation.  GL-26 mouse glioma cells (2 x 105/mouse) stably expressing renilla 

luciferase were subcutaneously injected in syngeneic MAO A KO or wild-type C57 B/L male mice.  

After 10 days, animals were imaged.  Tumor size was determined by bioluminescence imaging.  

B.  Comparison of subcutaneous GL26 mouse glioma tumors 10 days post tumor cell implantation.  

The bioluminescence signal intensity in syngeneic MAO A KO or wild-type C57 B/L male mice is 

shown. 

 

 

3.2  MAO A/Pten DKO decreases recruitment of immune suppressive cells 

In the spontaneously forming tumor model of Pten KO mice, introducing prostate-specific MAO 

A deficiency through conditional gene knockout significantly decreased the incidence of invasive 
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cancer [25].  To investigate the effects of deleting MAO A within the Pten knockout prostate cancer 

mouse model on the anti-tumor immune response, immunohistochemistry was performed using 

markers for CD8+ cytotoxic T cells, F4/80+ macrophages, FoxP3+ T regulatory cells, and CD11b+ 

myeloid-derived suppressor cells. Figure 2A shows a comparison of wild type, MAO A KO, Pten 

KO, and MAO A/Pten DKO dorsolateral mouse prostate tissues. MAO A/Pten DKO prostate tissue 

showed higher positive staining for CD8 than single Pten knockout with 52% more CD8+ cells 

(P<0.005), whereas there was no significant difference in F4/80 positive staining between the two 

groups (P=0.93) (Figure 2B). Little to no positive staining for both antibodies were seen in the 

wild type or MAO A KO tissues. Alternatively, positive staining for immune suppressive cell 

markers, FoxP3 and CD11b, were markedly decreased in the MAO A/Pten DKO compared to the 

Pten KO.  MAO A/Pten DKO prostate tissue showed decreases of 45% and 78% in the number of 

FoxP3+ T regulatory cells and CD11b+ MDSCs, respectively, as compared to the Pten KO 

(P=0.008, P<0.005).  
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Figure 2.  

Representative IHC images of tissue sections from prostates of mice derived from the 

conditional Pten knockout model of mouse prostate adenocarcinoma.  

A. Four genotypes described as wildtype (Pten
flox/flox

; MAOA
flox

), MAOA knockout (AKO; Cre
+/+

; 

Pten
+/+

; MAOA
flox

), Pten KO (Cre
+/+

; Pten
flox/flox

; MAOA
+
), and Pten/MAOA double knockout 

(DKO; Cre
+/+

; Pten
flox/flox

; MAOA
flox

) were examined for the protein expression levels of the 

immune cell markers CD8, F4/80, FoxP3, and CD11b. Arrows point to positively staining 

leukocytes. Dorsolateral prostate lobe was examined for all four genotypes in n=3 mice per 

genotype at 9 months of age. Images at 400x magnification. Bar, 100 μm.  B. Percent positive 

staining was quantified from number of nucleated positive cells per total nucleated stromal cells. 

* P<0.05; ** P<0.005; NS, Not significant 

 

 

3.3 MAO A/Pten DKO shows a reduction in arginase 1 and iNOS stimulated immune 

suppressive cells in the tumor microenvironment  

Immune suppressive cells in the tumor microenvironment from the heterogeneous population of 

myeloid lineage cells, such as MDSC, suppress T cell immune response and, thus, in the context 

of cancer, allow tumor progression through elevated production of two L-arginine-consuming 

enzymes—inducible nitric oxide synthase (iNOS, NOS2) and arginase 1 (Arg1). Under hypoxic 

conditions, MDSCs produce elevated levels of iNOS and Arg1, which prevent T cell division and 

activation by production of nitric oxide and inhibition of T cell receptor expression and antigen-

specific T cell responses, respectively [29].  The MAO A/Pten DKO prostate tumor tissues showed 

a 74% reduction in iNOS+ staining as compared to the Pten KO indicating a less 
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immunosuppressive environment (P<0.005) (Figure 3). Arg1 was also decreased by 51% in MAO 

A/Pten DKO prostate tumors compared to Pten KO (P=0.002).  

