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Abstract of the Dissertation

Investigating Methods to Enhance T cell Antitumor Immunity and

Reduce Graft-versus-Host Disease

by

Samuel Weijia Zeng

Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2021

Professor Lili Yang, Chair

In addition to defending against invasive microbes, T cells of the mammalian adaptive immune system
also provide crucial protection against cancerous cells that spontaneously emerge from healthy host
tissue. Cancer cells, in turn, co-opt many of the regulatory signaling pathways used by the body to
prevent excessive T cell proliferation and activation. The tumor microenvironment (TMI) is frequently
a highly immunosuppressive environment, and much research has been focused on identifying new
targets that can enhance T cell antitumor immunity. Novel observations from my lab has found
monoamine oxidase A (MAO-A) plays an important role in maintaining this immunosuppressive TMI.
In Chapter 2, | observe that MAO-A functions as a “checkpoint” molecule that regulates CD8* T cell
antitumor immunity through modulating metabolization of serotonin, a neurotransmitter previously

unassociated with the immune response. In Chapter 3, | observe that MAO-A also indirectly affect T



cell antitumor immunity by promoting tumor associated macrophage polarization towards an
immunosuppressive phenotype through signaling with oxidative stress. These two chapters provide
exciting preclinical data and clinical correlation for repurposing clinical approved MAO-A inhibitors for
cancer immunotherapy. Allogeneic hematopoietic stem cell transplantation is another approach to
treating cancer, in particular hematological malignancies, and relies on donor T cell recognition of minor
histocompatibility antigens to target residual cancer cells. However, its application is severely limited
due to the risk of graft versus host disease (GvHD). Higher invariant natural killer T (iNKT) cell load
following transplantation has been clinically associated with reduced GvHD without loss of the
beneficial graft versus leukemia/lymphoma (GvL) effect. However, the accessibly of iNKT cells
remains a major hurdle to their research and potential clinical application. In Chapter 4, | provide two
protocols for generating large amounts of mouse and human iNKT cells in vivo through TCR
engineering of hematopoietic stem cells (HSC-engineered iNKT) and a murine intermediary. In Chapter
5, a protocol to generate human HSC-engineered iNKT cells in vitro is introduced, and the resultant
HSC-engineered INKT are found capable of ameliorating xeno-GvHD without loss of GvL effect when
added to the allograft, providing exciting preclinical data highlighting the possibly of using HSC-

engineered iNKT cells as additives to the allograft to reduce GvHD risk and improve patient outcomes.
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Chapter 1: Introduction



Overview of T Lymphocytes

To defend itself against the plethora of pathogenic microbes, mammals have developed an intricate
defensive system comprised of an innate and adaptive immune system®. The innate immune system
provides broad spectrum protection and includes physical barriers (e.g. epithelial cell layers and mucosal
linings), soluble proteins and bioactive small molecules (e.g. complement proteins and defensins), as
well as first-responder immune cells that activate by recognizing pathogenic molecular patterns
expressed on microbial surface (e.g. neutrophils and macrophages)®. Innate immune cells also activate
the adaptive immune response. Whereas the innate immune system is broad spectrum, the adaptive
immune system manifests exquisite specificity for its target antigens, largely through the antigen-
specific receptors expressed on the surfaces of T- and B-lymphocytes®. T lymphocytes are named so for
the somatically rearranged T cell receptor (TCR) expressed on their cell surface and provide an intricate

armory of functions aimed at eliminating pathogen-infected and neoplastic cells.

Although T Ilymphocytes consist of several functionally and phenotypically heterogeneous
subpopulations, the majority can be classified as either off or y& according to their TCR rearrangement?.
af T cells are by far the most abundant and the best-characterized circulating T cells. Most aff T cells
are also “conventional,” meaning they recognize degraded proteins bound to major histocompatibility
complex (peptide-MHC, pMHC) molecules found at the cell surface®. However, a rarer, but significant,
fraction of afy T cells do not recognize pMHC. These “unconventional” o3 T cells include: (i) mucosal-
associated invariant T (MAIT) cells that display limited diversity and are involved in anti-bacterial
immunity* °; (i) invariant natural killer T (iNKT) cells; and (iii) germline-encoded mycolyl-reactive

(GEM) T cells. INKT and GEMT cells are dedicated to the recognition of glycolipids in the context of



CD1d and CD1b, respectively® 7. Although there are other T cells believed to recognize lipid antigens in

the context of CD1a and CD1c, these subsets have not been well characterized or named.

T Lymphocytes Development

The complete T cell repertoire that provides targeted protection against a vast array of microbial
pathogens is comprised of a myriad of T cells that each express antigen receptors of a single specificity.
T cell development begins when lymphoid progenitors derived from hematopoietic stem cells residing in
the bone marrow migrate to the thymic subcapsular zone (Figure 1)®. There, they undergo
rearrangement of the TCR variable (V), diversity (D), and joining (J) gene elements (Figure 2)°.
Lymphoid-specific RAG1 and RAG2 proteins initiate this process by cleaving the DNA near the V, D,
and J segments. The gene segments are rejoined by a collection of non-lymphoid-specific DNA repair
enzymes including DNA-dependent protein kinase (DNA-PK), Ku, XRCC4, XLF, DNA ligase IV, and
the Artemis nuclease!?. XRCC4, XLF, and DNA-PK also recruit the enzyme terminal deoxynucleotidyl
transferase (TdT), which adds deoxynucleotides into some of the VDJ junctions and provides additional
junctional diversity to the recombined gene sequences'!. Due to the apparently random process in
assembling the V, D, and J gene elements, huge diversity of receptor sequences are formed, but non-

functional TCRs are also a frequent byproduct.

Once a productive VgDgJs (TCR ) chains is assembled, developing T cells migrate to the thymic cortex
and undergo TCR o chain rearrangement®. In the cortex, surface expression of the CD3, CD4 and CD8
proteins is induced. CD4*CD8" (double positive) T cells are tested on whether their receptors have
sufficient affinity for self major histocompatibility complex (MHC) molecules; this “positive” selection

involves interaction between the developing lymphocyte and the specialized cortical epithelium®?*3,



Lymphocytes that fail this positive selection undergo apoptosis and are cleared by thymic cortical
macrophages. Those with adequate affinity to recognize a self MHC Class | (MHC 1) protein retain
CD8 expression and extinguish CD4 expression; those that recognize a self MHC Class Il (MHC 1)
proteins retain CD4 expression and extinguishes CD8 expression. This process is central to establishing
CD4 with class Il MHC restricted antigen recognition and CD8 with class | restricted antigen

recognition®3,

CD4/CD8 single positive (SP) cells then migrate to the thymic medulla and are screened for potential
autoreactivity. During this process, T cells are exposed to an extensive array of tissue-specific proteins
expressed by a population of thymic medullary epithelial cells under the control of a gene
called AIRE (autoimmune regulator)'?. Those that recognize self-peptides are removed by apoptosis. T
cells that survive the combination of positive and negative selection (<5% of all developing T cells) are

released into circulation as naive T cells.

The aforementioned afTCR developmental process describes approximately 90-95% of circulating T
cells; the other 5-10% use an alternate heterodimeric TCR composed of y and 6 chains. A portion of the
vo T cells is generated in the thymus via RAG1/RAG2-mediated rearrangement of V, D (for the 6 chain

only), and J elements, but a major fraction appears to be generated in an extrathymic compartment*,

Major Histocompatibility Molecules

Conventional T cells recognize peptide fragments bound to an MHC molecule (humans MHC is

designated human leukocyte antigen [HLA]) presented on the cell surface. MHC molecules bind protein



peptide fragments that either have been synthesized within the cell (class | MHC molecules) or that have

been ingested by the cell and proteolytically processed (class I MHC molecules).

Class I MHC Molecules

All nucleated cells express MHC class | (MHC 1) molecules and present protein fragments of cytosolic
and nuclear origin onto their cell surface. Structurally, MHC I is a cell surface heterodimer comprised of
a polymorphic transmembrane 44-kd a-chain (also designated the class | heavy chain) associated with
the 12-kd non-polymorphic B,-microglobulin (B.m) protein®®. Humans have three major HLA class |
molecules, each encoded by a distinct gene and designated as HLA-A, -B, and -C. The three HLA-A, -
B, and -C a-chain genes are located on chromosome 6, while the B.-microglobulin gene is encoded on

chromosome 15.

The composite structure formed from a MHC and antigenic peptide is necessary for TCR recognition;
antigenic peptide alone generates no measurable TCR affinity, and MHC plus other peptides creates
minimal affinity. This biological phenomenon of “MHC restriction,” described by studies of
Zinkernagel and Doherty®®, compels T cell to ignore free extracellular antigen, ignore unrecognized
MHC-peptide complexes, and solely focus on the cells that present the particular MHC-antigenic
peptide complex. Furthermore, because the a; domain of the class | heavy chain requires binding from
the CD8 molecule for proper recognition, this restricts the recognition of antigenic peptides that are

presented on MHC molecules to CD8* cytotoxic T cells (Figure 3)°.

Generally, the antigenic peptides found bound to MHC I are generated within the cell presenting the

MHC | complex, and consequently are described as “endogenous” antigens. However, recent studies



have shown that under certain circumstances, exogenous antigens (synthesized outside the antigen
presenting cell) may be internalized by endocytosis and presented on MHC 1. This form of “cross

presentation!’ is of particularly important in antiviral immunity:8,

A prominent characteristic of HLA molecules is their structural polymorphism; over 650 alleles at the
HLA-A locus, over 1,000 alleles at the HLA-B locus, and over 350 alleles at the HLA-C locus have

been recognize by the ImMunoGeneTics HLA Database (http://www.ebi.ac.uk/imgt/hal/atats.html).

Three distinct HLA class | genes, each of which is highly polymorphic, means that all individuals who
are heterozygous at these loci have 6 distinct peptide binding grooves. Having 6 peptide binding
molecules greatly strengthens the immune system’s ability to recognize antigenic peptides. Ironically
however, this great diversity also presents great challenges for HLA matching in modern transplantation

medicine.

Class Il Major MHC Molecules

MHC Class Il (MHC I1) molecules also consist of two polypeptide chains. But in this case, both are
MHC-encoded transmembrane proteins and are designated o and B°. Humans have three major class I
proteins -- HLA-DR, HLA-DQ, and HLA-DP* but this belies the true number of Class Il molecules
present; the HLA-DR locus encodes for a minimally polymorphic HLA-DR a chain and two
polymorphic HLA-DR B chains, translating to 4 distinct HLA-DR proteins per heterozygous individual,
both the a chains and the B chains of the HLA-DQ and HLA-DP proteins are polymorphic, such that 4
different HLA-DQ and 4 different HLA-DP proteins are possible based on pairing between the gene

products of both the maternal and the paternal chromosome.


http://www.ebi.ac.uk/imgt/hal/atats.html)

MHC Il is constitutively expressed by professional antigen presenting cells, including B cells, dendritic
cells, monocytes and macrophages®. Additionally, expression of MHC Il can be induced on many
additional cell types, including epithelial and endothelial cells, following IFN-y stimulation. Antigens
presented on MHC Il are derived via the “exogenous” pathway, which begins by endocytosis or
phagocytosis of extracellular proteins. Exogenous antigens include antigenic proteins of extracellular
pathogens such as most bacteria, parasites, and virus particles that have been released from infected cells
as well as environmental proteins and glycoproteins such as pollens and venoms, and alloantigens®®. The
appropriate MHC 11 and antigenic peptide complex is necessary for TCR recognition. Additionally,
because the B2 domain of MHC Il requires CD4 binding, this limits MHC Il activation to CD4* T cells,

in a manner similar to MHC I and CD8* T cells (Figure 3)°.

T Cell Activation and Functions

Normal activation of naive T cells typically requires multiple signals (Figure 4)°. Engagement of
specific peptide:MHC complex with the T-cell receptor (Signal 1) is essential for T cell activation, but
Signal 1 alone actually induces T cell inactivation (anergy) and or apoptosis. Additional signaling that
promote survival and expansion (Signal 2) is provide by the same APC, the best studied of which are the
B7 molecules that bind to CD28 on T cells. Cytokines, released either by APCs or by activated T cells,
constitute a Signal 3 that drive T-cell differentiation into different effector subtypes. Indeed, because
unregulated T cell activation can lead to catastrophic consequences, there are several evolutionarily
conserved negative regulators of T cell activation, “checkpoint” molecules that fine-tune the immune
response and regulate hyperactivation. Cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed
cell death 1 (PD1) are among the most potent examples of T cell immune checkpoint

molecules. CTLA4 is minimally expressed in quiescent T cells, upregulated following T cell activation,



and inhibits T cell activation and proliferation by interfering with CD28-B7 interaction!® 2% 2122 pD1 is
also upregulated in T cells following TCR stimulation and binds the B7 homologues PDL1 (also known
as B7-H1) and PDL2 (also known as B7-DC), which are present constitutively on APCs and inducible in
non-hematopoietic tissues in response to pro-inflammatory cytokines® 24 2°, PD1 restrains immune

responses primarily through inhibitory intracellular signaling in effector T cells and regulatory T cells?.

The vast majority of T cells in circulation in the blood and secondary lymphoid organs are either
CD4+CD8 (CD4+, 60-70%) or CD4 CD8*(CD8*, 30-40%). CD4*T cells are also designated as
“helper” T cells because of their major role in modulating the immune system, ranging from activating
other immune cells (e.g. cells of the innate immune system, B cells, and CD8" cytotoxic T cells) and
non-immune cells to suppressing the immune response altogether?’. Upon activation in response to an
antigen-MHC Class 1l complex, naive CD4" T cells initially produce IL-2 and are designated Th0. Then
depending on the nature of the cytokines present at the site of activation, ThO polarize towards one of
several extremes: Thl, Th2, and Th17 (although more Th subtypes have been identified in recent
studies?’). In general, Thl cells support cell mediated immune responses, including in response to
intracellular pathogens and is associated with organ-specific autoimmunity?®. The characteristic
cytokines of Th1l response are IL-2 and IFN-y. Th2 cells support humoral (B cell activation and antibody
maturation) and allergic responses?’. The characteristic cytokines of Th2 response are IL-4, IL-5, I1L-9,
IL-13%7.  Although Thl and Th2 cells often participate together in immune responses, prolonged
activation frequently polarizes the immune response to become dominantly Thl-like or Th2-like. Th17
cells are induced early in the adaptive response to extracellular bacteria®’. They have also been

associated with the destructive inflammatory responses of many autoimmune diseases.



Regulatory CD4* helper T (Treg) cells are another important subtype with the unique function of
suppressing the immune responses. Tregs fall into two categories: the first group develops its regulatory
function in the thymus and is therefore termed natural Tregs (nTregs)?®. The second group is thought to
differentiate in the periphery from naive CD4" T cells in response to specific antigen and is therefore
called induced Tregs (iTregs)®. Treg cells are typically identified by their surface expression of CD4
and CD25 and by nuclear expression of the forkhead box P3 transcription factor (Foxp3)L. A major
portion of Treg cells suppress the activation of other cell types in large part due to their secretion of

TGFp and IL-10%.

CD8" T cells are also called cytotoxic or cytolytic lymphocytes because their primary means of action is
the direct cytolysis of target cells mediated by perforin release and Fas. However, CD8" T cells can also
secrete cytokines such as tumor necrosis factor (TNF) and interferon-y (IFN-y) that play important roles
in antimicrobial defense. Furthermore, pathogen-specific CD8" T cells express chemokines that attract
inflammatory cells to sites of infection. CD8" T cells respond to pathogen-derived peptides complexed
with MHC | molecules presented on the cell surface and protect against microbes that introduce antigens

into the cytosol of infected cells®.

Role of T Cells in Cancer Immunosurveillance

In addition to protecting the body from pathogenic microbes, T cells also play a major role in the control
of cancerous cells. Cancerous cells, in turn, have developed strategies of evading T cells and other

immune cells.

Immune editing hypothesis



Cancerous cells arise when mutations in the DNA disrupt regulated growth and lead to uncontrolled
cellular division.  Studies with mice have shown that tumors derived through mutagenesis in
immunocompetent mice tumors are much less immunogenic compared to those arising in
immunodeficient mice3® 34, This indicates the immune system affect tumor growth by applying selective
pressure on developing tumors. To evade immune detection and continue to grow, tumors undergo

9935, 36, 37
i)

“immunoediting which occurs in three phases within the context of the immune

system: elimination, equilibrium, and escape.

Elimination describes the initial encounter and killing of nascent transformed cells by the immune
system. Because T cells are an important contributor to eliminating newly transformed cells, genes that
compromise T cell development and or effector functions such as IFN-y, perforin, and Fas/FasL are all
associated with tumorigenesis® 37 3. 39 40. 41 " addition to T cells, certain innate immune cells also
mediate immunosurveillance, including NK cells, which have been shown to kill tumors through
NKG2D recognition*” 43, It should be noted, however, that despite the strong evidence for the
elimination phase, the process itself has not been directly observed since the nascent tumors that are
subject to elimination are expected to exist only transiently and are thus difficulty to study. And
although the immunosurveillance hypothesis is commonly described in three phases, malignancies may
not follow the defined paths, nor their development always readily fall into one of these phases.
Nevertheless, that a tumor must evolve to exist in the presence of an active immune system is a well-

established concept and central to understanding tumor immunity.

During “Equilibrium,” tumor cells that survived the elimination phase are kept in equilibrium by the

immune system, such that the immune system fails to completely eliminate these cells but prevents
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tumors from growing. This equilibrium phase is thought to represent the longest of the three phases of

tumor development and can persist for years* 4°.

“Escape” is when equilibrium is broken, and the tumor cells grow even in the presence of an immune
system. The tumor co-opts the many mechanisms in place that regulate the immune response, originally
intended to prevent autoimmunity and damage to self-tissues that may occur through overzealous

responses to pathogens, and employs them to evade both adaptive and innate immune defenses 464’

Mechanisms of T cell antitumor immunity

CD8* T cells are the primary effectors in antitumor immune responses because of their capability to
recognize and kill cancer cells. Like nearly all nucleated cells in the body, most tumor cells express
MHC | molecules on their surface. The altered proteins and peptide antigens presented as a result of
becoming cancerous opens cancer cells to be attacked by CD8* T cells. As such, tumors commonly

alter their expression of MHC I to evade immunity*8.

Whereas the role of CD8" T cells in antitumor immunity is relatively straight forward, CD4" T cells
have many more diverse roles that may either be antitumor or pro-tumor. CD4" T cells recognize MHC
I1, the expression of which is largely restricted to professional APCS and not usually present on cancer
cells themselves. Thus, CD4" T cells do not generally mediate their effects through direct recognition of
cancer*®. Nevertheless, similar to CD8" T cells, CD4* T cells infiltrate cancers and affect prognosis.
The different subtypes of CD4" effector T cells apparently affect the antitumor response in different
ways. Thl subtypes cells secrete large amounts of IFN-y, inhibit angiongensis, and helps recruit APC

and NK cells and prime CD8" T cells to promote antitumor immunity®*. Th2 subtypes, through
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secretion of IL-4 or IL-13, can induce an influx of eosinophils and macrophages into the tumor that
promote antitumor cytotoxic activity > 5354 However, production of IL-10, another Th2 cytokine, has
also been reported to be immunosuppressive and promote tumor evasion®® %% %7, Ty17 subtypes have
also been described in multiple tumor models, but their roles in cancer are poorly understood. Under
certain circumstances, Tn17 cells may contribute to a protumorigenic inflammation; in other scenarios,
Tul7 T cells can effectively drive antitumor responses®® . Finally, Tregs are enriched in many tumors,
and high Treg/CD8* T cell ratios portend a poor prognosis®® ®. This suggests Tregs may contribute to

tumor growth through suppression of tumor infiltrating lymphocytes.

Mechanisms of tumor escape

Given the prominent role of T cells in antitumor immunity, tumors have evolved many mechanisms to
diminish T cell antitumor activity. These include: 1) diminishing T-cell recruitment to tumors site
through decreasing chemokine expression (e.g. CXCL9 and CXCL10) and altering the vascular
endothelium; 2) downregulating MHC expression to reduce T cell recognition; 3) creating a highly
immunosuppressive tumor microenvironment (TMI)%2 %3 Immunosuppressive TMI, in particularly, can
be driven by the tumor stroma itself, for instance through increased expression of inhibitory molecules
like CTLA-4 and PD-L1 on tumors, or through recruiting immunosuppressive immune cells, such

as tumor-associated macrophages (TAMs) and Tregs.

In Chapter 2 of this dissertation, I examine the roles of monoamine oxidase A (MAO-A) on T cell
antitumor immunity, and the potential of targeting intratumoral monoamine oxidase A (MAO-A)
activity for immunotherapy. MAO-A is an outer mitochondrial membrane-bound enzyme best known

for its function in the brain, where it is involved in the degradation of a variety of monoamine
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neurotransmitters. There is limited literature on the role it plays in the immune response. In
Chapter 2, | provide novel evidence suggesting MAO-A is an important “checkpoint” molecule to T
cell antitumor immunity by regulating the availability of serotonin, a neurotransmitter previously
unassociated with the immune response. In Chapter 3, | provide further evidence that MAO-A can
also indirectly modulate T cell antitumor immunity by promoting immunosuppressive TAM
polarization in the TMI. TAMs residing in mature TMI are typically highly immunosuppressive and
promote tumor growth, malignancy, and metastasis®* ®°. However, plasticity remains one of the key
features of TAMs, enabling TAMs to change their phenotype under appropriate stimulation.
Targeting intratumoral MAO-A activity induces TAM reprogramming and suppresses tumor growth.
Both chapters therefore provide compelling preclinical data suggesting potential benefits to

repurposing MAO inhibitors for immunotherapy.

Allogeneic Hematopoietic Stem Cell Transplantation (Allo-HCT)

Modern transplantation medicine provides another avenue through which to treat hematological
malignancies. The two major forms of hematopoietic transplantation are 1) autologous transplantation,
in which recipients receive ablation of their immune system (such as via chemotherapy or irradiation)
and are then reconstituted with their own bone marrow that had been preserved beforehand and 2)
allogeneic transplantation (allo-HCT), in which recipients receive ablation of their immune system
followed by reconstitution with another person’s bone marrow. Allo-HCT is a potentially curative
procedure for a variety of malignant and non-malignant conditions. Of the more than 47,000 bone
marrow transplantations were performed worldwide in 2018, 19,000 (41%) of them were allogeneic and
nearly all for the treatment of acute and chronic leukemias and myelodysplastic and myeloproliferative

syndromes®®. Allo-HCT is associated with lower rates of malignant relapse owing to an immune-
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mediated graft versus leukemia/lymphoma (GvL) effect; however, graft versus host disease (GvHD)

remains a serious concern.

Graft versus Leukemia/Lymphoma (GvL) and Graft versus Host Disease (GvHD)

Unaltered allograft given in allo-HCT contains a mixture of mature donor immune cells (e.g. T, B,
natural killer, and myeloid cells) and CD34" hematopoietic stem cells. T cells are identified as the
major mediators of both the beneficial GvL effect and the detrimental GvHD. Removal of T cells from
the allograft can reduce the incidence and severity of GvHD but provides little clinical benefits due to
the increased risk of graft rejection, infections, and relapse®’. The mechanism through which donor T
cells execute their alloreactivity is, in essence, no different from their normal function of attacking cells
with intracellular pathogen. Thymic selection (as discussed previously) removes T cells that recognize
“self” peptides presented on “self” HLA molecules. The residual T-cell repertoire, due to the diversity
of TCRs, can theoretically recognize any combination besides self-peptide presented on self-HLA
molecule. In the context of allo-HCT, the main mechanism of alloreactivity is the presentation of
nonself peptides on self HLA molecules (Figure 5)%8. This is because most allo-HCT performed involve
donors and recipients who are fully HLA matched (or very closely matched), such that the HLA alleles
of the donor and recipient are identical. However, other genes besides HLA are not matched, and many
are polymorphic or contain single nucleotide polymorphisms. Thus the “same” proteins between
individuals often contain small amino acid differences. These polymorphic peptides, when presented on
HLA molecules, are capable of inducing an immune response between HLA identical individuals and
are called minor histocompatibility antigens (MiHAs). MiHA presented on hematopoietic cells of
recipient origin can induce donor T cell elimination of residual malignant hematopoietic cells, providing

the beneficial GvL response. However, if donor T-cell targets MiHA that are expressed on non-

14



hematopoietic tissues, detrimental GvHD occurs. GVHD remains the leading cause of patient mortality

following allo-HCT and remains a major obstacle to the greater application of allo-HCT as treatment.

In the context of HLA identical allo-HCT, alloreactive donor T cells are largely naive cells®. Thus they
normally require the presence of activated DC in an inflammatory environment for maximal activation
in response to MiHA presented on recipient cells’®. GvHD target tissues such as the gut, skin, liver, and
lung often contain large numbers of activated recipient APC that may present a variety of MiHA
expressed in these tissues and contribute to GvHD. Likewise donor allograft contains large numbers of
APCs. It has been suggested that donor and host APCs contribute greatly to GvHD development but
less so towards GvL effect’t 7> 73 making them potential targets for reducing GvHD while sustaining

GvL effect.

Invariant Natural Killer T Cells for GVHD prevention

Extensive research focused on identifying other cellular components of the graft that could modulate
donor T cells and reduce the risk and severity of GvHD without diminishing GVL have identified

invariant natural Killer T cells (iNKT cells) as potentially fulfilling this unique niche.

Biology of iNKT cells

NKT cells are a unique subset of af T lymphocytes characterized by their expression of both a aff T-cell
receptor (TCR) and NK surface markers. This small population of T cells (~0.1-1% in mouse blood and
~0.01-1% in human blood) arise from the same lymphoid precursor pool as conventional T cells and
mature in the thymus ' . However, unlike conventional T cells that recognize peptide antigens, NKT

cells respond to lipid antigens presented by the non-polymorphic major histocompatibility complex
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(MHC) class I-like molecule CD1d. During an immune response, NKT cells are some of the first cells
to be activated and can rapidly produce copious amounts of cytokines and chemokines, thereby

functioning as a “bridge” linking the innate and adaptive immune responses °.

Two major categories of NKT cells have been identified based on their TCR expression. Type |, or
invariant NKT (iNKT) cells, express a restricted TCR recombinant comprising a semi-invariant TCR o
chain (Val4-Jal8 in the mouse, Va24-Jal8 in humans) paired to a limited repertoire of VB chains (Vf 2,
7 or 8.2 in mice and VP 11 in humans) and are the most prevalent type of NKT cells ™ 76, iNKT cells
can be further divided based on their CD4 and CD8 expressions. Human have CD4"CD8" (CD4"), CD4"
CD8" (CD8") and CD4CD8 (DN) iNKT populations, whereas mice only have CD4" and DN
populations °. For both mice and humans, iNKT cells are also functionally defined by their ability to
recognize the prototypic antigen a-galactosylceramide (a-GalCer) presented on CD1d "8, a-GalCer is
a strong activator of iINKT cells and has been widely used to study iNKT cell biology. Type Il NKT
cells, in contrast, express more diverse TCRs and are therefore also called variant NKT cells 7 80 81,

Notably, Type II NKT cells do not respond to a-GalCer.

Activation of iNKT cells

There are three main mechanisms to activating iINKT cells: 1) via TCR/CD1d/lipid stimulation 2) via
cytokine stimulation and 3) via activating NK receptor stimulation®? 838485 iNKT cells can be directly
activated in a TCR-dependent manner and without the need for costimulation or cytokine receptor
engagement through exposure to potent glycolipid antigens (e.g., a-GalCer) presented by CD1d’®.
However, in a more physiological context, iINKT cells are stimulated by microbial or self-lipid antigens

that are weakly immunogenic and thus requires a second activation signal from pro-inflammatory
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cytokines 8. Sometimes, cytokines alone (e.g., IL-12, IL-18, IL-23, and 1L-25) are sufficient to activate
INKT cells even in the absence of TCR engagement. Several studies have found that iINKT cells release
IFN-y when stimulated by IL-12 during viral infections®” 8. The heighted capacity of iNKT cells to
respond to cytokines is due to their elevated expression of functional receptors at baseline. Because
INKT cells also express activating and inhibitory NK receptors (NKR) and killer cell immunoglobulin-
like receptors (KIR), they can become activated when the summation of stimulatory signals overcomes
the inhibitory signals. Activating NKRs recognize a variety of MHC-like molecules and cellular targets
frequently referred to as “stress proteins.” For example, DNAM-1 recognizes the poliovirus receptor and
Nectin-2; the NKG2D receptor recognizes MHC class I-like molecules (MIC) A and B and unique long-

binding proteins (ULBPs). Inhibitory NKRs and KIRs, in contrast, often bind to HLA molecules®.

Effector functions of iNKT cells

In contrast to conventional T cells that emerge from the thymus “naive,” recently emigrated iNKT cells
are able to perform their effector functions immediately without priming™ 8%, Activated NKT cells are
known to secrete copious amounts of cytokines, including T helper (Th)1-like (IFN-y), Th2-like (IL-4,
IL-13), Thi7-like (IL-17, 1L-22), and regulatory (IL-10) cytokines™ °.. The mechanisms of cell
activation, the location, and the iINKT cell subsets all affect what cytokines are produced. For example,
the activation of iNKT cells with the potent agonist a-GalCer leads to the production of both Th1- and
Th2-like cytokines, whereas activation involving both recognition of the endogenous ligand/CD1d
complexes and cytokine costimulation leads to the polarized production of Thil-like IFN-y, but not Th2-
like cytokines® 9. Additionally, both human CD8" and DN iNKT cells have been found to
predominately express Thl cytokines whereas human CD4" iNKT cells predominately express Th2

cytokines, although this distinction is less apparent with mouse iINKT cells®® %, Interestingly, subsets
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expressing different cytokines, transcription factors, and surface markers appear to be acquired during

thymic development rather than as a result of peripheral experience’ *°.

In addition to cytokines, INKT cells also produce cytolytic proteins such as perforin and granzyme B,
and surface molecules involved in cytotoxicity such as Fas Ligand (FasL) and tumor necrosis factor o
(TNFo)-related apoptosis-inducing ligand (TRAIL)%: %7, Owing to their ability to produce an array of
effector molecules, INKT cells can profoundly influence many other cell types, including dendritic cells
(DCs), macrophages, neutrophils, NK cells, and T and B cells and orchestrate immune responses during
infection, autoimmune disease, allergy and cancer”. Because they affect many different immunological
processes, INKT cells have great clinical potentials, most notably their ability to reduce GvHD without

loss of GvL in allo-HCT and their capability to enhance antitumor immunity?: 76 98,9,

Role of iNKT cells in suppressing GvHD in allo-HCT

Preclinical studies have demonstrated iINKT cells can simultaneously prevent GvHD while retaining
GvL effect following allo-HCT. Selective depletion of host conventional T cells through fractionated
total lymphoid irradiation (TLI) and anti-thymocyte globulin (ATG), and thereby selectively enriching
host iINKT cells, prior to allo-HCT, attenuated GvHD through host iNKT cell elevation of IL-4 secretion
and polarization of donor T cells toward a Th2 cytokine pattern. This, in turn, inhibited donor T cell
early expansion and infiltration of GVHD target organs'®. Administration of synthetic iINKT TCR ligand
a-GalCer on the day of transplantation was also found to significantly reduced mortality and morbidity
from GvHDL 102,103,104 = | jkewise, the addition of donor or third-party CD4" iNKT cells to the
allograft was found to prevent GvHD by inhibiting T- cell proliferation, promoting Th2-biased cytokine

response, and expanding donor MDSCs 1% 1% Notably, enrichment of the iNKT cells, whether host,
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donor or third party, did not abrogate donor T cell GvL 100105196 |n ]| these studies, it was found that
INKT cells promoted donor T cell polarization toward a Th2 cytokine pattern, expanded donor Treg
populations, and significantly reduced production of IFN-y and tumor necrosis factor (TNF)-alpha 100104
106,107 Myeloid-derived suppressor cells (MDSCs) or CD8" dendritic cells (DC) were also found to play

important roles in the interplay between iNKT cells and Tregs 106 108,

The protective role of human INKT cells against GVHD has also been highlighted by several clinical
studies. Non-myeloablative conditioning with TLI/ATG prior to allo-HCT was associated with a higher
iINKT/T cell ratio, increased IL-4 production, decreased incidence of GvHD, and retained GvL effect!%:
110 patients with acute GvHD were found to have reduced numbers of total iNKT cells'!!, whereas
enhanced INKT cell reconstitution following allo-HCT positively correlated with reduction in GvHD
without loss of GvL effect!!?, Separately, low CD4 iNKT cell numbers in donor graft was associated
with clinically significant GVHD in patients receiving HLA-identical allo-HCT!, Thus, increasing the
INKT cell numbers of allograft that contain few INKT cells may provide an attractive strategy for

suppressing GvHD while preventing leukemia relapse.

However, as previously mentioned, iINKT are but a tiny fraction of total lymphocytes (~0.1-1% in
mouse blood and ~0.01-1% in human blood), making their accessibility a significant to their research
and application. In Chapter 4 of this dissertation, | provide detailed protocols for generating large
quantities of both human and mouse iINKT cells through TCR-engineering of hematopoietic stem cells
and in vivo reconstitution. The resultant engineered iINKT cells are capable of mediating antitumor
activity and can potentially address the lack of iINKT cells for research. However, the protocols’

reliance on in vivo intermediary severely limit their clinical translation. Thus, in Chapter 5, | describe
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the most recent effort in my lab to generate large quantities of engineered human INKT cells in vitro.
Furthermore, addition of these third-party, engineered human iINKT cells to the allograft of a PBMC
humanized mouse model was able to significant ameliorate the development and severity of xeno-GvHD.
Importantly, my results indicate that the GvL effect was retained in two leukemia models.
Mechanistically, third party engineered HSC-iINKT cells were capable of quickly eliminating GvHD-
inducing donor CD14" myeloid population, in part through CD1d recognition. These findings providing
important preclinical data suggesting the potential for third-party engineered HSC-INKT cells to be used

as additives to allografts for the prevention of GvHD while preserving GvL effect.
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Figure 1: Differentiation and Maturation of T Cells in the Thymus®

Hematopoietic stem cells which do not express CD3, CD4 or CD8 but which are committed to T cell differentiation move
from the bone marrow to the thymic subcapsular zone. There they begin rearrangement of the TCR genes. Once a productive
TCR B chain has been produced, they move the thymic cortex where TCR o chain rearrangement occurs and surface
expression of the CD3, CD4 and CD8 proteins is induced. These CD4+CD8+ (double positive) cells are positively selected
on cortical epithelial cells for their ability to recognize self Class | or Class Il MHC proteins. If the developing T cell has
adequate affinity to recognize a self Class | protein, then it retains expression of CD8 and extinguishes expression of CD4. If
the cell recognizes a self Class Il protein, then it retains expression of CD4 and extinguishes expression of CD8. Selected
CD4/CD8 single positive (SP) cells then move to the thymic medulla where they are negatively selected on medullary
epithelial cells to remove cells with excessive affinity for self-antigens presented in HLA molecules. Cells emerge from
positive selection SP for CD4 or CD8 expression and then are exported to the periphery. Cells that fail positive or negative
selection are removed by apoptosis. A small fraction of cells differentiate from to rearrange their TCR y and d chains, rather
than their TCR a and 3 chains.
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Figure 2: T-cell receptor o- and B-chain gene rearrangement and expression®

The TCRa- and B-chain genes are composed of discrete segments that are joined by somatic recombination during
development of the T cell. Functional a- and B-chain genes are generated in the same way that complete immunoglobulin
genes are created. For the a chain (upper part of figure), a V, gene segment rearranges to a J, gene segment to create a
functional V-region exon. Transcription and splicing of the VJ, exon to C, generates the mRNA that is translated to yield
the T-cell receptor a-chain protein. For the B chain (lower part of figure), like the immunoglobulin heavy chain, the variable
domain is encoded in three gene segments, Vg, Dp, and Jg. Rearrangement of these gene segments generates a functional
VDJp V-region exon that is transcribed and spliced to join to Cg; the resulting mRNA is translated to yield the T-cell receptor
B chain. The a and B chains pair soon after their biosynthesis to yield the a:p T-cell receptor heterodimer. Not all J gene
segments are shown, and the leader sequences preceding each V gene segment are omitted for simplicity.
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Figure 3: The binding sites for CD4 and CD8 on MHC class Il and class | molecules lie in the Ig-like
domains®

The binding sites for CD4 and CD8 on the MHC class Il and class | molecules, respectively, lie in the Ig-like domains nearest
to the membrane and distant from the peptide-binding cleft. The binding of CD4 to an MHC class Il molecule is shown as a
structure graphic in panel a and schematically in panel ¢. The o chain of the MHC class Il molecule is shown in pink, and the
B chain in white, while CD4 is in gold. Only the D; and D, domains of the CD4 molecule are shown in panel a. The binding
site for CD4 lies at the base of the B, domain of an MHC class Il molecule, in the hydrophobic crevice between the B, and oz
domains. The binding of CD8 to an MHC class | molecule is shown in panel b and schematically in panel d. The class |
heavy chain and B.-microglobulin are shown in white and pink, respectively, and the two chains of the CD8 dimer are shown
in light and dark purple. The structure is actually of the binding of the CD8a homodimer, but the CD8a:3 heterodimer is
believed to bind in a similar way. The binding site for CD8 on the MHC class | molecule lies in a similar position to that of
CD4 in the MHC class Il molecule, but CD8 binding also involves the base of the al and a2 domains, and
thus the binding of CD8 to MHC class | is not completely equivalent to the binding of CD4 to MHC class 1.
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Figure 4: Three kinds of signals are involved in activation of naive T cells by antigen-presenting cells °

Binding of the foreign-peptide:self-MHC complex by the T-cell receptor and, in this example, a CD4 co-receptor, transmits a
signal (arrow 1) to the T cell that antigen has been encountered. Effective activation of naive T cells requires a second signal
(arrow 2), the co-stimulatory signal, to be delivered by the same antigen presenting cell (APC). In this example, CD28 on the
T cell encountering B7 molecules on the antigen-presenting cell delivers signal 2, whose net effect is the increased survival
and proliferation of the T cell that has received signal 1. ICOS and various members of the TNF receptor family may also
provide co-stimulatory signals. For CD4 T cells in particular, different pathways of differentiation produce subsets of effector
T cells that carry out different effector responses, depending on the nature of a third signal (arrow 3) delivered by the antigen-
presenting cell. Cytokines are commonly, but not exclusively, involved in directing this differentiation.
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Figure 5: Peptide/HLA complexes as targets of T cell-mediated alloimmune reactivity®®

(A) Self peptides expressed in self HLA molecules induce tolerance. (B) Polymorphic nonself peptides recognized in the
context of self HLA molecules can induce alloreactivity; these polymorphic nonself peptides are called minor
histocompatibility antigens (MiHA). (C) Monomorphic (self) peptides presented in the context of nonself HLA molecules
provoke alloreactivity. (D) Polymorphic nonself peptides in the context of nonself HLA molecules can also provoke
alloreactivity.
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Monoamine oxidase A (MAO-A) is an enzyme best known for its function in the brain, where it breaks down neu-
rotransmitters and thereby influences mood and behavior. Small-molecule MAO inhibitors (MAOIs) have been
developed and are clinically used for treating depression and other neurological disorders. However, the involve-
ment of MAO-A in antitumor immunity has not been reported. Here, we observed induction of the Maoa gene in
tumor-infiltrating immune cells. Maoa knockout mice exhibited enhanced antitumor T cell immunity and sup-
pressed tumor growth. MAOI treatment significantly suppressed tumor growth in preclinical mouse syngeneic
and human xenograft tumor models in a T cell-dependent manner. Combining MAOI and anti-PD-1 treatments
generated synergistic tumor suppression effects. Clinical data correlation studies associated intratumoral MAOA
expression with T cell dysfunction and decreased patient survival in a broad range of cancers. We further demon-
strated that MAO-A restrains antitumor T cell immunity through controlling intratumoral T cell autocrine sero-
tonin signaling. Together, these data identify MAO-A as an immune checkpoint and support repurposing MAOI
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antidepressants for cancer immunotherapy.

