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INTRODUCTION

The serotonin signaling pathway has been well understood in the neurons for decades (1, 2). During
regular neuronal processes, serotonin released by the presynaptic neuron is used to communicate
feelings of happiness and other behavioral changes with the postsynaptic neuron through binding to
the 5-hydroxytryptamine receptor (5-HTR) (3, 4). After signaling, the presynaptic neuron reuptakes
free serotonin to avoid overstimulation of 5-HTR, which is then broken down by the enzyme
monoamine oxidase-A (MAO-A). The investigation of this critical neurotransmitter pathway has
resulted in the development of many drugs capable of utilizing the diverse signaling regulators
associated with serotonin to mitigate the effects of clinical depression and other neurological
disorders. One of the first classes of small-molecule inhibitory drugs approved for the treatment of
depression are MAO inhibitors (MAOIs), which prevent MAO-A from cleaving serotonin upon
reuptake into the cells (3, 5). However, the MAO-A-serotonin signaling pathway outside of neurons
is largely unknown. Recent discoveries have opened the door for understanding the function of
MAO-A as an immunomodulatory molecule as well as examining its potential as a candidate for
immune checkpoint blockade (ICB) therapy.

ICB therapy is the subject of growing interest as oncology is becoming an increasingly
immunological field (6, 7). Anti-PD-1/PD-L1 therapy, which blocks PD-1-PD-L1 binding,
circumventing T-cell exhaustion brought about by the immunosuppressive tumor
microenvironment (TME), has been approved by the FDA as a treatment for solid tumors (5, 8).
Another approved ICB therapy is anti-cytotoxic T lymphocyte-associated antigen 4 (anti-CTLA-4),
which blocks the CTLA4 receptor from binding the apoptotic signaling ligand B7-1 (9). However,
while these therapies have demonstrated significant or complete remission, factors such as multiple
immune checkpoint pathways and their different roles in regulating specific cancer types can limit
the efficacy of current ICB therapies (10). Therefore, it is of continuing interest to researchers that
novel ICB candidates be developed in order to augment the effects of clinically-proven ICB through
combination therapy that can improve immune cell infiltration and block suppressive pathways of
tumor infiltrating immune cells (TIIs), increasing the tumor-type range and specificity of the field
(10, 11). A number of ICB therapies are currently undergoing clinical trials, such as anti-CD47,
which improves classically activated macrophage activity, as well as anti-Tim3 and anti-LAG3,
which target common T cell negative immune checkpoints (12, 13). With the discovery of the
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serotonin pathway as a potential immune regulator, the promise
of repurposing drugs that already have FDA approval as
treatments for clinical depression offers the potential for a
novel therapy that may increase the efficacy of current ICB
treatments and broaden the reach of the field. This, in turn,
makes the investigation of MAOIs as candidates of combination
ICB therapy an incredibly interesting and exciting field of
research with regards to cancer treatment.
MAO-A AS AN IMMUNE REGULATOR

MAO-A was recently discovered to be upregulated in TIIs,
especially in exhausted intratumoral CD8 T cells. This led to
the hypothesis that MAO-A may be a negative regulator of anti-
tumor T cell immunity through some unknown mechanism, so
further studies examining the functions of knockout MAO-A T
cells in tumor-challenged mice were conducted to determine
whether there was any impact on oncolytic activity. Wang et al.
reported that MAO-A-KO mice exhibited significantly
suppressed tumor growth in two syngeneic mouse tumor
models (5). This improved tumor-suppression response was
accompanied by an increase in cytokine and cytotoxic
molecule release in MAO-A-KO mice, indicating that the
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knockout of MAO-A results in increased cytotoxic lymphocyte
(CTL) activity. To further dissect the mechanisms underlying the
antitumor effects of MAO-A-KO T cells, researchers
demonstrated that MAO-A-KO CD8 T cells produce higher
levels of serotonin, which acts as an autocrine immune regulator
to activate the downstream immunostimulatory mitogen-
activated protein kinase (MAPK) pathway through 5-HTRs
(5). This signaling pathway in turn “cross-talks” with the T cell
receptor (TCR) signaling pathway, resulting in the enhanced
effector funct ion observed in MAO-A-KO T cel l s
(Figure 1A) (5).