 

 

 

 

Figure 3.  

Representative IHC images of tissue sections from prostates of mice derived from the 

conditional Pten knockout model of mouse prostate adenocarcinoma.  
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A. Four genotypes described as wildtype (Ptenflox/flox; MAOAflox), MAOA knockout (AKO; Cre+/+; 

Pten+/+; MAOAflox), Pten KO (Cre+/+; Ptenflox/flox; MAOA+), and Pten/MAOA double knockout 

(DKO; Cre+/+; Ptenflox/flox; MAOAflox) were examined for the protein expression levels of immune 

suppressed environment markers iNOS and Arginase-1. Arrows point to positively staining 

leukocytes. Dorsolateral prostate lobe was examined for all four genotypes in n=3 mice per 

genotype at 9 months of age. Images at 400x magnification. Bar, 100 μm.  B. Percent positive 

staining was quantified from number of nucleated positive cells per total nucleated stromal cells. 

* P<0.05; ** P<0.005; NS, Not significant 

 

 

To characterize the immune cells present in the tumor microenvironment as pro-

tumorigenic (MDSCs, M2 macrophages) or anti-tumorigenic (M1 macrophages), multiple antigen 

staining was utilized to co-localize markers of monocytes with iNOS or Arg1. Based upon recent 

studies in colon cancer, F4/80+ Arg1+ cells were interpreted as indicative of “M2” macrophages 

and F4/80+ iNOS+ cells as indicative of “M1” macrophages [30]. Although iNOS is generally used 

as a marker for immune suppression, F4/80+iNOS+ cells are characterized as having M1 

phenotype. In this context, iNOS+ cells are no longer considered to be suppressive. The presence 

of polarized F4/80+ macrophages present in the MAO A/Pten DKO, compared to the Pten KO 

prostate cancer model, was determined by immunohistochemistry staining F4/80+ cells with 

Vector Blue© (Burlingame, CA) and either iNOS+ for M1 or Arg1+ for M2 polarized cells with 

Vector Red© (Burlingame, CA) (Figure 4A). Co-localization was seen in purple by histological 

observation. Our results show that there were 30% more F4/80+ iNOS+ “M1” macrophages in MAO 

A/Pten DKO than in Pten KO mouse prostate tumor tissues (P<0.05), but there was no significant 
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observable difference in F4/80+ Arg1+ “M2” macrophages (P>0.05) (Figure 4B). We observed 

more cells expressing the F4/80+ iNOS+ phenotype in the MAO A/Pten DKO mouse prostate tumor 

tissue than in the Pten KO; however, the difference in total iNOS+ cells between Pten KO and 

MAO A/Pten DKO suggest a difference in iNOS producing myeloid cells other than F4/80+ 

macrophages within the tumor microenvironment.  

Multiple antigen staining was used to assess levels of iNOS and Arg1 co-expressed with 

CD11b+ MDSCs in the Pten KO and MAO A/Pten DKO mouse prostate tissues and whether their 

presence contributed significantly more iNOS in the tumor microenvironment in the tumors of the 

Pten KO mouse prostate compared to the DKO.  MDSC presence in the Pten KO versus the MAO 

A/Pten DKO was visualized by staining with Vector Blue© (Burlingame, CA) and staining for 

either iNOS+ or Arg1+ cells with Vector Red© (Burlingame, CA) (Figure 4A).  A decreased 

presence of CD11b+ iNOS+ cells was observed in the MAO A/Pten DKO compared to the Pten KO 

(P<0.05); (Figure 4B).  
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Figure 4.  

Representative IHC images of tissue sections from prostates of mice derived from the 

conditional Pten knockout model of mouse prostate adenocarcinoma.  