INTRODUCTION

CD8 cytotoxic T cells are potent immune cells capable of recogniz-
ing and eradicating malignant cells; these immune cells are therefore
attractive therapeutic targets for treating cancer (1-3). However,
the antitumor responses of CD8 T cells can be severely restrained by
negative-regulator (immune checkpoint) pathways that are particu-
larly prevalent in the tumor immunosuppressive environment (4).
To release this suppression and harness the antitumor potential of
CD8 T cells, several immune checkpoint blockade (ICB) therapies
have been developed over the past decade (5, 6). Blockade of the cyto-
toxic T lymphocyte-associated protein 4 (CTLA-4) and programmed
cell death protein 1 (PD-1)/programmed cell death 1 ligand 1
(PD-L1) inhibitory pathways have achieved remarkable clinical re-
sponses and revolutionized the treatment of many cancers; so far,
the U.S. Food and Drug Administration (FDA) has approved these
two ICB therapies for treating more than 10 different malignancies
(5, 6). Despite these impressive successes, only a fraction of patients
with cancer respond to CTLA-4 and PD-1/PD-L1 blockade therapies,
and most responders suffer tumor recurrence due to the develop-
ment of tumor immune evasion (7). These limitations of existing
ICB therapies are thought to be largely caused by the presence of
multiple immune checkpoint pathways, as well as the different roles
of individual immune checkpoint pathways in regulating specific
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cancer types and disease stages (7). Thus, the identification of new
immune checkpoints and the development of new combina-
tion treatments are a major focus of current cancer immuno-
therapy studies.

Monoamine oxidase A (MAO-A) is an enzyme that catalyzes the
degradation of biogenic and dietary monoamines (8, 9). MAO-A is
located on the outer membrane of mitochondria and, in humans, is
encoded by the X-linked MAOA gene. MAO-A is best known for its
function in the brain, where it regulates the homeostasis of key mono-
amine neuronal transmitters including serotonin, dopamine, epinephrine,
and norepinephrine and thereby influences human mood and be-
havior (8, 9). Complete MAO-A deficiency in humans caused by a
mutation of the MAOA gene leads to an excess of monoamine neu-
ronal transmitters in the brain and results in Brunner syndrome,
which is characterized by problematic impulsive behaviors and mood
swings (10). Genetic association studies also identified several MAOA
gene variants linked to altered MAO-A enzyme expression levels:
Low-activity forms of the MAOA gene are associated with aggres-
sion and hyperactivity disorders, whereas high-activity forms are
associated with depression disorders (11, 12). Because of its link with
aggressive and even violent behavior in men, a low-activity variant
of the MAOA gene, MAOA-L, has previously received broad publicity
and is popularly referred to as the “warrior gene” (13). On the other
hand, small-molecule MAO inhibitors (MAOIs) have been devel-
oped and are clinically used for treating depression symptoms (14).
However, MAO-A’s functions outside of the brain are largely un-
explored. In particular, the involvement of MAO-A in antitumor
immunity is unknown. Here, we investigated the role of MAO-A in
regulating CD8 T cell antitumor immunity and evaluated the pos-
sibility of repurposing MAOIs for cancer immunotherapy using
knockout (KO) and transgenic mice, preclinical mouse syngeneic
and human xenograft tumor models, and clinical data correlation
studies.
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RESULTS
MAO-A deficiency enhances CD8 T cell antitumor immunity
To search for new drug targets regulating antitumor immunity, we
grew Bl6-ovalbumin (OVA) melanoma solid tumors in C57BL/6]J
mice, isolated tumor-infiltrating immune cells (T1Is), and evaluated
TTI gene expression profiles using quantitative reverse transcription
polymerase chain reaction (RT-PCR). Immune cells isolated from
the spleen of tumor-bearing and tumor-free mice were included as
controls. In addition to the classical immune regulatory genes, we
detected significant changes in the expression of a group of genes
typically classified as neuronal regulatory genes. In particular, we
detected the induction of a Maoa gene in TIIs (Fig. 1A), suggesting
that, along with its known function in the brain as a regulator of
neuronal activity (8), it might also function in the tumor as a regu-
lator of antitumor reactivity. We were especially interested to study
whether MAO-A might regulate CD8 cytotoxic T cells, which play
a critical role in immune response against cancer.

To test this, we began by studying MAO-A-deficient mice that
carry a hypomorphic Maoa mutant (15). Although a degree of Maoa

expression leakage in the brain was previously reported in these
mice (15), analysis of their immune system showed a nearly com-
plete ablation of Maoa mRNA and protein expression in the major
immune organs including thymus and spleen (fig. S1, A and B).
Since we focused on studying immune cells, here, we refer to these
mice as Maoa-KO mice. Maoa-KO mice showed normal T cell de-
velopment in the thymus and contained normal numbers of T cells
in the periphery, compared with the wild-type control mice (Maoa-
WT mice) (fig. S1, C to H). Before tumor challenge, these T cells
displayed a typical naive phenotype (CD25°CD69°CD44°CD62L";
fig. S1I). When challenged with tumors, compared with Maoa-W'T
mice, Maoa-KO mice exhibited significantly suppressed tumor growth
in two syngeneic mouse tumor models, the MC38 colon cancer
model and the B16-OVA melanoma model (Fig. 1, B to D). Flow
cytometry analysis detected similar levels of tumor-infiltrating CD8
T cells in Maoa-KO and Maoa-WT mice (fig. S2A). However, in
Maoa-KO mice, these tumor-infiltrating T cells displayed an en-
hanced effector phenotype: They produced higher levels of effector
cytokines and cytotoxic molecules [i.e., interferon-y (IFN-y) and
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Fig. 1. MAO-A-deficient mice show suppressed tumor growth and enhanced CD8 T cell antitumor immunity. (A) gPCR analyses of Maoa mRNA expression in Tlls
isolated from day 14 B16-OVA melanoma tumors grown in wild-type B6 mice (n = 3). Spleen (SP) cells collected from the tumor-bearing and tumor-free B6 mice were included
as controls. AU, artificial unit. (B to D) Syngeneic tumor growth in Maoa-WT and Maoa-KO mice. s.c., subcutaneous. (B) Experimental design. (C) MC38 colon cancer tumor
growth (n=4 and 5). (D) B16-OVA melanoma tumor growth (n =5). (E to J) Flow cytometry analysis of tumor-infiltrating CD8 T cells isolated from day 14 B16-OVA tumors
grown in Maoa-WT and Maoa-KO mice (n = 4). FACS plots and quantifications are presented, showing the measurements of intracellular IFN-y (E and F) and Granzyme B
(G and H) production, as well as cell surface PD-1 expression (I and J). MFI, mean fluorescence intensity. (K to M) scRNA-seq analysis of antigen-experienced (CD44")
tumor-infiltrating CD8 T cells isolated from day 14 B16-OVA tumors grown in Maoa-WT and Maoa-KO mice (10 tumors were combined for each group). (K) UMAP plots
showing the formation of three major cell clusters. Each dot represents a single cell and is colored according to its cell cluster assignment. Gene signature profiling
analysis identified cluster 1 cells to be proliferating/effector-like CD8 T cells, cluster 2 cells to be terminally exhausted CD8 T cells, and cluster 3 cells to be progenitor
exhausted CD8 T cells. (L) Bar graphs showing the cell cluster proportions. (M) Violin plots showing the expression distribution of Gzmb and Ifng genes. Each dot rep-
resents an individual cell. Representative of one (K to M), two (A), and three (B to J) experiments. Data are presented as the means + SEM. ns, not significant; *P < 0.05 and
**P < 0.01 by one-way ANOVA (A) or by Student's t test (C, D, F, H, and J). P values of violin plots (M) were determined by Wilcoxon rank sum test.
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Granzyme B; Fig. 1, E to H], and they expressed lower levels of T cell
exhaustion markers (i.e., PD-1; Fig. 1, Tand J).

To further investigate how MAO-A deficiency may affect the
tumor-infiltrating CD8 T cell compartment, we isolated TIIs from
tumor-bearing Maoa-WT and Maoa-KO mice and performed a
single-cell RNA sequencing (scRNA-seq) study. Uniform Manifold
Approximation and Projection (UMAP) analysis of antigen-experienced
(CD44") tumor-infiltrating CD8 T cells revealed the formation of
three major cell clusters (Fig. 1K); signature gene profiling study
(fig. S2, B and C) and gene set enrichment analysis (GSEA; fig. S2,
D to F) identified cluster 1 cells as proliferating/effector-like CD8
T cells, cluster 2 cells as terminally exhausted CD8 T cells, and clus-
ter 3 cells as progenitor-exhausted CD8 T cells (16). Compared with
their wild-type counterparts, Maoa-KO tumor-infiltrating CD8 T cells
were enriched for proliferating/effector-like (cluster 1) cells while
decreased for exhausted (clusters 2 and 3), especially the progenitor-
exhausted (cluster 3) cells (Fig. 1, K and L). Single-gene expression
analysis also showed an overall enhanced expression of genes asso-
ciated with cytotoxic T cell effector function (i.e., Gzmb and Ifng;
Fig. 1M) and genes associated with mitochondrial function thatis a
notable factor in T cell effector function (i.e., mitochondrial electron
transport chain genes; fig. S3) (17), in tumor-infiltrating CD8 T cells
isolated from Maoa-KO mice. Collectively, these scRNA-seq results
suggest a possible role of MAO-A in regulating the generation/
maintenance of active effector-like antitumor CD8 T cells. Together,
these in vivo studies using MAO-A-deficient mice indicate that
MAO-A is involved in regulating antitumor immunity, especially in
regulating CD8 T cell antitumor effector functions.

MAO-A directly regulates CD8 T cell antitumor immunity

In our Maoa-KO mice tumor challenge study, MAO-A deficiency
affected both immune and nonimmune cells. To determine whether
MAO-A directly or indirectly regulates immune cells, we performed
a pair of two-way bone marrow (BM) transfer experiments: In one
experiment, we confined MAO-A deficiency comparison to immune
cells by reconstituting CD45.1 wild-type recipient mice with BM cells
from either CD45.2 Maoa-W'T or Maoa-KO donor mice, followed
by B16-OVA tumor challenge; in another experiment, we confined
MAO-A deficiency comparison to nonimmune cells by reconsti-
tuting either CD45.2 Maoa-W'T' or Maoa-KO recipient mice with
BM cells from CD45.1 wild-type donor mice, followed by B16-OVA
tumor challenge (Fig. 2A). Successful reconstitution of immune cells,
particularly T cells, was confirmed in both experiments (fig. $4, A to
D). Suppressed tumor growth was observed only when MAO-A de-
ficiency was confined to the immune cells, indicating that MAO-A
affects tumor growth via directly regulating immune cell antitumor
reactivity (Fig. 2, B and C).

To further study whether MAO-A directly regulates the anti-
tumor reactivity of CD8 T cells, we bred Maoa-KO mice with OT1
transgenic (OT1-Tg) mice and generated OT1-Tg/Maoa-KO mice
producing OV A-specific CD8 T cells deficient in MAO-A (fig. S5A).
We isolated OT1 T cells from either the OT1-Tg or OT1-Tg/Maoa-
KO mice (denoted as OT1-WT or OT1-KO T cells, respectively)
and separately transferred these cells into CD45.1 wild-type mice
bearing preestablished B16-OVA tumors (Fig. 2D and fig. S5B). In
this experiment, MAO-A deficiency comparison was confined solely
to tumor-specific OT1 T cells. Both OT1-WT and OT1-KO T cells
actively infiltrated tumors and showed an antigen-experienced phe-
notype (CD44"CD62L"% Fig. 2E and fig. S5, C and D). However,
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OT1-KO T cells were more effective in controlling tumor growth,
corresponding with their enhanced effector function and reduced
exhaustion phenotype (Fig. 2F and fig. S5, E to J). Collectively, these
in vivo studies demonstrate that MAO-A works as an autonomous
factor directly regulating CD8 T cell antitumor immunity.

MAO-A restrains the CD8 T cell response to

antigen stimulation

Analysis of Maoa mRNA expression in tumor-infiltrating CD8 T cells
showed an induction of the Maoa gene in these T cells compared with
naive CD8 T cells (Fig. 3A). Further analysis of tumor-infiltrating
CD8 T cell subsets revealed that Maoa gene expression levels were
positively correlated with the exhaustion and dysfunction status of
these T cells: Compared with pD-1° cells, pp-1" “exhausted” T cells
expressed higher levels of Maoa mRNA, and the PD-1" cells coex-
pressing T cell immunoglobulin mucin 3 (Tim-3) and lymphocyte
activation gene 3 protein (LAG-3), which were considered “most
exhausted”, expressed the highest levels of Maoa mRNA (Fig. 3A)
(18, 19). These in vivo data suggest that Maoa may be induced by
tumor antigen recognition and then act as a negative-feedback reg-
ulator inhibiting CD8 T cell antitumor reactivity.

To test this hypothesis, we isolated CD8 T cells from Maoa-W'T
or Maoa-KO mice and then stimulated these T cells in vitro with
anti-CD3, mimicking tumor antigen stimulation. We observed an
induction of Maoa mRNA expression in Maoa-WT CD8 T cells, in
agreement with previous reports; minimal Maoa mRNA expression
was detected in Maoa-KO CD8 T cells, confirming their Maoa defi-
ciency phenotype (Fig. 3B) (20). The induction of MAO-A protein
expression in Maoa-W'T CD8 T cells was also confirmed by Western
blot analysis; the MAO-A isoenzyme, MAO-B, was not detected in
CD8 T cells (fig. S6A). Compared with their Maoa-W'T counterparts,
Maoa-KO CD8 T cells showed an enhancement in almost all aspects
of T cell activation, including cell proliferation (Fig. 3C), surface
activation marker up-regulation (i.e., CD25; Fig. 3, D and E), effector
cytokine production [i.e., interleukin-2 (IL-2) and IFN-v; Fig. 3, Fand GJ,
and cytotoxic molecule production (i.e., Granzyme B; Fig. 3, H and I).
Study of Maoa-KO OV A-specific OT1 T cells gave similar results,
suggesting a general role of MAO-A in regulating CD8 T cells of
diverse antigen specificities (fig. S7, A to D); study of Maoa-KO
CD8 T cells stimulated with both anti-CD3 and anti-CD28 also
yielded similar results, suggesting a general role of MAO-A in regu-
lating CD8 T cell responses in the presence or absence of costimu-
lation (fig. S6, B to I). To verify whether MAO-A deficiency directly
contributed to the hyperresponsiveness of the Maoa-KO CD8 T cells,
we performed a rescue experiment. We constructed a MIG [murine
stem cell virus-internal ribosomal entry site-green fluorescent protein
(MSCV-IRES-GFP)]-Maoa retroviral vector, used this vector to trans-
duce Maoa-KO CD8 T cells, and achieved overexpression of MAO-A
in these T cells (Fig. 3, ] to L). MAO-A overexpression significantly
reduced the hyperactivation of Maoa-KO CD8 T cells and their expres-
sion of multiple effector genes (i.e., 112, Ifng, and Gzmb; Fig. 3, M to O).
Together, these results indicate that MAO-A acts as a negative-feedback
regulator restraining the CD8 T cell response to antigen stimulation.

MAO-A regulates CD8 T cell autocrine serotonin signaling

Next, we sought to investigate the molecular mechanisms mediat-
ing MAO-A restraint of CD8 T cell response to antigen stimulation.
MAO-A is well known for its function in the brain where it breaks
down neuron-produced serotonin, thereby regulating neuronal activity
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(n=6 and 7). (C) B16-OVA tumor growth in CD45.2 Maoa-WT or Maoa-KO recipient mice reconstituted with BM cells from CD45.1 wild-type donor mice (denoted as
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means + SEM. **P <0.01 and ***P < 0.001 by Student’s t test.

(8, 9). CD8 T cells have been reported to synthesis serotonin, and
serotonin has been implicated as an accessory signal to enhance
T cell activation by signaling through T cell surface serotonin recep-
tors [5-hydroxytryptamine receptors (5-H'TRs)] (20-22). We there-
fore postulated that MAO-A might regulate CD8 T cell activity
through modulating T cell autocrine serotonin production and
signaling (Fig. 4A).

To test this hypothesis, we cultured Maoa-W'T and Maoa-KO
CDS8 T cells in vitro, stimulated them with anti-CD3 to mimic anti-
gen stimulation, and then analyzed their autocrine serotonin signal-
ing pathway. After antigen stimulation, Maoa-WT CDS8 T cells
up-regulated the expression of the Tphl gene, which encodes the
rate-limiting enzyme controlling serotonin synthesis, and also the
expression of the Maoa gene, which would induce serotonin degra-
dation, indicating the presence of an antigen stimulation-induced
serotonin synthesis/degradation loop in CD8 T cells (Fig. 4, A to C).
Considering the function of MAO-A, we speculated that MAO-A
deficiency would not interfere with the serotonin synthesis arm but
would impede the serotonin degradation arm, leading to enhanced
secretion of serotonin by CD8 T cells. Compared with their wild-type
counterparts, Maoa-KO CD8 T cells expressed comparable levels of
Tphl but secreted much higher levels of serotonin after antigen
stimulation (Fig. 4, B and D). Pharmacological inhibition of
MAO-A in Maoa-WT CD8 T cells using an established MAOI,
phenelzine, recapitulated the serotonin overproduction phenotype
of Maoa-KO CD8 T cells (Fig. 4E). Correspondingly, phenelzine
treatment of Maoa-WT CD8 T cells recapitulated the hyperactivation
phenotype of Maoa-KO CD8 T cells, shown by increased produc-
tion of the effector cytokines IL-2 and IFN-y (Fig. 4, F and G). Sup-
plementing serotonin to Maoa-WT CD8 T cells resulted in T cell
hyperactivation and elevated production of IL-2 and IFN-y
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(Fig. 4, H and I), whereas blocking T cell surface 5-HTRs using the
antagonist asenapine eliminated the cytokine production difference
between Maoa-WT and Maoa-KO CD8 T cells (Fig. 4, ] and K). Se-
rotonin has been reported to enhance T cell activation by signaling
through the mitogen-activated protein kinase (MAPK) pathway
that cross-talks with the T cell receptor (TCR) signaling pathways
(21). We compared the signaling pathways in Maoa-W'T and Maoa-
KO CD8 T cells after antigen stimulation and found that Maoa-KO
T cells showed an enhancement of MAPK signaling [i.e., extracellu-
lar signal-regulated kinase (ERK) phosphorylation; Fig. 4L and fig.
$8, B and C] and TCR downstream signaling [i.e., nuclear translo-
cation of nuclear factor of activated T cells (NFAT), nuclear factor
kB (NF-kB), and c-Jun transcription factors; Fig. 4M and fig. S8, D
to I]; this enhancement was largely abrogated by blocking 5-HTRs
(Fig. 4, L and M, and fig. S8, B to I). There are multiple 5-HTR family
members; in mice, there are 13 5-HTR family members (21). Anal-
yses of the expression of all 13 5-HTR genes in CD8 T cells before
and after anti-CD3 stimulation revealed that these cells predomi-
nantly expressed 2 of the 13 5-HTR genes: Htr2b and Htr7; there
was a further up-regulation of Htr7 after anti-CD3 stimulation (fig.
$8]). These data suggest that serotonin signaling in mouse CD8
T cells may mainly be mediated through Htr2b and Htr7; in partic-
ular, Htr7 may mediate the activation-related signaling events. Col-
lectively, these in vitro data suggest that MAO-A regulates CD8
T cell activation through modulating T cell autocrine serotonin
production and signaling (Fig. 4A and fig. S8A).

To validate this working model in vivo, we directly measured
intratumoral serotonin in Maoa-KO and Maoa-W'T mice, as well as
in wild-type mice treated or untreated with phenelzine. Consistent
with the in vitro results, increased levels of serotonin were detected
specifically in tumors collected from the Maoa-KO mice (Fig. 4N)
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Fig. 3. MAO-A acts as a negative-feedback regulator to restrain CD8 T cell activation. (A) qPCR analyses of Maoa mRNA expression in tumor-infiltrating CD8 T cell
subsets isolated from day 14 B16-OVA tumors grown in wild-type B6 mice (n = 3). Naive CD8 T cells (gated as TCRB*CD8*CD44"°CD62L" cells) sorted from the spleen of
tumor-free B6 mice were included as controls. (B to I) Activation of Maoa-WT and Maoa-KO CD8 T cells (n = 3 to 6). CD8 T cells were purified from Maoa-WT and Maoa-KO
mice and stimulated in vitro with anti-CD3. The analyses of Maoa mRNA expression (B), cell proliferation (C), activation marker expression [i.e., CD25 (D and E)], effector
cytokine production [i.e., IL-2 (F) and IFN-y (G)], and cytotoxic molecule production [i.e, Granzyme B (H and )] are shown, either over a 4-day time course (B, F, and G) or
at day 3 after anti-CD3 stimulation (C to E, H, and |). (J to O) Activation of Maoa-KO CD8 T cells with MAO-A overexpression (n = 6). LTR, long terminal repeats; EGFP,
enhanced green fluorescent protein. CD8 T cells were isolated from Maoa-KO mice, stimulated in vitro with anti-CD3 and transduced with a MIG-Maoa retrovector or a
MIG mock retrovector (J). The analyses of retroviral transduction efficiency (K), Maoa mRNA expression (L), effector cytokine mRNA expression [i.e., /12 (M) and /fng (N)],
and cytotoxicity molecule mRNA expression [i.e., Gzmb ()] at day 4 after stimulation are presented. Representative of two (A and J to O) and three (B to I) experiments.

Data are presented as the means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA (A) or by Student’s t test (B, C, Eto G, |, and L to O).

and phenelzine-treated Maoa-W'T mice (Fig. 40). Depletion of CD8
T cells in Maoa-W'T mice largely abolished the phenelzine treatment—
induced accumulation of serotonin in the tumor, indicating that
tumor-infiltrating CD8 T cells are major producers of serotonin in
the tumor and that this is negatively regulated by MAO-A (Fig. 40 and
fig. S8L). There were no significant changes in serotonin levels in
serum under any conditions (fig. S8, K and M), suggesting that
MAO-A regulation of serotonin in the tumor is largely a local effect,
resembling MAO-A regulation of serotonin in the brain (8, 9).

Together, these in vitro and in vivo data support a working model
that MAO-A negatively regulates CD8 T cell antitumor immunity,
at least partly, through modulating CD8 T cell autocrine serotonin
signaling in the tumor.

MAO-A blockade for cancer immunotherapy

The identification of MAO-A as a new immune checkpoint nega-
tively regulating CD8 T cell antitumor immunity marks it as a
promising drug target for developing new forms of ICB therapy. Because
of MAO-A’s well-characterized function in the brain, small-molecule
MAOIs have been developed and clinically used for treating depres-
sion symptoms, making it a highly feasible and attractive approach
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to repurpose these established MAOI antidepressants for cancer
immunotherapy (23). Some MAOIs cross-inhibit the MAO-A iso-
enzyme MAO-B; however, only MAO-A effectively degrades sero-
tonin, and all MAOISs exhibit their antidepressant function mainly
through inhibiting MAO-A enzyme activity, thereby regulating
serotonin signaling in the brain (14, 23). When tested in vitro,
multiple MAOIs efficiently induced CD8 T cell hyperactivation
(i.e., up-regulated expression of CD25, Granzyme B, IL-2, and
IEN-v; Fig. 5A and fig. S9, A to F). When tested in vivo in a B16-
OV A melanoma prevention model, these MAOIs markedly suppressed
tumor growth (Fig. 5, B and C). The MAOIs that we tested were
phenelzine, clorgyline, and moclobemide, covering the major cate-
gories of established MAOIs classified on the basis of whether they
are nonselective or selective for MAO-A and whether their effect is
reversible (fig. S9A) (23). Among these MAOISs, phenelzine (trade
name: Nardil) is clinically available in the United States (23). In the
following studies, we chose phenelzine as a representative to further
evaluate the cancer therapy potential of MAOI drugs.

First, we studied the efficacy of phenelzine in treating preestab-
lished B16-OV A melanoma solid tumors and found that phenelzine
treatment effectively suppressed tumor progression (Fig. 5, D and E).
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Fig. 4. MAO-A regulates CD8 T cell autocrine serotonin signaling. (A) Schematics showing the antigen stimulation-induced serotonin synthesis/degradation loop in
a CD8T cell. Possible pharmacological interventions are indicated. ASE, asenapine (an antagonist blocking a majority of 5-HTRs). (B and €) qPCR analyses of Tph1 (B) and
Maoa (C) mRNA expression in Maoa-WT and Maoa-KO CD8 T cells, at 24 hours after anti-CD3 stimulation (n= 3). (D and E) CD8 T cell serotonin production in vitro (n = 3).
(D) Serotonin levels in Maoa-WT and Maoa-KO CD8 T cell cultures over a 4-day time course after anti-CD3 stimulation. (E) Serotonin levels in Maoa-WT CD8 T cell cultures
at 24 hours after anti-CD3 stimulation, with or without phenelzine treatment [Phe or no treatment (NT)]. Serotonin levels were measured by ELISA. (F to K) CD8 T cell ef-
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*P <0.05, **P <0.01, and ***P <0.001, by two-way ANOVA (B and C) or by Student’s t test (D to K, N, and O).

This MAOI-induced tumor suppression effect was mediated by
CD8 T cells, because no tumor suppression was observed when we
depleted CD8 T cells in tumor-bearing B6 wild-type mice (fig. S10,
A and B). Correspondingly, analysis of total tumor-infiltrating CD8
T cells under phenelzine treatment showed a hyperactivation phe-
notype of these T cells, evidenced by their enhanced production of
effector molecules (i.e., IFN-y and Granzyme B; Fig. 5, F to I) and
reduced expression of exhaustion markers (i.e., PD-1; Fig. 5, J and K);
analysis of tumor antigen-specific CD8 T cells (i.e., OVA* T cells)
showed the similar results (fig. S10, T to P). To further study the
impact of phenelzine treatment on antitumor T cell exhaustion, we
tracked the PD-1-positive subpopulation of tumor-infiltrating CD8

Wang et al,, Sci. Immunol. 6, eabh2383 (2021) 14 May 2021

T cells over time; we detected a significant decrease of the PD-1-
positive subpopulation in phenelzine-treated mice (fig. S10, C and
D). Functional analysis showed an enhanced production of effector
molecules (i.e., IFN-y and Granzyme B) in PD-1-positive sub-
populations under phenelzine treatment (fig. S10, E to H). There-
fore, MAO-A blockade could alleviate T cell exhaustion and improve
the overall effector function of tumor-infiltrating CD8 T cells.
Next, we studied the potential of phenelzine treatment for com-
bination therapy, particularly combining with other ICB therapies
such as the PD-1/PD-L1 blockade therapy (Fig. 5L) (6). In the MC38
colon cancer model, which is sensitive to immunotherapy, phenelzine
treatment completely suppressed tumor growth as effectively as the
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Fig. 5. MAO-A blockade for cancer i therapy: Syng tumor model studies. (A) Effect of MAOI treatment on CD8T cell activation in vitro. CD8 T cells

were purified from B6 wild-type mice and stimulated with anti-CD3 for 3 days in the absence (NT) or presence of MAOIs (Phe; Moc, moclobemide; Clo, clorgyline). ELISA
analyses of IFN-y production are presented (n = 3). (B and C) Cancer therapy potential of MAOI treatment in a B16-OVA melanoma model. i.p., intraperitoneal. (B) Experi-
mental design. B6 wild-type mice were untreated (NT) or treated with MAOIs (Phe, Moc, and Clo). (C) Tumor growth (n=6 to 8). (D to K) Cancer therapy potential of
phenelzine treatment in a B16-OVA melanoma model. (D) Experimental design. (E) Tumor growth in B6 wild-type mice with or without phenelzine treatment (Phe or NT;
n=7to 9). (F to K) Analysis of tumor-infiltrating CD8 T cells in B6 wild-type mice with or without phenelzine treatment. On day 20 after tumor inoculation, tumors were
collected, followed by Tll isolation and FACS analysis. The analyses of tumor-infiltrating CD8 T cells (pregated as CD45.2*TCRB*CD8" cells) for their intracellular production
of effector cytokines [i.e., IFN-y (F and G)] and cytotoxic molecules [i.e, Granzyme B (H and I)], and their surface expression of exhaustion markers [i.e., PD-1 (J and K)] are
presented. (L to N) Cancer therapy potential of MAOI treatment in combination with anti-PD-1 treatment in a MC38 colon cancer model and a B16-OVA melanoma mod-
el. (L) Experimental design. B6 wild-type mice were inoculated with tumor cells, with or without phenelzine treatment and with or without anti-PD-1 treatment (lIso,
Phe + Iso, aPD-1, or Phe + aPD-1). (M) MC38 tumor growth (n = 5). (N) B16-OVA tumor growth (n =4 and 5). Representative of two (B, C, and L to N) and three (A, and D to
K) experiments. Data are presented as the means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA (A, C, M, and N) or by Student's t test (E to K).

anti-PD-1 treatment (Fig. 5M). In the B16-OVA melanoma model,  syngeneic mouse tumor model studies provided proof-of-principle

which is less sensitive to immunotherapy, phenelzine treatment sig-
nificantly suppressed tumor growth at a level comparable with the
anti-PD-1 treatment; the combination of phenelzine and anti-PD-1
treatments yielded superior efficacy and totally suppressed tumor
growth (Fig. 5N). These tumor suppression effects of phenelzine were
likely mediated by its immune regulatory function, because phenelzine
treatment did not affect the tumor cells themselves and did not sup-
press the growth of MC38 and B16-OVA tumors in immunodeficient
NOD scid gamma (NSG) mice (fig. S11, A to D). Collectively, these
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evidence for the cancer immunotherapy potential of MAOIs.

To explore the translational potential of MAO-A blockade ther-
apy, we studied human CD8 T cells and confirmed that they also
up-regulated MAOA gene expression after antigen stimulation, re-
sembling their mouse counterparts (Fig. 6A). To directly evaluate
whether MAOI treatment could enhance human CD8 T cell antitu-
mor efficacy in vivo, we used a human T cell adoptive transfer
and human tumor xenograft NSG mouse model (24). NY-ESO-1, a
well-recognized tumor antigen common in many human cancers,
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Fig. 6. MAO-A blockade for cancer immunotherapy: Human T cell and clinical data correlation studies. (A to D) Translational potential of MAOI treatment for im-
proving human CD8 T cell antitumor reactivity. (A) gPCR analyses of MAOA mRNA expression in naive and anti-CD3/anti-CD28 stimulated human CD8 T cells of random
healthy donors (n = 5). (B) Schematics showing a human tumor-T cell pair designated for the study of human CD8 T cell antitumor reactivity. A375-A2-ESO-FG, a human
A375 melanoma cell line engineered to express an NY-ESO-1 tumor antigen, its matching MHC molecule (HLA-A2), and a dual reporter comprising a firefly luciferase and
an enhanced green fluorescence protein (FG). ESO-T, human peripheral blood CD8 T cells engineered to express an NY-ESO-1 antigen-specific TCR (ESO-TCR; clone 3A1).
ESOp, NY-ESO-1 peptide. (C) Experimental design to study the cancer therapy potential of MAOI treatment in a human T cell adoptive transfer and human melanoma
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(GSE29621; n=65). z=2.31; P=0.0208. (F) TIDE analysis of a melanoma patient cohort receiving anti-PD-1 treatment (ENA PRJEB23709; n=41).z=2.16, P=0.0305. Rep-

resentative of two experiments. Data are presented as the means + SEM. ***P < 0.001 by Student's t test (A and D).

was chosen as the model tumor antigen (24). An A375 human melanoma
cell line was engineered to coexpress NY-ESO-1 and its matching
major histocompatibility complex (MHC) molecule, human leukocyte
antigen serotype A2 (HLA-A2), to serve as the human tumor target;
the cell line was also engineered to express a dual reporter comprising
a firefly luciferase and an enhanced green fluorescence protein (de-
noted as A375-A2-ESO-FG) (25). A Retro/ESO-TCR retroviral vector
was constructed to encode an NY-ESO-1-specific TCR (clone 3A1;
denoted as ESO-TCR) and was used to transduce healthy donor
peripheral blood CD8 T cells; the resulting T cells (denoted as
ESO-T cells) expressed ESO-TCRs and specifically targeted A375-
A2-ESO-FG tumor cells, thereby modeling the tumor-specific human
CD8 T cells (Fig. 6B and fig. S12, A to D). A375-A2-ESO-FG cells
were subcutaneously injected into NSG mice to establish solid tumors,
followed by intravenous injection of ESO-T cells with or without
phenelzine treatment (Fig. 6C). MAOI treatment effectively sup-
pressed tumor growth; this therapeutic effect was mediated by tumor-
specific ESO-T cells because no tumor suppression was observed in
NSG mice that did not receive adoptive transfer of ESO-T cells
(Fig. 6D and fig. S12, E and F). Collectively, this human xenograft
tumor model study supports the translational potential of MAO-A
blockade for cancer immunotherapy.

Wang et al., Sci. Immunol. 6, eabh2383 (2021) 14 May 2021

Last, we conducted clinical data correlation studies to investigate
whether MAOA gene expression is correlated with CD8 T cell [also
known as cytotoxic T lymphocyte (CTL)] antitumor activities and
clinical outcomes in patients with cancer. A Tumor Immune Dys-
function and Exclusion (TIDE) computational method was used,
which models the induction of CD8 T cell dysfunction in tumors by
analyzing the interactions of three variants: (i) the intratumoral ex-
pression of a selected gene, (ii) the intratumoral level of CD8 T cells,
and (iii) patient survival (26). MAOA expression level was negatively
correlated with the beneficial effect of tumor-infiltrating CD8 T cell
on patient survival in multiple cancer patient cohorts spanning colon
cancer (Fig. 6E) (27), lung cancer (fig. S13A) (28), cervical cancer
(fig. S13B) (29), and pancreatic cancer (fig. S13C) (30). Moreover,
analysis of a melanoma patient cohort receiving anti-PD-1 treatment
showed that high levels of intratumoral MAOA expression largely
abrogated the patient survival benefit offered by tumor-infiltrating
CD8 T cells, suggesting that combining MAO-A blockade therapy
with PD-1/PD-L1 blockade therapy may provide synergistic thera-
peutic benefits through further activating tumor-infiltrating CD8
T cells (Fig. 6F) (31). These whole-tumor lysate transcriptome data
analyses could not localize the MAOA expression to a specific cell
type (i.e., CD8 T cells); future studies of quality transcriptome data
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generated from single cells or sorted tumor-infiltrating CD8 T cells
are needed to produce such information. Nonetheless, the present
clinical data correlation studies identified MAO-A as a possible nega-
tive regulator of CD8 T cell antitumor function in a broad range of
patients with cancer, including those receiving existing ICB thera-
pies, suggesting MAO-A as a potential drug target for developing
new forms of ICB therapy and combination therapy. Together, these
preclinical animal studies and clinical data correlation studies suggest
that MAO-A is a promising new drug target of T cell-based cancer
immunotherapy and that repurposing of established MAOI anti-
depressants is a promising path to develop MAO-A blockade
immunotherapy.