In addition to MAO-A’s role as a T cell regulator, another
recent study revealed that MAO-A activity in tumor-associated
macrophages (TAMs) was positively correlated with immune
suppression (14). A knockout study comparing tumor-laden
MAO-A-deficient mice and WT mice revealed that MAO-A-
KO TAMs expressed lower levels of immunosuppressive markers
and higher levels of immunostimulatory molecules (14). This led
to the elucidation of a novel immunosuppressive mechanism of
action associated with MAO-A in TAMs in addition to its role in
T cells (5). The oxidation of monoamines in neurotransmitters
such as serotonin by MAO-A results in the intracellular
accumulation of reactive oxygen species (ROS) (14, 15). These
ROS cause oxidative stress that polarizes the TME through the
A B

C

FIGURE 1 | The potential of MAOI as a next-generation ICB therapy. (A) Diagram demonstrating how MAOIs inhibit MAO-A activity in immune cells, increasing free,
immunostimulatory serotonin for intratumoral CD8 T cell stimulation and decreasing immunosuppression-inducing ROS produced by MAO-A oxidation of monoamine
substrates in TAMs. (B) Current and potential clinical therapeutic benefits of MAOIs and the known associated side effects and symptoms. (C) Demonstration of
nanoformulation of MAOIs preventing administered drugs from crossing the blood-brain barrier while maintaining ability to deliver drugs to target cells in tumor,
avoiding the systemic application of the drug and mitigating side effects.
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stimulation of the immunosuppressive JAK-Stat6 pathway and
the production of immunosuppressive cytokines (Figure 1A)
(16, 17). This demonstrated the multifaceted effects that MAO-A
has on immune function in the TME.
POTENTIAL OF MAOIS AS ICB THERAPY

MAO-A regulation of T cell activity was further investigated
through the administration of MAOIs as a means of artificially
inhibiting MAO-A activity and the breakdown of serotonin. In a
mouse B16-OVA melanoma model, Wang et al. demonstrated
dramatic tumor-suppressive effects of the MAOI antidepressants
phenelzine, clorgyline, and moclobemide, which represented
three classes of MAOIs, varying in the reversibility of the
drug’s effects (reversible vs irreversible) and the selectivity for
the serotonin-degrading MAO-A isoform over MAO-B (selective
vs nonselective) (5). There was no observed significant difference
in efficacy between the nonselective, reversible phenelzine; the
selective, reversible moclobemide; and the nonselective,
irreversible clorgyline, indicating that MAO-A specificity and
drug irreversibility do not provide a therapeutic advantage with
respect to antitumor response. Because phenelzine is
commercially available in the United States, it was selected as a
representative to determine whether MAOIs are a feasible
candidate for ICB therapy. Phenelzine exhibited tumor-
suppressive effects in mice of multiple mouse syngeneic tumor
models (e.g. B16-OVA, MC38) as well as a human xenograft
model (e.g. A375) (5). CTL antitumor activity was continuously
demonstrated to be improved by the administration of
phenelzine. In addition, phenelzine has been shown to
exhibit tumor-suppressive effects in a stage II clinical trial by
Gross et al. on patients with prostate cancer (18). Therefore,
these findings suggest the translational potential of MAOIs as
ICB therapy.

The efficacy of phenelzine as an ICB therapy was also
demonstrated to inhibit immunosuppression through TAM
polarization (14). This provides an interesting mechanism by
which MAO-A inhibits the immune system’s natural antitumor
abilities through the downregulation of ROS production, further
demonstrating the immunological reasoning behind the efficacy
of MAOIs as ICB candidates (Figure 1A). Strikingly, two reports
demonstrated MAOI efficacy as both a monotherapy and
combination therapy with anti-PD-1 in the typically responsive
colon cancer MC38, as well as in B16 melanoma cells, which have
historically been less responsive to immunotherapy (5).
Phenelzine showed nearly identical efficacy to anti-PD-1,
proving its utility as a monotherapy. What was even more
promising, however, was the high significance in therapeutic
improvement in the melanoma combination therapy model. This
suggests that MAOIs may be able to drastically improve the
reach of classical ICB therapies and opens the door for further
testing to determine whether MAOIs have an effect in historically
unresponsive cancer types such as breast, lung, prostate, and
ovarian cancers.
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POSSIBLE ISSUES WITH MAOIS
FOR ICB THERAPY

While MAOIs were the primary class of antidepressants for the
majority of the second half of the 20th century, they have fallen
largely out of fashion due to the adverse side effects associated
with their administration and the rise of alternative drugs
(Figure 1B) (19). MAOIs have been known to cause severe
dizziness due to hypertension, especially in elderly patients (20,
21). This presents an issue when considering MAOIs as cancer
therapies for older patients, who are an important demographic
for cancer treatments due to the high incidence of disease (22).
These hypertensive side effects can also be made worse by an
increase of dietary tyramine, which is typically metabolized by
MAOs and can result in fatal brain hemorrhaging (23).
Consequently, patients are often placed on restrictive diets
excluding tyramine-rich foods such as cheese (hence the name
“cheese effects”), making them a less appealing candidate for
both neurological disorders and as ICB therapies when
compared to other available options (14, 23). MAOIs have also
been linked to significant liver toxicity when applied in high
doses, making their long-term application less feasible when
dealing with chronic illnesses (3). Additionally, MAOIs have
been linked to serotonin syndrome when administered with
other serotonergic drugs, which results from the accumulation
of serotonin and can cause life threatening behavioral and
physical maladies such as delirium, neuromuscular
hyperactivity, and even thoughts of suicide (3, 20).