A. The genotypes of interest described as Pten KO (Cre+/+; Ptenflox/flox; MAOA+) and Pten/MAOA 

double knockout (DKO; Cre+/+; Ptenflox/flox; MAOAflox) were examined for the co-localization of 

protein expression of the immune environment markers iNOS and Arginase-1 and markers for the 

immune cells which are producing them, F4/80 and CD11B. Arrows point to purple, double 

positive staining leukocytes. Dorsolateral prostate lobe was examined for both genotypes with n=3 

mice per genotype at 9 months of age. Images at 400x magnification. Bar, 100 μm.  B. Percent 

positive staining was quantified from the number of nucleated iNOS/Arg1 and F4/80/CD11B 

double positive cells per total number of nucleated immune cells. * P<0.05; ** P<0.005; NS, Not 

significant 

 

 

3.4 Reduced HIF-1a and elevated granzyme B and IFNγ are found in MAO A/Pten DKO 

prostate tumors 

To understand the mechanisms of reduced immune suppression in the MAO A/Pten DKO mice, 

we examined tissues for markers of immune activation. Immunohistochemistry revealed both 

granzyme B and IFNγ to be higher in the MAO A/Pten DKO mouse prostate tissues than the Pten 

KO with differences of 64% and 66% respectively (P<0.005) (Figure 5B). Both of these markers 

are implicated in T cell proliferation and cytotoxic function. Conversely, HIF-1a, a master 

regulator of hypoxia, was 76% higher in the Pten KO than the DKO as seen in Figure 5B 
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(P<0.005). This is consistent with published mechanisms of MDSC mediated immune suppression 

[31,32]. 

 

 

Figure 5.  

Representative IHC images of tissue sections from prostates of mice derived from the 

conditional Pten knockout model of mouse prostate adenocarcinoma.  

A. The two genotypes of interest described as Pten KO (Cre+/+; Ptenflox/flox; MAOA+), and 

Pten/MAOA double knockout (DKO; Cre+/+; Ptenflox/flox; MAOAflox) were examined for the protein 

expression levels of mechanistic immune response factors HIF-1a, granzyme B, and IFN. Arrows 
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point to positively staining leukocytes. Dorsolateral prostate lobe was examined for all four 

genotypes in n=3 mice per genotype at 9 months of age. Images at 400x magnification. Bar, 100 

μm.  B. Percent positive staining was quantified from number of nucleated positive cells per total 

nucleated stromal cells. * P<0.05; ** P<0.005; NS, Not significant 

 

 

4. Discussion 

Our data suggest that knocking out MAO A in the context of prostate cancer, at least within the 

conditional Pten KO mouse model of prostate adenocarcinoma, alters the immune system leading 

to an enhanced antitumor response. Specifically, the MAO A/Pten DKO showed higher positive 

staining for the recruitment of CD8+ cytotoxic T cells into the tumor microenvironment. 

Coinciding with these results, we observed that the MAO A/Pten DKO prostate tumor tissues 

displayed less immune suppression based on the reduced positive staining for immunosuppressive 

cells, such as FoxP3+ T regulatory cells and CD11b+ myeloid-derived suppressor cells. Though 

also expressed in healthy prostatic epithelium, patients with prostate cancer have higher levels of 

FoxP3+ T regulatory cells and dysfunctional CD8+ cytotoxic T cells which are associated with a 

poorer prognosis [33].  In addition, the DKO mouse tissues also displayed less positive staining 

for two markers of an immune suppressed environment: iNOS and arginase 1. These findings 

support the hypothesis that knocking out MAO A can enhance the antitumor response of the 

immune system through the reduction of immune suppression allowing for cytotoxic T cell 

proliferation and targeting of the tumor cells. 