DISCUSSION

On the basis of our findings, we propose an “intratumoral MAO-A-
serotonin axis” model to elucidate the role of MAO-A in regulating
CD8 T cell antitumor immunity (fig. S14). Analogous to the well-
characterized MAO-A-serotonin axis in the brain, where MAO-A
controls the availability of serotonin in a neuron-neuron synapse,
thereby regulating neuronal activity, the “MAO-A-serotonin axis” in
a tumor controls the availability of serotonin in a tumor cell-T cell
immune synapse, thereby regulating antitumor T cell reactivity
(fig. S14). The resemblance is notable, considering that both the
nervous system and the immune system are evolved to defend a
living organism by sensing and reacting to environmental danger,
externally and internally, including tissue traumas, infections, and
malignancies (32). Despite their distinct anatomic structures, the
nervous system has a fixed organization, whereas the immune
system comprises mobile and disperse cells; from an evolutionary
point of view, it makes sense that some critical molecular regulatory
pathways are preserved for both defense systems. Neurons and
immune cells share a broad collection of signal transducers, surface
receptors, and secretory molecules (32). In particular, many neuro-
transmitters and neuropeptides traditionally considered specific for
neurons are expressed in immune cells, although their functions in
the immune system are, to a large extent, still unknown (33). Studying
this group of molecules and their regulatory circuits in tumor
immunology thus may provide new opportunities for generating
knowledge and identifying new drug targets for developing next-
generation cancer immunotherapies; our current finding of this
MAO-A-serotonin axis regulation of CD8 T cell antitumor immu-
nity can be such an example.

Our study showed that Maoa expression was induced by antigen-
TCR stimulation in CD8 T cells and, in turn, restrained T cell acti-
vation (Fig. 3). This negative-feedback loop qualifies MAO-A as an
immune checkpoint and adds it to the expanding immune check-
point family comprising PD-1/PD-L1, CTLA-4, Tim-3, LAG-3,
T cell immunoreceptor with Ig and I'TIM domains (TIGIT), V-domain
Ig suppressor of T cell activation (VISTA), and others (4). However,
MAO-A is unique in this group because it is already a well-established
drug target due to its known function in the brain (23). Small-molecule
MAOIs have been developed to block MAO-A activity, thereby reg-
ulating serotonin signaling in the brain, and were the first drugs
approved for treating depression (23). In our study, we tested multiple
clinically approved MAOIs (phenelzine, moclobemide, and clorgyline)
and demonstrated their T cell-enhancing and tumor suppression
effects in preclinical animal models, pointing to the possibility of
repurposing these drugs for cancer immunotherapy (Fig. 5 and fig. S9).
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Developing new cancer drugs is extremely costly and time consuming;
drug repurposing offers an economic and speedy pathway to addi-
tional cancer therapies, because approved drugs have known safety
profiles and modes of actions and thus can enter the clinic quickly
(34). MAOISs were introduced in the 1950s and were used extensively
over the subsequent two decades, but since then, their use has dwindled
because of reported side effects and the introduction of other classes of
antidepressant agents (23). However, these MAOI side effects were
vastly overstated and should be revisited (23). For instance, a claimed
major side effect of MAOIs is their risk of triggering tyramine-induced
hypertensive crisis when patients eat tyramine-rich foods such as aged
cheese (hence, “the cheese effects”); this concern led to cambersome
food restrictions that are now considered largely unnecessary (23).
A transdermal delivery system for selegiline (Emsam) has also been
developed that can largely avoid potential food restrictions (23).
Therefore, interestin MAOISs as a major class of antidepressants is
reviving (23), and repurposing MAOIs for cancer immunotherapy
can be an attractive new application of these potent drugs.

Depression and anxiety are common in patients with cancer:
Prevalent rates of major depression among patients with cancer are
four times higher than the general population, and up to a quarter
of patients with cancer have clinically significant depression and
anxiety symptoms (35). Repurposing MAOIs for cancer immuno-
therapy thus may provide patients with cancer with dual anti-
depressant and antitumor benefits. A large majority of antidepressants,
including MAOIs, selective serotonin reuptake inhibitors (SSRIs),
serotonin modulators and stimulators (SMSs), serotonin antagonists
and reuptake inhibitors (SARIs), and serotonin-norepinephrine
reuptake inhibitors (SNRIs), all work through regulating serotonin
signaling in the brain via inhibiting the various key molecules that
control serotonin degradation, reuptake, and detection (36). Our
study revealed the existence of a MAO-A-serotonin axis in tumors
that regulates CD8 T cell antitumor immunity (fig. S14). It is plausible
to postulate that the other key serotonin regulatory molecules that
function in the brain may also function in the tumor regulating T cell
antitumor immunity (36). A recent nationwide cohort study in Israel
reported that adherence to antidepressant medications is associated
with reduced premature mortality in patients with cancer (35).
Another clinical study reported lymphocyte subset changes associated
with antidepressant treatments in patients with a major depression
disorder (37). Studying patients with cancer for possible correlations
between antidepressant treatments, antitumor immune responses,
and clinical outcomes therefore might yield valuable knowledge
informing the immune regulatory function of antidepressants and
instructing the potential repurposing of select antidepressant drugs
for cancer immunotherapy.

In our study, we found that Maoa gene was highly expressed in
tumor-infiltrating CD8 T cells, with the most “exhausted” cells
(PD-1"Tim-3MLAG-3") expressing the highest levels of Maoa,
suggesting that these cells may benefit the most from the MAOI
treatment (18, 19). We also found that MAO-A regulated CD8 T cell
antitumor immunity, at least partly, through modulating the
serotonin-MAPK pathway, which is nonredundant to other major
immune checkpoint regulatory pathways, suggesting that MAOI
treatment can be a valuable component for combination therapy (4).
MAOI treatment synergized with anti-PD-1 treatment in suppress-
ing syngeneic mouse tumor growth, and MAOA expression levels
dictated patient survival in patients with melanoma receiving anti-
PD-1 therapy (Figs. 5 and 6). Patients undergoing cancer treatment,
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including traditional chemo/radio therapies and the new immuno-
therapies such as ICB therapies, often report incurred or exacerbated
depression symptoms; these central nervous system (CNS) side effects
are considered to be associated with treatment-induced immune
reaction and inflammation (38-40). Adding MAOIs with anti-
depressant function to a combination cancer therapy thus may both
improve antitumor efficacy and alleviate CNS side effects. Some
earlier studies reported that MAOIs can directly suppress the growth
of androgen-sensitive and castration-resistant prostate cancer cells,
presumably through regulating cancer cell autophagy and apopto-
sis, suggesting additional mechanisms that MAOIs may deploy to
target certain cancers (41, 42).

In summary, here, we identified MAO-A as an immune check-
point and demonstrated the potential of repurposing established
MAOI antidepressants for cancer immunotherapy. The notion that
MAOA, “the warrior gene,” not only acts in the brain to regulate the
aggressiveness of human behavior but also acts in a tumor to con-
trol the aggressiveness of antitumor immunity is interesting. Future
clinical studies are encouraged to investigate the clinical correla-
tions between MAOI treatment and clinical outcomes in patients
with cancer and to explore the possibility of repurposing MAOIs for
combination cancer immunotherapy. Meanwhile, the immune reg-
ulatory function of MAO-A certainly goes beyond regulating CD8
T cells. We have detected MAO-A expression in other immune cells
(e.g., dendritic cells, macrophages, and regulatory T cells); and in
Maoa-KO mice, we have observed the hyperresponsiveness of
multiple immune cells in various mouse tumor models. It is also
likely that MAO-A regulates immune reactions to multiple diseases
beyond cancer, such as infections and autoimmune diseases. Study-
ing the roles of MAO-A in regulating various immune cells under
different health and disease conditions will be interesting topics for
future research.

MATERIALS AND METHODS

Study design

To search for new drug targets regulating antitumor immunity, we
isolated TIIs from B16-OVA melanoma tumors and evaluated TII
gene expression profiles; we detected a significant change in Maoa
gene expression. To study MAO-A as an autologous factor regulating
antitumor CD8 T cell immunity, we conducted a series of in vivo
tumor experiments involving multiple syngeneic mouse tumor models
(i.e., B16-OV A melanoma and MC38 colon cancer models), Maoa-
KO mice, as well as BM and T cell adoptive transfer approaches.
Tumor growth was monitored, and the tumor-infiltrating CD8 T cells
were analyzed using flow cytometry and scRNA-seq. To investigate
the MAO-A regulation of CD8 T cell activation through modulat-
ing T cell autocrine serotonin, we stimulated Maoa-KO and Maoa-
WT CD8 T cells in vitro and compared their T cell activation, TCR
signaling, and serotonin secretion and signaling using flow cyto-
metry, enzyme-linked immunosorbent assay (ELISA), qPCR, and
Western blot; serotonin modulation was also validated in vivo in
the B16-OV A melanoma model using high-performance liquid
chromatography (HPLC). To evaluate the potential of repurposing
MAOI antidepressants for cancer immunotherapy, we studied the
T cell regulatory and antitumor effects of MAOI treatment in vitro
in T cell culture and in vivo in B16-OV A and MC38 tumor models
alone or in combination with anti-PD-1 treatment. To explore the
translational potential of MAO-A blockade therapy, we examined
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the MAOA gene expression in primary human CD8 T cells and studied
the therapeutic effects of MAOI treatment in a human T cell adop-
tive transfer and human melanoma xenograft NSG mouse model.
Last, we conducted clinical data correlation studies and investigated
the correlation of intratumoral MAOA gene expression with CD8 T
cell antitumor activities and clinical outcomes in multiple cancer
patient cohorts spanning melanoma, colon cancer, lung cancer,
cervical cancer, and pancreatic cancer.

Mice

C57BL/6] (B6), B6.SJL-Ptprc*Pepc’/Boy] (CD45.1), 1295-Maoa™ "/
(Maoa-KO) (15),AC57BL/6—T§ (TeraTerb)1100Mjb/J (OT1-Tg), and
NOD.Cg-Prkdc*™ 112rg™""/Sz) (Nod scid gamma or NSG) mice
were purchased from the Jackson Laboratory (JAX; Bar Harbor).
The OT1-Tg mice deficient of Maoa (OT1-Tg/Maoa-KO) were gen-
erated at the University of California, Los Angeles (UCLA) through
breeding OT1-Tg mice with Maoa-KO mice. All animals were main-
tained in the animal facilities at UCLA. Eight- to 12-week-old females
were used for all experiments unless otherwise indicated. All animal
experiments were approved by the Institutional Animal Care and
Use Committee of UCLA.

Celllines

The B16-OVA mouse melanoma cell line and the PG13 retroviral
packaging cell line were provided by P. Wang (University of Southern
California, CA, USA) (43). The MC38 mouse colon adenocarcinoma
cell line was provided by M. Bosenberg (Yale University, CT, USA)
(44). The human embryonic kidney 293T and Phoenix-ECO retro-
viral packaging cell lines were purchased from the American Type
Culture Collection (ATCC). The A375-A2-ESO-FG human melanoma
cell line was previously reported (24, 25). The Phoenix-ECO-MIG,
Phoenix-ECO-MIG-Maoa, and PG13-ESO-TCR stable virus producing
cell lines were generated in this study.

Viral vectors
The MIG retroviral vector was reported previously (45). MIG-Maoa
and Retro/ESO-TCR retroviral vectors were generated in this study.

Media and reagents
Adherent cell culture medium (denoted as D10 medium) was made
of Dulbecco’s modified Eagle’s medium (DMEM; catalog no. 10013,
Corning) supplemented with 10% fetal bovine serum (FBS; catalog
no. F2442, Sigma-Aldrich) and 1% penicillin-streptomycin-glutamine
(catalog no. 10378016, Gibco). T cell culture medium (denoted as
C10 medium) was made of RPMI 1640 (catalog no. 10040, Corning)
supplemented with 10% FBS (catalog no. F2442, Sigma-Aldrich),
1% penicillin-streptomycin-glutamine (catalog no. 10378016, Gibco),
0.2% Normocin (catalog no. ant-nr-2, InvivoGen), 1% Minimal
Essential Medium (MEM) Non-essential Amino Acid Solution
(catalog no. 11140050, Gibco), 1% HEPES (catalog no. 15630080,
Gibco), 1% sodium pyruvate (catalog no. 11360070, Gibco), and
0.05 mM B-mercaptoethanol (catalog no. M3148, Sigma-Aldrich).
Cell culture reagents—including purified no azide/low endotoxin
(NA/LE) anti-mouse CD3e (catalog no. 553057, clone 145-2C11),
purified NA/LE anti-mouse CD28 (catalog no. 553294, clone 37.51),
anti-human CD3 (catalog no. 56685, clone OK'T3), and anti-human
CD28 (catalog no. 555725, clone CD28.2)—were purchased form
BD Biosciences. Recombinant human IL-2 (catalog no. 200-02) was
purchased from PeproTech.
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In vivo depletion antibodies, including anti-mouse CD8a (catalog
no. BE0061, clone RMP2.43) and its isotype control [rat immunoglobulin
G2b (IgG2b), catalog no. BE0090], were purchased from BioXCell.
In vivo PD-1-blocking antibody (catalog no. BE0146, clone RMP1-14)
and its isotype control (rat IgG2a, catalog no. BE0089) were pur-
chased from BioXCell.

MAOIs—including phenelzine (catalog no. P6777), moclobemide
(catalog no. M3071), and clorgyline (catalog no. M3778)—were
purchased from Sigma-Aldrich. Serotonin (catalog no. H9532) and
serotonin receptor (5-HTR) antagonist asenapine (catalog no. A7861)
were also purchased from Sigma-Aldrich.

Syngeneic mouse tumor models

B16-OVA melanoma cells (1 x 10° per animal) or MC38 colon cancer
cells (3 x 10° per animal) were subcutaneously injected into experi-
mental mice to form solid tumors. In some experiments, mice received
intraperitoneal injection of MAOISs [i.e., phenelzine (30 mg/kg per
day), moclobemide (50 mg/kg per day), or clorgyline (50 mg/kg per
day)] to block MAO-A activity. In some experiments, mice received
intraperitoneal injection of anti-mouse CD8a antibodies (200 pg
per animal, twice per week) to deplete CD8 T cells; mice that received
intraperitoneal injection of isotype antibodies were included as
controls. In some experiments, mice received intraperitoneal injec-
tion of anti-mouse PD-1 antibodies (300 pg per animal, twice per
week) to block PD-1; mice that received intraperitoneal injection of
isotype antibodies were included as controls.

During an experiment, tumor growth was monitored twice per
week by measuring tumor size using a Fisherbrand Traceable
digital caliper (Thermo Fisher Scientific); tumor volumes were
calculated by formula 1/2 x L x W At the end of an experiment,
TIIs were isolated for analysis using qPCR, flow cytometry, and/or
scRNA-seq. In some experiments, sera were also collected for
serotonin measurement.

Two-way BM transfer B16-OVA tumor model

BM cells were collected from femurs and tibias of donor mice and
were transferred into the recipient mice through retro-orbital (r.0.)
injection. Recipient mice were preconditioned with whole-body
irradiation (1200 gray). For BM transfer experiments confining
MAO-A deficiency comparison to immune cells, Maoa-W'T or Maoa-
KO BM cells were transferred into CD45.1 recipient mice (8 to
10 x 10° cells per recipient mouse). For BM transfer experiments
confining MAO-A deficiency comparison to nonimmune cells, WT
CD45.1 BM cells were transferred into Maoa-W'T or Maoa-KO
recipient mice (8 to 10 x 10° cells per recipient mouse). After BM
transfer, recipient mice were maintained on antibiotic water (Amoxil;
0.25 mg/ml) for 4 weeks. Periodic bleedings were performed to
monitor immune cell reconstitution using flow cytometry. At 8 to
12 weeks after BM transfer, recipient mice were fully immune-
reconstituted and were used for tumor challenge experiments.
B16-OVA mouse melanoma cells were subcutaneously injected into
experimental mice to form solid tumors (1 x 10° cells per animal).
Tumor growth was monitored twice per week by measuring tumor
size using a Fisherbrand Traceable digital caliper; tumor volumes
were calculated by formula 1/2 x L x W™

Adoptive OT1 T cell transfer B16-OVA tumor model
Spleen and lymph node cells were harvested from the OT1-Tg or
OT1-Tg/Maoa-KO mice and were subjected to magnetic-activated
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cell sorting (MACS) using the Mouse CD8 T Cell Isolation Kit (catalog
no. 120117044, Miltenyi Biotec) following the manufacturer’s in-
structions. The purified OT1 T cells (identified as CD8*TCR VB5*
cells) were adoptively transferred to tumor-bearing CD45.1 wild-type
mice (1 x 10° cells per recipient mouse). CD45.1 mice were subcu-
taneously inoculated with B16-OVA tumor cells 1 week in advance
(1 x 10° cells per animal). Before OT1 T cell adoptive transfer,
recipient mice were preconditioned with whole-body irradiation
(600 gray). During an experiment, tumor growth was monitored
twice per week by measuring tumor size using a Fisherbrand Trace-
able digital caliper; tumor volumes were calculated by formula 1/2 x
L x W?. Mice were terminated at the indicated time points, and T1Is
were isolated for flow cytometry analysis of surface marker expres-
sion and intracellular effector molecule production.

Xenograft human tumor model

The A375-A2-ESO-FG human melanoma cells (10 x 10° cells
per animal) were subcutaneously injected into NSG mice to form
solid tumors. In some experiments, mice received phenelzine treat-
ment through intraperitoneal injection (30 mg/kg per day). In some
experiments, mice received ad()gtive transfer of ESO-T cells through
retro-orbital injection (4 x 10 cells per recipient mouse). Before
ESO-T cell adoptive transfer, recipient mice were preconditioned
with total body irradiation (100 gray). During an experiment, tumor
growth was monitored twice per week by measuring tumor size using
a Fisherbrand Traceable digital caliper; tumor volumes were calcu-
lated by formula 1/2 x L x W?,

Tll isolation and analysis

Solid tumors were harvested from experimental mice and mechanically
disrupted through 70-um nylon mesh strainers to release single cells
(catalog no. 07-201-431, Corning). Single cells were washed once
with C10 medium, resuspended in 50% Percoll (catalog no. P4937,
Sigma-Aldrich), and centrifuged at 800g at 25°C for 30 min with
brake off. Cell pellets enriched with TIIs were then collected and
resuspended in C10 medium for further analysis.

In the experiments studying the Maoa gene expression in TIIs,
day 14 B16-OVA tumors were harvested from B6 wild-type mice to
prepare TII suspensions. TII suspensions were then sorted using a
FACSAria II flow cytometer (BD Biosciences) to purify immune cells
(gated as DAPI"CD45.2" cells), which were then subjected to gPCR
analysis of Maoa mRNA expression.

In the experiments studying the Maoa gene expression in tumor-
infiltrating CD8 T cell subsets, day 14 B16-OV A tumors were
harvested from B6 wild-type mice to prepare TII suspensions.
Tumor-infiltrating CD8 T cells (pregated as CD45.2"TCRB*CDS" cells)
were sorted into three subsets (gated as PD—IIO, PD-1"Tim-3°LAG-3°,
and PD-1""Tim-3"LAG-3" cells) using a FACSAria II flow cytometer
and then were subjected to qPCR analysis of Maoa mRNA expression.

In the experiments studying gene expression profiling of TIIs,
day 14 B16-OVA tumors were harvested from Maoa-WT and
Maoa-KO mice to prepare TII suspensions. TII suspensions were
then sorted using a FACSAria II flow cytometer to purify immune
cells (gated as DAPI"CD45.2" cells), which were then subjected to
scRNA-seq analysis.

In other experiments, TII suspensions prepared under indicated
experimental conditions were directly analyzed by flow cytometry to
study surface marker expression and intracellular effector molecule
production of CD8 T cells (pregated as CD45.2*TCRB"CD8" cells).
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In vitro mouse CD8 T cell culture

Spleen and lymph node cells were harvested from Maoa-KO or
Maoa-W'T (B6 wild-type) mice and subjected to MACS using the
Mouse CD8 T Cell Isolation Kit (catalog no. 120117044, Miltenyi
Biotec) following the manufacturer’s instructions. Purified mouse
CDB8 T cells were cultured in vitro in C10 medium, in a 24-well plate at
0.5 x 10° cells/ml medium per well, in the presence of plate-bound
anti-mouse CD3g (5 ug/ml) for up to 4 days. At indicated time points,
cells were collected for flow cytometry analysis of surface marker
expression and intracellular effector molecule production and for
qPCR analysis of mRNA expression; cell culture supernatants were
collected for ELISA analysis of effector cytokine production.

In experiments studying serotonin signaling, cells were cultured
in C10 medium made of serotonin-depleted FBS that was pretreated
overnight with charcoal-dextran (1 g per 50 ml of FBS; catalog no.
C6241, Sigma-Aldrich). L-Ascorbic acid (100 uM; catalog no. A4403,
Sigma-Aldrich) was added to C10 medium to stabilize T cell-produced
or —supplemented serotonin. In some experiments, cells were treated
with MAOISs to block MAO-A activity; MAOISs studied were phenelzine
(10 pM), moclobemide (200 pM), or clorgyline (20 pM). In some
experiments, cells were supplemented with exogenous serotonin
(10 uM) to stimulate serotonin signaling. In some experiments, cells
were treated with serotonin receptor antagonist asenapine (10 pM) to
block serotonin receptor signaling.

In vitro human CD8 T cell culture

Healthy donor human peripheral blood mononuclear cells (PBMCs)
were purchased from the UCLA Center for AIDS Research (CFAR)
Virology Core Laboratory. PBMCs were cultured in C10 medium in
the presence of plate-bound anti-human CD3 (1 pg/ml) and soluble
anti-human CD28 (1 pg/ml). After 5 days, activated CD8 T cells were
sorted out on the basis of surface markers (CD45"TCRap"CD8")
using a FACSAria II flow cytometer (BD Biosciences). Naive CD8
T cells were sorted from the same donors based on surface markers
(CD45*TCRaB*CD8*CD62LMCD45R0Y) and were included as
controls. The purified naive and effector human CD8 T cells were
then analyzed for MAOA mRNA expression using qPCR.

In vitro OT1 T cell culture

Spleen and lymph node cells were harvested from the OTI-Tg or
OT1-Tg/Maoa-KO mice and then subjected to MACS sorting using
the Mouse CD8 T Cell Isolation Kit (catalog no. 120117044,
Miltenyi Biotec) following the manufacturer’s instructions. The pu-
rified OT1 T cells (identified as CD8"T'CR VB5™ cells) were cultured
in C10 medium, in a 24-well plate at 0.5 x 10° cells per ml medium
per well, in the presence of plate-bound anti-mouse CD3¢ (5 pg/ml)
for up to 4 days. At the indicated time points, cells were collected for
flow cytometry analysis of surface marker expression; cell culture
supernatants were collected for ELISA analysis of effector cytokine
production.

MIG-Maoa retroviral vector and mouse CD8 T cell transduction
The MIG-Maoa retroviral vector was constructed by inserting a
codon-optimized Maoa complementary DNA (cDNA) [synthesized
by Integrated DNA Technologies (IDT)] into the parental MIG
retroviral vector (45). The vesicular stomatitis virus glycoprotein
(VSVG)-pseudotyped MIG and MIG-Maoa retroviruses were
produced using 293T virus-packaging cells following a standard
calcium precipitation method (46, 47) and then were used to trans-
duce Phoenix-ECO cells to generate stable cell lines producing
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ECO-pseudotyped MIG or MIG-Maoa retroviruses (denoted as
Phoenix-ECO-MIG and Phoenix-ECO-MIG-Maoa cell lines, re-
spectively). For virus production, Phoenix-ECO-MIG and Phoenix-
ECO-MIG-Maoa cells were seeded at a density of 0.8 x 10° cells/ml
in D10 medium and cultured in a 15-cm dish (30 ml per dish) for
2 days; virus supernatants were then harvested and freshly used for
spin infection.

MACS-purified CD8 T cells isolated from the Maoa-KO mice
were cultured in vitro and stimulated with plate-bound anti-mouse
CD3e (5 pg/ml) for 4 days. On days 2 and 3, cells were spin-infected
with ECO-pseudotyped MIG or MIG-Maoa retroviral supernatants
supplemented with polybrene (10 pg/ml; catalog no. TR-1003-G,
Millipore) at 1321g at 30°C for 90 min. On day 4, cells were collected
for flow cytometry analysis of transduction efficiency and for gPCR
analysis of effector gene expression.

Retro/ESO-TCR retroviral vector and human

CD8 T cell transduction

The Retro/ESO-TCR vector was constructed by inserting into the
parental pMSGV vector a synthetic gene encoding an HLA-A2-
restricted, NY-ESO-1 tumor antigen-specific human CD8 TCR
(clone 3A1) (24). VSVG-pseudotyped Retro/ESO-TCR retroviruses
were generated by transfecting 293T cells following a standard cal-
cium precipitation protocol and an ultracentrifugation concentra-
tion protocol (48); the viruses were then used to transduce PG13
cells to generate a stable retroviral packaging cell line producing
gibbon ape leukemia virus (GaLV) glycoprotein-pseudotyped Retro/
ESO-TCR retroviruses (denoted as PG13-ESO-TCR cell line). For
virus production, the PG13-ESO-TCR cells were seeded at a density
of 0.8 x 10° cells/ml in D10 medium and cultured in a 15-cm dish
(30 ml per dish) for 2 days; virus supernatants were then harvested
and stored at —80°C for future use.

Healthy donor PBMCs were stimulated with plate-bound anti-
human CD3 (1 pg/ml) and soluble anti-human CD28 (1 pg/ml) in
the presence of recombinant human IL-2 (300 U/ml). On day 2, cells
were spin-infected with frozen-thawed Retro/ESO-TCR retroviral
supernatants supplemented with polybrene (10 pg/ml) at 660g at 30°C
for 90 min after an established protocol (25). Transduced human
CD8 T cells (denoted as ESO-T cells) were expanded for another 7
to 10 days and then cryopreserved for future use. Mock-transduced
human CD8 T cells (denoted as Mock-T cells) were generated as
controls.

In vitro A375-A2-ESO-FG human melanoma

cell-killing assay

The A375-A2-ESO-FG human melanoma cells (5 to 10 x 10% cells
per well) were cocultured with either ESO-T cells or Mock-T cells at
indicated ratios in C10 medium in a Corning 96-well clear bottom
black plate (catalog no. 3603, Corning). At 24 hours, live tumor cells
were quantified by adding p-luciferin (150 pg/ml; part no. 119222,
Caliper Life Science) to cell cultures and reading out luciferase ac-
tivities using an Infinite M1000 microplate reader (Tecan) accord-
ing to the manufacturer’s instructions.

Flow cytometry (FACS)

Flow cytometry, also known as fluorescence-activated cell sorting
(FACS), was used to analyze surface marker and intracellular effector
molecule expression of T cells. Fluorochrome-conjugated mono-
clonal antibodies specific for mouse CD45.2 (clone 104), TCRf
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(clone H57-597), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD69
(clone H1.2F3), CD25 (clone PC61), CD44 (clone IM7), CD62L
(clone MEL-14), and IFN-y (clone XMG1.2) were purchased from
BioLegend. Monoclonal antibodies specific for mouse tumor necrosis
factor-a (TNF-a; clone JES6-5H4) and Fc block (anti-mouse CD16/32)
(clone 2.4G2) were purchased from BD Biosciences. Monoclonal
antibodies specific for mouse PD-1 (clone RMP1-30) was purchased
from Thermo Fisher Scientific. Fluorochrome-conjugated monoclonal
antibodies specific for human CD45 (clone H130), TCRof (clone 126),
CD4 (clone OKT4), CDS8 (clone SK1), CD45RO (clone UCHL1),
CD62L (clone DREG-56), and human Fc receptor-blocking solution
(TruStain FcX, catalog no. 422302) were purchased from BioLegend.
Fixable Viability Dye eFluor 506 (catalog no. 65-0866) was pur-
chased from Thermo Fisher Scientific. OVA dextramer (catalog
no. JD2163) was purchased from Immudex.

To study T cell surface marker expression, cells were stained with
Fixable Viability Dye first, followed by Fc blocking and surface marker
staining, according to a standard procedure as described previously
(47). To study T cell intracellular cytokine production, CD8 T cells or
primary TIIs were stimulated with phorbol-12-myristate-13-acetate
(PMA) (50 ng/ml; catalog no. 80055-400, VWR) and ionomycin
(500 ng/ml; catalog no. 80056-892, VWR) in the presence of GolgiStop
(4 pl per 6-ml culture; catalog no. 554724, BD Biosciences) for 4 hours.
At the end of the culture, cells were collected, and intracellular cyto-
kine (i.e., IFN-y and TNF-0) staining was performed using the Fixation/
Permeabilization Solution Kit (catalog no. 554714, BD Biosciences)
and following the manufacturer’s instructions. To study T cell intra-
cellular cytotoxicity molecule production, CD8 T cells or primary TIls
were collected and then directly subjected to intracellular Granzyme
B staining using the Fixation/Permeabilization Solution Kit (BD
Biosciences). These cells were costained with surface markers
to identify CD8 T cells (gated as TCRB*CD8" cells in vitro or
CD45.2"TCRB*CD8" cells in vivo) or OT1 cells (gated as CD45.2*CD8*
cells in vivo). Stained cells were analyzed by using a MACSQuant
Analyzer 10 flow cytometer (Miltenyi Biotec). A Flow]Jo software
(Tree Star) was used to analyze the data.

Enzyme-linked immunosorbent assay (ELISA)

To study T cell cytokine production, MACS-purified mouse CD8
T cells were cultured in C10 medium under indicated experimental
conditions for up to 4 days. At indicated time points, cell culture
supernatants were collected for cytokine ELISA analysis following
a standard protocol from the BD Biosciences. The coating and
biotinylated antibodies for the detection of mouse IFN-y (coating
antibody, catalog no. 554424; biotinylated detection antibody, catalog
no. 554426) and IL-2 (coating antibody, catalog no. 551216;
biotinylated detection antibody, catalog no. 554410) were purchased
from BD Biosciences. The streptavidin-horseradish peroxidase
(HRP) conjugate (catalog no. 18410051) was purchased from
Invitrogen. Mouse IFN-vy (catalog no. 575309) and IL-2 (catalog
no. 575409) standards were purchased from BioLegend. The
3,3',5,5'-tetramethylbenzidine (TMB; catalog no. 51200048) sub-
strate was purchased from Kirkegaard & Perry Laboratories (KPL).
The absorbance at 450 nm was measured using an Infinite M1000
microplate reader (Tecan).

To study T cell serotonin production, MACS-purified mouse
CD8 T cells were cultured in C10 medium made of serotonin-
depleted FBS and supplemented with L-ascorbic acid, in the presence
of plate-bound anti-mouse CD3e (5 pg/ml) for up to 4 days. At
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indicated time points, cell culture supernatants were collected for
serotonin ELISA analysis using a commercial kit following the
manufacturer’s instructions (SEU39-K01, Eagle Biosciences). The
absorbance at 450 nm was measured using an Infinite M1000
microplate reader (Tecan).

Western blots

CD8 T cells purified from Maoa-W'T and Maoa-KO mice were cul-
tured in vitro in a 24-well plate at 0.5 x 10° cells per well for 2 days,
in the presence of plate-bound anti-mouse CD3g (5 pug/ml), with or
without asenapine treatment (10 pM). Cells were then rested on ice
for 2 hours and restimulated with plate-bound anti-mouse CD3e
(5 ng/ml) for 20 min. Total protein was extracted using a lysis buffer
containing 20 mM HEPES (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1%
TritonX-100, and protease/phosphatase inhibitor cocktail (catalog
no. 58728, Cell Signaling Technology). Nuclear protein was extract-
ed using the Nuclear Protein Extraction Kit (catalog no. P178833,
Thermo Fisher Scientific). Protein concentration was measured us-
ing the Bicinchoninic Acid (BCA) Assay Kit (catalog nos. 23228 and
1859078, Thermo Fisher Scientific). Equal amounts of protein were
resolved on a 10% SDS-polyacrylamide gel electrophoresis gel and
then transferred to a polyvinylidene difluoride (PVDF) membrane by
electrophoresis. MAO-A antibody was purchased from Abcam
(catalog no. ab126751, clone EPR7101). The following antibodies
were purchased from the Cell Signaling Technology and used to
blot for the proteins of interest: anti-mouse NF-xB p65 (catalog
no. 8242P, clone D14E12), anti-mouse c-Jun (catalog no. 91658,
clone 60A8), anti-mouse NFAT (catalog no. 4389S), anti-mouse
ERK1/2 (catalog no. 91078, clone 3A7), anti-mouse p-ERK1/2
(catalog no. 43708, clone D13.14.4E), secondary anti-mouse (catalog
no. 7076P2), and secondary anti-rabbit (catalog no. 7074P2).
B-Actin (catalog no. sc-69879, clone AC-15, Santa Cruz Biotechnology)
was used as an internal control for total protein extracts, whereas
Lamin A/C (catalog no. 39287, clone 3A6-4C11, Active Motif) was
used as an internal control for nuclear protein extracts. Signals
were visualized with autoradiography using an enhanced chemi-
luminesence (ECL) system (catalog no. RPN2232, Thermo Fisher
Scientific). The data were analyzed using an Image Lab software
(Bio-Rad).

High-performance liquid chromatography (HPLC)

HPLC was used to measure intratumoral and serum serotonin lev-
els as previously described (49, 50). Briefly, tumors and sera were
collected from experimental mice at indicated time points and were
snap-frozen using liquid nitrogen. Frozen samples were thawed and
homogenized using methanol and acetonitrile by vortexing. Homo-
genized samples were centrifuged, and supernatants were collected
to new tubes and evaporated under a stream of argon. Dried sample
pellets were then reconstituted in HPLC running buffer and were
ready for analysis. Serotonin concentration was quantified using a
C18 column by reverse-phase HPLC (System Gold 166P detector,
Beckman Coulter). For tumor samples, both intracellular and inter-
stitial serotonin were analyzed.

mRNA quantitative RT-PCR (mRNA qPCR)

Total RNA was isolated using TRIzol reagent (catalog no. 15596018,
Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s
instructions. cDNA was prepared using the SuperScript III First-
Strand Synthesis SuperMix Kit (catalog no. 18080400, Invitrogen,
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Thermo Fisher Scientific). Gene expression was measured using the
KAPA SYBR FAST gqPCR Kit (catalog no. KM4117, Kapa Biosystems)
and the 7500 Real-time PCR System (Applied Biosystems) according
to the manufacturer’s instructions. Ube2d2 was used as an internal
control for mouse immune cells, and ACTIN was used as an internal
control for human immune cells. The relative expression of the
mRNA of interest was calculated using the 2**“" method. Primer
sequences are available in table S1.

Single-cell RNA sequencing (scRNA-seq)

scRNA-seq was used to analyze the gene expression profiling of
TIIs. Day 14 B16-OV A tumors were harvested from Maoa-W'T and
Maoa-KO mice to prepare TII suspensions (10 tumors were com-
bined for each group). TII suspensions were then sorted using a
FACSAria II flow cytometer to purify immune cells (gated as
DAPI"CD45.2" cells). Sorted TIIs were immediately delivered to
the Technology Center for Genomics & Bioinformatics (TCGB)
facility at UCLA for library construction and sequencing. Briefly,
purified TIIs were quantified using a Cell Countess II automated
cell counter (Invitrogen/Thermo Fisher Scientific). A total of 10,000
TIIs from each experimental group were loaded on the Chromium
platform (10x Genomics), and libraries were constructed using
the Chromium Single Cell 3’ Library & Gel Bead Kit v2 (catalog
no. PN-120237, 10x Genomics) according to the manufacturer’s in-
structions. Libraries were sequenced on an Illumina NovaSeq using
the NovaSeq 6000 S2 Reagent Kit (100 cycles; 20012862, Illumina).
Data analysis was performed using a Cell Ranger Software Suite
(10x Genomics). Binary base call (BCL) files were extracted from
the sequencer and used as inputs for the Cell Ranger pipeline to
generate the digital expression matrix for each sample. Then, cell-
ranger aggr command was used to aggregate the two samples into
one digital expression matrix. The matrix was analyzed using Seurat,
an R package designed for scRNA-seq. Specifically, cells were first
filtered to have at least 300 unique molecular identifiers (UMIs), at
least 100 genes, and at most 50% mitochondrial gene expression;
only one cell did not pass the filter. The filtered matrix was normal-
ized using the Seurat function NormalizeData. Variable genes were
found using the Seurat function FindVariableGenes. The matrix was
scaled to regress out the sequencing depth for each cell. Variable
genes that had been previously identified were used in principal
components analysis (PCA) to reduce the dimensions of the data.
After this, 13 principal components (PCs) were used in Uniform
Manifold Approximation and Projection (UMAP) to further reduce
the dimensions to two. The same 13 PCs were also used to group the
cells into different clusters by the Seurat function FindClusters. Next,
marker genes were found for each cluster and used to define the cell
types. Subsequently, three clusters of antigen-experienced tumor-
infiltrating CD8 T cells (identified by coexpression of Cd8a, Cd3d,
and Cd44 marker genes) were extracted and compared between the
Maoa-W'T and Maoa-KO samples.

For GSEA, signal-to-noise ratio was used to rank the genes in
correlation with indicated gene signatures. For each cluster, the av-
erage expression of each gene in this cluster and in all other clusters
was calculated. Fold changes were calculated by comparing the
average expressions. The genes were then ranked by fold changes
from high to low. To compare our data to preannotated datasets,
we used the CD8 T cell subtype marker genes published by Miller
et al. (16). GSEA was performed on these marker genes against the
ranked genes in our dataset.
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Tumor Immune Dysfunction and Exclusion (TIDE)
computational method

TIDE analysis was performed as previously described (26, 51)
(http://tide.dfci.harvard.edu/query/). Briefly, this method was used
to study the association between the tumor-infiltrating CD8 T cell
[also known as cytotoxic T lymphocyte (CTL)] level and overall
patient survival in relation to the intratumoral MAOA gene expres-
sion level. For each patient cohort, tumor samples were divided into
MAOA-high (samples with MAOA expression one standard derivation
above the average) and MAOA-low (remaining samples) groups,
followed by analyzing the association between the CTL levels and
survival outcomes in each group. The CTL level was estimated as the
average expression level of CD8A, CD8B, GZMA, GZMB, and PRF1.
Each survival plot presented tumors in two subgroups: “CTL-high”
group had above-average CTL values among all samples, whereas
“CTL-low” group had below-average CTL values. A T cell dysfunction
score (z score) was calculated for each patient cohort, correlating the
MAOA expression level with the beneficial effect of CTL infiltration
on patient survival. A positive z score indicates that the expression of
MAOA is negatively correlated with the beneficial effect of tumor-
infiltrating CTL on patient survival. The P value indicates the com-
parison between the MAOA-low and MAOA-high groups and was
calculated by two-sided Wald test in a Cox proportional hazards
(Cox-PH) regression.