Despite these potential negatives, the utilization of MAOIs
still shows significant promise, and the process should be
optimized to increase drug efficacy and patient wellbeing. One
potential source of side-effect remediation is through the
development of nanoformulated MAOIs that can be targeted
for delivery to the tumor. This would prevent many of the
systemic side-effects of the drug and restrict its effects only to
TIIs demonstrated to experience immunosuppression as a result
of MAO-A activity (Figure 1C) (24). Liposomal drug delivery
has been shown to limit systemic toxicity and improve drug
delivery efficacy by inhibit ing the diffusion of the
nanoformulated particle across the blood-brain barrier (25).
Currently, crosslinked multilamellar liposomes are the subject
of ongoing trials for cancer drug delivery, and, by
nanoformulating such liposomes for MAOI delivery,
researchers may be able to increase drug payload size and
decrease detrimental side effects, improving efficacy and
avoiding life-threatening risks associated with these
astounding, multifaceted drugs (26).
DISCUSSION

The discovery of MAO-A as an immune checkpoint offers an
exciting new pathway that can be explored for the development
of novel therapies repurposing drugs developed for the
regulation of neuronal serotonin signaling (5, 14). Research has
demonstrated that MAOIs have the ability not only to prevent
March 2022 | Volume 13 | Article 853624
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the degradation of autocrine, immunostimulatory serotonin by
MAO-A in T cells, but also to decrease immunosuppressive
TAM polarization by inhibiting the production of ROS that
results from MAO-A activity. Further studies are needed to
investigate the clinical correlations between MAOI treatment
and clinical outcomes in patients with cancer. Moreover, the
identification and description of MAO-A as an immune
checkpoint in CD8 T cells and TAMs suggests promising
possibilities for investigation into its role as a checkpoint in
other immune cell types.

While the potential associated with the use of a multifaceted
ICB therapy such as MAOIs is impressive, it is important to
consider the adverse side-effects that can greatly threaten the
comfort and safety of the patient. However, there are several
avenues of research that may help mitigate these side effects
while successfully downregulating immunosuppressive
pathways. As discussed, the use of liposomal drug delivery
systems has shown significant promise in increasing the
specificity of small-molecule drug delivery, and the
development of a liposomal MAOI could provide the necessary
specificity to avoid the adverse side effects currently associated
with MAOI treatment (14, 18).

Additionally, the serotonergic pathway is complex, and, while
the direct administration of serotonin would likely have limited
lasting effects, other important protein targets in the serotonin
production, reception, transport, and degradation pathway could
potentially lead to more effective or less adverse ICB (5, 27).
Because this pathway is well understood in the brain, there are
already many types of drugs developed for the improvement of
serotonin reception, several of which could potentially be
repurposed for ICB therapy if demonstrated to have antitumor
effects in future studies.

Because of the nature of cancer, novel drugs that can target
the multifaceted pathways by which the disease avoids the
immune system are always needed (6, 28). MAOIs in effect
increase the amount of antitumor T cell stimulation by
decreasing the expression of immunosuppressive markers via
autologous serotonin-MAPK signaling, which is nonredundant
Frontiers in Immunology | www.frontiersin.org 4
to other immune checkpoint regulatory pathways, suggesting
that they may have widespread applications as a combination
therapy that increases the efficacy of classical ICBs. MAOIs’
inhibition of alternative macrophage polarization also plays a
major role in increasing the host antitumor response (14). It
remains to be seen whether combination with new ICB therapies
which act directly on macrophage activity to promote immune
infiltration, such as anti-CD47, increases patient response. In
addition to their efficacy as an immune checkpoint blockade,
MAOIs’ status as antidepressants could also be beneficial, as the
dual role of this drug could help alleviate the depression
experienced by many cancer patients while also assisting their
immune system in combating their malignancy (14). While there
is still much work to be done surrounding the full potential of
serotonin regulation as an ICB therapy, the demonstration of
MAOIs as an effective antitumor drug is a promising and
inspiring development in the effort against cancer.
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