While cellular expression of the F4/80 cell surface marker is heterogeneous, the 

overwhelming majority of such cells have been found to be macrophages [34].  and there was no 
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observed difference in these cells between the two groups. Interestingly, F4/80+ macrophages have 

only a slight, non-significant reduction in the Pten/MAO A DKO compared to Pten KO.  Of these, 

F4/80/iNOS double positive cells are significantly higher in Pten/MA OA DKO compared to Pten 

KO prostate tumors, possibly indicating enhanced M1 macrophage presence, and F4/80/Arg1 

double positive cells (indicative of M2 macrophages) are slightly, but not significantly, decreased 

in the DKO compared to Pten KO. In contrast, double stains of iNOS and Arg1 with CD11b reveal 

that CD11b/iNOS and CD11b/Arg1 double positive cells are reduced in Pten/MAO A DKO tumors 

compared to Pten KO. These findings are consistent with our results from single stains of these 

markers, and indicate that iNOS and Arg1 producing CD11b+ myeloid-derived cells, or MDSCs, 

are reduced in MAO A/Pten DKO tumors compared to Pten KO tumors. Garcia et al. recently 

found evidence of high levels of iNOS and Arg1 leading to expansion of MDSCs in the Pten null 

mouse prostate cancer model [35]. 

Upon further scrutiny, the observed reduction of immune suppression in the DKO prostate 

tumors can possibly be explained by evidence from the monocyte double stains. Our data showed 

that the MAO A/Pten DKO possessed more F4/80+ iNOS+ M1 macrophages than the Pten KO.  

Upon examination of total iNOS+ in both groups, other myeloid cells contributed to the total 

production of iNOS and immune suppression. CD11b/iNOS double stains in the Pten KO and 

MAO A/Pten DKO mouse prostate tissues confirmed that MDSC are significant contributors to 

total iNOS+ found in tumor tissues. Less CD11b+ iNOS+ MDSCs were seen in the DKO than the 

Pten KO. Additionally, the F4/80+ and CD11b+ double stains with Arg1 both showed no statistical 

difference between the single and DKO tissues examined. Overall, this suggests the importance of 

iNOS in this model of immune suppression mediated by MAO A and that the cells contributing to 

immune suppression via expression of iNOS in the Pten knockout are most probably MDSC. It 
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follows that the mechanism of reduced immune suppression in the DKO model comes from a 

reduction of iNOS+ MDSC, rather than reprogramming of macrophages towards an M2 

phenotype.  

Examination of markers indicating active immune processes allowed for further 

comprehension of the pathways being utilized by the immune cells within these tumors. The 

elevated levels of granzyme B in the MAO A/Pten DKO indicates restoration of functional 

cytotoxic T cell activity in tumors of these mice [36].  IFNγ’s role in tumor immunity is 

multifaceted, participating in inhibition of tumor cells proliferation, activation of innate and 

adaptive immune response, and inhibition of angiogenesis  [37]. In addition, Doedens et al. showed 

that loss of HIF-1a in myeloid cells relieved hypoxia-induced suppression of T cell activation 

through myeloid-derived iNOS and Arg1 [31].  The higher levels of granzyme B and IFNγ in 

combination with reduced HIF-1a support the hypothesis that reduced immune suppression in the 

MAO A/Pten DKO mice may be due to reduced hypoxic stress.   

In conclusion, these studies demonstrate a role for MAO A in HIF-1a induction of immune 

suppressor cells in prostate tumors.  The deletion of MAO A reduces immune suppression in 

prostate tumors to enhance antitumor immunity in prostate cancer.  These findings explain why 

subcutaneously implanted GL26 mouse glioma cells showed significantly reduced tumor growth 

in MAO A KO mice than wild-type mice (Figure 1).  Taken together, our results show that MAO 

A inhibitor may alleviate immune suppression, enhance the antitumor immune response and be 

used as a cancer immunotherapy agent.  Further studies to clarify the manner in which MAO A 

modulates immune response are needed. Potential pathways to consider involve the direct and 

indirect downstream effects of knocking out MAO A. One approach would be to study whether the 

observed immune modulation is induced by elevated levels of serotonin. Accumulated evidence 
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suggests that serotonin facilitates Th1 differentiation of CD4+ T cells, and previous studies 

showing that physiological doses of serotonin induce the secretion of Th1 cytokines such as IL-

1β, IFN-γ, and IL-12 [38].  In addition, future investigation into global immune system changes 

independent of the tumor microenvironment as a result of knocking out MAO A would also be of 

interest.  
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