Statistics

A GraphPad Prism 7 software (GraphPad Software) was used for the
graphic representation and statistical analysis of the data. Pairwise
comparisons were made using a two-tailed Student’s t test. Multiple
comparisons were performed using an ordinary one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparisons test
or a two-way repeated measures ANOV A followed by Sidak multiple
comparisons test. Data are presented as the means + SEM, unless
otherwise indicated. A P value of less than 0.05 was considered sig-
nificant. ns, not significant; *P < 0.05, **P < 0.01, and ***P < 0.001.
The P values of violin plots were determined by Wilcoxon rank sum
test. The P values of comparison between survival plots were calcu-
lated by testing the association between TIDE prediction scores and
overall survival with the two-sided Wald test in a Cox-PH regression.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/6/59/eabh2383/DC1

Fig. S1. Characterization of Maoa-KO mice (related to Fig. 1).

Fig. S2. MAO-A-deficient mice show suppressed tumor growth and enhanced CD8 T cell
antitumor immunity (related to Fig. 1, Eto M).

Fig. S3. MAO-A-deficient tumor-infiltrating CD8 T cells show enhanced mitochondrial electron
transport chain gene expression (related to Fig. 1, Kto M).

Fig. S4. MAO-A directly regulates antitumor immunity (related to Fig.2, Ato C).

Fig. S5. MAO-A directly regulates CD8 T cell antitumor immunity (related to Fig. 2, Dto F).
Fig. S6. MAO-A acts as a negative-feedback regulator to restrain CD8 T cell activation (related
toFig.3).

Fig. S7. MAO-A acts as a negative-feedback regulator to restrain CD8 T cell activation:
Studying antigen-specific T cells (related to Fig. 3).

Fig. $8. MAO-A regulates CD8 T cell autocrine serotonin signaling (related to Fig.4).

Fig. 59. MAOI treatment induces CD8 T cell hyperactivation invitro (related to Fig. 5A).

Fig. $10. MAO-A blockade for cancer immunotherapy: Syngeneic mouse tumor model studies
(related to Fig.5).

Fig. S11. MAO-A blockade for cancer immunotherapy: Immunodeficient NSG mouse tumor
model studies (related to Fig. 5).

Fig. $12. MAO-A blockade for cancer immunotherapy: Human T cell studies (related to
Fig.6,Ato D).

Fig. $13. Clinical data correlation studies identify MAO-A as a negative regulator of T cell
antitumor function in patients with cancer (related to Fig.6, E and F).
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Fig. S14. The intratumoral MAO-A-serotonin axis model.
Table S1. Primer sequences for qPCR.

Table S2. Raw data file (Excel spreadsheet).
Reproducibility checklist
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Targeting tumor-associated macrophages (TAMs) is a promising strategy to modify the
immunosuppressive tumor microenvironment and improve cancer immunotherapy. Mono-
amine oxidase A (MAO-A) is an enzyme best known for its function in the brain; small
molecule MAO inhibitors (MAOIs) are clinically used for treating neurological disorders.
Here we observe MAO-A induction in mouse and human TAMs. MAO-A-deficient mice
exhibit decreased TAM immunosuppressive functions corresponding with enhanced anti-
tumor immunity. MAOI treatment induces TAM reprogramming and suppresses tumor
growth in preclinical mouse syngeneic and human xenograft tumor models. Combining MAOI
and anti-PD-1 treatments results in synergistic tumor suppression. Clinical data correlation
studies associate high intratumoral MAOA expression with poor patient survival in a broad
range of cancers. We further demonstrate that MAO-A promotes TAM immunosuppressive
polarization via upregulating oxidative stress. Together, these data identify MAO-A as a
critical regulator of TAMs and support repurposing MAOIs for TAM reprogramming to
improve cancer immunotherapy.
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significant breakthroughs. In particular, immune check-

point blockade (ICB) therapy has yielded remarkable
clinical responses and revolutionised the treatment of many
cancers!. So far, the FDA has approved cytotoxic T-lymphocyte
antigen 4 (CTLA-4) and programmed cell death protein 1/ligand
1 (PD-1/PD-L1) blockade therapies for treating more than ten
different malignancies?; however, only a small fraction of cancer
patients respond to these therapies®?. Most ICB therapies work
through enhancing antitumor CD8V T-cell responses, which can
be greatly limited by the immunosuppressive tumor micro-
environment (TME)®. Tumor-associated macrophages (TAMs), a
key component of the immunosuppressive TME, dampen T-cell
antitumor reactivity in the majority of solid tumors®-%. Growing
evidence suggests that TAMs are responsible for inhibiting anti-
tumor T-cell reactivity and limiting the ICB therapy efficacy,
making TAMs potential targets for reversing the immunosup-
pressive TME and improving cancer immunotherapy!0-12.

In general, TAMs are considered to mature from bone
marrow-derived circulating monocytes; these monocytes are
recruited to the tumor sites, exposed to chemokines and growth
factors in the TME, and subsequently differentiate into
TAMs!>14. There is also increasing evidence for tissue-resident
macrophage-originated TAMs!®. Depending on the surrounding
immune environment, macrophages can be polarized towards an
immunostimulatory phenotype by pro-inflammatory stimuli (e.g.,
IFN-y) or towards an immunosuppressive phenotype by anti-
inflammatory stimuli (e.g., IL-4 and IL-13)!6. Although a binary
polarization system is commonly used in macrophage studies, in
most large-scale transcriptome analyses, TAMs showed a con-
tinuum of phenotypes expressing both immunostimulatory and
immunosuppressive markers in addition to the extreme ends of
polarization!®!7. These mixed phenotypes and polarization states
suggest the complexity of the TME and the residential TAM
functionality. As a tumor develops, the enrichment of IL-4 and
IL-13 produced by tumor cells and CD4* T cells in the TME
results in the polarization of TAMs towards an immunosup-
pressive phenotype, that promotes tumor growth, malignancy,
and metastasis'®!8. In established solid tumors, TAMs pre-
dominately exhibit an immunosuppressive phenotype, evidenced
by their production of anti-inflammatory cytokines and arginase-
1 (Argl), as well as their expression of mannose receptor (CD206)
and scavenger receptors!%20. Through metabolising L-arginine via
Argl, TAMs can directly suppress cytotoxic CD8%" T-cell
responses?1?2. Mannose receptor (CD206) expressed by TAMs
can impair cytotoxicity of CD8" T cells by suppressing CD45
phosphatase activity?>. In addition, TAMs can inhibit T-cell
activities through immune checkpoint engagement by expressing
the ligands of the inhibitory receptors PD-1 and CTLA-4. For
example, PD-L1 and PD-L2 expressed on TAMs interact with
PD-1 of T cells to directly inhibit TCR signalling, cytotoxic
function, and proliferation of CD8* T cells'®. These character-
istics of TAMs make them potential targets for reversing the
immunosuppressive TME to augment antitumor immunity.

Although the predominant phenotype of TAMs in established
solid tumors is immunosuppressive, polarization is not fixed.
Plasticity, one of the key features of TAMs, enables TAMs to
change their phenotype in solid tumors and thereby providing a
therapeutic window?%25. Repolarizing/reprogramming TAMs
from an immunosuppressive and tumor-promoting phenotype
towards an immunostimulatory and tumoricidal phenotype has
thus become an attractive strategy in immunotherapy!8. Pre-
clinical and clinical studies are ongoing, evaluating TAM-
repolarizing reagents (e.g., CD40 agonists, HDAC inhibitors,
PI3Ky inhibitors, creatine, etc.) for improving ICB therapy; cer-
tain efficacies have been reported!!>19:26, Therefore, the search for

O ver the past decade, cancer immunotherapy has achieved
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new molecules regulating TAM polarization and the development
of new combination treatments targeting TAM reprogramming is
an active direction of current cancer immunotherapy studies.

Monoamine oxidase A (MAO-A) is an outer mitochondrial
membrane-bound enzyme encoded by the X-linked MAOA gene.
MAO-A is best known for its function in the brain, where it is
involved in the degradation of a variety of monoamine neuro-
transmitters, including serotonin, dopamine, epinephrine, and
norepinephrine. Through regulating the availability of serotonin,
MAO-A modulates neuronal activities thereby influencing mood
and behaviour in humans®”?8. Through regulating the availability
of dopamine and the abundance of dopamine breakdown by-
product hydrogen peroxide (H,O,; hence oxidative stress), MAO-
A is involved in multiple neurodegenerative diseases, including
Parkinson’s disease (PD)?*30. FDA-approved small-molecule
MAO inhibitors (MAOIs) are currently available for the treat-
ment of neurological disorders, including depression and
PD39-32, However, the functions of MAO-A outside of the brain
are largely unknown.

In this study, we investigate the role of MAO-A in regulating
TAM polarization and evaluate the possibility of repurposing
MAQOIs for reprogramming TAMs and improving cancer
immunotherapy. We demonstrate that MAO-A promotes TAM
immunosuppressive polarization and subsequent inhibition of
antitumor immunity in mice via upregulating oxidative stress.
MAOI treatment induces TAM reprogramming and suppresses
tumor progression in preclinical mouse syngeneic and human
xenograft tumor models. Combining MAOI and anti-PD-1
treatments result in synergistic tumor suppression. Clinical data
correlation studies associate high intratumoral MAO-A expres-
sion with poor patient survival in a broad range of cancers.
Together, these data identify MAO-A as a critical regulator of
TAMs and support repurposing MAOIs for TAM reprogram-
ming to improve cancer immunotherapy.

Results

MAO-A-deficient mice show reduced tumor growth associated
with altered TAM polarization. In a search for new molecules
regulating TAM reprogramming, we inoculated C57BL/6] mice
with syngeneic B16-OVA melanoma tumors, isolated TAMs and
assessed TAM gene expression profiles. Monocytes isolated from
tumor-free and tumor-bearing mice were included as controls. In
addition to changes in classical genes involved in regulating
macrophage immune responses, we observed the induction of a
Maoa gene in TAMs (Fig. la), suggesting that MAO-A may be
involved in modulating TAM activities.

To study the role of MAO-A in antitumor immunity in vivo,
we used MAO-A-deficient mice that carry a hypomorphic MAO-
A mutant’3. Although a degree of Maoa expression leakage in the
brain had been previously reported in these mice??, analysis of
their immune system showed nearly complete ablation of MAO-
A expression in major lymphoid organs, including the spleen and
bone marrow (BM) (Supplementary Fig. 1a). Since we focused on
immune cells in this study, we denote these mice as Maoa
knockout (KO) mice. When challenged with B16-OVA mela-
noma cells (Fig. 1b), tumor growth in Maoa KO mice was
significantly suppressed compared to that in Maoa wild-type
(WT) mice (Fig. 1c, d). Although similar levels of TAMs (gated as
CD45.2+CD11btLy6G~Ly6C~/1oWE4/80" cells) were detected in
Maoa WT and Maoa KO mice (Supplementary Fig. 1b, c),
compared to their WT counterparts, TAMs isolated from Maoa
KO mice exhibited a less immunosuppressive phenotype,
indicated by their decreased expression of immunosuppressive
markers (i.e, CD206; Fig. le), and their increased expression of
immunostimulatory molecules (i.e., CD69, CD86 and MHC class
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II I-Ab; Fig. 1f-h). Further analysis showed that TAMs from
Maoa KO mice expressed reduced levels of immunosuppression-
associated genes (i.e., Mrcl, Chi313 and Argl; Fig. 1i) and
increased levels of pro-inflammatory cytokine genes (i.e., 116, Tnfo
and Ccl2; Fig. 1j). Corresponding to the altered TAM polarization
in Maoa KO mice, tumor-infiltrating CD8" T cells in these mice
showed enhanced activation (i.e., increased production of
Granzyme B; Supplementary Fig. 1d). Single-cell RNA sequencing
(scRNAseq) analysis was performed on tumor-infiltrating
immune cells (TIIs) isolated from Maoa W'T and Maoa KO
mice. Uniform Manifold Approximation and Projection (UMAP)
of total TIIs showed the formation of 6 cell clusters (TAM/Mono,
T cell, NK cell, B cell, DC and pDGC; Fig. 1k and Supplementary
Fig. le); cell cluster distributions were similar comparing Maoa
WT and KO TIIs (Supplementary Fig. 1f, g). Further UMAP
analysis of the TAM/Mono subpopulation showed the formation
of five cell clusters (TAM_1, TAM_2, Mono_1, Mono_2 and
Mono_3; Fig. 1k and Supplementary Fig. 1h). Compared to that
in Maoa WT mice, the TAM subpopulation in Maoa KO mice
comprised an increased ratio of TAM_1 (Mrc1'owCdgehigh) to
TAM_2 (MrcihighCdgslow) cells, corresponding to a reduced
immunosuppressive phenotype of TAMs in Maoa KO mice
(Fig. 11 and Supplementary Fig. 1i); the monocyte subpopulation
in Maoa WT and KO mice comprised a similar composition of
Mono_1 (Ly6c2med), Mono_2 (L}IGCZ]O), and Mono_3 (Ly6£2hi)
cells (Supplementary Fig. 1j, k). Gene expression profile analysis
confirmed a reduction of TAMs expressing immunosuppressive
genes (i.e, Mrcl and Chi3I3; Fig. 1m) and an enrichment of
TAMs expressing immunostimulatory genes (ie., Ccl2, Ccl7,
Cd86, H2-Aa, and H2-AbI; Fig. 1n) in Maoa KO mice. These data
strongly indicate that MAO-A is involved in regulating TAM
polarization thereby modulating antitumor immunity.

MAO-A directly regulates TAM polarization and influences
TAM-associated T-cell antitumor reactivity. In our Maoa KO
mice tumor challenge study, MAO-A deficiency impacted both
immune and non-immune cells (Fig. 1b). To determine whether
MAO-A directly regulates immune cells, we conducted a BM
transfer experiment wherein BM cells harvested from Maoa WT
or KO mice were adoptively transferred into BoyJ (CD45.1) WT-
recipient mice followed by B16-OVA tumor challenge (Fig. 2a).
In this experiment, MAO-A deficiency comparison was confined
to immune cells. MAO-A deficiency in immune cells resulted in
suppressed tumor growth (Fig. 2b, c), altered TAM polarization
(i.e., downregulation of immunosuppressive markers such as
CD206, Fig. 2d; and upregulation of immunostimulatory markers
such as CD69, CD86 and MHC class II I-Ab; Fig. 2e, f and
Supplementary Fig. 2a), and enhanced tumor-infiltrating CD8"
T-cell activation (i.e., increased production of cytotoxic molecules
such as Granzyme B; Supplementary Fig. 2b), indicating that
MAO-A directly regulates immune cell antitumor activity, in
particular TAM polarization and T-cell antitumor reactivity.

To further study whether MAO-A acts as a macrophage
autonomous factor directly regulating TAM polarization and
thereby influencing antitumor immunity, we performed a
macrophage adoptive transfer tumor experiment. BM cells were
harvested from Maoa WT and KO mice then cultured into bone
marrow-derived macrophages (BMDMs). These Maoa WT or
KO BMDMs were then mixed with B16-OVA melanoma cells
and subcutaneously (s.c.) injected into Boy] WT-recipient mice to
establish solid tumors (Fig. 2g). In this study, MAO-A-deficiency
comparison was confined to TAMs. Suppressed tumor growth
(Fig. 2h, i), downregulated expression of TAM immunosuppres-
sive markers (i.e., CD206; Fig. 2j), upregulated expression of
TAM immunostimulatory markers (i.e., CD69 and CD86; Fig. 2Kk,
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1) and enhanced tumor-infiltrating CD8* T-cell reactivity (i.e.,
increased production of Granzyme B; Fig. 2m) were observed in
mice receiving Maoa KO BMDMs. Collectively, these in vivo
studies demonstrate that MAO-A acts as an autonomous factor
directly regulating TAM polarization, and thereby influencing T-
cell antitumor reactivity and impacting tumor growth.

MAO-A promotes macrophage immunosuppressive polariza-
tion. To study MAO-A regulation of macrophage polarization,
we cultured Maoa WT and KO BMDMs in vitro and polarized
these macrophages towards an immunosuppressive phenotype by
adding anti-inflammatory stimuli (i.e., IL-4 and IL-13; Fig. 3a).
We observed a sharp induction of Maoa mRNA expression in
Maoa WT BMDMs during M-CSF-induced macrophage differ-
entiation; Maoa expression was then plateaued in matured
BMDMs and maintained over IL-4/IL-13-induced immunosup-
pressive polarization (Fig. 3b, c). MAO-A expression was unde-
tectable in Maoa KO BMDMs, confirming their Maoa-deficiency
genotype (Fig. 3b, d). Compared to their wild-type counterpart,
Maoa KO macrophages displayed a less immunosuppressive
phenotype under IL-4/IL-13 stimulation, evidenced in their
reduced expression of immunosuppressive markers (i.e., CD206;
Fig. 3e) and signature genes (i.e., Chi3I3 and Argl; Fig. 3f, g and
Supplementary Fig. 3a). When tested in a macrophage/T-cell co-
culture assay (Fig. 3h), in agreement with their less immuno-
suppressive phenotype, IL-4/IL-13-polarized Maoa KO macro-
phages exhibited impaired suppression of wild-type CD8F T cells
under anti-CD3/CD28 stimulation, shown as their attenuated
inhibition of CD8* T-cell proliferation (Fig. 3i) and activation
marker expression (i.e., upregulation of CD25 and CD44, and
downregulation of CD62L; Fig. 3j, k and Supplementary Fig. 3b).

To verify whether MAO-A deficiency directly contributed to
the alleviated immunosuppressive polarization of Maoa KO
macrophages, we performed a rescue experiment. We constructed
a MIG-Maoa retroviral vector, used this vector to transduce
Maoa KO BMDMs, and achieved overexpression of MAO-A in
these macrophages (Fig. 31-n and Supplementary Fig. 3c). MAO-
A overexpression significantly exacerbated the immunosuppres-
sive phenotype of IL-4/IL-13-stimulated Maoa KO BMDMs (i.e.,
upregulation of immunosuppressive signature genes such as
Chi3I3 and Argl; Fig. 30, p). Taken together, these results indicate
that MAO-A acts as an autonomous factor promoting macro-
phage immunosuppressive polarization under anti-inflammatory
stimuli.

MAO-A promotes macrophage immunosuppressive polariza-
tion via ROS upregulation. Next, we sought to investigate the
molecular mechanisms regulating MAO-A promotion of macro-
phage immunosuppressive polarization. It has been reported that
intracellular reactive oxygen species (ROS; hence, oxidative stress)
elicit macrophage immunosuppressive features’*-36. MAO-A
catalyzes the oxidative deamination of monoamines, thereby
generating hydrogen peroxide (H,0,) as a by-product that can
increase intracellular ROS levels. We, therefore, speculated that
MAO-A might promote TAM immunosuppressive polarization in
TME via upregulating ROS levels in TAMs (Fig. 4a).

To test this hypothesis, we directly measured ROS levels in
TAMs isolated from Maoa WT and KO mice-bearing B16-OVA
tumors and detected significantly lower levels of ROS in Maoa
KO TAMs (Fig. 4b, c). Measurement of ROS levels in in vitro-
cultured Maoa W'T and KO BMDM:s also showed reduced levels
of ROS in Maoa KO BMDMs, with or without IL-4/IL-
13 stimulation, in agreement with the in vivo TAM results
(Fig. 4d). Supplementing H,0, to IL-4/IL-13-stimulated Maoa
WT and KO BMDMs elevated their intracellular ROS to similar
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levels (Supplementary Fig. 4a, b) and eliminated their differences
in expression of immunosuppressive markers (i.e., CD206; Fig. 4¢)
and signature genes (i.e., Chi3I3 and Argl; Fig. 4f, g).

On the other hand, supplementation of tyramine, a substrate of
MAO-A, increased ROS levels and upregulated the expression of
immunosuppressive genes (i.e., Chi3I3 and Argl) in Maoa WT
BMDMs but not in Maoa KO BMDMs (Fig. 4h-j). Taken
together, these data indicate that MAO-A regulates macrophage
immunosuppressive polarization via modulating macrophage
intracellular ROS levels.

The JAK-Stat6 signalling pathway plays a key role in mediating
IL-4/IL-13-induced immunosuppressive polarization of TAMs in
TME?738, After TL-4/IL-13 stimulation, JAK is phosphorylated
and subsequently phosphorylates Stat6; phosphorylated Stat6
dimerises and migrates to the nucleus, where it binds to the
promoters of IL-4 and IL-13 responsive genes including those
involved in macrophage immunosuppressive functions®”. ROS

OMM

has been reported to promote JAK and Stat6 phosphorylation in a
variety of cell types*®#L. Since we observed decreased ROS levels
in Maoa KO macrophages compared to those in Maoa WT
macrophages (Fig. 4b, c), we postulated that MAO-A may impact
macrophage polarization through upregulating ROS levels and
thereby sensitising the JAK-Stat6 signalling pathway. Indeed,
direct analysis of TAMs isolated from B16-OVA tumor-bearing
Maoa WT and Maoa KO mice confirmed that compared to wild-
type TAMs, MAO-A-deficient TAMs showed reduced Stat6
activation (i.e., reduced Stat6 phosphorylation; Fig. 4k, 1). Further
analysis of IL-4/IL-13-induced JAK-Stat6 signalling pathway in
Maoa KO BMDMs compared to that in Maoa WT BMDMs
showed significantly reduced JAK-Stat6 signalling (i.e., reduced
JAKI, JAK2, JAK3 and Stat6 phosphorylation; Fig. 4m). Supple-
menting H,O0, to IL-4/IL-13-stimulated Maoa WT and KO
BMDMs increased their JAK-Stat6 signalling to similar levels (i.e.,
comparable JAKI1, JAK2, JAK3 and Staté phosphorylation;
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Fig. 4m), corresponding to their comparable high levels of ROS
(Supplementary Fig. 4a, b). These data indicate that MAO-A
promotes macrophage immunosuppressive polarization via ROS-
sensitised JAK-Stat6 pathway activation.

Collectively, these in vivo and in vitro data support a working
model that MAO-A promotes TAM immunosuppressive polar-
ization in TME, at least partly through upregulating TAM
intracellular ROS levels and thereby enhancing the IL-4/IL-13-
induced JAK-Stat6 signalling pathway.

MAO-A blockade for cancer immunotherapy—syngeneic
mouse tumor model studies. The identification of MAO-A as a

6 NATURE COMMUNIC

key regulator of TAM immunosuppressive polarization makes
MAO-A a promising drug target for cancer immunotherapy.
Because of the known functions of MAO-A in the brain, small-
molecule MAOIs have been developed and clinically utilised for
treating various neurological disorders, making it a highly feasible
and attractive approach to repurpose these established MAOI
drugs for cancer immunotherapy?’*2. In an in vitro WT BMDM
IL-4/IL-13-induced polarization culture (Fig. 5a), addition of
multiple MAOIs efficiently reduced ROS levels in BMDMs
(Fig. 5b) and suppressed their immunosuppressive polarization,
evidenced by their decreased expression of immunosuppressive
markers (i.e., CD206; Fig. 5¢) and immunosuppressive genes (i.e.,
Chi3I3 and Argl; Fig. 5d, e). Notably, the MAOIs that we tested
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and ArgT (j) mRNA expression. *p < 0.05, **p < 0.01 and ***p < 0.001. k, | Study of TAMs isolated from Maoa WT and Maoa KO mice-bearing B16-OVA

tumors at day 18 (combined from five mice per group). k Experimental design. |

Western blot analyses of TAMs. TAMs were FACS sorted as the

DAPI-CD45.2+CD1b*Ly6G—Ly6C—/10%F4,/80+ cells from total Tlls. Source data are provided as a Source Data file. m Western blot analyses of JAK-

Staté signalling in Maoa WT and Maoa KO BMDMs, with or without IL-4/IL-13 po

larization and H,O, treatment. BMDMs were treated with H,0O, for 30

min prior to IL-4/IL-13 stimulation for another 30 min. Representative of three experiments. Analysed by two-way ANOVA (d-j) or by Student's t test (¢).

Statistics are all two-sided. Source data are provided as a Source Data file.
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Fig. 5 MAO-A blockade for cancer immunotherapy—sy i tumor model studies. a-e Studying the effect of MAOI treatment on IL-4/IL-13-

induced BMDM polarization in vitro (n = 4). a Experimental design. Wild-type BMDMs were stimulated with IL-4/IL-13 with or without MAOI treatment.
MAOIs (monoamine oxidase inhibitors) studied were phenelzine (Phe; 20 pM), clorgyline (Clo; 20 pM), moclobemide (Moc; 200 pM), and pirlindole (Pir;
20 pM). NT no MAOI treatment. b FACS analyses of ROS levels in BMDMs. € FACS analyses of CD206 expression on BMDMs. d, e QPCR analyses of
Chi3I3 (d) and Argl (e) mRNA expression in BMDMs. ***p < 0.001. f-j Studying the TAM-related cancer immunotherapy potential of MAOI treatment in a
B16-OVA melanoma syngeneic mouse tumor model. f Experimental design. B6 wild-type mice were treated with clodronate liposomes (Clod) to serve as
TAM-depleted experimental mice or treated with vehicle liposomes (Veh) to serve as TAM-intact control mice. Phe phenelzine treatment, NT no
phenelzine treatment. g Tumor growth. h Tumor volume at day 18 (***p < 0.001). i FACS analyses of CD206 expression on TAMs of TAM-intact
experimental mice (*p = 0.0164). j FACS analyses of intracellular Granzyme B production in tumor-infiltrating CD8* T cells of all experimental mice (NT,
*p=0.0257; Veh, **p=0.0025). Veh NT, n=7; Veh Phe, n=8; Clod NT, n=7; Clod Phe, n= 7. k-0 Studying the cancer therapy potential of MAOI
treatment in combination with anti-PD-1 treatment in the B16-OVA melanoma and MC38 colon cancer syngeneic mouse tumor models (n=5).

k Experimental design. Tumor-bearing mice were treated with anti-PD-1 antibody (aPD-1) or isotype control (Iso), together with or without phenelzine
(Phe) treatment. NT no Phe treatment. | B16-OVA tumor growth. m B16-OVA tumor volume at day 18. n MC38 tumor growth. o MC38 tumor volume at
day 27. *p < 0.05, **p < 0.01 and ***p < 0.001. Representative of three experiments. Analysed by one-way ANOVA (b-e, h, j, m, o) or by Student’s t test (i).
Statistics are all two-sided. Source data are provided as a Source Data file.

include phenelzine, clorgyline, moclobemide, and pirlindole,
covering the major categories of established MAOIs classified on
the basis of whether they are non-selective or selective for MAO-
A, and whether their effect is reversible (Fig. 5a)*"*3. Among
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these MAOIs, phenelzine (trade name: Nardil) is clinically
available in the United States*2. In the following studies, we chose
phenelzine as a representative to study the possibility of repur-
posing MAOIs for cancer immunotherapy, using two syngeneic
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mouse tumor models: a B16-OVA melanoma model and a MC38
colon cancer model**. Of note, phenelzine is a non-selective
irreversible MAOI that inhibits both MAO-A and its isoenzyme
MAO-B3!; however, because mouse macrophages predominantly
express MAO-A over MAO-B, phenelzine treatment mainly
regulates TAM reprogramming via inhibiting MAO-A in these
tumor models (Supplementary Fig. 5a).

First, we studied the therapeutic potential of phenelzine in a
B16-OVA tumor prevention model (Fig. 5f). Phenelzine treat-
ment effectively suppressed B16-OVA tumor growth in B6 wild-
type mice (Fig. 5g, h). No tumor growth difference was observed
when we depleted TAMs in experimental mice via a clodronate
liposome treatment, indicating that phenelzine suppressed tumor
growth via modulating TAMs (Fig. 5g, h and Supplementary
Fig. 5b). Correspondingly, TAMs isolated from phenelzine-
treated mice displayed a less immunosuppressive phenotype,
evidenced by their decreased expression of immunosuppressive
markers (i.e., CD206; Fig. 5i) and signature genes (i.e., Chi3I3 and
Argl; Supplementary Fig. 5c) while increased expression of
immunostimulatory markers (i.e, CD69, CD86 and I-Ab;
Supplementary Fig. 5d-f), that was correlated with an enhanced
antitumor reactivity of tumor-infiltrating CD8% T cells (i.e.,
increased production of Granzyme B; Fig. 5j) in these mice.
Further studies showed that phenelzine treatment also effectively
suppressed the progression of pre-established solid tumors in
both B16-OVA and MC38 models (Supplementary Fig. 5g-k).
Notably, similar to that for the B16-OVA tumor model, direct
challenge of Maoa WT and KO mice with MC38 tumor cells also
resulted in a significantly suppressed tumor growth in Maoa KO
mice, confirming a general impact of MAO-A-deficiency on
tumor growth for multiple tumor models (Fig. 1b-d and
Supplementary Fig. 51-n).

Next, we evaluated the potential of phenelzine for combination
therapy, in particular combining with other ICB therapies, such
as PD-1/PD-L1 blockade therapy (Fig. 5k). Although most ICB
therapies target CD8' T cells, these cells are in fact closely
regulated by TAMs in the TME, making targeting TAMs another
potential avenue for immunotherapy®2°. In both B16-OVA and
MC38 tumor models, phenelzine treatment significantly sup-
pressed the progression of pre-established solid tumors at a level
comparable to the anti-PD-1 treatment; importantly, the
combination of phenelzine and anti-PD-1 treatments yielded
synergistic tumor suppression efficacy (Fig. 51-0). These tumor
suppression effects of phenelzine were due to immunomodulation
but not direct tumor inhibition, because phenelzine treatment did
not suppress the growth of B16-OVA and MC38 tumors in
immunodeficient NSG mice (Supplementary Fig. 50-s).

Collectively, these syngeneic mouse tumor model studies
provided proof-of-principle evidence for the cancer immunother-
apy potential of MAOIs via targeting TAM reprogramming and
thereby enhancing antitumor T-cell responses.

MAO-A blockade for cancer immunotherapy—human TAM
and clinical data correlation studies. To explore the translational
potential of MAO-A blockade therapy, we first studied MAO-A
regulation of human macrophage polarization. Using a Tumor
Immune Dysfunction and Exclusion (TIDE) computational
method?’, we analysed the gene expression signatures of in vitro-
cultured immunostimulatory M1-like and immunosuppressive
M2-like human monocyte-derived macrophages (MDMs)
(GSE35449)%. Interestingly, among all immune checkpoint,
immunostimulatory, and immunosuppressive genes examined,
MAOA ranked as the top gene with the most dramatically ele-
vated expression in M2-like MDMs (i.e., 7.28 M2/M1 log-fold

change; Fig. 6a), suggesting a possible role of MAO-A in pro-
moting human macrophage immunosuppressive polarization.
Time-course analysis of MDM culture confirmed an upregulation
of MAO-A gene and protein expression during macrophage
differentiation that was further upregulated post-IL-4/IL-13-
induced immunosuppressive polarization (Fig. 6b-d). Blockade of
MAO-A using phenelzine significantly inhibited IL-4/IL-13-
induced immunosuppressive polarization of MDMs, evidenced by
their decreased expression of immunosuppressive markers (i.e.,
CD206 and CD273; Fig. 6e and Supplementary Fig. 6a) and
signature genes (i.e., ALOX15 and CD200R1; Fig. 6f, g). Collec-
tively, these in vitro data suggest that MAO-A is highly expressed
in human macrophages especially during their immunosuppres-
sive polarization, and that MAO-A blockade has the potential to
reprogramme human macrophage polarization.

To directly evaluate whether MAOIs could reprogramme
human TAM polarization in vivo, we established a human tumor/
TAM xenograft NSG mouse model. A375 human melanoma cells
were mixed with monocytes sorted from healthy donor peripheral
blood mononuclear cells (PBMCs), and s.c. injected into NSG
mice to form solid tumors, with or without phenelzine treatment
after inoculation (Fig. 6h). Phenelzine treatment -effectively
suppressed immunosuppressive polarization of human TAMs
(gated as hCD45ThCD11b*hCD14%; Supplementary Fig. 6b),
supported by their decreased expression of immunosuppressive
markers (i.e., CD206 and CD273; Fig. 6i, j).

Next, we studied whether MAOI-induced human TAM
reprogramming could impact human T-cell antitumor reactivity,
using a 3D human tumor/TAM/T-cell organoid culture (Fig. 6k).
NY-ESO-1, a well-recognised tumor antigen commonly expressed
in a large variety of human cancers?’, was chosen as the model
tumor antigen. An A375 human melanoma cell line was
engineered to co-express NY-ESO-1 as well as its matching
MHC molecule, HLA-A2, to serve as the human tumor target
(denoted as A375-A2-ESO; Supplementary Fig. 6¢, d). NY-ESO-
1-specific human CD8% T cells were generated by transducing
healthy donor peripheral blood CD8* T cells with a Retro/ESO-
TCR retroviral vector encoding a NY-ESO-1-specific TCR (clone
3A1; denoted as ESO-TCR); the resulting T cells, denoted as ESO-
T cells, expressed ESO-TCRs and specifically targeted A375-A2-
ESO tumor cells, thereby modelling the tumor-specific human
CD8*' T cells (Supplementary Fig. 6e, f). Human MDMs were
cultured from healthy donor PBMCs, followed by IL-4/IL-
13 stimulation to induce immunosuppressive polarization in the
presence or absence of phenelzine treatment (Fig. 6k). The A375-
A2-ESO human melanoma cells, ESO-T cells, and IL-4/IL-13-
polarized MDMs were mixed at a 2:2:1 ratio and placed in a 3D
tumor organoid culture mimicking TME (Fig. 6k). IL-4/IL-13-
polarized MDMs effectively suppressed ESO-T-cell-mediated
killing of A375-A2-ESO tumor cells; this immunosuppressive
effect was largely alleviated by phenelzine treatment during MDM
polarization (Fig. 6l). Accordingly, ESO-T cells co-cultured with
phenelzine-treated MDMs, compared to those co-cultured with
non-phenelzine-treated MDMs, showed an enhancement in T-
cell activation (i.e., increased cell number, increased CD25
expression, and decreased CD62L expression; Fig. 6m and
Supplementary Fig. 6g). Collectively, these data suggest that
MAOI-induced human TAM reprogramming has the potential to
improve antitumor T-cell responses.

To study MAOA gene expression in primary human TAMs, we
collected fresh ovarian cancer tumor samples from patients, isolated
TAMs (sorted as DAPI"hCD45thCD11b*hTCRafhCD14+ cells;
Supplementary Fig. 6h), and assessed their MAOA gene expression.
Primary human monocytes isolated from healthy donor PBMCs
(sorted as DAPI"hCD45thCD11b*hTCRap hCD14" cells; Sup-
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plementary Fig. 6i) were included as controls. Like mouse TAMs, level was negatively correlated with patient survival in multiple
human TAMs expressed high levels of MAOA gene, confirming cancer patient cohorts spanning ovarian cancer (Fig. 60)%,
MAO-A as a valid drug target in human TAMs (Figs. 1a and 6n). lymphoma (Fig. 6p)*°, and breast cancer (Fig. 6q)°°. Moreover,

Lastly, we conducted clinical data correlation studies to analysis of a melanoma patient cohort receiving anti-PD-1
investigate whether intratumoral MAOA gene expression is treatment showed that high levels of intratumoral MAOA
correlated with clinical outcomes in cancer patients, using the expression largely abrogated the survival benefit offered by the
TIDE computational method®®. Intratumoral MAOA expression ~PD-1 treatment, suggesting that combining MAO-A blockade
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Fig. 6 MAO-A blockade for cancer immunotherapy—human TAM and clinical data correlation studies. a Heatmap showing the mRNA expression fold
change of the indicated genes in human M2-like/M1-like macrophages. b-d Studying the MAQO-A expression in in vitro-cultured human monocyte-derived
macrophages (MDMs) (n=4). b, ¢ QPCR analyses of MAOA mRNA expression in MDMs over the 6-day differentiation culture (b) and post the IL-4/1L-
13-induced polarization (c). d Western blot analyses of MAO-A protein expression in IL-4/IL-13-polarized MDMs. e-g Studying the IL-4/IL-13-induced
polarization of human MDMs (n = 3). e FACS analyses of CD206 expression (***p < 0.001). f, g QPCR analyses of ALOX15 (f) (*"p = 0.0012) and CD200R1
(g) ("**p<0.001) mRNA expression. h-j Studying the in vivo polarization of human macrophages in a human tumor-TAM co-inoculation xenograft mouse
model (n=4). h Experimental design. i, j FACS analyses of CD206 (i) (**p=0.0093) and CD273 (j) (**p = 0.0013) expression on TAMs (gated as
hCD45+hCD11b+hCD14* cells of TlIs). k-m Studying the in vitro efficacy of phenelzine in reprogramming human TAMs and enhancing human T-cell antitumor
reactivity (n = 6). k Experimental design. I, m FACS quantification of live tumor cells (gated as hCD45~ cells) and ESO-T cells (gated as hCD45ThCD8TESO-TCR*
cells). NT no phenelzine treatment. *p < 0.05, **p< 0.01 and ***p < 0.001. n QPCR analyses of MAOA mRNA expression in human TAMs isolated from ovarian
cancer patient tumor samples (n =4). Mo, monocytes isolated from random healthy donor peripheral blood (n=10). ***p < 0.001. o-r Clinical data correlation
studies. Kaplan-Meier plots are presented, showing the association between the intratumoral MAOA gene expression levels and overall survival (OS) of cancer
patients, in an ovarian cancer patient cohort (GSE26712, n=182; o), a lymphoma patient cohort (GSE10846, n = 388; p), a breast cancers patient cohort
(GSE9893, n=148; q) and a melanoma patient cohort with anti-PD-1 therapy (PRJEB23709, n= 47; r). Phe phenelzine, NC no cytokine stimulation, NT no
phenelzine treatment. Representative of one (n), two (b-d, h-j) and three (e-g, k-m) experiments. Analysed by one-way ANOVA (I, m), two-way ANOVA (e-g),
Student's t test (i, j, n), or by two-sided Wald test in a Cox-PH regression (o-r). Statistics are all two-sided. Source data are provided as a Source Data file.

therapy with PD-1/PD-L1 blockade therapy may provide
synergistic therapeutic benefits through modulating TAM polar-
ization and thereby changing the immunosuppressive TME and
improving antitumor immunity (Fig. 6r)°!. Of note, these whole-
tumor lysate transcriptome data analyses could not localise the
MAOA expression to a specific cell type (e.g, TAMs); future
studies of quality transcriptome data generated from single cells or
sorted TAMs are needed to obtain such information. Meanwhile,
other intratumoral immune cells may also express MAOA and can
mediate MAO-A-regulated antitumor immunity. For instance,
human T cells have been indicated to express MAOA (https://
www.proteinatlas.org/ENSG00000189221-MAOA/blood); and in
our syngeneic mouse tumor model studies using the Maoa KO
mice, we have detected enhanced antitumor T-cell responses—an
effect that may result from a combination of MAO-A’s direct
regulation of T cells and indirect regulation of T-cell response via
modulating TAMs. The study of MAO-A expression in various
intratumoral immune cells, as well as MAO-A regulation of the
antitumoral immunity of various immune cells, can be interesting
directions for future research. Nonetheless, the present clinical
data correlation studies identified MAO-A as a possible negative
regulator of survival in a broad range of cancer patients, including
those receiving existing ICB therapies, suggesting MAO-A
blockade as a promising avenue for developing new forms of
cancer therapy and combination therapy.

Taken together, these human TAM and clinical correlation
studies confirmed MAO-A as a promising drug target in human
TAMs and support the translational potential of MAO-A
blockade for cancer immunotherapy through targeting TAM
reprogramming.

Discussion

Based on our findings, we propose an “intratumoral MAO-A-
ROS axis” model to elucidate the role of MAO-A in regulating
TAM immunosuppressive polarization (Supplementary Fig. 7).
Analogous to the well-characterised MAO-A-ROS axis in the
brain, where MAO-A controls ROS levels in neurons and thereby
modulates neuron degeneration via regulating neuron oxidative
stress, the MAO-A-ROS axis in a solid tumor controls ROS levels
in TAMs and thereby modulates TAM immunosuppressive
polarization via sensitising the IL-4/IL-13-induced JAK-Stat6
signalling pathway (Supplementary Fig. 7). The resemblance
between these mechanisms is intriguing: from an evolutionary
point of view, it makes sense that some critical molecular reg-
ulatory pathways are preserved between the nervous and immune
systems, considering that both systems are evolved to defend a
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living organism by sensing and reacting to environmental danger
and stress. Indeed, neurons and immune cells share a broad
collection of surface receptors, secretory molecules, and signal
transducers2. In particular, many neurotransmitters/neuropep-
tides and their synthesis/degradation machineries traditionally
considered specific for neurons are expressed in immune cells,
although their functions in the immune system are to a large
extent still unknown?. Studying these molecules and their reg-
ulatory mechanisms may provide new perspectives in tumor
immunology and identifying new drug targets for cancer
immunotherapies, as exemplified by our current finding of this
“MAO-A-ROS axis” regulation of TAM polarization in the TME.

Considering the importance of TAMs in regulating antitumor
immunity, there has been considerable efforts in developing
cancer therapeutic strategies targeting TAMs. These strategies can
be roughly divided into two categories: (1) those which deplete
TAMs, and (2) those which alter TAM immunosuppressive
activities?6. The first category includes strategies targeting TAM
recruitment and survival, such as blocking the CCL2-CCR2 axis
thereby preventing monocyte mobilisation from the bone marrow
and recruitment into inflammatory sites, or blocking the CSF1-
CSFIR axis thereby inducing apoptosis of TAMs, or blocking the
CXCL12-CXCR#4 and angiopoietin 2 (ANG2)-TIE2 axes thereby
depleting TIE2* macrophages that are critical for tumor
angiogenesis?®3%. However, an intrinsic downside of depleting
TAMs is the loss of their innate immunostimulatory role as the
primary phagocytes and professional antigen-presenting cells
(APCs) in solid tumors. Reprogramming or repolarizing immu-
nosuppressive TAMs towards an immunostimulatory phenotype
therefore can be an attractive direction; this second category of
TAM-repolarizing strategies includes those reprogramming
TAMs via CD40 agonists, HDAC inhibitors, PI3Ky inhibitors,
and creatine?®3-58, Many of these TAM reprogramming stra-
tegies are currently under active clinical evaluation?®. Notably,
CD40 agonists work through activating CD40L-downstream NF-
kB pathway®®>% HDAC inhibitors work through altering histone
modifications®>%%; PI3Ky inhibitors work through stimulating
NF-kB activation while inhibiting C/EBPp activation®”¢!; and
creatine uptake works through regulating cytokine responses®.
Our discovery of MAO-A as a critical regulator of TAM polar-
ization through modulating oxidative stress provides a drug target
and a mechanism of action (MOA) for expanding TAM-
repolarizing strategies.

Compared to many new therapeutic candidates, MAO-A is
unique in that it is already an established drug target due to its
known functions in the brain*2. In fact, small-molecule MAOIs
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have been developed to block MAO-A enzymatic activity in the
brain and are clinically used for treating various neurological
disorders*2. Notably, some MAOIs cross-inhibit the MAO-A
isoenzyme MAO-B, that co-expressed with MAO-A in the brain
(Supplementary Fig. 7)3l. However, in human macrophages,
especially in M2-like immunosuppressive macrophages, MAO-A
is the dominant form (i.e., the expression of MAOA was about 40-
fold higher than that of MAOB in M2-like human macrophages;
Supplementary Fig. 8)%¢. Of course, other tissues and cells may
express significant levels of MAO-B that is subjected to MAOI
inhibition and may mediate part of the MAOI-induced ther-
apeutic effects. In our studies, we tested multiple clinically
approved MAOIs (phenelzine, clorgyline, moclobemide, and
pirlindole) and demonstrated their efficacy in regulating macro-
phage ROS levels and immunosuppressive polarization, pointing
to the possibility of repurposing these drugs for cancer immu-
notherapy (Figs. 5 and 6). Developing new cancer drugs is
extremely costly and time-consuming; drug repurposing offers an
economic and speedy pathway to novel cancer therapies because
approved drugs have known safety profiles and modes of actions
and thus can enter the clinic quickly®2.

MAOIs had been used extensively over two decades after their
introduction in the 1950s, but since then their use has declined
because of reported side effects and the introduction of other
classes of antidepressant drugs?. However, these MAOI side
effects may be manageable. For instance, a claimed major side
effect of MAOIs is the risk of triggering tyramine-induced
hypertensive crisis when patients eat tyramine-rich foods such as
aged cheese (hence, “cheese effects”), which has led to cumber-
some food restrictions*2. The development of reversible and
increasingly MAO-B-selective MAOI agents administered via a
transdermal delivery system (i.e., the EMSAM selegiline trans-
dermal system) has largely avoided the tyramine related “cheese
effects” and thereby can relieve food restrictions and improve the
overall safety of MAOIs®3. Interest in MAOIs as a major class of
antidepressants is reviving, and repurposing MAOIs for cancer
immunotherapy can be an attractive application of these potent
drugs*2. Moreover, many cancer patients suffer from depression
and anxiety; these overwhelming emotional changes can nega-
tively interfere with the quality of life and cancer treatment effi-
cacy of cancer patients®. Repurposing MAOIs for cancer
immunotherapy thus may provide cancer patients with anti-
depression and antitumor dual benefits, making this therapeutic
strategy particularly attractive. Nonetheless, caution about drug:
food and drug:drug interactions are still relevant for MAOIs’
cancer therapy application, evidenced by the side effects (e.g.,
hypertension) observed in a recent Phase 2 trial of MAOI phe-
nelzine in biochemical recurrent prostate cancer®.

Because preclinical evidence largely supports combinatorial
approaches being necessary to achieve significant antitumor
efficacy, most TAM-targeting strategies currently under clinical
evaluation are tested in combination with standard chemotherapy
or radiation therapy or in combination with T-cell-directed ICB
therapies such as PD-1 or/and PD-L1 blockade therapy?®. In our
study, we found that MAOI treatment synergised with anti-PD-1
treatment in suppressing syngeneic mouse tumor growth
(Fig. 5k-0), and that intratumoral MAOA gene expression levels
dictated poor patient survival in melanoma patients receiving
anti-PD-1 therapy (Fig. 6r). These data highlight the promise of
MAOI treatment as a valuable component for combination
cancer therapies.

Interestingly, MAO-A upregulation has been detected in can-
cerous tissues compared to normal tissues and MAQO-A expres-
sion has been associated with cancer metastases and decreased
cancer-related patient survival for several cancers, including
prostate cancer®®%7, lung cancer®®9%, breast cancer’?, glioma’!
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and lymphoma’2. Together with our finding, these studies suggest
the possible multifaceted function of MAO-A in promoting cer-
tain cancers, through the direct promotion of tumor development
and indirect suppression of antitumor immunity. Consequently,
MAO-A blockade therapy may provide dual therapeutic benefits
for these cancers, by both suppressing tumor metastasis and
enhancing antitumor immunity.

In summary, here we identified MAO-A as a critical molecule
regulating TAM immunosuppressive polarization and thereby
modulating antitumor immunity, and demonstrated the potential
of repurposing established MAOI antidepressants for cancer
immunotherapy. Future clinical studies are encouraged to
investigate the clinical correlations between MAOI treatment and
clinical outcomes in cancer patients and to explore the possibility
of repurposing MAOIs for combination cancer therapies.
Meanwhile, the immune regulatory function of MAO-A certainly
goes beyond regulating TAM polarization. Notably, in another
recent study, we have identified MAO-A as an immune check-
point restraining antitumor T-cell immunity through controlling
intratumoral T-cell autocrine serotonin signalling’. MAO-A’s
capacity to regulate various components of antitumor immunity
is attractive, suggesting that MAO-A blockade may be multi-
functional for cancer immunotherapy. It is also likely that MAO-
A regulates immune reactions to other diseases such as infectious
diseases and autoimmune diseases. Studying the roles of MAO-A
in regulating various immune cells under different health and
disease conditions will be interesting topics for future research.

Methods

Mice. C57BL/6J (B6), B6.S]L-Ptprd‘PL";Jc"/Boy] (CD45.1, Boy]), 129S-Maoa*"1Shiky
] (Maoa KO)** and NOD.Cg-Prkdcsi [12rg"™1WiljSz] (NSG) mice were purchased
from the Jackson Laboratory (Bar Harbor). Maca KO mice were backcrossed with
C57BL/6] mice for more than nine generations at the University of California, Los
Angeles (UCLA). Fight- to twelve-week-old female mice were used for all
experiments unless otherwise indicated. Due to ethical reasons, we ended experi-
ments before tumor volume surpassed 1000 mm?. All mice experiments were
repeated at least three times unless specifically mentioned. Replicates of each
individual experiment are stated in its figure legends. All animals were maintained
at the UCLA animal facilities and all animal experiments have complied with all
relevant ethical regulations approved by the Institutional Animal Care and Use
Committee of UCLA.

Human tumor samples. All human tumor samples were obtained following
institutional guidelines under protocols approved by the institutional review boards
(IRBs) at the UCLA Medical Center. Primary human ovarian cancer tumor sam-
ples were obtained from the operating room at the UCLA Medical Center from
consenting patients and experiments have complied with all relevant ethical reg-
ulations using IRB-approved protocols (IRB# 10-000727). Tumors specimens were
brought back to the laboratory for further analyses. Detailed samples information is
provided in Supplementary Table 1, including diagnosis and staging.

Cell lines and viral vectors. The B16-OVA mouse melanoma cell line and the
PG13 retroviral packaging cell line were provided by Dr. Pin Wang (University of
Southern California, CA)7. The MC38 mouse colon adenocarcinoma cell line was
provided by M. Bosenberg (Yale)*. The HEK 293T and Phoenix-ECO retroviral
packaging cell lines, the A375 human melanoma cell line, and the 1929 mouse
connective tissue cell line were purchased from the American Type Culture Col-
lection (ATCC). The A375-A2-ESO cell line was previously reported”>. The
Phoenix-ECO-MIG, Phoenix-ECO-MIG-Maoa, and PG13-ESO-TCR stable virus-
producing cell lines were generated in this study. The MIG (MSCV-IRES-GFP)
retroviral vector was reported previously’®-78. MIG-Maoa and Retro/ESO-TCR
retroviral vectors were generated in this study.

Syngeneic mouse tumor models. B16-OVA melanoma cells (1 x 10 per animal)
or MC38 colon cancer cells (5 x 10° per animal) were subcutaneously (s.c.) injected
into experimental mice to form solid tumors. In some experiments, mice received
an intraperitoneal (i.p.) injection of phenelzine (30 mg/kg/day) to block MAO-A
activity. In some experiments, mice received i.p. injection of clodronate liposomes
(200 pl/animal, twice per week) to deplete TAMs; mice received i.p. injection of
vehicle liposomes (200 pl/animal, twice per week) were included as controls. In
some experiments, mice received i.p. injection of anti-mouse PD-1 antibodies (300
pg/animal, twice per week) to block PD-1; mice received i.p. injection of isotype
antibodies was included as controls. During an experiment, tumor growth was
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monitored twice per week by measuring tumor size using a Fisherbrand™ Tra-

ceable™ digital caliper (Thermo Fisher Scientific); tumor volumes were calculated
by formula 1/2 x L x W2, At the end of an experiment, solid tumors were collected
and tumor-infiltrating immune cells were isolated for analysis using QPCR, flow
cytometry, and/or scRNASeq.

Bone marrow (BM) transfer mouse tumor model. BM cells were collected from
femurs and tibias of Maoa WT and Maoa KO donor mice, and were separately
transferred into Boy] (CD45.1) wild-type recipient mice that were preconditioned
with whole-body irradiation (1200 rads). Recipient mice were maintained on
antibiotic water (Amoxil, 0.25 mg/ml) for 4 weeks after BM transplantation. Per-
iodical bleedings were performed to monitor immune cell reconstitution using flow
cytometry. Tumor inoculation started at 12 weeks post BM transfer when recipient
mice were fully immune reconstituted. B16-OVA mouse melanoma cells were s.c.
injected into recipient mice to form solid tumors (1 x 10° cells per animal). Tumor
growth was monitored twice per week by measuring tumor size using a Fish-
erbrand™ Traceable™ digital caliper; tumor volumes were calculated by formula
1/2 x L x W2, At the end of an experiment, tumor-infiltrating immune cells were
isolated for analysis using flow cytometry.

Syngeneic mouse tumor-TAM co-inoculation model. Bone marrow cells were
collected from Maoa WT and Maoa KO mice and were cultured in vitro to generate
bone marrow-derived macrophages (BMDMs). B16-OVA tumor cells (1 x 106 cells
per mouse) and BMDMs (5 x 108 cells per mouse) were mixed and s.c. injected into
Boy] mice to form solid tumors. Tumor growth was monitored twice per week by
measuring tumor size using a Fisherbrand™ Traceable™ digital calliper; tumor
volumes were calculated by formula 1/2 x L x W2, At the end of an experiment,
tumors were collected and tumor-infiltrating immune cells were isolated for analysis
using flow cytometry.

Xenograft human tumor-TAM co-inoculation model. Human peripheral blood
mononuclear cells (PBMCs) of healthy donors were obtained from the CFAR Gene
and Cellular Therapy Core Laboratory at UCLA, without identification informa-
tion under federal and state regulations. Human monocytes were isolated from
healthy donor PBMCs via magnetic-activated cell sorting (MACS) using human
CD14 microbeads (Miltenyi Biotec, 130-050-201) followed by fluorescence-
activated cell sorting (FACS; sorted as hCD45 hCD11b*hCD14 " cells) using a
FACSAria 11 flow cytometer (BD Biosciences). Human A375 melanoma cells (10 x
109 cells per animal) and purified human monocytes (5 x 10° cells per animal) were
mixed and s.c. injected into NSG mice to form solid tumors. Some experimental
animals received i.p. injection of MAOI (phenelzine, 30 mg/kg/day) to block MAO-
A activity. At the end of an experiment, tumor-associated immune cells were
isolated for analysis using flow cytometry.

Tumor-infiltrating immune cell (TII) isolation and analysis. Solid tumors were
collected from experimental mice at the termination of a tumor experiment.
Tumors were cut into small pieces and smashed against a 70-um cell strainer
(Corning, 07-201-431) to prepare single cells. Immune cells were enriched through
gradient centrifugation with 45% Percoll (Sigma-Aldrich, P4937) at 800xg for 30
min at 25 °C without braking, followed by treatment with Tris-buffered ammo-
nium chloride buffer to lyse red blood cells according to a standard protocol (Cold
Spring Harbor Protocols). The resulting TII isolates were then used for further
analysis.

In some experiments, TII isolates were sorted via FACS using a FACSAria 11 flow
cytometer (BD Biosciences) to purify TAMs (sorted as DAPI=CD45.2+CD11bTLy6G

Ly6C/1WE4/80" cells), which were then subjected to QPCR analysis of Maoa
mRNA expression in TAMs.

In some experiments, TII isolates were sorted via FACS using a FACSAria 11
flow cytometer (BD Biosciences) to purify immune cells (sorted as DAPI-CD45.2*
cells), which were then subjected to scRNASeq analysis of gene expression profiling
of TIls.

In some experiments, TII isolates were directly analysed using MACSQuant
Analyzer 10 Flow Cytometer (Miltenyi Biotec) to study the cell surface marker
expression of TAMs (pre-gated as CD45.2+CD11b+Ly6G~Ly6C—/10WE4/80+ cells)
and the intracellular effector molecule production of CD8™' T cells (pre-gated as
CD4527TCRPTCD8™ cells).

Mouse monocyte isolation. Peripheral blood samples collected from experimental
mice were treated with Tris-buffered ammonium chloride buffer to lyse red blood
cells according to a standard protocol (Cold Spring Harbor Protocols). The resulting
mononuclear cells were sorted via FACS using a FACSAria 11 flow cytometer (BD
Biosciences) to purify monocytes (sorted as DAPI~CD45.27CD11b"Ly6G ™~ Ly6C™
cells), which were then subjected to QPCR analysis of Maoa mRNA expression.

Mouse bone marrow-derived macrophages (BMDM) culture and polarization.
To generate BMDMs, BM cells were collected from femurs and tibias of Maoa
WT mice and Maoa KO mice, and were cultured in C10 medium containing

20% of 1L.929-conditional medium in a 10-cm dish (2 x 10° cells per ml; 12 ml
per dish) for 6 days. At day 6, the resulting BMDM:s were collected and reseeded
in a six-well plate (1 x 106 cells per ml; 2 ml per well) in C10 medium for 24 h, in
the presence or absence of recombinant murine IL-4 (10 ng/ml) (Peprotech,
200-04) and 1L-13 (10 ng/ml) (Peprotech, 200-13) to induce BMDM immu-
nosuppressive polarization.

In some experiments, MAOIs were added to the Maoa WT BMDM polarization
culture 30 min prior to adding recombinant murine IL-4 and IL-13, to block MAO-
A activity during BMDM polarization. MAOIs studied were phenelzine (Phe, 20
uM) (Sigma-Aldrich), clorgyline (Clo, 20 uM) (Sigma-Aldrich), moclobemide (Moc,
200 pM) (Sigma-Aldrich), and pirlindole (Pir, 20 pM) (R&D Systems). At 24 h after
IL-4/IL-13 stimulation, BMDMs were collected for analysis.

In some experiments, H,O, (100 uM) were added to the Maoa WT and Maoa
KO BMDM polarization culture 30 min prior to adding recombinant murine I1L-4
and IL-13. At 30 min after IL-4/IL-13 stimulation, BMDMs were collected for WB
analysis; at 24 h after 11-4/1L-13 stimulation, BMDMs were collected for flow
cytometry and QPCR analysis.

In some experiments, tyramine (100 pM) (Sigma-Aldrich, T90344) was added
to the Maoa WT and Maoa KO BMDM polarization culture 30 min prior to
adding recombinant murine I1L-4 and IL-13. At 24 h after IL-4/IL-13 stimulation,
BMDMs were collected for flow cytometry and QPCR analysis.

Macrophage suppressive function assay. 1L-4/1L-13 polarized Maoa WT and
Maoa KO BMDMs were mixed with splenocytes harvested from B6 wild-type mice
at 0:1, 1:2, 1:4 or 1:8 ratio, then cultured in a 24-well plate in C10 medium (1 x 108
splenocytes/ml/well), in the presence of plate-bound anti-mouse CD3e (5 pg/ml)
and soluble anti-mouse CD28 (1 pg/ml) for 2 days. At the end of a culture, cells
were collected for flow cytometry analysis.

MIG-Maoa retroviral vector construction, production, and macrophage
transduction. MIG retroviral vector was reported previously”®-78. Codon-
optimised Maoa ¢cDNA (synthesised by IDT) was inserted into a MIG retroviral
vector to generate the MIG-Maoa retroviral vector. Vsv-g-pseudotyped MIG and
MIG-Maoa retroviruses were produced using HEK 293T virus packaging cells
following a standard calcium precipitation method’”7%, and then were used to
transduce Phoenix-ECO cells to generate stable cell lines producing ECO-
pseudotyped MIG or MIG-Maoa retroviruses (denoted as Phoenix-ECO-MIG and
Phoenix-ECO-MIG-Maoa cell lines, respectively). For virus production, Phoenix-
ECO-MIG and Phoenix-ECO-MIG-Maoa cells were seeded at a density of 0.8 x
106 cells per ml in D10 medium, and cultured in a 15-cm dish (30 ml per dish) for
2 days. Virus supernatants were then collected and used for macrophage
transduction.

BM cells harvested from Maoa WT and Maoa KO mice were cultured in a six-
well plate in C10 medium containing 20% 1.929-conditional medium (4 x 10° cells/
2 ml/well) for 6 days, to differentiate into BMDMs. From day 1 to day 5, cells were
spin-infected daily with virus supernatants supplemented with polybrene (10 pg/ml)
at 660xg at 30 °C for 90 min. At day 6, recombinant murine IL-4 (10 ng/ml) and IL-
13 (10 ng/ml) were added to cell culture to induce BMDM immunosuppressive
polarization. At day 7, transduced BMDMs were collected for flow cytometry
analysis of transduction efficiency (%GFP™ cells of total cells); GFPT BMDMs were
sorted via FACS using a FACSAria 11 flow cytometer (BD Biosciences) and were
then used for QPCR analysis of immunosuppressive gene expression.

Human monocyte-derived macrophage (MDM) culture and polarization.
Human peripheral blood mononuclear cells (PBMCs) of healthy donors were
obtained from the CFAR Gene and Cellular Therapy Core Laboratory at UCLA,
without identification information under federal and state regulations. Human
monocytes were isolated from healthy donor PBMCs by adherence. Briefly, PBMCs
were suspended in serum-free RPMI 1640 media (Corning Cellgro, 10-040-CV) at
10 x 106 cells/ml. In total, 12.5 ml of the cell suspension were added to each 10-cm
dish and incubated for an hour in a humidified 37 °C, 5% CO; incubator. Medium
that contained non-adherent cells was discarded. Dishes were washed twice and
adherent monocytes were cultured in C10 media with human M-CSF (10 ng/ml)
(Peprotech, 300-25) for 6 days to generate MDMs. At day 6, the resulting MDMs
were collected and reseeded in a 6-well plate in C10 medium (1 x 10° cells/ 2 ml/
well) for 48 h, in the presence or absence of recombinant human IL-4 (10 ng/ml)
(Peprotech, 214-14) and human IL-13 (10 ng/ml) (Peprotech, 214-13) to induce
MDM immunosuppressive polarization. In some experiments, MAOIs (phenelzine,
20 uM) were added to the MDM polarization culture 30 min prior to adding
recombinant human IL-4 and human IL-13, to block MAO-A activity during
MDM polarization. Polarized MDMs were then collected and used for flow cyto-
metry and QPCR analysis or for setting up the 3D human tumor organoid culture
experiments.

Human NY-ESO-1-specific TCR-engineered CD8" T (ESO-T) cells. The Retro/
ESO-TCR vector was constructed by inserting into the parental pMSGV vector a
synthetic gene encoding an HLA-A2-restricted, NY-ESO-1 tumor antigen-specific
human CD8 TCR (clone 3A1)7. Vsv-g-pseudotyped Retro/ESO-TCR retroviruses
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were generated by transfecting HEK 293T cells following a standard calcium
precipitation protocol and an ultracentrifugation concentration protocol; the
viruses were then used to transduce PG13 cells to generate a stable retroviral
packaging cell line producing GALV-pseudotyped Retro/ESO-TCR retroviruses
(denoted as the PG13-ESO-TCR cell line). For virus production, the PG13-ESO-
TCR cells were seeded at a density of 0.8 x 106 cells per ml in D10 medium, and
cultured in a 15-cm dish (30 ml per dish) for 2 days; virus supernatants were then
harvested and stored at —80°C for future use.

Healthy donor PBMCs were cultured in a 12-well plate in C10 medium (1 x
106 cells/ml/well) for 2 days, stimulated with Dynabeads™ Human T-Activator
CD3/CD28 (10 pl/ml} (GIBCO, 11161D) and recombinant human IL-2 (20 ng/
ml) (Peprotech). After 2 days, dynabeads were removed and cells were spin-
infected with frozen-thawed Retro/ESO-TCR retroviral supernatants
supplemented with polybrene (10 pg/ml) at 660xg at 30 °C for 90 min following
an established protocol75. Transduced human CD81 T cells (denoted as ESO-T
cells) were expanded for another 6-8 days in C10 medium containing
recombinant human IL-2 (20 ng/ml) (Peprotech) and then cryopreserved for
future use. Mock-transduced human CD8* T cells (denoted as Mock-T cells)
were generated as controls.

3D human tumor/TAM/T-cell organoid culture. A375-A2-ESO human mela-
noma cell line was generated by engineering the parental A375 cell line to over-
express a NY-ESO-1 tumor antigen as well as its matching HLA-A2 molecule”.
Human MDMs were generated from healthy donor PBMCs and polarized with IL-
4/IL-13 in the presence or absence of phenelzine treatment. ESO-T cells were
generated by engineering healthy donor PBMC CD8™ T cells to express a NY-ESO-
1-specific TCR (clone 3A1). The A375-A2-ESO tumor cells, MDMs, and ESO-T
cells were mixed at a 2:1:2 ratio. Mixed cells were centrifuged and resuspended in
C10 medium at 1 x 10° cells per pl medium. The cell slurry was adjusted to 5 pl per
aggregate and was gently transferred onto a microporous membrane cell insert
(Millicell, PICMORGS50) using a 20-pl pipet to form a 3D human tumor/TAM/T-
cell organoid. Prior to cell transfer, cell inserts were placed in a six-well plate
immersed with 1 ml C10 medium. Two days later, the organoids were dissociated
by P1000 pipet tip and disrupted through a 70-pm nylon strainer to generate
single-cell suspensions for further analysis.

Reagents. Adherent cell line culture medium (denoted as D10 medium) was made
of Dulbecco’s modified Eagle’s medium (DMEM, Corning Cellgro, 10-013-CV)
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, F2442) and 1%
penicillin-streptomycin-glutamine (Gibco, 10378016). T-cell and macrophage
culture medium (denoted as C10 medium) was made of RPMI 1640 (Corning
Cellgro, 10-040-CV) supplemented with 10% FBS (Sigma-Aldrich), 1%
penicillin-streptomycin-glutamine (Gibco), 0.2% normocin (Invivogen, ant-nr-2),
1% MEM non-essential amino acids solution (Gibco, 11140050), 1% HEPES
(Gibco, 15630056), and 1% sodium pyruvate (Gibco, 11360070).

Macrophage culture reagents, including recombinant murine IL-4, recombinant
murine 1L-13, recombinant human M-CSF, recombinant human 1L-4, and
recombinant human IL-13, were purchased from PeproTech. T-cell culture
reagents, including purified NA/LE anti-mouse CD3¢ (clone 145-2C11), anti-
mouse CD28 (clone 37.51), anti-human CD3 (clone OKT3), and anti-human
CD28 (clone CD28.2), were purchased from BD Biosciences. Recombinant human
1L-2 was purchased from PeproTech. Hydrogen peroxide solution was purchased
from Sigma-Aldrich (216763).

In vivo PD-1 blocking antibody (clone RMP1-14) and its isotype control (rat
1gG2a) were purchased from BioXCell. In vivo TAM depletion clodronate
liposomes and their control vehicle liposomes were purchased from Clodrosome.

Monoamine oxidase inhibitors (MAOIs), including phenelzine, moclobemide
and clorgyline, were purchased from Sigma-Aldrich. Pirlindole was purchased
from R&D systems.

Flow cytometry. Flow cytometry, also known as FACS (fluorescence-activated cell
sorting), was used to analyse surface marker and intracellular effector molecule
expression in immune cells. Fluorochrome-conjugated monoclonal antibodies
specific for mouse CD45.2 (clone 104), CD11b (Clone M1/70), Ly6G (Clone 1A8),
F4/80 (Clone BM8), Ly6C (Clone HK1.4), CD206 (Clone C068C2), CD69 (clone
H1.2F3), CD86 (Clone GL-1), 1-Ab (Clone AF6-120.1), TCRp (clone H57-597),
CD45.1 (Clone A20), CD4 (Clone GK1.5), CD8 (clone 53-6.7), CD25 (clone PC61),
CD44 (clone IM7), CD62L (clone MEL-14) and Granzyme B (Clone QA16A02)
were purchased from BioLegend. Mouse Fc Block (anti-mouse CD16/32; clone
2.4G2) was purchased from BD Biosciences. Fluorochrome-conjugated monoclonal
antibodies specific for human CD45 (clone H130), CD11b (Clone ICRF44), CD14
(Clone HCD14), CD206 (Clone 15-2), CD273 (Clone 24 F.10C12), TCRaf (clone
126), CD4 (clone OKT4), CD8 (clone SK1), CD44 (clone IM7), CD62L (clone
DREG-56), and human Fc Receptor Blocking Solution (TruStain FeX™, 422302)
were purchased from BioLegend. Fixable Viability Dye eFluor 506 was purchased
from Thermo Fisher Scientific. DAPI (Thermo Fisher Scientific) was included to
exclude dead cells in FACS sorting.
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To study cell surface marker expression, cells were stained with Fixable Viability
Dye followed by Fc blocking and surface marker staining, following a standard
procedure as described previously”. To study T-cell intracellular cytotoxicity
molecule production, intracellular staining of Granzyme B was performed using
the BD Cytofix/CytopermTM Fixation/Permeabilization Kit (BD Biosciences,
55474) following the manufacturer’s instructions. These cells were co-stained with
surface markers to identify CD8" T cells (gated as TCRB*CD8* cells in vitro or
CD45.27TCRBTCD8™ cells in vivo).

Stained cells were analysed using a MACSQuant Analyzer 10 flow cytometer
(Miltenyi Biotec); data were analysed using a Flow]Jo software (BD Biosciences).

Detailed reagent information is provided in Supplementary Table 2.

Western blot (WB). Total protein was extracted using a RIPA lysis buffer
(PIERCE, Roche, Thermo Fisher Scientific) supplemented with protease inhibitor
cocktail cOmplete Mini (one tablet/10 ml) (Sigma-Aldrich, 4693159001) and
phosphatase inhibitor PhosSTOP (one tablet/10 ml) (Sigma-Aldrich, 4906845001),
then transferred to pre-cooled Eppendorf tubes. The lysed solution was kept on ice
for 30 min and then centrifuged at 15,000xg for 5min at 4 °C. Supernatants were
collected and protein concentrations were quantified using a BCA protein assay
(PIERCE, Thermo Fisher Scientific, 23225). Equal amounts of protein were loaded
and separated by 8% sodium dodecy] sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred to an Immunobilon-P PVDF Membrane
(Millipore). The membranes were blocked with a SuperBlock™ T20 (TBS) Blocking
Buffer (Thermo Fisher Scientific, 37536). Antibodies were diluted in 5% nonfat
milk dissolved in washing buffer TBST (20 mM Tris-HCI, 150 mM NaCl, 0.1%
Tween-20).

Primary antibodies against mouse Stat6, p-Stat6 (Tyr641), JAK1, p-JAK1
(Tyr1034/1035), JAK2, p-JAK2 (Tyr1008), JAK3, p-JAK3 (Tyr980/981), HRP-
labelled anti-rabbit secondary antibodies, and HRP-labelled anti-mouse secondary
antibodies were purchased from Cell Signaling Technology. MAO-A antibody was
purchased from Abcam (Clone EPR7101). Primary antibodies against p-actin
(Santa Cruz Biotechnology) were used as an internal control for total protein
extracts. Signals were visualised using a ChemiDoc Image System (Bio-Rad). Data
were analysed using Image ] software (Bio-Rad). Signal intensity was normalised
using housekeeping protein and compared to a sample labelled in azure in
each row.

Detailed reagent information is provided in Supplementary Table 2.

Quantitative real-time PCR (QPCR). The total RNA was extracted from cells
using TRIzol reagent (Invitrogen, Thermo Fisher Scientific, 15596018) fol-
lowing the manufacturer’s instructions. SuperScript 111 First-strand (Thermo
Fisher Scientific, 18080051) was used for reverse transcription. QPCR was
performed using a KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems)
and a 7500 Real-time PCR System (Applied Biosystems) according to the
manufacturers’ instructions. Housekeeping gene Ube2d2 was used as an
internal control for mouse immune cells and ACTB was used as an internal
control for human immune cells. The relative expression of a target gene was
calculated using the 244CT method. All primers used in this study are listed in
Supplementary Table 3.

Reactive (ROS) . Cells were stained with surface
marker antibodies, washed with PBS, then resuspended in pre-warmed PBS (1 x
109 cells/ml/tube) containing 1 M CM-H2DCFDA (Thermo Fisher Scientific,
(C6827). After 15 min of incubation at room temperature, cells were immediately
washed with cold PBS followed by flow cytometry analysis. ROS levels were
measured by oxidation of the CM-H2DCFDA probes that can be read out as the
fluorescence intensity at the FITC/488 channel of a flow cytometer.

Single-cell RNA sequencing (scRNAseq). scRNASeq was used to analyse the
gene expression profiles of Tlls. B16-OVA tumors were harvested from Maoa WT
and Maoa KO mice to prepare TII suspensions (ten tumors were combined for
each group). T1I suspensions were then sorted using a FACSAria 11 flow cytometer
to purify immune cells (gated as DAPI~CD45.2* cells). Sorted TIIs were imme-
diately delivered to the Technology Center for Genomics & Bioinformatics (TCGB)
facility at UCLA for library construction and sequencing. Cells were stained with
trypan blue (Thermo Fisher Scientific, T10282) and counted using a Cell Countess
11 automated cell counter (Thermo Fisher Scientific). 10,000 TIIs from each
experimental group were loaded on the Chromium platform (10X Genomics) and
libraries were constructed using a Chromium Single Cell 3’ library & Gel Bead Kit
V2 (10X Genomics, PN-120237) according to the manufacturer’s instructions.
Libraries were sequenced on an Illumina Novaseq 6000 System, using a Novaseq
6000 S2 Reagent Kit (100 cycles; 20012862, Illumina). Data analysis was performed
using a Cellranger Software Suite (10X Genomics). BCL files were extracted from
the sequencer and used as inputs for the cellranger pipeline to generate the digital
expression matrix for each sample. Then cellranger aggr command was used to
aggregate the two samples into one digital expression matrix. The matrix was
analysed using Seurat, an R package designed for single-cell RNA sequencing.
Specifically, cells were first filtered to have at least 300 UMIs (unique molecular
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identifiers), at least 100 genes, and at most 5% mitochondrial gene expression; only
one cell did not pass the filter. The filtered matrix was normalised using the Seurat
function NormalizeData. Variable genes were found using the Seurat function
FindVariableGenes. The matrix was scaled to regress out the sequencing depth for
each cell. Variable genes that had been previously identified were used in principle
component analysis (PCA) to reduce the dimensions of the data. Following this, 13
PCs were used in UMAP to further reduce the dimensions to 2. The same 13 PCs
were also used to group the cells into different clusters by the Seurat function
FindClusters. Next, marker genes were found for each cluster and used to define
the cell types. Subsequently, two clusters of TAMs (identified by co-expression of
Mrcl and Cd86 signature genes) were extracted and compared between the Maoa
WT and Maoa KO samples. Expression distribution of immunosuppressive and
immunostimulatory signature genes in Maoa WT and Maoa KO TAMs were
compared and presented in violin plots. scRNAseq datasets have been uploaded to
GEO database with an accession number GSE153615.

dAvecfuncti

Tumor i ly and exclusion (TIDE) ional hod
TIDE analyses were conducted as previously described (http://tide.dfci.harvard.
edu)*>. Two functions of the TIDE computational method were used: (1) the
prioritisation function and (2) the survival correlation function.

The prioritisation function of TIDE was used to rank a target gene by its
immune dysfunction/risk score, which for TAMs, was calculated as its gene
expression log-fold change of M2-like/M1-like MDMs*3. A transcriptome dataset
(GSE35449) was used, which was generated by microarray analysis of the gene
expression profiling of in vitro polarized M1-like or M2-like human MDMs%. A
score higher than 1 indicates the preferential expression of a gene in M2-like
compared to Ml-like human macrophages. The higher a score is, the more
“prioritised” a gene is in relating to TAM immunosuppressive polarization.

The survival correlation function of TIDE was used to study the clinical data
correlation between the intratumoral MAOA gene expression and patient survival.
Four patient cohorts were analysed: ovarian cancer (GSE26712)%, lymphoma
(GSE10846)%°, breast cancer (GSE9893)*", and melanoma (PRJEB23709)°!. For
each patient cohort, tumor samples were divided into two groups: MAOA-high
(samples with MAOA expression one standard deviation above the average) and
MAOA-low (remaining samples) groups. The association between the intratumoral
MAOA gene expression levels and patient overall survival (OS} was computed
through the two-sided Wald test in the Cox-PH regression and presented in
Kaplan-Meier plots. p value indicates the comparison between the MAOA-low and
MAOA-high groups and was calculated by two-sided Wald test in a Cox-PH
regression.

Statistical analysis. GraphPad Prism 6 (GraphPad Software) was used for the
graphic representation and statistical analysis of the data. All data were presented
as the mean + standard error of the mean (SEM). A two-tailed Student’s f test was
used for comparison between groups. Multiple comparisons were performed using
an ordinary one-way ANOVA followed by Tukey’s multiple comparisons test or
using a two-way ANOVA followed by Sidak’s multiple comparisons test. p < 0.05
was considered statistically significant. ns not significant; *p < 0.05; **p < 0.01;
##¥p < 0.001. For scRNAseq data analysis, Wilcoxon rank-sum test was utilised to
determine the p value between the two groups. Benjamini-Hochberg Procedure
was used to adjust the p value to reduce the false-positive rate. For the
Kaplan-Meier plot of the overall patient survival for ovarian cancer, lymphoma,
breast cancer, and melanoma with different MAOA levels, the p value was calcu-
lated by two-sided Wald test in a Cox-PH regression.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The scRNAseq datasets generated in this study have been deposited in the GEO database
under accession code GSE153615. Patient cohorts data analysed, including ovarian
cancer (GSE26712)%, lymphoma (GSE10846)*°, and breast cancer (GSE9893)*, are
publicly available from the GEO database. Patient cohort data of PD-1/PD-LI blockade
therapy in melanoma is publicly available from NCBI BioProject database
(PRJEB23709)°!. The human macrophage transcriptome dataset is publicly available
from the GEO database (GSE35449)%. TIDE computational method analyses were
conducted on TIDE website (http://tide.dfci.harvard.edu)*. The remaining data
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Abstract

Invariant natural killer T (iNKT) cells are a unique subset of T lymphocytes that recognize lipid antigens
presented by nonpolymorphic major histocompatibility complex (MHC) I-like molecule CD1d. iNKT
cells play essential roles in regulating immune responses against cancer, viral infection, autoimmune
disease, and allergy. However, the study and application of iINKT cells have been hampered by their
very small numbers (0.01-1% in mouse and human blood). Here, we describe protocols to 1) generate
mouse INKT cells from mouse mononuclear cells or from mouse hematopoietic stem cells engineered
with INKT T cell receptor (TCR) gene (denoted as mMNC-INKT cells or mHSC-INKT cells,
respectively), 2) generate human iINKT cells from human peripheral blood mononuclear cells or from
human HSC cells engineered with iINKT TCR gene (denoted as hPBMC-iNKT cells or hHSC-iNKT

cells, respectively), and 3) characterize mouse and human iNKT cells in vitro and in vivo.

Key Words
Invariant natural killer T (iNKT) cell, CD1d, T cell receptor (TCR), alpha-galactosylceramide (o-

GalCer), glycolipid, gene engineering, hematopoietic stem cell (HSC), cancer immunotherapy

1. Introduction

Invariant natural killer T (iNKT) cells are a unique subpopulation of innate T lymphocytes that express
both natural killer (NK) cell markers and a restricted aff T cell receptor (TCR). The restricted TCR is
comprised of a canonical invariant TCRa chain (Val4-Ja18 in mice; Va24-Jal8 in human) paired with
a semi-variant TCRp chain (mostly V8.2 in mice; mostly VB11 in human) 12, The early developmental
stages of iINKT cells are similar to classical MHC-restricted CD4* and CD8* conventional T (Tc) cells

3, Lymphoid precursor cells arising from hematopoietic stem cells (HSCs) migrate to the thymus,
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undergo rearrangement of the TCRf chain, and develop into CD4 and CD8 double-positive (DP)
thymocytes. DP thymocytes then randomly rearrange their TCRa loci to generate intact TCR complexes
expressed on the cell surface. However, unlike Tc cells that are selected by peptides presented on MHC-
I or MHC-I1I of thymic epithelial cells, INKT DP precursors are positively selected by glycolipids
presented on CD1d expressed by DP thymocytes themselves 4. The iNKT TCR-glycolipid-CD1d
interaction, along with signals through the signaling lymphocytic activated molecules (SLAM) receptor
family, provides co-stimulation for the further development of iNKT cells 3. Owing to their unique
developmental path, iINKT cells exit the thymus expressing a memory T cell phenotype. They further
mature in the periphery through upregulating their expression of NK cell markers °.

Functionally mature iNKT cells are powerful modulators of the immune response #© "8 Their
most notable function is secreting copious amounts of cytokines upon stimulation, including T helper
(Th)1-like (IFN-y), Th2-like (IL-4, IL-13), Th17-like (IL-17, IL-22), and regulatory (IL-10) cytokines *.
What cytokines are produced depends on the mechanism of cell activation, the location, and the iINKT
cell subsets. INKT cells also produce cytolytic proteins such as perforin and granzyme B, and surface
molecules involved in cytotoxicity such as Fas Ligand (FasL) and tumor necrosis factor o (TNF-a)-
related apoptosis-inducing ligand (TRAIL) ° 1. Collectively, iNKT cells can profoundly influence many
other immune cells, including dendritic cells, macrophages, neutrophils, NK cells, T cells, and B cells,
thereby orchestrating the immune responses during infection, autoimmune disease !, allergy 2, and
cancer %1314,

However, the extremely low number of INKT cells, particularly in human peripheral blood
(0.01-1% in healthy humans; 0.001-0.1% in cancer patients), is a significant obstacle for studying INKT
cell biology and developing iNKT cell-based therapies °. In our lab, we have developed methods to

effectively generate large numbers of mouse and human INKT cells through genetic engineering of
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HSCs (denoted as mHSC-iNKT cells and hHSC-iNKT cells, respectively 1* 18 17): we also routinely
expand mouse INKT cells from mouse mononuclear cells (denoted as mMMNC-INKT cells), and expand
human INKT cells from human peripheral blood mononuclear cells (denoted as hPBMC-IiNKT cells)
following established protocols with certain modifications > 7. Here, we share our lab protocols on 1)
generating MMNC-INKT and mHSC-INKT cells; 2) generating hPBMC-INKT and hHSC-INKT cells; 3)

characterizing mouse and human iNKT cells with in vitro and in vivo assays.

2. Materials

Prepare all media in sterile hood (unless otherwise indicated).

2.1 Generation of mouse iNKT cells
2.1.1 Isolate and expand MMNC-iNKT cells:
e Mice: C57BL/6J (B6-WT) mouse
o Fetal bovine serum (FBS)
e Phosphate-buffered saline (PBS)
e 33% Percoll: 33% (vol/vol) of 100% Percoll, 67% (vol/vol) of 1x PBS solution
e 40% Percoll: 40% (vol/vol) of 100% Percoll, 60% (vol/vol) of 1x PBS solution
e 60% Percoll: 60% (vol/vol) of 100% Percoll, 40% (vol/vol) of 1x PBS solution
e Anti-mouse CD16/32 Fc block
e Anti-mouse CD19 microbeads
e Anti-mouse CD1d-Tetramer-PE
e Anti-PE microbeads
e 70 um cell strainer
e Mouse INKT culture medium: C10 medium supplemented with recombinant mouse IL-2 (final
concentration 10 ng/ml) and IL-12 (final concentration 1 ng/ml)
e Equipment: Magnetic beads separator (MACS), MACS Columns (LS column, LD column), water bath,
sonicator, irradiator, pH meter
2.1.2 Generate mHSC-iNKT cells:
e Mice: C57BL/6J (B6-WT) mice
e Mouse iNKT TCR sequence
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5-Fluorouracil (see Note 1)

Mouse iNKT retrovirus (see Note 2)

Human embryonic kidney cell line HEK293.T
Polybrene

Recombinant mouse IL-3

Recombinant mouse IL-6

Murine stem cell factor (SCF)

Antibiotics: sulfmethoxazole and trimethoprim

Other reagents, material, and equipment were described in Section 2.1

2.2 Generation of human iNKT cells
2.2.1 Isolate and expand hPBMC-iNKT cells:

Human blood from healthy donors

Ficoll-Paque plus

Anti-human iNKT MicroBeads

Recombinant human IL-7

Recombinant human IL-15

Tris-Buffered ammonium chloride buffer (TAC buffer or red blood cell lysis buffer): 0.16 M NH4CL,
0.17 M Tris, ddH.O

MACS sorting buffer: phosphate-buffered saline (PBS), 0.5% bovine serum albumin (BSA), and 2 mM
EDTA

C10 medium: RPMI1640 supplemented with 10% (vol/vol) FBS, 1% (vol/vol)
penicillin/streptomycin/glutamine, 1% (vol/vol) MEM NEAA, 10 mM HEPES, 1 mM sodium pyruvate
and 50 uM B-ME

Human iNKT culture medium: C10 medium supplemented with recombinant human IL-7 (final 10 ng/ml)
and human IL-15 (final concentration 10 ng/ml)

a-GalCer medium: C10 medium supplemented with o-Galactosylceramide (final concentration 5 pg/ml)

2.2.2 Generate hHSC-INKT cells:

Mice: NOD.Cg-PrkdcSc'P1I2rgt™Wil/SzJ (NOD/SCID/IL-2Ry™", NSG) mice
Human CD34* hematopoietic stem cells (CD34" HSCs) (see Note 3)
Human fetal thymus tissues

Human iNKT TCR sequences /

Retronectin
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2% BSA

X-VIVO-15 serum-free medium
Carprofen

Recombinant human IL-3

Human FIt3-Ligand (FIt3-L)

Human stem cell factor (hSCF)

Human thrombopoietin (TPO)

6-well Non-tissue culture treated plates

Other reagents, materials, and equipment were described in Section 2.1

2.3 Characterization of mouse or human iNKT cells

231
[ ]
[ ]

Phenotype analysis of mouse or human iNKT cells:

Antibodies (see Table 1)

Phorbol-12-myristate-13-acetate (PMA): 1 mg PMA dissolved in 400 ul DMSO

lonomycin: 1 mg lonomycin dissolved in 400 pl DMSO

GolgiStop

BD Fixation/Permeabilization solution kit

Recombinant mouse and human IFN-y (ELISA, standard)

Recombinant mouse and human IL-4 (ELISA, standard)

Anti-mouse and human IFN-y (ELISA, capture)

Anti-mouse and human IFN-y (ELISA, detection)

Anti-mouse and human IL-4 (ELISA, capture)

Anti-mouse and human IL-4 (ELISA, capture)

Nunc-Immuno ELISA plate

ELISA coating buffer: 325 ml of 0.1 M NaHCOs, 50 ml of 0.1 M Na,COs, PH = 9.4, store at room
temperature (RT)

ELISA borate buffered saline (BBS) dilution buffer: 6.07 g HsBO3 (0.1 M), 7.32 g NaCl (0.012 M), 20 g
2% BSA, 1 L ddH;0, PH = 8, store at 4 °C

ELISA wash buffer (20 X): 1 M Tris (PH = 8.0), 163.5 g NaCl, 10 ml Tween-20
Tetramethylbenzidine (TMB)

Streptavidin-HRP conjugate

TMB reaction stop solution (1 M HsPO.): 68.2 ml 85% phosphoric acid, 1 L ddH0, store at RT
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2.3.2

Function analysis of mouse or human iNKT cells:

Human CD14 microbeads

NK isolation kit

Mouse melanoma cell line B16.F10

Human multiple myeloma cell line MM.1S

Human multiple myeloma cell line MM.1S-FG and MM.1S-hCD1d-FG (see Note 4)
Human chronic myelogenous leukemia cancer cell line K562

Human chronic myelogenous leukemia cancer cell line K562-FG (see Note 5)
Human melanoma cell line A375

Human melanoma cell line A375-A2-Eso-FG (see Note 6)

D-luciferin

Isoflurane

Zeiss Stemi 2000-CS microscope (Carl Zeiss AG)

IVIS 100 imaging system (Xenogen/PerkinElmer)

3. Methods

3.1 Generation of mMMNC-INKT cells

3.11

Prepare MNCs from mouse spleen and liver (Figure 1A)

1. Euthanize mice by CO..

2. Clean the skin by spraying with 70% ethanol. Dissect the mouse and collect the spleen, located on the left
flank. The liver is preferably flushed of circulating blood prior to collection. To do so, shift the intestines

away from the body to uncover the inferior vena cava and use a 5 ml syringe to push approximately 5 ml of

PBS through it. The liver should turn yellow/white as a result.

3. Harvested spleen and liver should be collected in separate tubes containing 3-5 ml sterile C10 medium. (see

Note 7)

4. In a sterile hood, disperse the liver and spleen into single cell suspensions by placing each tissue in a 70 pm

cell strainer and mashing with a plunger from a 3 ml syringe. Rinse the plunger and cell strainer with C10

medium and transfer the cell suspension into a new 15 ml conical tube.

5. Liver and spleen samples are processed differently. Steps 6-11 refer to processing the liver while steps 12-13

refer to processing the spleen.
6. Add 3 ml of 60% Percoll into a new 15 ml tube.
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7. Spin down (600 g) the liver cells and resuspend the cell pellet in 3 ml of 40% Percoll in PBS. (see Note 8)

8. Gently layer the 40% Percoll cell suspension on top of the 60% Percoll. To do this, tilt the conical tube until it
is almost horizontal and add the 40% suspension drop by drop. If performed correctly, one should see a sharp
demarcation between the 40% and 60%.

9. Spin at 800 g for 30 min with no brakes at RT. (see Note 9)

10. Aspirate the floating debris. There should be a thin layer of cells around the 3 ml line. Collect those cells
while avoiding the red blood cells found at the bottom of the tube.

11. Add 5 ml C10 medium to the collection and mix well. Spin down for 5 min at 4 °C. Aspirate the supernatant
and resuspend in 5 ml C10 medium.

12. Spin down (600 g) the spleen cells and resuspend in 5 ml TAC buffer at room temperature for 10-20 min to
lyse the red blood cells.

13. Add an additional 5 ml C10 medium to neutralize the buffer, spin down (600 g). Aspirate the supernatant and
resuspend the pellet with 5 ml C10 medium. Cells clumps may be observed. Filter through a 70 pm cell
strainer to remove dead cell clumps.

14. Count live cell numbers. Cell resuspension can be kept at 4 °C, ready for sorting or FACS staining. (see Note
10)

3.1.2 Magnetic separation of mMMNC-iNKT cells

1. Resuspend MNCs from 3.1.1 in 2% FBS/PBS buffer.

2. Centrifuge the cell mixture, aspirate the supernatant, and resuspend in 100 pl of 2% FBS/PBS.

3. Add 10 pl of anti-mouse CD16/CD32 mAb to block nonspecific binding to Fcy receptors and incubate for 5

min at 4 °C.

Add 20 pl of anti-mouse CD19 microbeads and incubate for 15 min at 4 °C.

Meanwhile, prepare a LD column and equilibrate with 2 ml of 2% FBS/PBS buffer.

Wash the cells with 2% FBS/PBS buffer and centrifugation at 600 g for 5 min at 4 °C.

Resuspend cells in 500 pl of buffer and add to the LD column.

Collect the CD19" fraction into a clean 15 ml conical tube. Wash the column twice with 1 ml of 2% FBS/PBS

© N o g &

each time and keep collecting the flow through.

9. Spin down the CD19 fraction and stain with 20 ul of anti-mouse CD1d-Tetramer-PE in 30 ul of 2%
FBS/PBS for 20 min on ice.

10. Wash the cells with 2% FBS/PBS buffer and centrifugation at 600 g for 5 min at 4 °C.

11. Stain with 20 pl of anti-PE microbeads in 100 pl of 2% FBS/PBS for 15 min on ice.

12. Meanwhile, prepare another LD column and equilibrate with 2 ml of 2% FBS/PBS

13. Wash the cells with 2% FBS/PBS buffer and centrifuge at 600 g for 5 min at 4 °C. Resuspend cells in 500 pl
of buffer.
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14.

15.
16.

Load cell suspension into LD column. Mouse iNKT cells will bind to the column by positive selection. Wash
the column twice with 1 ml of 2% FBS/PBS each time. The flow through can be discarded but can also be
kept for troubleshooting.

Remove the LD column from the magnetic field and elute the cells from column.

The purity of the iINKT cells by checked by FACS staining and can be further improved via FACS sorting
(Figure 1B).

3.1.3 Invitro expansion of MMNC-INKT cells

1.
2.

Count the number of MMNC-INKT cells from 3.1.2.

Seed cell at 2 x 10° cells per well in the C10 medium, with or without the addition a-GalCer of (final
concentration 100 ng/ml) for 5 days. (see Note 11)

On day 3 and day 5, collect cells and run assays for mMMNC-iNKT cell expansion using flow cytometry.

3.2 Generation of mouse HSC-INKT cells (MHSC-INKTSs)
3.2.1 Generate HSC-iNKT mouse (see Note 12) (Figure 1C)

1.
2.

Day 0, treat B6 mice with 5-fluorouracial (250 pg per gram body weight).

Day 5, harvest bone marrow (BM) cells from mouse and culture the cells for 4 days in BM cell culture
medium containing recombinant mouse 1L-3 (20 ng/ml), IL-6 (50 ng/ml), and SCF (50 ng/ml).

Day 7 and 8, BM cells were spin-infected with retroviruses (see Note 13) supplemented with 8 pg/ml of
polybrene, at 770 g, 30 °C for 90 min.

Day 9, BM cells were collected and intravenously injected into B6 recipients that had received 1,200 rads of
total body irradiation (~ 1-2 x 10° transduced BM cells per recipient). (see Note 14)

The BM recipient mice were maintained on the combined antibiotics sulfamethoxazole and trimethoprim oral

suspension in a sterile environment for 6-8 weeks until analysis or use for subsequent experiments.

3.2.2 Isolate and expand mHSC-iNKT cells (refer 3.1)

3.3 Generation of hPBMC-INKT cells
3.3.1 Isolate PBMCs from human peripheral blood (Figure 2A)

1.

2
3
4.
5
6
7

Obtain peripheral blood from healthy donors in blood collection tubes with heparin 1,000 U/ml.
Centrifuge at 400 g for 15 min with no brakes at RT.

Aspirate the supernatant and resuspend the cell pellet with PBS (10-12 ml/tube).

Transfer the mixture to a 50 ml conical tube. Wash once more using RT PBS (10-12 ml/tube).

Aspirate the supernatant and resuspend with 14 ml PBS.

Gently layer 14 ml of room temperature Ficoll on top of the mixture, using a 25 ml pipette (see Note 15)
Centrifuge at 970 g for 20 min with no brakes at RT.
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8.
9.

10.
11.
12.
13.
14.

Aspirate the upper PBS layer.

Using a 5 ml pipette, carefully collect the PBMCs at the interface.

Wash with 10-20 ml PBS and centrifuge at 400 g for 7 min at RT.

Aspirate the supernatant and resuspend the PBMC pellet in 10 ml TAC buffer for 10-20 min at RT.
Centrifuge at 600 g for 5 min and remove the supernatant.

Wash PBMCs with C10 medium once and resuspend cells in 10 ml of C10 medium.

Count live cell numbers.

3.3.2 Magnetic separation of hAPBMC-iNKT cells

1.
2.
3.

© o N o

10.
11.

12.

Count the number of cells in PBMC sample. (see Note 16)

Centrifuge cell suspension at 300 g for 10 min.

Aspirate supernatant completely and resuspend cell pellet in 400 pl of MACS sorting buffer per 1 x 108 total
cells.

Add 100 pl of anti-human iNKT microbeads per 1 x 108 total cells. Mix well and incubate for 15 min in the
refrigerator (2—8 °C).

Wash cells by adding 1-2 mL of buffer per 1 x 108 cells and centrifuge at 300 g for 10 min. Aspirate
supernatant completely and resuspend up to 1 x 108 cells in 500 ul of buffer.

Place column in the magnetic field of a suitable MACS Separator.

Equilibrate column by rinsing with the appropriate amount of buffer. (LS: 3 ml)

Apply cell suspension into the column. Collect flow-through containing unlabeled cells. (see Note 17)

Wash column with the appropriate amount of buffer. Collect unlabeled cells that pass through and combine
with the effluent. (LS: 3 x 3 mL)

Remove column from the separator and place it on a clean 15 ml conical tube.

Pipette 3 ml of buffer onto the column. Immediately flush out the magnetically labeled cells by firmly
pushing the plunger into the column. (see Note 18)

Check the purity of human iNKT cells with FACS staining.

3.3.3 Invitro expansion of hPBMC-iNKT cells

1.

Count the number of PBMC-iNKT cells from Magnetic separation. (Usually around 5 x 108 PBMC will yield
0.5 -2 x 10°iNKT cells.)

Load a portion of the negative fraction (1 - 2 x 108 per 5 ml) with a-GalCer (5 pg/ml) (see Note 19) and
irradiate (~70% vyield, 6,000 rads); freeze down the remaining negative portion.

Seed cells at 1 x 10° iNKT: 2 x 10° a-GalCer-pulsed PBMC per 3 ml C10 medium per well of a 6-well plate.
Add IL-7 and IL-15 at 10 ng/ml to the culture.

Monitor cell growth daily. As cells reach saturation, add C10 medium containing human IL-7 and IL-15 at 10

ng/ml and split cultures.
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5. Cells can expand 5-10 fold and reach ~80% iNKT cell confluency during the first week. At day 7, cells can be

restimulated (repeat steps 2&3). Cells can expand around 10-fold per stimulation.
6. Take a small aliquot of iINKT culture for FACS staining (Figure 2B).

7. The culture reaches > 95% iNKT cell during the second week. iNKT cells can be frozen down and kept in

liquid nitrogen for long-term storage. (see Note 20)

3.4 Generation of human HSC-INKT cells
3.4.1 Generate HSC-INKT humanized mouse (Figure 2C) (see Note 21)
1. Day 1, thaw and pre-stimulate CD34" PBSCs.

a)

h)
i)
)

Coat 6-well Non-tissue culture treated plates with retronectin (RN, 20 ug per vial in PBS) at RT for 2
hours.

Aspirate and replace with 1 ml of 2% BSA for 30 min at RT.

Aspirate and replace with 2 ml PBS. (see Note 22)

Thaw CD34* PBSC using X-VIVO-15 medium, spin at 300 g for 7 min.

Aspirate supernatant and resuspend in 5 ml of X-VIVO-15 medium and count cell number.

Spin down at 300 g for 7 min and aspirate supernatant.

Prepare 10 ml of X-VIVO-15 medium supplemented with hSCF (50 ng/ml), hFLT3L (50 ng/ml),
hTPO (50 ng/ml), and hIL-3 (10 ng/ml).

Resuspend CD34" cells in X-VIVO-15/hSCF/hFLT3L/hTPO/hIL-3 medium (1 x 108 cells/ml).
Aspirate PBS in RN-coated well and seed the cells (1 x 10° per well).

Incubate at 37 °C, 5% CO..

2. Day 2, transduce CD34* PBSCs with lentivirus (see Note 23).

a)
b)
c)

Thaw concentrated virus supernatant on ice.
Pipet thawed supernatant and add directly to well (see Note 24). Rock plate gently to mix.
Incubate cells at 37 °C, 5% CO, for 24 hours.

3. Day 3, prepare thymus pieces and intravenously inject transduced PBSCs to NSG mice.

a)
b)

c)
d)

e)

Prepare fetal thymus fragments and irradiate with 500 rads. (see Note 25)

Incubate irradiated thymus in C10 medium with antibiotics until surgery. Make sure to wash thymus
thoroughly and keep on ice until surgery.

Irradiate NSG mice with 270 rads.

Harvest and count transduced human CD34* cells 24 hours post transduction, then resuspend in X-
VIVO-15 medium. (see Note 26)

Implant thymus pieces under the kidney capsule of pre-irradiated NSG mouse. Additionally, give

retro-orbital injections of transduced PBSCs to each mouse.
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f) Suture and staple the incision.
g) Subcutaneously inject 300 ul of 1:100 carprofen diluted in PBS. (see Note 27)
Day 4, 5, daily injection with 300 pl of 1:100 carprofen diluted in PBS.
Day 7, remove the staples and monitor the conditions of BLT-iINKT mice.
Starting from week 6 post injection, bleed mice monthly and check human cell reconstitution by FACS

staining. (see Note 28)

3.4.2 hHSC-INKT cells from humanized mouse (Figure 2D)

1
2
3
4.
5
6

Euthanize mice by CO..

Place mouse in dorsal recumbency and clean the skin by spraying with 70% ethanol.

Cut the skin and expose both the abdomen and chest.

Puncture the heart with 26-gauge on 1 ml syringe to collect blood in a heparin-coated collection tube.
Collect the lung, liver, spleen and bone marrow from humanized mouse and store the tissues on ice.
Disperse tissues into mononuclear cell suspension.

a) For blood, incubate in 5 ml TAC buffer for 20 min at RT; spin down to remove supernatant and
resuspend in 1 ml C10 medium. Store at 4 °C. Sample is ready for staining (refer 3.5.1)

b) For spleen, lung, and liver, mash tissues in C10 medium through a 70 um cell strainer using plungers
from 5 ml syringes. Collect the single cell suspension in a 15 ml conical tubes, spin down to remove
supernatant, and resuspend in 14 ml 33% Percoll in PBS (spleen samples can skip Percoll separation
and directly proceed to TAC lysis). Spin at 800 g for 30 min with no brakes at RT. Aspirate the
supernatant and resuspend the pellet in 5 ml TAC buffer. Incubate for 10 min at RT, then add
additional C10 medium and filter through cells strainer. Spin down and resuspend in fresh C10
medium. Store samples at 4 °C. Samples are ready for staining or cryopreservation (refer to 3.5.1)

¢) For bone marrow, use forceps to hold leg bones over a 15 ml conical tube and flush with C10 medium
using 25-gauge needle fitted onto a 10 ml syringe. Spin down to remove the supernatant and resuspend
in 10 ml TAC buffer. Incubate for 10 min at RT, then filter through a 70 um cell strainer. Spin down,
aspirate the supernatant, and wash with 2 ml C10 medium. Resuspend the sample in C10 medium,

store at 4 °C. Sample is ready for staining or cryopreservation (refer 3.5.1)

3.4.3 Invitro expansion of hHHSC-iNKT cells
1. Healthy donor PBMCs were loaded with a-GalCer (by culturing 1 x 102 PBMCs in 5 ml C10 medium

containing 5 pg/ml a-GalCer for 1 hour in 6-well TC plate), irradiated at 6,000 rads, and then used to

stimulate iINKT cells.

To expand iNKT cells, pooled hHSC-iNKT humanized mouse tissue cells were mixed with a-GalCer-pulsed

PBMCs (ratio 1:1 or 1:1.5; eg. 1 x 10° iNKT tissue cells were mixed with 1.5 x 10° irradiated a-GalCer-

pulsed PBMCs) and cultured in C10 medium for 7 days. Cells were plated in 6-well plate (2.5 x 10%/ml, 3
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ml/well). Recombinant human IL-7 (10 ng/ml) and I1L-15 (10 ng/ml) were added to cell cultures starting from
day 2. Cells were split 1:2 once confluent (about every 2-3 days).

3. On day 7, cell cultures were collected and iNKT cells were sorted out using flow cytometry (identified as
hCD45"hTCRaf3*6B11* cells).

4. The sorted iNKT cells (> 99% purify based on flow cytometry analysis) were expanded further with a-
GalCer-pulsed PBMCs and human IL-7/IL-15 for another 7 to 14 days. (see Note 29)

5. Expanded iNKT cells were aliquoted and frozen in LN storage tanks (eg.1 x 107 cells per vial for in vitro
assay and 1 x 108 cells per vial for in vivo assay).

3.5 Characterization of mouse or human iNKT cells
3.5.1 iNKT cell phenotype analysis
1. Surface and intracellular marker staining (Figures 1D, 1E, and 2E).
a) Aliquot cells into labeled FACS tubes.
b) Wash cells with 1 ml C10 media, spin down, aspirate the supernatant.
¢) Wash cells with 1 ml PBS, spin down, aspirate the supernatant.
d) Resuspend cells in 50 ul PBS with human FcR Block and Fixable Viability Dye e506. (see Note 30)
e) Incubate cells at 4 °C for 15 min shielded from light.
f) Wash cells with 1 ml PBS, spin down, aspirate the supernatant.
g) Resuspend cells in 50 ul PBS with antibody cocktails.
h) Incubate cells at 4 °C for 15 min shielded from light.
i) Wash cells with 1 ml PBS, spin down, aspirate the supernatant.
j) For surface staining, resuspend the cell pellet in 100-200 ul PBS for flow cytometry.
K) For intracellular staining, add 250 pl of BD fixation/permeabilization buffer to the cell pellet.
1) Incubate cells at 4 °C for 20-30 min, shielded from light.
m) Spin at 600 g for 5 min, aspirate the supernatant.
n) Wash twice with BD washing buffer.
0) Spin and resuspend the cell pellet in 50 pl intracellular antibodies cocktail.
p) Incubate cells at 4 °C for 30 min shielded from light.
g) Wash cells twice with 1ml wash buffer.
r) Resuspend cells in 100-200 pl PBS for flow cytometry.
2. Stimulate cytokine production (PMA/lIonomycin stimulation)
a) Resuspend cells at 1 x 10%ml in C10 medium containing PMA (final concentration 50 ng/ml) and
ionomycin (final concentration 500 ng/ml).
b) Transfer 1ml of cells into capped FACS tubes.
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c)

d)
€)

Add GolgiStop to cells (4 ul GolgiStop per 6 ml of C10 medium) and tightly close caps on FACS
tubes.

Incubate at 37 °C, 5% CO2 for 4-6 hours.

Samples are ready for FACS staining (refer 3.5.1.1).

3. ELISA (following standard protocol from BD bioscience) (Figure 1F)

3.52

2)

b)
c)
d)
e)
f)
g)

h)
i)

Coat Nunc Immunoplates with purified capturing antibody diluted in ELISA coating buffer. Add 50
ul/well and incubate for 2 hours at 37 °C or overnight at 4 °C.

Wash plate 4 times with ELISA wash buffer.

Block plate with 100 ul/ well of ELISA BBS buffer. Incubate for 30 min at 37 °C or overnight at 4 °C.
Wash plate 4 times with ELISA wash buffer.

Add samples at 25 ul or 50 ul per well. Incubate for 3 hours at 37 °C or 4 °C overnight.

Wash plate 4 times with ELISA wash buffer.

Add 50 pl of the biotinylated detection antibody diluted in BBS solution buffer. Incubate for 45 min at
RT.

Wash plate 4 times with ELISA wash buffer.

Add 50 pl/ well of the streptavidin-HRP, diluted 1:1000 in BBS dilution buffer. Incubate for 30 min at
RT, shielded from light.

Wash plate 8 times with ELISA wash buffer.

Mix the TMB developing solution and add 50 ul/ well. Incubate at RT.

Monitor the blue color change and stop reaction by adding 50 ul/ well of TMB reaction stop solution.

Read absorbance at 450 nm within 30 min.

iNKT cell function analysis

mHSC-iNKT cell in vivo antitumor efficacy study: mouse B16 melanoma lung metastasis mouse model
15 (Figures 1G-11)

a)

b)

c)

C57BL/6J (B6) mice received intravenous (i.v.) injection of 0.5 - 1 x 10° B16.F10 melanoma cells to
model lung metastasis over the course of 2 weeks.

On day 3 post tumor challenge, the experimental mice received i.v. injection of 1 x 10° bone
marrow-derived dendritic cells (BMDCs) that were either unloaded or loaded with a-GalCer.

On day 14, mice were humanely euthanized, and their lungs were collected and analyzed for

melanoma metastasis by counting tumor nodules.

hHSC-iNKT cell tumor-attacking mechanism study 7 (Figure 2F)

83

Invariant Natural Killer T-Cells. Methods in Molecular Biology: Humana Press (in press); 2021



a)

b)

d)

in vitro direct tumor cell killing assay. Human multiple myeloma cell line MM.1S was used.
MM.1S-FG or MM.1S-hCD1d-FG tumor cells (5-10 x 102 cells per well) were co-cultured with
hHSC-iNKT cells (ratio 1:1, 1:2, 1:5, and 1:10) in Corning 96-well clear bottom black plates for 24-
48 hours, in X-VIVO™ 15 medium with or without the addition of a-GalCer (100 ng/ml). At the end
of culture, live tumor cells were gquantified by adding 150 mg/ml of D-Luciferin to cell cultures and
reading out luciferase activities. In order to verify CD1d-dependent tumor killing mechanism, we
blocked CD1d by adding 10 mg/ml LEAF™ purified anti-human CD1d antibody or LEAF™ purified
mouse 1gG2b « isotype control antibody to tumor cell cultures at least one hour prior to adding
hHSC-INKT cells. At the end of culture, live tumor cells were quantified by adding D-Luciferin to
cell cultures and reading out luciferase activities.

in vitro NK adjuvant effect assay. Primary human NK cells were isolated from healthy donor
PBMCs through an NK Cell Isolation Kit according to the manufacturer’s instructions. K562-FG
cells (5 x 10* cells per well) were co-cultured with NK cells and hHSC-iNKT cells (at ratio of 1: 2: 2)
in Corning 96-well clear bottom black plates for 24 hours, in C10 medium with or without a-GalCer-
pulsed irradiated PBMCs as antigen presenting cells (APCs). Live tumor cells were quantified by
adding D-Luciferin (150 mg/ml) to the cell cultures and reading out luciferase activities.

in vitro dendritic cells (DC)/cytotoxic T lymphocyte (CTL) adjuvant effect assay. CD1d*/HLA-A2*
human monocyte-derived dendritic cells (MoDCs) were generated by isolating CD14* monocytes
from HLA-A2* healthy donor PBMCs using anti-human CD14 beads, followed by a 4-days culture
in R10 medium supplemented with recombinant human GM-CSF (100 ng/ml) and IL-4 (20 ng/ml).
The NY-ESO-1 specific CD8* human CTLs were co-cultured with CD1d*/HLA-A2* MoDCs in C10
medium for 3 days, with or without hHSC-iNKT cells (cell ratio 1:1:1) and a-GalCer (100 ng/ml).
Tumor-killing potential of ESO-T cells was measured by adding A375-A2-ESO-FG tumor cells (1:1
ratio to input ESO-T cells) to the ESO-T/MoDC co-culture 24 hours post co-culture setup, and
quantifying live tumor cells by luciferase activity reading in another 24 hours. (see Note 31)

in vitro macrophage inhibition assay. CD14* monocytes were isolated from healthy donor PBMCs,
followed by co-culturing with hHSC-iNKT cells (ratio 1:1) for 24-48 hours in C10 medium with or
without the addition of a-GalCer (100 ng/ml). At the end of culture, cells were collected for flow

cytometry analysis.

hHSC-iNKT cell in vivo antitumor efficacy study: MM.1S human multiple myeloma xenograft NSG

mouse model 7 (Figures 2G-21I)

a)

NSG mice were pre-conditioned with 175 rads of total body irradiation and inoculated with 0.5 - 1 x
10%° MM.1S-hCD1d-FG or MM.1S-FG cells intravenously (day 0) to develop multiple myeloma over

the course of about 3 weeks.
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b) Three days post-tumor inoculation (day 3), mice received i.v. injection of vehicle (PBS) or 1 x 10’
hHSC-iNKT cells. Recombinant human IL-15 was intraperitoneally injected to experimental animals
to support the peripheral maintenance of hHSC-iNKT cells twice per week starting from day 3 (500
ng per animal per injection).

c) The tumor burden was monitored twice per week by bioluminescence (BLI) measurement.

d) At around week 3, mice were humanely euthanized (refer to 3.4.2) and tissues (peripheral blood,
spleen, liver, and bone marrow) were collected for flow cytometry analysis.

4. Notes

5-Fluorouracil (5-FU) is a chemotherapy drug used to treat cancer. 5-FU can inhibit thymidylate
synthetase function during pyrimidine synthesis. The carcinogenicity and acute toxicity of 5-FU
require proper handling from lab personnel.

The generation of mouse INKT TCR gene delivery retroviral vector was described in our previous
publication °.

Human CD34* HSCs are commercially available from HemaCare Corporation (Northridge,
California, USA).

Human multiple myeloma (MM) cell line MM.1S, human chronic myelogenous leukemia cancer cell
line K562, and human melanoma cell line A375 were all purchased from the American Type Culture
Collection (ATCC) (Manassas, Virginia, USA) and cultured in ATCC recommended media. The
stable MM.1S-FG and MM.1S-hCD1d-FG tumor cell lines were engineered by transducing the
parental MM.1S cell line with the lentiviral vectors encoding the intended gene(s) to overexpress
human CD1d, and/or firefly luciferase and enhanced green fluorescence protein (GFP) dual-reporters
(FG). CD1d* and/or GFP* cells were sorted by flow cytometry 72 hours post viral transduction to
generate stable cell lines.

The stable K562-FG tumor cell line was engineered by transducing the parental K562 cell line with
lentiviral vectors encoding FG. GFP™ cells were sorted by flow cytometry post 72 hours of virus
transduction to generate stable cell line.

The stable A375-A2-Eso-FG tumor cell line was engineered by transducing the parental A375 cell
line with lentiviral vectors encoding human HLA-A2.1, human NY-ESO-1, and FG.

Keeping tissues on ice during processing improves the viability of cells.

33%, 40% and 60% Percoll can be prepared beforehand and stored long term at 4 °C. However,
Percoll must be warmed back to RT before usage.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Centrifuge must be equilibrated to RT before starting and the centrifuge brakes must be turned off.
Excessive deceleration can remix the separating layers.

Cells from spleen and liver can be combined for in vitro expansion if needed. Cells from multiple
mice can be combined if needed.

MMNC-INKT cells may be expanded and cultured in vitro for up to 3 weeks using repetitive
stimulations with anti-CD3¢ and anti-CD28 every 7-8 days 8. a-GalCer stimulation leads to
apoptosis and is not suitable for long-term expansion of mouse iNKT cells '8,

We have established a B6-miNKT mouse model through genetic engineering of hematopoietic stem
cells ¥ to produce large numbers of iNKT cells. Compared to B6-WT mice, B6-miNKT mice
provide a significantly higher yield of iINKT cells.

Spin infections on two sequential days increase retrovirus transduction rate. Preferably, the second
infection should be performed within 12-15 hours after the first one to infect cells at different stages
of the cell cycle.

For a secondary BM transfer, fresh whole BM cells harvested from the primary BM recipients are
intravenously injected into secondary B6 recipient mice that had received 1,200 rads of total body
irradiation (~1 x 107 total BM cells per recipient). Details were described in previous publications
16_

Tilt the tube and bring the pipette close to surface of the blood/PBS mixture. Slowly pipette out 1-2
ml. Then detach the pipette to allow gravity to dispense the reminder of the Ficoll. When the flow
stops, reattach the pipette to push out any remaining Ficoll before removing the pipette from the
conical tube. Be extremely careful at this step to make sure that the interface is not disturbed.

Choose the right column to use based on the sample cell number. For example, if there are ~2 x 108
total PBMCs, use one LS column.

Do not let the column dry out and avoid adding bubbles into the column. Bubbles inside the column
can interfere with the sample and decrease selection efficacy.

To increase the purity, the eluted fraction can be enriched over a second column. Repeat the
magnetic separation procedure as described if needed.

a-GalCer glycolipid and DMSO are immiscible at RT. To prepare the stock a-GalCer (1 pg/ul), add
the proper volume of DMSO into the a-GalCer powder and heat it at 80 °C in a water bath for 10
minutes, followed by 10 minutes of sonication at 50 °C. Then, vortex the vial for a full 2 minutes

until the solution turns clear. Aliguot it into glass vials and store them in a -20 °C freezer. To prepare
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20.

21.

22,
23.

24,

25.

26.

27,

28.

29.

30.

the a-GalCer working solution (5 pug/ml), heat the aliquot at 80 °C for 5 min followed by 5 min of
sonicating at 50 °C. Then vortex the aliquot for a full 60 seconds and add 200 pl of pre-warmed C10
medium. Sonicate for another 5 min and vortex for 60 seconds. Add the rest of the pre-warmed C10
medium to make the final concentration 5 pg/ml. a-GalCer aliquots from -20 °C are single-used. Do
not refreeze after diluting with media.

Cell expansion fold is donor-dependent. iNKT cells from different donors can be in vitro expanded
for up to three weeks.

Standard BLT (human bone marrow-liver-thymus engrafted NOD/SCID/yc”) humanized mouse is
established by co-implanting human fetal liver and thymus pieces under the renal capsule of NSG
mouse together with intravenously injection of human CD34" HSCs. In our modified approach, only
thymus pieces are placed under the renal capsule together with intravenous injection of engineered
CD34" HSC.

RN-coated plate with PBS can be left for several hours in the hood.

Pre-stimulate CD34" cells for 12-18 hours before transduction. One option is to coat the plate in the
late afternoon and seed cells at around 6pm. The next morning, add the virus for transduction.

The generation of human iNKT lentivirus is described in our prior publication *°. Do not vortex, just
very gently mix the concentrated virus. If necessary, adding Poloxamer and PEG-2 can improve
virus transduction rate *°.

Both fresh and frozen fetal thymus can be used for implantation. Fetal thymus should be pre-cut into
1mm? cube size. Each mouse can be implanted with 1-2 pieces of thymus fragments.

Keep small portions of un-transduced and transduced CD34" cells in X-VIVO-15 media
supplemented with cytokines post virus transduction for a 72-hours culture. Collect cells and
perform intracellular staining of V11 to detect the virus transduction efficacy.

Carprofen works as painkiller to relieve the pain from surgery. It can be substitute with other
analgesics based on institution recommendation.

The viral transduction rate, the quality of human fetal thymus and the quality of surgery will all
contribute to the quality of HSC reconstitutions. BLT-iNKT mice can live around 6 months to 1 year.
Sorted INKT cells are expected to expand 10-fold in the first week and another 10-fold in the second

week.

Optimize antibody dilution beforehand.
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31. NY-ESO-1 specific CD8* human cytotoxic T lymphocytes (CTLs, or ESO-T cells) were generated
through engineering human CD34" HSCs with a TCR gene encoding a 1G4 TCR (HLA-A2-
restricted, NY-ESO-1 tumor antigen-specific) and differentiating the TCR gene-engineered HSCs
into CD8+ CTLs in an Artificial Thymic Organoid (ATO) culture 7.
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Figure 1: Generation and characterization of mouse iNKT cells.

Day 0 B16.F10 Day 3 iv. Day 14 Analysis
—> melanoma —> BMDC/none or — >  of lung

(A) Diagram depicting the isolation of MMNC-iNKT cells and mHSC-iNKT cells.
(B) FACS detection of mouse iNKT cells in liver and spleen of B6-miNKT mice or B6-WT mice.
(C) Experimental design for generating mHSC-iNKT cells in a B6-miNKT mouse model.
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(D) FACS detection of the surface markers of mHSC-INKT cells. These iNKT cells were detected in the liver of B6-miNKT
mice for up to 6 months after HSCs adoptive transfer.

(E-F) Functionality of mHSC-INKT cells tested in vitro. Spleen cells collected from B6-miNKT mice were cultured in vitro
in the presence of a-GalCer (100 ng/ml) (E) FACS detection of intracellular cytokine production in mHSC-iNKT cells 3 days
post a-GalCer stimulation. (F) ELISA analysis of cytokine production of mHSC-INKT cells in the cell culture medium 3
days post a-GalCer stimulation.

(G-I) Study in vivo antitumor efficacy of mHSC-iNKT cells using an B16.F10 melanoma lung metastasis mouse model. (G)
Experimental design. (H) Photos of lung tumor nodules. Representative of 2 experiments. (I) Enumeration of lung tumor
nodules.

Data were presented as the mean + SEM. *P < 0.01, by Student’s t test.
(Note that D-I were reproduced from ref. 15 with permission from NAS, copyright (2015) National Academy of Sciences)
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Figure 2: Generation and characterization of human iINKT cells.
(A) Diagram depicting the isolation and in vitro expansion of hPBMC-iNKT cells. (aGC: a-GalCer.)
(B) FACS detection of hPBMC-iNKT cells before or after MACS sorting using anti-human iNKT microbeads.

(C) Experimental design to generate hHSC-iNKT cells in a bone marrow-liver-thymus (BLT) humanized mouse model.
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(D) FACS detection of hHSC-iNKT cells in control BLT and BLT-INKT mice tissues, at week 20-post-HSC transfer.
Control BLT mice were generated by adoptively transferring mock-transduced human HSCs into NSG mice engrafted with
human thymus.

(E) FACS detection of the surface markers of hHHSC-iNKT cells isolated from the spleen of BLT-iNKT mice. Human PBMC-
iNKT cells and human PBMC-derived conventional aff T (PBMC-Tc) cells were included as controls.

(F) Diagram showing the possible mechanisms used by human iNKT cells to attack tumor cells. APC, antigen presenting cell;
NK, natural killer cell; DC, dendritic cell; CTL, cytotoxic T lymphocyte; TAM, tumor-associated macrophage.

(G-I) Study in vivo antitumor efficacy of hHSC-iNKT cells using an MM.1S-hCD1d-FG human MM xenograft NSG mouse
model. (G) Experimental design. (H) BLI images showing tumor burden in experimental mice over time. Representative of 3
experiments. (1) Quantification of (H) (n =6 - 8).

Data were presented as the mean + SEM. ****P < (0.0001, by Student’s t test.

(Note that D-I were reproduced from ref. 17 with permission from Elsevier, copyright (2019) Elsevier)

Table 1: List of antibodies.

Antibodies

Anti-human CD45 (Clone H130) Biolegend CAT#304026, RFID: AB_893337
Anti-human TCRaf (Clone 126) Biolegend CAT#306716, RRID: AB_1953257
Anti-human CD4 (Clone OKT4) Biolegend CAT#317414, RRID: AB_571959
Anti-human CD8 (Clone SK1) Biolegend CAT#344714, RRID: AB_2044006
Anti-human CD45RO0O (Clone UCHL1) Biolegend CAT#304216, RRID: AB_493659
Anti-human CD161 (Clone HP-3G10) Biolegend CAT#339928, RRID: AB_2563967
Anti-human CD69 (Clone FN50) Biolegend CAT#310914, RRID: AB_314849
Anti-human CD56 (Clone HCD56) Biolegend CAT#318304, RRID: AB_604100
Anti-human CD62L (Clone DREG-56) Biolegend CAT#304822, RRID: AB_830801
Anti-human CD14 (Clone HCD14) Biolegend CAT#325608, RRID: AB_830681
Anti-human CD1d (Clone 51.1) Biolegend CAT#350308, RRID: AB_10642829
Anti-mouse TCRp (Clone 1B3.3) Biolegend CAT#156305, RRID: AB_2800701
Anti-mouse NK1.1 (Clone PK136) Biolegend CAT#108710, RRID: AB_313397
Anti-mouse CD62L (Clone MEL-14) Biolegend CAT#104411, RRID: AB_30566881
Anti-mouse CD44 (Clone IM7) Biolegend CAT#103012, RRID: AB_312963
Anti-mouse CD4 (Clone GK1.5) Biolegend CAT#100412, RRID: AB_312697
Anti-mouse CD8 (Clone 53-6.7) Biolegend CAT#100712, RRID: AB_312751
Anti-mouse CD3 (Clone 17A2) Biolegend CAT#100236, RRID: AB_2561456
Anti-mouse IFN-y (Clone XMG1.2) Biolegend CAT#505809, RRID: AB_315403
Anti-mouse IL-4 (Clone 11B11) Biolegend CAT#504103, RRID: AB_315317
Anti-mouse CD1d (Clone K253) Biolegend CAT#140805, RRID: AB_10643277
Anti-human CD34 (Clone 581) BD Biosciences CAT#555822, RRID: AB_396151
Anti-human TCR Va24-J318 (Clone 6B11) BD Biosciences CAT#552825, RRID: AB_394478
Anti-human V11 Beckman-Coulter CAT#A66905

Human Fc Receptor Blocking Solution (TrueStain FcX) Biolegend CAT#422302
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Mouse Fc Block (anti-mouse CD16/32) BD Biosciences CAT#553142, RRID: AB_394657

LEAF purified anti-human CD1d antibody (Clone 51.1) Biolegend CAT#350304
LEAF purified Mouse 1gG2b, k isotype ctrl (Clone MG2b-57) Biolegend CAT#401212
Mouse Fluorochrome-conjugated mCD1d/PSC-57 tetramer Eélgilinetramer Ceie
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Abstract

Allogeneic hematopoietic  cell  transplantation  (allo-HCT) is a curative therapy for
hematologic malignancies (i.e. leukemia/lymphoma), owing to graft versus leukemia (GvL) effect
mediated by alloreactive T cells; however, the same T cells also mediate graft versus host disease
(GvHD), a severe side effect limiting the wide-spread application of allo-HCT in clinic. Invariant
natural Killer T (iNKT) cells can ameliorate GvHD while preserving GvL effect, but the clinical
application is limited by their scarcity. Here, we show that large amounts of iINKT cells from a single
donor can be generated by combining hematopoietic stem cell (HSC) gene engineering and an HSC in
vitro differentiation system. The engineered iNKT cells are predominantly CD4CD8 and CD4 CD8*
and have similar cytokine profile and cytolytic function to the same endogenous INKT subsets.
Engineered iNKT cells from third-party donors eliminate CD14* macrophages in mixed lymphocyte
culture and reduce Thl-differentiation in a CD1d-dependent manner. Third-party iNKT cells also
ameliorate GVHD while preserving GvL effect in Xeno-GvHD models through depletion of donor-type
CD14* macrophages. These results indicate that engineered third-party iNKT cells can serve as “off-the-
shelf” iNKT cell source for clinical application to ameliorate of GvHD while preserving GvL effect.

(191)
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Introduction

Allogeneic hematopoietic ~ cell  transplantation  (allo-HCT)is a curative therapy for
hematologic malignancies such as leukemia/lymphoma owing to the graft-versus leukemia/lymphoma
(GvL) effect elicited by alloreactive donor T cells™“ °. In 2018 alone, more than 47,000 bone marrow
transplantations were performed worldwide, 19,000 (41%) of which were allogeneic and nearly all for
the treatment of leukemia/lymphoma”. However, the development of graft-versus-host disease (GvHD)
mediated by alloreactive donor T cells responding to minor or major histocompatibility antigen
disparities between donor and recipient remains a major cause of patient morbidity and mortality for
patients receiving T-cell replete allo-HCT> °. T cell depletion of the graft can reduce the incidence and
severity of GVHD in patients but is associated with an increased risk of graft rejection, infections, and
leukemia relapse’. Therefore, extensive research has been focused on identifying other cellular
components of the graft that could modulate donor T cells and reduce the risk and severity of GvHD
without diminishing normal immunological functions, including NK® B°, and CD4*CD25"FoxP3* T
regulatory (Treg) cells

Invariant nature killer T (iINKT) cells have also been studied extensively for their roles in
modulating GvHD and GvL. iNKT cells are a small subset of af T cells that express both a semi-
invariant T cell receptor (Va24-Jal8 in humans and Val14-Ja18 in mice paired with a limited selection
of VB chains) and natural Kkiller cell markers (e.g., CD161 in humans and NK1.1 in mice)

. Unlike conventional aff TCRs that recognize peptide antigens presented on classical polymorphic
MHC Class | and Il molecules, the iINKT TCR recognizes glycolipid antigens presented on non-
polymorphic MHC Class I-like molecule CD1d"”. iNKT cells in mouse include CD4" and CD4 CD8"
(double negative, DN) subsets'’, and iNKT cells in human include CD4", CD8" and DN subsets'". INKT

cells express high levels of cytokine mMRNA and produce large amounts of cytokines upon primary
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stimulation™’. iINKT cell subset have differential cytokine patterns and cytolytic functions: CD4" iNKT
cell subset produce much higher levels of IL-4 as compared to CD8" and DN subsets; the latter subsets
express much higher levels of granzyme B and perforin and have much stronger cytolytic function as
compared to the former-'.

The beneficial roles of iNKT cells in reducing GvHD while retaining GvL in murine allo-HCT
has been well reported . Previous studies demonstrated that total lymphoid irradiation (TLI)
conditioning prior to allo-HCT prevented GvHD and preserved GvL effect due to the selectively
depletion of host conventional T cells and relative expansion of NKT cells?® 21, The host-type iNKT
cells interact with donor-type myeloid cells to augment donor-type Treg expansion??. Addition of
recipient-type, donor-type, or third party iNKT into the allograft was also shown to significantly reduce
the risk of GvHD in allo-HCT without diminishing GvL by polarizing donor T cells to a Th:
phenotype

The protective roles of human INKT cells against GvHD have also been highlighted by multiple
clinical studies. Non-myeloablative conditioning with TLI/ATG prior to allo-HCT coincided with a
higher iINKT/T cell ratio, decreased incidences of GvHD, and retained GvL effect™ “°. Patients with
GVHD early after transplantation were found to have reduced numbers of total circulating INKT cells
whereas enhanced iNKT cell reconstitution following allo-HCT positively correlated with a reduction in
GvHD without loss of GVL effect™. In particular, low CD4" but not CD4" iNKT cell numbers in donor
allograft was associated with clinically significant reduction in GvHD in patients receiving HLA-
identical allo-HCT". Thus, increasing the iNKT cell numbers in the allograft may provide an attractive
strategy for suppressing GvHD while preserving GvL effect.

However, the research and clinical applications of iNKT cells are greatly hindered by their low

numbers and high variability in humans (~0.001-1% in blood)*°. To overcome this critical limitation, we
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have previously established a method to generate large amounts of human iNKT cells through TCR gene
engineering of hematopoietic stem cells (HSCs) followed by in vivo reconstitution; using this method,
we have successfully generated both mouse and human HSC-engineered iNKT (HSC-iNKT) cells®" 2,
While such an in vivo approach to providing iINKT cells maybe suitable for autologous transplantation,
applying this for allogeneic transplantation faces significant hurdles®! *2. Here, we intended to build on
the HSC-INKT engineering approach and develop an ex vivo culture method to produce large amounts
of third party human iNKT cells; these cells can potentially be used as a “universal” and “off-shelf”

reagent for improving allo-HCT outcomes by ameliorating GvHD while preserving GvL effect.

Results

Ex vivo generation and characterization of human HSC-engineered iNKT cells

Human CD34" hematopoietic stem and progenitor cells (HSCs) were collected from cord blood (CB-
HSCs) or granulocyte-colony stimulating factor (G-CSF)-mobilized human periphery blood (PB-HSCs).
These HSCs were then transfected with a Lenti/INKT-sr39TK lentiviral vector, followed by culturing in
vitro in a 2-stage artificial thymic organoid (ATO)/a-galactosylceramide (aGC) culture system (Fig. 1a).
The gene-engineered HSCs efficiently differentiated into INKT cells in the ATO culture system (Stage 1)
over 8 weeks (Fig. 1a,b). The percentage of cells that expressed transgenic INKT TCR increased from <
1% before culture to ~ 70% after culture (Fig. 1b) with over 100-fold expansion (Fig. 1a,d). These
engineered HSC-INKT cells were further expanded with aGC-loaded irradiated PBMCs (Stage 2) for
another 2-3 weeks (Fig. 1a,c), resulting in > 97% iNKT cells among total cultured cells and another 100-
1000-fold expansion (Fig. 1a,d). This manufacturing process was robust and of high yield and high
purity for all 12 donors tested (4 CB-HSCs and 8 PB-HSCs) (Fig. 1c,d). Based on the results, it was

estimated that from one CB donor (comprising ~5 x 10° CB-HSCs), ~5 x 10 HSC-iNKT cells could be
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generated; from one PB-HSC donor (comprising ~5 x 108 PB-HSCs), ~3 x 10*? HSC-iNKT cells could
be generated (Fig. 1d).

To ensure the safety profile of HSC-INKT cell product, we included a sr39TK PET
imaging/suicide gene in the lentiviral vector, which allows for the in vivo monitoring of these cells using
PET imaging and the elimination of these cells through ganciclovir (GCV)-induced depletion in case of
a serious adverse event (Fig. 1a). In cell culture, GCV induced effective killing of HSC-INKT cells
(Supplementary Fig. 1a,b). In an NSG mouse xenograft model, GCV induced efficient depletion of
HSC-INKT cells from all tissues examined (e.g., blood, liver, spleen, and lung) (Supplementary Fig. 1c-
e). Therefore, the engineered HSC-INKT cell product is equipped with a powerful “kill switch”,
significantly enhancing its safety profile.

We next compared the phenotype and functionality of engineered HSC-iNKT cells to PBMC-
INKT cells and conventional aff T (PBMC-Tcon) sorted from healthy donor periphery blood.
Engineered iNKT cells were predominantly CD8" and DN whereas greater than 50% of PBMC-iNKT
cells were CD4" (Fig. 1e). HSC-iNKT cells displayed a phenotype closely resembling PBMC-iNKT
cells and distinct from PBMC-Tcon cells: they expressed high levels of memory T cell markers (i.e.,
CD45R0) and NK cell markers (i.e., CD161, NKG2D, and DNAM-1) and expressed exceedingly high
levels of Thl cytokines (i.e., IFN-y, TNF-a, and IL-2) as well as high levels of cytotoxic molecules (i.e.,
Perforin and Granzyme B); comparatively, fresh PBMC-Tcon cells expressed low levels of Thl
cytokines and medium levels of perforin and granzyme B (Fig. 1e). HSC-INKT produced lower Th2
cytokine IL-4 compared to PBMC-INKT cells, indicating engineered iNKT cells are similar to

endogenous CD8" and DN iNKT subsets.

100



Third party HSC-iINKT (("YHSC-iNKT) cells ameliorate Xeno-GvHD in NSG mice engrafted with
human PBMC

Different from Foxp3*CD4" T cells that recognize polymorphic MHCII-peptide complex, iNKT cells
recognize non-polymorphic CD1d-lipid complex . In addition, the engineered INKT cells were
predominantly CD4" subsets, and CD4" but not CD4" iNKT cells were reported to be associated with
reduced GvHD in patients”. Thus, we tested whether 3HSC-iINKT cells can suppress GvHD induced
by donor alloreactive T cells, using a xeno-GvHD model of NSG mice engrafted with human PBMC®,
Non-lethal total body irradiation (TBI, 100 cGy)-conditioned NSG mice were injected intravenously
(i.v.) with healthy donor PBMCs (2 x 107) with or without the addition of *™HSC-iNKT cells (2 x 10).
The recipients were monitored daily for clinical signs of GvHD (Fig. 2a). The addition of *“HSC-iINKT
cells significantly delayed GvHD onset, reduced bodyweight-loss and prolong the survival. (Fig. 2b-d).
The delayed onset and reduced GvHD severity were associated with delay of donor-type Tcon cell
expansion in the peripheral blood (Fig. 2e).

To further characterize the changes in GvHD severity, the acute and chronic GvHD overlapping
target organs (i.e., lung, liver, and skin) and chronic GvHD prototypical target organs (i.e., salivary
glands)®* were collected for pathological analysis on day 40 after engrafting donor PBMC (PBMC) only
or both donor PBMC and 3MHSC-iNKT cells. As compared with control NSG mice, the recipients
engrafted with PBMC alone showed severe infiltration and damage in the liver and lung; although the
skin tissue did not have severe infiltration, there was an enlarged epidermis, a sign of excessive collagen
deposition®*; the salivary gland also showed infiltration and damage of gland follicles (Fig. 2g-j). These
suggest that by 40 days after PBMC engraftment, the recipients had overlapping acute and chronic
GvHD. The recipients given additional of 3“HSC-iNKT cells showed marked reduction in the T cell

infiltration in the liver, lung, and salivary gland as well as tissue damage scores (Fig. 2g-j). Addition of
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3dHSC-INKT cells markedly reduced hair loss and enlargement of epidermis although T cell infiltration
in the skin tissues was mild and no significant difference was observed between recipients with or
without addition of *HSC-INKT cells (Fig. 2g-j).

Flow cytometry analysis also indicated significantly less donor T cell population in the blood and
spleen, and less infiltration in GvHD target organs lung, liver, bone marrow (Fig. S2a, b). Furthermore,
intracellular cytokine staining showed that by day 40 after PBMC injection, a large portion of CD4" T
cells had differentiated into Thl-polarized IFN-y* T cells, with subsets that were IFN-y" GM-CSF* and
IFN-y* IL-4* T cells (Fig. S2c). Addition of 3HSC-iNKT reduced the total percentage of IFN-y* CD4*
T cells in the spleen, liver, and lung tissues, IFN-y* GM-CSF* subset in spleen and liver, but not IFN- y*
IL-4* subsets all three tissues (Fig. S2c). These results indicated that *HSC-iNKT cells suppress Thil
expansion of donor-type pathogenic T cells in the GvHD target tissues of NSG recipients with

overlapping acute and chronic GVHD.

3rdHSC-INKT cells eliminate donor CD14* myeloid cells in part through CD1d recognition

Donor-type myeloid cell-derived antigen presenting cells have been reported to exacerbate acute and
chronic GvHD induced by donor T cells® *> %, Donor T cell production of GM-CSF has also been
reported to recruit donor myeloid cells, which in turn amplifies the activation of allogeneic T cells and
exacerbating GvHD severity>” *¢, Consistently, we observed that removal of CD14* myeloid cells in the
PBMC reduced xeno-GvHD in NSG recipients (Fig. S3). We also observed that infusion of *“HSC-
INKT to recipients given CD14-PBMC did not ameliorate GvHD (Fig. 3a-e). In contrast, amelioration
of whole PBMC-induced Xeno-GvHD by infusion of 3“HSC-iNKT was associated with dramatic
reduction of donor CD14" myeloid cells in the blood, spleen, lymph node, and GvHD target tissues liver

and lung within three days of injections (Fig. 3h). Furthermore, comparison of the residual CD14"
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myeloid cells in the peripheral blood of *@HSC-INKT recipients to that of PBMC recipients found a
significant reduction in CD1d expression (Fig. 3i). In contrast, donor T and B cell, which expressed
significantly less CD1d compared to CD14" myeloid cells (Fig. S4a,b), had no observable changes in %
at 3 days after the addition of 3“HSC-INKT cells (Fig. S4d,e). Additionally, donor T cells have yet to
become activated at this time, indicated by the absence of IFN-y and GM-CSF production (Fig. S4f).

To validate the in vivo indications that 3@HSC-iINKT cells eliminate donor-type CD1d*CD14"
myeloid cells, we used in vitro MLR with anti-CD1d blockade (Fig. 4a). We observed that CD14"
myeloid cells expressed the highest levels of CD1d among T, B and CD14" cells in the PBMC before
culture (Fig. 4b). MLR culture with 3¥HSC-iNKT cells for one day was sufficient to markedly reduce
the percentage and number of CD14" myeloid cells (Fig. 4c,d). Additionally, residual CD14" myeloid
cells in cultures that contained “HSC-iINKT expressed significantly less CD1d (Fig. 4e). Loss of
CD14" myeloid population was partially restored by addition of blocking anti-CD1d together with
3dHSC-INKT cells (Fig. 4c,d). However, at one day after addition of 3“HSC-iNKT cells, no immediate
impact on B and T cell numbers in the MLR culture was observed (Fig. 4c,d). On the other hand, at four
days after addition of *HSC-iNKT cells, significant reduction of IFN-y concentration in the culture
supernatant was observed, although little impact on IL-4 concentration was observed (Fig. 4f). Taken
together, S YHSC-iNKT cells eliminate donor-type CD1d* myeloid cells in a CD1d-dependent manner

and inhibit expansion of IFN-y-producing Th/Tc1 cells.

3rdHSC-INKT cells preserved GvL activity while ameliorating GvHD
We next tested whether the 3@HSC-iINKT cells could preserve GvL effect while ameliorating GvHD
using human B cell lymphoma cell line, Raji, and a human acute myeloid leukemia (AML), HL60. We

engineered these cells to overexpress the firefly luciferase and EGFP (FG) dual-reporters to enable the
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convenient measurement of tumor Kkilling using in vitro luminescence reading or in vivo
bioluminescence imaging (BLI). When co-cultured in vitro, *HSC-iNKT cells effectively killed the
Raji-FG and HL60-FG cells in a natural killer cell (NK) activating receptor (i.e., NKG2D and DNAM-
1)-mediated tumor targeting manner (Supplementary Fig. 3a-f), suggesting a potent antitumor capacity
of 3HSC-INKT cells through intrinsic NK function.

NSG mice were inoculated intravenously (i.v.) with Raji-FG cells, followed by adoptive transfer
of healthy donor whole PBMCs without or with the addition of ¥HSC-iNKT cells (denoted as PBMC
and PBMC+3HSC-iNKT, respectively) (Fig. 5a). Control NSG mice that received Raji-FG cells only
(denoted as Vehicle) died as a result of high tumor burden by 27 days after innoculation, while both
PBMC and PBMC+39HSC-iNKT recipients showed rapid clearance of the Raji-FG cells (Fig. 5b,c).
However, PBMC recipients all died by 58 days with severe clinical GvHD, rapid weight loss, and rapid
expansion of human T cells (Fig. 5d-g). Recipients given PBMC+3HSC-iNKT survived significantly
longer, for up to 106 days with a much slower progression of clinical GvHD and decline in weight (Fig.
5d-g).

Similarly, NSG mice bearing HL60-FG AML cells were injected PBMC or PBMC plus iNKT
cells. The mice that received HL60-FG cells died as a result of heavy tumor burden (Fig. 6b,c). Both
PBMC and PBMC+3HSC-iNKT recipients showed rapid clearance of the HL60-FG cells (Fig. 6b,c).
However, PBMC recipients failed to survival longer than the NSG control (Fig. 6f) owing to severe
clinical signs of GvHD (Fig. 6d), rapid weight loss (Fig. 6e), and rapid expansion of human donor T
cells (Fig. 6g). In contrast, PBMC+3HSC-iNKT recipients showed ameliorated GvHD and all survived
significantly longer (Fig. 6f). These results strongly support the capability of 3“HSC-INKT cells to

ameliorate GvHD without diminishing GvL activity.
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Discussion

INKT cells were proposed to prevent GvHD while preserving GvL effect a decade ago , but its
clinical application was hindered by the scarcity of iNKT cells in the peripheral blood® and the limited
ex vivo expansion. In this report, we show that large amounts of iNKT cells can be generated from
engineered HSC of a single healthy human donor via a 2-Step HSC-iNKT ex vivo differentiation culture
system; and the third-party iNKT cells can ameliorate GvHD while preserving GvL effect in Xeno-
GVvHD models. Thus, the third-party iNKT cells can serve an off-shelf source and provide a solution to
the critical shortage of iNKT cells for prevention GvHD in clinic.

First, the engineered iNKT cells are predominantly CD8" and CD4 CD8 subsets and are
functionally similar to the endogenous iNKT cells. The engineered CD8" and DN iNKT cells produce
large amounts of IFN-y and TNF-o with minimal amounts of 1L-4 as well as expressing high levels of
perforin and granzyme B. These features are similar to endogenous CD8* and DN iNKT cells.
Interestingly, increase of CD4" but not CD4" iNKT cells in human transplant were reported to be
associated with reduction of GvHD*". We expect that the addition of engineered iNKT cells derived
from donor- or third-party HSC will prevent GvHD in patients.

Second, GvHD prevention mechanism by the engineered CD8" and DN iNKT cells are different
from CD4" iNKT cells. Although human iNKT cells include CD4*, CD8" and DN subset, the immune
regulatory functions of iNKT cells are mostly based on studies with murine and human CD4" iNKT
cells®® *°, CD4" iNKT cells produce large amounts of both IFN-y and IL-4, and they prevent GVHD via
augmenting conventional T differentiation from Thl shift to Th2 ' as well as augmenting
expansion of donor myeloid suppressor cells (CD11b"Gr-1" MDSC) that subsequently expand donor
Treg cells™. In contrast, engineered CD8* and DN HSC-iNKT cells have strong cytolytic function while

producing large amount of IFN-y with minimal IL-4, and they prevent GVHD via eliminating
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CD1d"'CD14* donor-type macrophages instead of induction of Thl to Th2 type shift and reducing
infiltrating Th1 cells.

Third, engineered HSC-INKT cells have strong GvL effect while ameliorating GvHD. GvHD is
mediated by alloreactive T cells that recognize polymorphic host MHC-antigen complex® °. In contrast,
iINKT cells recognize non-polymorphic CD1d-glycolipid complex'’. Thus, the cytolytic CD8* and DN
iINKT cells do not attack MHC-mismatched host tissues but kill the CD1d"iCD14* donor-type
macrophages, leading to reduction of donor-type APCs that expand the infiltrating T cells in the GvHD
target tissues, while preserving donor-type T cells killing of the host-type tumor cells. In addition, the
INKT cells can also directly kill the CD1d expression hematological tumor cells. It is likely that they can
also kill some of host-type APCs that initiate GvHD®. Thus, the engineered iNKT cells can be an ideal
cell product for augmenting GvL activity while ameliorating GvHD.

Fourth, the rapid killing effect of CD8" and DN iNKT cells allows third-party engineered iNKT
cells to prevent GvHD. The convenient cell source for cellular therapy will be an off-shelf third-party
cell source. Third party mouse iNKT cells were previously reported to be effective in preventing GvHD
despite being rejected rapidly following transplantation”’. We observed that engineered HSC-iNKT cells
eliminated CD14" donor-type macrophage by the third day after infusion of HSC-iINKT cells and the
GvHD amelioration effect last for more than 35 days. The rapid killing takes place before alloreactive T
cell activation that will likely eliminate the third-party HSC-iNKT cells. Thus, the unique mechanisms
of GvHD prevention by engineered CD8" and DN HSC-iNKT cells laid a solid foundation for using the
off-shelf third-party source.

Finally, the combination of HSC-engineering and ex vivo differentiation technology can generate
huge numbers of iINKT cells from single donors. Starting with mobilized peripheral blood, this method

can generate a 2500-fold expansion in HSC-INKT cells; using the less accessible cord blood, this
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method can provide a 100,000-fold expansion. Both numbers dwarf what could be reasonably harvested
from peripheral blood*’.

Despite their promises however, the current 3®HSC-iNKT cell products can still be improved
upon: the manufacture could benefit from replacing with a feeder-free culture system which will
considerably disentangle the clinical and commercial development; the sr39TK/GCV suicide switch
could be switched to other suicide switch systems (e.g., inducible Cas9 or truncated EGFR) with less
immunogenicity*°. Further exploration of ¥¥HSC-iNKT cells as off-the-shelf cell carriers for developing
INKT-coupled allo-HCT for treating blood cancers will certainly be interesting directions for future

study.
Materials and Methods

Mice
NOD.Cg-PrkdcSCPI12rgt™Wil/Sz] (NOD/SCID/IL-2Ry", NSG) mice were maintained in the animal facilities at the
University of California, Los Angeles (UCLA). Six- to ten-week-old mice were used for all experiments unless otherwise

indicated. All animal experiments were approved by the Institutional Animal Care and Use Committee of UCLA.

Cell lines and viral vector

The murine bone marrow derived stromal cell line MS5-DLL4 was obtained from Dr. Gay Crooks’ lab (UCLA). Human Raji
B cell lymphoma cell line, HL60 acute myeloid leukemia cell line, and HEK 293T cell line were purchased from the
American Type Culture Collection (ATCC). 293T were cultured in D10 medium. Raji and HL60 cells were cultured in R10
medium.

Lentiviral vectors used in this study were all constructed from a parental lentivector pMNDW as previously
described®'. The Lenti/iNKT-sr39TK vector was constructed by inserting into pMNDW vector a synthetic tricistronic gene
encoding human iNKT TCRa-F2A-TCRB-P2A-sr39TK; the Lenti/FG vector was constructed by inserting into pMNDW a
synthetic bicistronic gene encoding Fluc-P2A-EGFP. The synthetic gene fragments were obtained from GenScript and IDT.

Lentiviruses were produced using HEK 293T cells, following a standard calcium precipitation protocol and an
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ultracentrifigation concentration protocol as previously described3? %2, Lentivector titers were measured by transducing HT29
cells with serial dilutions and performing digital gPCR, following established protocols3® 2,

To make stable tumor cell lines overexpressing firefly luciferase and enhanced green fluorescence protein (FG)
dual-reporters, parental tumor cell lines were transduced with lentiviral vectors encoding the intended gene(s). 72h following
lentiviral transduction, cells were subjected to flow cytometry sorting to isolate gene-engineered cells for making stable cell

lines. Two stable tumor cell lines were generated for this study, including Raji-FG and HL60-FG.

Human periphery blood mononuclear cells (PBMCs)
Healthy donor human PBMCs were obtained from the UCLA/CFAR Virology Core Laboratory, with identification
information removed under federal and state regulations. Cells were cryopreserved in Cryostor CS10 (BioLife Solution)

using CoolCell (BioCision), and were stored in liquid nitrogen for all experiments and long-term storage.

Media and reagents

a-Galactosylceramide (aGC, KRN7000) was purchased from Avanti Polar Lipids. Recombinant human IL-2, IL-3, IL-4, IL-7,
IL-15, FIt3-Ligand, Stem Cell Factor (SCF), Thrombopoietin (TPO), and Granulocyte-Macrophage Colony-Stimulating
Factor (GM-CSF) were purchased from Peprotech. Ganciclovir (GCV) was purchased from Sigma.

X-VIVO 15 Serum-free Hematopoietic Cell Medium was purchased from Lonza. RPMI 1640 and DMEM cell
culture medium were purchased from Corning Cellgro. Fetal bovine serum (FBS) was purchased from Sigma. Medium
supplements, including Penicillin-Streptomycine-Glutamine (P/S/G), MEM non-essential amino acids (NEAA), HEPES
Buffer Solution, and Sodium Pyruvate, were purchased from GIBCO. Beta-Mercaptoethanol (B-ME) was purchased from
Sigma. Normocin was purchased from InvivoGen. Complete lymphocyte culture medium (denoted as C10 medium) was
made of RPMI 1640 supplemented with FBS (10% vol/vol), P/S/G (1% vol/vol), MEM NEAA (1% vol/vol), HEPES (10
mM), Sodium Pyruvate (1 mM), B-ME (50 mM), and Normocin (100 mg/ml). Medium for culturing human Raji and HL60
tumor cell lines (denoted as R10 medium) was made of RPMI 1640 supplemented with FBS (10% vol/vol) and P/S/G (1%
vol/vol). Medium for culturing HEK 293T cell line (denoted as D10 medium) was made of DMEM supplemented with FBS

(10% vol/vol) and P/S/G (1% vol/vol).

Antibodies and flow cytometry
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All flow cytometry stains were performed in PBS for 15 min at 4 °C. The samples were stained with Fixable Viability Dye
eFluor506 (e506) mixed with Mouse Fc Block (anti-mouse CD16/32) or Human Fc Receptor Blocking Solution (TrueStain
FcX) prior to antibody staining. Antibody staining was performed at a dilution according to the manufacturer’s instructions.
Fluorochrome-conjugated antibodies specific for human CD45 (Clone H130), TCRaf (Clone 126), CD4 (Clone OKT4), CD8
(Clone SK1), CD45RO (Clone UCHL1), CD161 (Clone HP-3G10), CD69 (Clone FN50), CD56 (Clone HCD56), CD62L
(Clone DREG-56), CD14 (Clone HCD14), CD1d (Clone 51.1), NKG2D (Clone 1D11), DNAM-1 (Clone 11A8), IFN-y
(Clone B27), granzyme B (Clone QA16A02), Perforin (Clone dG9), TNF-a (Clone Mabll), IL-2 (Clone MQ1-17H12),
HLA-A2 (Clone BB7.2) were purchased from BioLegend; Fluorochrome-conjugated antibodies specific for human CD34
(Clone 581) and TCR Va24-Jp18 (Clone 6B11) were purchased from BD Biosciences. Human Fc Receptor Blocking
Solution (TrueStain FcX) was purchased from Biolegend, and Mouse Fc Block (anti-mouse CD16/32) was purchased from
BD Biosciences. Fixable Viability Dye €506 were purchased from Affymetrix eBioscience. Intracellular cytokines were
stained using a Cell Fixation/Permeabilization Kit (BD Biosciences). Stained cells were analyzed using a MACSQuant

Analyzer 10 flow cytometer (Miltenyi Biotech). FlowJo software was utilized to analyze the data.

Enzyme-linked immunosorbent cytokine assays (ELISA)

The ELISAs for detecting human cytokines were performed following a standard protocol from BD Biosciences.
Supernatants from co-culture assays were collected and assayed to quantify IFN-y. Capture and biotinylated pairs for
detecting cytokines were purchased from BD Biosciences. The streptavidin-HRP conjugate was purchased from Invitrogen.
Human cytokine standards were purchased from eBioscience. Tetramethylbenzidine (TMB) substrate was purchased from

KPL. The samples were analyzed for absorbance at 450 nm using an Infinite M1000 microplate reader (Tecan).

In vitro generation of HSC-engineered iINKT (HSC-iNKT) cells
Frozen-thawed human CD34* HSCs were revived in HSC-culture medium comprised of X-VIVO 15 Serum-free
Hematopoietic Cell Medium supplemented with SCF (50 ng/ml), FLT3-L (50 ng/ml), TPO (50 ng/ml), and I1L-3 (10 ng/ml)
for 24 hours. Cells were then transduced with Lenti/iNKT-sr39TK viruses for another 24 hours following an established
protocol®. The transduced HSCs were then collected and put into a 2-Stage in vitro HSC-iNKT culture.

During Stage 1, gene-engineered HSCs were differentiated into iNKT cells in an artificial thymic organoid (ATO)

culture over 8 weeks. ATOs was generated following a modification of a previously established protocol. Briefly, MS5-
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DLLA4 cells were harvested by trypsinization and resuspended in fresh serum free ATO culture medium (‘‘RB27°”) comprised
of RPMI 1640 (Corning), 4% B27 supplement (ThermoFisher Scientific), 30 mM L-ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (Sigma-Aldrich) reconstituted in PBS, 1% penicillin/streptomycin (Gemini Bio-Products), 1%
Glutamax (ThermoFisher Scientific), 5 ng/ml rhFLT3L and 5 ng/ml rhiL-7 (Peprotech). 1.5-6 x 10° MS5-DLL4 cells were
combined with 0.3-10 x 10* transduced HSCs per ATO in 1.5 mL Eppendorf tubes (up to 12 ATOs per tube) and centrifuged
at 300 g for 5 min at 4 °C in a swinging bucket centrifuge. After removing supernatants, the cell pellet was resuspended in 6
ml RB27 per ATO and briefly vortexed. ATOs were then plated on a 0.4 mm Millicell transwell insert (EMD Millipore; Cat.
PICMORG50) placed in a 6-well plate containing 1 mL RB27 per well. Every 3-4 days, medium was changed completely by
aspiration from around the cell insert followed by replacement with 1 ml fresh RB27/cytokines. To harvest ATOs, FACS
buffer (PBS/0.5% bovine serum album/2mM EDTA) was added to each well and ATO were disaggregated by brief pipetting
with a 1 ml ““P1000”’ pipet, followed by passage through a 50 mm nylon strainer.

During Stage 2, HSC-iNKT cells isolated from ATOs were expanded with aGC-loaded PBMCs (a«GC-PBMCs). To
prepare aGC-PBMCs, 1-10 x 10” PBMCs were incubated in 5 ml C10 medium containing 5 pg/ml aGC for 1 hour, followed
by irradiation at 6,000 rads. ATO cells were mixed with irradiated aGC-PBMCs at ratio 1:1, followed by culturing for 2
weeks in C10 medium supplemented with human IL-7 (10 ng/ml) and IL-15 (10 ng/ml); cell cultures were split, and fresh
media/cytokines were added if needed. The Stage 2 expansion culture could be extended to 3 weeks by adding additional
aGC-PBMCs at ratio 1:1 at the end of week 2. At the end of Stage 2 culture, the resulting HSC-iNKT cell products were

collected and cryopreserved for future use.

Generation of PBMC-derived conventional T (PBMC-Tc) and iNKT (PBMC-iNKT) cells
Healthy donor PBMCs were obtained from the UCLA/CFAR Virology Core Laboratory and were used to generate the
PBMC-Tc and PBMC-iNKT cells.

To generate PBMC-Tc cells, PBMCs were stimulated with CD3/CD28 T-activator beads (ThermoFisher Scientific)
and cultured in C10 medium supplemented with human IL-2 (20 ng/mL) for 2-3 weeks, following the manufacturer’s
instructions.

To generate PBMC-iNKT cells, PBMCs were enrich for iNKT cells using anti-iNKT microbeads (Miltenyi Biotech)
and MACS-sorting, followed by stimulation with donor-matched irradiated aGC-PBMCs at the ratio of 1:1 and cultured in

C10 medium supplemented with human IL-7 (10 ng/ml) and IL-15 (10 ng/ml) for 2-3 weeks. If necessary, the resulting
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PBMC-iNKT cells could be further purified using Fluorescence-Activated Cell Sorting (FACS) via human iNKT TCR

antibody (Clone 6B11; BD Biosciences) staining.

HSC-iNKT cell phenotype and functional study

HSC-IiNKT cells were analyzed in comparison with PBMC-Tc and PBMC-iNKT cells. Phenotype of these cells was studied
using flow cytometry, by analyzing cell surface markers including co-receptors (i.e., CD4 and CD8), NK cell receptors (i.e.,
CD161, NKG2D, and DNAM-1), and memory T cell markers (i.e., CD45R0O). The capacity of these cells to produce
cytokines (i.e., IFN-y, TNF-a, IL-2, and IL-4) and cytotoxic molecules (i.e., perforin and granzyme B) were studied using

flow cytometry via intracellular staining.

Ganciclovir (GCV) in vitro and in vivo killing assay
For GCV in vitro killing assay, HSC-iNKT cells were cultured in C10 medium in the presence of titrated amount of GCV (0-
50 uM) for 4 days; live HSC-INKT cells were then counted using a hematocytometer (VWR) via Trypan Blue staining
(Fisher Scientific).

GCV in vivo killing assay was performed using an NSG xenograft mouse model. NSG mice received i.v. injection of
1 x 107 HSC-iNKT cells on day 0, followed by i.p. injection of GCV for 5 consecutive days (50 mg/kg per injection per day).
On day 5, mice were terminated. Multiple tissues (i.e., blood, spleen, liver, and lung) were collected and processed for flow
cytometry analysis to detect tissue-infiltrating HSC-iINKT cells (identified as iINKT TCR*CD45%), following established

protocols .

In vitro tumor cell killing assay
Tumor cells (1 x 10* cells per well) were co-cultured with HSC-iNKT cells (at ratios indicated in figure legends) in Corning
96-well clear bottom black plates for 24 hours, in C10 medium. At the end of culture, live tumor cells were quantified by
adding D-luciferin (150 pg/ml; Caliper Life Science) to cell cultures and reading out luciferase activities using an Infinite
M1000 microplate reader (Tecan).

In some experiments, 10 pg/ml of LEAF™ purified anti-human NKG2D (Clone 1D11, Biolegend), anti-human
DNAM-1 antibody (Clone 11A8, Biolegend), or LEAF™ purified mouse IgG2bk isotype control antibody (Clone MG2B-57,

Biolegend) was added to co-cultures, to study NK activating receptor-mediated tumor cell killing mechanism.
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In vitro mixed lymphocyte reaction (MLR) Assay: Studying “HSC-iNKT cell inhibition of allogeneic T cell response

PBMCs of multiple healthy donors were irradiated at 2,500 rads and used as stimulators, and allogeneic PBMCs were used as
responders. In order to separate the different donor PBMCs when performing flow cytometry, HLA-A2* responders and
HLA-A2" stimulators were used in this study. Irradiated stimulators (2.5 x 10° cells/well) and responders (1 x 10* cells/well)
were co-cultured with or without the addition of 3®HSC-iNKT cells (1 x 10* cells/well) in 96-well round bottom plates in
C10 medium for up to 4 days. For detection of composition and phenotype using flow cytometry, cells were collected on day
1. For IFN-y production using ELISA, cell culture supernatants were collected on day 4. To study CD1d-dependent Killing
mechanism of 3¥HSC-iNKT cells, 10 pug/ml of LEAF™ purified anti-human CD1d (Clone 51.1, Biolegend) or LEAF™

purified mouse 1gG2bk isotype control antibody (Clone MG2B-57, Biolegend) was added to co-cultures.

Bioluminescence live animal imaging (BLI)

BLI was performed using an VIS 100 imaging system (Xenogen/PerkinElmer) or a Spectral Advanced Molecular Imaging
(AMI) HTX imaging system (Spectral instrument Imaging). Live animal imaging was acquired 5 minutes after
intraperitoneal (i.p.) injection of D-Luciferin (1 mg per mouse). Imaging results were analyzed using a Living Imaging 2.50

software (Xenogen/ PerkinElmer) or an AURA imaging software (Spectral Instrument Imaging).

Human PBMC xenograft NSG mouse model: studying ""HSC-iNKT cell in vivo amelioration of GvHD

NSG mice were pre-conditioned with 100 rads of total body irradiation (day -1), followed by intravenous injection of 2 x 107
healthy donor PBMCs with or without the addition of 2 x 107 *HSC-IiNKT cells. Mice were weighed daily, bled weekly, and
scored 0-2 per other clinical signs of GVHD (i.e., body weight, activity, posture, skin thickening, diarrhea, and dishevelment).
Mice were sacrificed when moribund. Various mouse tissues (i.e., blood, spleen, liver, lung, bone marrow, skin, and salivary

ligand) were harvested and processed for either flow cytometry or histologic analysis.

Human PBMC xenograft NSG mouse model: studying CD14* myeloid cell in vivo amelioration of GvHD

NSG mice were pre-conditioned with 100 rads of total body irradiation (day -1), followed by intravenous injection of 2 x 107

healthy donor PBMCs or 9 x 108 CD14-depleted donor PBMCs. The amount of PBMCs given was normalized to contain the
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same number of T cells. Mice were weighed daily, bled weekly, and scored 0-2 per other clinical signs of GVHD (i.e., body

weight, activity, posture, skin thickening, diarrhea, and dishevelment).

Human CD14° PBMC xenograft NSG mouse model: studying *"HSC-iNKT cell in vivo amelioration of GvHD

NSG mice were pre-conditioned with 100 rads of total body irradiation (day -1), followed by intravenous injection of 9 x 10°
CD14-depleted donor PBMCs with or without the addition of 2 x 107 39HSC-iNKT cells. Mice were weighed daily, bled
weekly, and scored 0-2 per other clinical signs of GVHD (i.e., body weight, activity, posture, skin thickening, diarrhea, and

dishevelment).

Raji-FG human B cell lymphoma xenograft NSG mouse model: studying 3"™"HSC-iNKT cell in vivo retention of GvL

NSG mice were pre-conditioned with 100 rads of total body irradiation (day -1), followed by subcutaneous inoculation with 1
x 10° Raji-FG cells (day 0). On day 3, the tumor-bearing experimental mice received intravenous (i.v.) injection of 2 x 10’
healthy donor PBMCs with or without the addition of 2 x 107 ¥“HSC-iNKT cells. Tumor load were monitored over time
using BLI. Mice were also weighed daily, bled weekly, and scored 0-2 per other clinical signs of GvHD (i.e., body weight,

activity, posture, skin thickening, diarrhea, and dishevelment). Mice were sacrificed when moribund.

HL60-FG human acute myeloid leukemia xenograft NSG mouse model: studying 3“HSC-iNKT cell in vivo retention
of GvL

NSG mice were pre-conditioned with 175 rads of total body irradiation (day -1), followed by intravenous inoculation with 2 x
10° HL60-FG (day 0). On day 3, the tumor-bearing experimental mice received intravenous (i.v.) injection of 2 x 107 healthy
donor PBMCs with or without the addition of 2 x 107 3@HSC-iNKT cells. Tumor load were monitored over time using BLI.
Mice were also weighed daily, bled weekly, and scored 0-2 per other clinical signs of GvHD (i.e., body weight, activity,

posture, skin thickening, diarrhea, and dishevelment). Mice were sacrificed when moribund.

Histological analysis
Tissues (i.e., liver, lung, salivary glands, and skin) were collected from the experimental mice, fixed in 10% Neutral Buffered
Formalin for up to 36 hours, then embedded in paraffin for sectioning (5 wm thickness). Tissue sections were prepared and

stained with Hematoxylin and Eosin (H&E) or anti-CD3 by the UCLA Translational Pathology Core Laboratory, following
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the Core’s standard protocols. For H&E, stained sections were imaged on a Zeiss Observer Il upright microscope. All images
were captured at either 100x or 200x and processed using Zen Blue software. GVHD pathological score was calculated as
follows: skin: epidermal changes(0-3), dermal changes (0-3), adipose changes (0-3); salivary: infiltration (0-4), follicular
destruction (0-4); liver: duct infiltration (0-3), number of ducts involved (0-3), liver cell apoptosis (0-3); lung: infiltrates (0-3);
pneumonitis (0-3), overall appearance (0-3). For CD3 surface area measurements, anti-CD3 stained sections were scanned in
their entirety using Hamamatsu Nanozoomer 2.0 HT. The %CD3+ area was determined by CD3" area divided by total tissue

area, using Image-Pro Premier software.

Statistical analysis

GraphPad Prism 6 (Graphpad Software) was used for statistical data analysis. Student’s two-tailed t test was used for
pairwise comparisons. Ordinary 1-way ANOVA followed by Tukey’s multiple comparisons test was used for multiple
comparisons. Log rank (Mantel-Cox) test adjusted for multiple comparisons was used for Meier survival curves analysis.
Data are presented as the mean = SEM, unless otherwise indicated. In all figures and figure legends, “n” represents the
number of samples or animals utilized in the indicated experiments. A P value of less than 0.05 was considered significant. ns,

not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Reporting summary

Further information on research design is available in the Nature Research Reporting Summary linked to this article.

Data availability

All data associated with this study are present in the paper or Supplemental information.
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Figure 1: Ex vivo generation and characterization of HSC-engineered iNKT cells

a. Experimental design. HSC, hematopoietic stem cell; CB, cord blood; PBSC, periphery blood stem cell; aGC, a-
galactosylceramide; Lenti/iNKT-sr39TK, lentiviral vector encoding an iNKT TCR gene and an sr39TK suicide/PET imaging
gene; F2A, foot-and-mouth disease virus 2A self-cleavage sequence; P2A, porcine teschovirus-1 2A self-cleavage sequence.

b-c. FACS monitoring of HSC-iNKT cell development during a 2-Stage in vitro culture. iNKT cells are identified as iNKT
TCR*TCRof" cells. b. Generation of iNKT cells during Stage 1 ATO differentiation culture. c. Expansion of iNKT cells
during Stage 2 aGC expansion culture.

d. Summary of the ex vivo HSC-iNKT cells generation.

e. FACS detection of surface markers, intracellular cytokines, and cytotoxic molecules of HSC-iNKT cells. Healthy donor
periphery blood mononuclear cell (PBMC)-derived conventional off T (PBMC-Tcon) and iNKT (PBMC-INKT) cells were
included for comparison.

Representative figures from over 10 replicates (a-e).
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Figure 2: Third-party HSC-iNKT (}*“HSC-iNKT) cells ameliorate GVHD in NSG mice engrafted with
human PBMC

a-f. Sublethally irradiated NSG mice received intravenous injection of 2 x 107 healthy donor PBMCs with or without the
addition of 2 x 107 “HSC-iNKT cells and were then observed for GvHD development. a. Experimental design. b. Clinical
signs of GvHD (0-2 per category: body weight, activity, posture, skin thickening, diarrhea, and dishevelment; data on day 40,
****p < 0.0001). c. Percent of starting body weight (data on day 40, ****p < 0.0001). d. Kaplan-Meier survival curves
(****p < 0.0001). e. FACS detection of human T cells in peripheral blood (data on day 20, 30, and 40, ****p < 0.0001). f.
Representative photograph of experimental mice on day 40. N = 10 per group.

g-jJ, Histological analyses of GVHD target organs (i.e., lung, liver, salivary glands, and skin) of experimental mice sacrificed
40 days following PBMC inoculation. g. H&E-stained tissue sections. Scale bar: 100 um. h. Quantification of g
(***p<0.001). N = 5-6. i. Human CD3 antibody-stained tissue sections. Scale bar: 100 um. j. Quantification of i (lung,
***p <0.001; liver, **p = 0.0068; salivary, **p = 0.0051). N = 5-6

Representative of 3 experiments. All data are presented as the mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and
****n < 0.0001 by Student’s t test (c-e, h, and j) or by log rank (Mantel-Cox) test adjusted for multiple comparisons (d).
Statistics are all two-sided.
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Figure 3: ¥¥HSC-iINKT cells ameliorate GvHD through rapid depletion of donor CD14* myeloid cells
that exacerbate GVHD

a-e. Sublethally irradiated NSG mice received intravenous injection of 9 x 108 CD14-depleted donor PBMCs with or without
the addition of 2 x 107 3HSC-iNKT cells and were then observed for GvHD development. a. Experimental design. b.
Clinical signs of GvHD. c. Percent of starting body weight. d. Kaplan-Meier survival curves. e. human T cell percentage in
peripheral blood. N = 8.

f-h.. Sublethally irradiated NSG mice received intravenous injection of 2 x 107 healthy donor PBMCs with or without the
addition of 2 x 107 ¥9HSC-iINKT cells and were sacrificed on 3 days after injections. f. Experimental design. g.
Representative FACs depicting the proportion of donor CD14* myeloid cells in the lymphohematopoietic system (e.g. blood,
spleen, lymph nodes) and GvHD target organs (liver, lung). h. quantification of g. i. Representative FACS and quantification
of CD1d expression of CD14* myeloid cells from peripheral blood.

Representative of 2 experiments. All data are presented as the mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 by Student’s t test (b, c, e, g, h) or by log rank (Mantel-Cox) test adjusted for multiple comparisons (d).
Statistics are all two-sided.
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Figure 4: 3HSC-iNKT cells ameliorate GVHD through eliminating donor CD14* myeloid cells in part
through CD1d recognition

In vitro mixed lymphocyte reaction (MLR) assay was performed using healthy donor PBMCs (responders) co-cultured with
irradiated, allogeneic PBMCs (stimulators) with or without the addition of 3“HSC-iNKT cells. Where applicable, purified
anti-human CD1d or IgG isotype control were also added. In order to identify responders and stimulators by flow cytometry,
HLA-A2" responders and HLA-A2" stimulators were used in the study. a. Experimental scheme. b. FACS analyses of CD1d
expression on the indicated cells and the quantification prior to culture (***p < 0.001, ****p < 0.0001). c. FACS detection
of T, B, and CD14" cells of responders in multiple MLR assays one day after MLR co-culture. d. Quantification of ¢ (***p <
0.001, and ****p < 0.0001). N = 4. e. Representative FACS and quantification of CD1d expression of CD14* myeloid cells
one day after MLR co-culture with and without the addition of 3HSC-iNKT cells. N = 4. f. ELISA analyses of IFN-y and
IL-4 production in the supernatant from multiple stimulator/responder pairs at day 4 (**p < 0.01, ***p < 0.001). N = 3. c-e.
FACS analyses of PBMC collected one day after MLR co-culture.

Representative of 3 experiments. All data are presented as the mean = SEM. **p < 0.01, ***p < 0.001, and ****p <
0.0001 by one-way ANOVA. Statistics are all two-sided.
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Figure 5: ®HSC-iNKT cells preserve GvL while ameliorating GvHD in a human B cell lymphoma
xenograft NSG mouse model

Sublethally irradiated NSG mice were inoculated 1 x 10° Raji-FG on day 0, followed by intravenous injection of 2 x 107
healthy donor PBMCs with or without the addition of 2 x 107 ¥@HSC-iNKT cells. Mice were monitored for tumor burden and
GVvHD development. BLI, bioluminescence imaging. a. Experimental design. b. BLI images showing tumor loads in
experimental mice over time. ¢. Quantification of b (****p < 0.0001). N = 10. d. clinical GvHD signs (data on day 40,
****n < 0.0001). e. Percent of starting body weight (data on day 36, ****p < 0.0001). f. Kaplan-Meier survival curves
(****p < 0.0001). g¢. human T cell percentage in peripheral blood (data on day 25, 35, and 45, ****p < 0.0001) of
experimental mice over time. N = 10.

Representative of 2 experiments. All data are presented as the mean £ SEM. ****p < 0.0001 by Student’s t test (d, e, g),
one-way ANOVA (c), or by log rank (Mantel-Cox) test adjusted for multiple comparisons (f). Statistics are all two-sided.
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Figure 6: 3YHSC-iNKT cells preserve GvL while ameliorating GvHD
leukemia (AML) xenograft NSG mouse model

Sublethally irradiated NSG mice were inoculated 2 x 10° HL60-FG on day 0, followed by intravenous injection of 2 x 107
healthy donor PBMCs with or without the addition of 2 x 107 ¥“HSC-iNKT cells. Mice were monitored for tumor burden and
GvHD development. a. Experimental design. b. BLI images showing tumor loads in experimental mice over time. c.
Quantification of b (****p < 0.0001). d. clinical GvHD signs (data on day 40, ***p < 0.001). e. Percent of starting body
weight. f. Kaplan-Meier survival curves (****p < 0.0001). g. human T cell percentage in peripheral blood (data on day 30,
40, and 50, ***p < 0.001 and ****p < 0.0001). N = 10.

Representative of 2 experiments. All data are presented as the mean + SEM. ***p < 0.001, ****p < 0.0001 by
Student’s t test (d, e, g), one-way ANOVA (c), or by log rank (Mantel-Cox) test adjusted for multiple comparisons (f).

Statistics are all two-sided.

(=

01X

S

PBMC+
SWHSC-INKT

-~ \ehicle -= PBMC

=+ PBMC+¥HSC-iNKT == PBMC+¥“HSC-iNKT

Percent survival

ek
ek

D AR R QP A

== Vehicle == PBMC
== PBMC+¥9HSC-INKT

Wk
Hkkk

3 1018 23 26 36 43

Day(s)
9 - PBMC
g0 ™ PBMC+HSC-NKT
L 9
8360
=5
é 2 40
il
£85
26
C b 4 U L L T T T
120 10 20 30 40 50 60 70

Day(s)

in @ human acute myeloid



Supplemental Information

a b Hokkk
—_ 8 Kokkk
= g
x 2 .
[72]
IHSC-INKT Ganciclovir ?(3 1
(GCV) =
= 1
N/ 1) ns
% = ! ns '
In vitro GCV -3 —
killing assay )
& O © ® P
GCV (uM)
d Total mononuclear cells e
Blood Liver Spleen Lung
1 inktle || { ]
{ ; r &
§ SV 294 U 408[d [ 104 =
W, SR - e -
g = .
5? ; ] 3 13
Eed N7 005\ N 0.03| NS§F 0.04 a 0.86
z£° - ok plivedly

T ray—r-vrer
0107 10% 10* 10°

CD45 -PerCP

Figure S1: Controlled depletion of HSC-iNKT cells

a-b, In vitro controlled depletion of HSC-iNKT cells via GCV treatment. GCV, ganciclovir. a. Experimental design. b.
Quantification of live cells via cell counting (****p < 0.0001). N = 6. c-e. In vivo controlled depletion of HSC-iNKT cells
via GCV treatment. c. Experimental design. d. FACS detection of HSC-iNKT cells in the peripheral blood, liver, spleen,
and lung of NSG mice at day 5. e. Quantification of d (blood, **p = 0.0012; liver, ***p < 0.001; spleen, *p = 0.0165; lung,

**p = 0.0044). N = 3.
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Representative of 2 (c-e) and 3 (a-b) experiments. All data are presented as the mean + SEM. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 by Student’s t test (€) or by one-way ANOVA (b). Statistics are all two-sided.
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Figure S2: 3HSC-iNKT reduces donor T cell expansion and diminishes Th1 response

a. FACS detection of human T cells in the lymphohematopoietic system (e.g. blood, spleen, bone marrow), GvHD target
organs (liver, lung) on day 40 after PBMC inoculation. b. Quantification of a (blood, ***p < 0.001; spleen, **p = 0.0038;
liver, **p = 0.0015; lung, **p = 0.0023; bone marrow, ***p < 0.001). N = 5. ¢. Representative FACS of human CD4* T

cell IFN-y, GM-CSF, and IL-4 cytokine production in the spleen, liver, and lung on day 40 after PBMC inoculation. d.
Quantification of c.

Representative of 3 replicate experiments. All data are presented as the mean + SEM. **p < 0.01 and ***p < 0.001 by
Student’s t test. Statistics are all two-sided.
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Figure S3: Donor CD14" myeloid cells exacerbate GVHD in NSG mice engrafted with human PBMC

Sublethally irradiated NSG mice received intravenous injection of 2 x 107 healthy donor PBMCs or 9 x 10 CD14-depleted
donor PBMCs (amount of PBMC given was normalized to contain the same number of T cells) and were then observed for
GVvHD development. a. Experimental design. b. clinical signs of GvHD signs (*p = 0.0218). c. Percent of starting body
weight (data on day 40, ***p < 0.001). d. Kaplan-Meier survival curves (***p < 0.001). e. human T cell percentage in
peripheral blood (***p < 0.001, ****p < 0.0001) of experimental mice over time. N = 8.
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Figure S4: No observable changes in T and B % 3 days after the addition of *HSC-iNKT cells

Sublethally irradiated NSG mice received intravenous injection of 2 x 107 healthy donor PBMCs with or without the addition
of 2 x 107 3@HSC-INKT cells and were sacrificed on 3 days after injections. a. Comparison of CD1d expression of human
CD14* myeloid, B, and T cells in peripheral blood of PBMCs recipients. b. Quantification of a. c. Representative FACs
depicting the proportion of donor T and B cells in the blood, spleen, lymph node, liver and lung of PBMC and PBMC +
SdHSC-iNKT recipients. Quantification of d. T cells and e. B cells. f. Representative FACS of human T cell IFN-y and
GM-CSF production in the spleen, liver, and lung 3 days after injections and quantifications.

Representative of 2 replicate experiments. All data are presented as the mean £ SEM. **p < 0.01 and ***p < 0.001 by
Student’s t test. Statistics are all two-sided.
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Figure S5: HSC-INKT cells target tumors through intrinsic NK function

a-c, In vitro direct killing of human tumor cells by HSC-iNKT cells. Two human tumor cell lines were studied: Raji
(lymphoma) and HL60 (acute myeloid leukemia, AML). (a) Experimental design. (b and c¢) Tumor killing data of Raji-FG
human lymphoma cells (b) and HL60-FG human AML cells (c) at 24-hours (**p < 0.01, ***p < 0.001, and ****p < 0.0001).
N =4,

d-f, Tumor Kkilling mechanisms of HSC-INKT cells. NKG2D and DNAM-1 mediated pathways were studied. (d)
Experimental design. (¢) Tumor Killing data of Raji-FG human lymphoma cells at 24-hours (tumor:iNKT ratio 3:1; *p < 0.05,
***p < 0.001, and ****p < 0.0001). N = 4. (f) Tumor killing data of HL60-FG human AML cells at 24-hours (tumor:iNKT
ratio 1:15; ***p < 0.001 and ****p < 0.0001). N = 4.
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T cells of the mammalian adaptive immune system provide crucial protection against spontaneously
emerging cancerous cells. When operating as intended, host T cells recognize and eliminate these errant
cells before they become detrimental to health. Cancer cells in turn, in an effort to escape the so called
“immune surveillance,” co-opt many of the pathways normally used by the body to prevent excessive
activation and proliferation of T cells and create highly immunosuppressive tumor microenvironments
(TMI)L. Research over the past several decades have identified many of these checkpoints, and several
immune checkpoint blockade (ICB) therapies have been developed over the past decade that can release
this suppression and harness the antitumor potential of CD8 T cells® 3. Blockade of the cytotoxic T
lymphocyte—associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1)/programmed
cell death 1 ligand 1 (PD-L1) inhibitory pathways have achieved remarkable clinical responses and
revolutionized the treatment of many cancers; so far, the U.S. Food and Drug Administration (FDA) has
approved these two ICB therapies for treating more than 10 different malignancies 2 3. Nevertheless,
only a fraction of patients with cancer respond to CTLA-4 and PD-1/PD-L1 blockade therapies, and
relapse risk increase the longer blockade therapies are utilized*. These limitations of existing ICB
therapies are thought to be largely caused by the presence of multiple immune checkpoint pathways, as
well as the different roles of individual immune checkpoint pathways in regulating specific cancer types
and disease stages 4. Thus, the identification of new immune checkpoints and the development of new

combination treatments are a major focus of current cancer immunotherapy studies.

Novel role of MAO-A in regulating CD8 T cell anti-tumor immunity
Monoamine oxidase A (MAO-A) is an enzyme located on the outer membrane of mitochondria that
catalyzes the degradation of biogenic and dietary monoamines® ®. MAO-A is best known for its function

in the brain, whereby it influences human mood and behavior through regulating the homeostasis of key
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monoamine neuronal transmitters including serotonin, dopamine, epinephrine, and norepinephrine> ©.
The role of MAO-A outside of the brain, and in particular its involvement in anti-tumor immunity, is
still relatively unknown. In Chapter 2, | show a novel role of MAO-A in modulating CD8" anti-tumor
response and propose an “intratumoral MAO-A—serotonin axis” model. In this model, MAO-A controls
the availability of serotonin in a tumor cell-T cell immune synapse to regulate antitumor T cell
reactivity, not unlike MAO-A modulating serotonin availability in the neuron-neuron synapse in the
brain to modulate signal strength. Given that both the nervous system and the immune system are
evolved to defend a living organism by sensing and reacting to environmental danger, externally and
internally, it is unsurprisingly that some critical molecular regulatory pathways are shared cells’. Indeed,
neurons and immune cells share a broad collection of signal transducers, surface receptors, and secretory
molecules” °. Further study of the neurotransmitters and neuropeptides thought to be exclusive to
neuronal function may provide exciting new opportunities to generating knowledge and identifying new

drug targets for developing next-generation cancer immunotherapies

Novel role of MAO-A in promoting the immunosuppressive phenotype in tumor associated macrophages
Intriguingly, the role of MAO-A in anti-tumor immunity is not limited to just polarizing TAM towards
an immunosuppressive phenotype. In Chapter 3, | find that MAO-A plays another previously
unidentified role of promoting the immunosuppressive phenotype of tumor associated macrophages
(TAM). Analogous to the MAO-A-ROS axis in the brain, in which MAO-A controls ROS levels in
neurons and utilizes oxidative stress to modulates neuron degeneration, the “intratumoural” MAO-A-
ROS axis proposes MAO-A regulates TAM ROS levels and promotes immunosuppressive polarization
through sensitizing the IL-4/IL-13-induced JAK-Stat6 signaling pathway. As previously mentioned,

there is a broad collection of surface receptors, secretory molecules, signal transducers shared by

133



neurons and immune cells’. Even many of the synthesis/degradation machineries traditionally
considered specific for neurons are expressed in immune cells; however, their functions in the immune
system remain largely unknown®. Studying these molecules and their regulatory mechanisms may
provide new perspectives in tumor immunology and identifying new drug targets for cancer

immunotherapies.

Repurposing of SSRI for Cancer Immunotherapy

In Chapter 2, | find that antigen-TCR stimulation in CD8 T cells induces MAO-A expression, which in
turn restrains T cell activation. This negative-feedback loop qualifies MAO-A as an immune checkpoint
and adds it to the expanding immune checkpoint family comprising PD-1/PD-L1, CTLA-4, Tim-3,
LAG-3, T cell immunoreceptor with Ig and ITIM domains (TIGIT), V-domain Ig suppressor of T cell
activation (VISTA), and othersl. MAO-A, however, is unique because it is already a well-established
drug target. A multitude of small-molecule monoamine oxidase inhibitors (MAOI) are already clinically
approved that regulate serotonin signaling in the brain and used to treat depression®. Indeed, the
preclinical animal studies in Chapter 2 and 3 that explored the benefits of targeting MAO-A for
immunotherapy were performed using multiple clinically approved MAOIs (phenelzine, moclobemide,
and clorgyline). The observed benefits to antitumor immunity observed in these preclinical animal

models points to the exciting possibility of repurposing these drugs for cancer immunotherapy.

Unlike developing new cancer drugs, which is extremely costly and time consuming, repurposing drugs
offers an economic and speedy pathway to additional cancer therapies because approved drugs have
known safety profiles and modes of actions and thus can enter the clinic quickly'!. MAOIs were

introduced in the 1950s and were used extensively over the subsequent two decades. Since then, their
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use has dwindled because of reported side effects and the introduction of other classes of antidepressant
agents’®. However, these MAOI side effects were vastly overstated and should be revisited®. For
instance, a claimed major side effect of MAOQIs is their risk of triggering tyramine-induced hypertensive
crisis when patients eat tyramine-rich foods such as aged cheese (hence, “the cheese effects”); this
concern led to cumbersome food restrictions that are now considered largely unnecessary’®. A
transdermal delivery system for selegiline (Emsam) has also been developed that can largely avoid
potential food restrictions'®. Therefore, interest in MAOIs as a major class of antidepressants is
reviving'?, and repurposing MAOIs for cancer immunotherapy can be an attractive new application of

these potent drugs.

Depression and anxiety are common in patients with cancer: Prevalent rates of major depression among
patients with cancer are four times higher than the general population, and up to a quarter of patients
with cancer have clinically significant depression and anxiety symptoms?. Repurposing MAOIs for
cancer immunotherapy thus may provide patients with cancer with dual antidepressant and antitumor
benefits. A large majority of antidepressants, including MAOISs, selective serotonin reuptake inhibitors
(SSRIs), serotonin modulators and stimulators (SMSs), serotonin antagonists and reuptake inhibitors
(SARIs), and serotonin-norepinephrine reuptake inhibitors (SNRIs), all work through regulating
serotonin signaling in the brain via inhibiting the various key molecules that control serotonin
degradation, reuptake, and detection'®. Chapter 3 revealed the existence of a MAO-A-serotonin axis in
tumors that regulates CD8 T cell antitumor immunity. It is plausible to postulate that the other key
serotonin regulatory molecules that function in the brain may also function in the tumor regulating T cell
antitumor immunity®3. A recent nationwide cohort study in Israel reported that adherence to

antidepressant medications is associated with reduced premature mortality in patients with cancer'2,
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Another clinical study reported lymphocyte subset changes associated with antidepressant treatments in
patients with a major depression disorder**. Studying patients with cancer for possible correlations
between antidepressant treatments, antitumor immune responses, and clinical outcomes therefore might
yield valuable knowledge informing the immune regulatory function of antidepressants and instructing

the potential repurposing of select antidepressant drugs for cancer immunotherapy.

Engineered invariant natural killer T cell additives for overcoming GvHD risk in allogeneic
hematopoietic stem cell transplantation

Whereby targeting of MAO-A for immunotherapy emphasizes unleashing the host immune system to
target cancer, allogeneic hematopoietic stem cell transplantation focuses on utilizing donor T cell that
recognize minor histocompatibility antigens to target residual malignancies. Nearly twenty thousand
allogeneic hematopoietic stem cell transplantation (allo-HCT) are performed each year, the vast majority
for the treatment of leukemia/lymphoma®. Although relapse remains low following allo-HCT, graft-
versus-host disease (GvHD) mediated by alloreactive donor T cells remains the major cause of patient
morbidity and mortality following T-cell replete allo-HCT 17, iNKT cells were proposed to prevent
GVvHD while preserving graft versus leukemia/lymphoma (GvL) effect over a decade ago*® *°. However,
clinical application of iNKT cells is hindered by their scarcity of iNKT cells in the peripheral blood®. In
Chapter 4, two protocols are presented for generating large quantities of mouse and human iNKT cells
in vivo through TCR engineering of hematopoietic stem cells (HSC-engineered iNKT) followed by a
murine intermediate. The resultant engineered murine and human INKT cells are in large quantities and
mediate significant antitumor activity, reducing the metastases of B16 melanoma and multiple myeloma,
respectively. However, the reliance on a living intermediate for iNKT cell generation places significant

obstacles to the clinical translation of these two methods.
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With this consideration in mind, the human HSC-engineered iNKT cells presented in Chapter 5
are instead generated through a two-step in vitro culture system. The resultant HSC-engineered iNKT
cells are of high yield and purity. Admittedly, the current human HSC-engineered iNKT cells can still be
further improved upon, notably from replacing with a feeder-free culture system which will considerably
disentangle the clinical and commercial development. Such an endeavor is currently underway.

It is interesting to note that HSC-engineered iINKT are predominantly CD8* and CD4°CD8 (DN)
subsets and appear Thl-polarized, producing large amounts of IFN-y and TNF-o and minimal IL-4 and
expressing high levels of perforin and granzyme B upon stimulation. These features are remarkably
similar to endogenous CD8" and DN iNKT cells and distinct from CD4* iNKT cells!’. Although CD4,
and not CD4", iNKT cell numbers in donor allograft was previously reported to be associated with
clinically significant reduction in GvHD in patients receiving HLA-identical allo-HCT?!, research into
the role of iINKT cells for reducing GvHD has largely focused on endogenous CD4" iNKT populations,
in part due to endogenous CD8* and DN iNKT cells being comparatively less abundant!® 192223, 24,25,
Among these publications, the accepted mechanism through which endogenous CD4" iNKT cells
prevent GVHD without diminishing GvL is through polarizing donor T cells towards a Th, phenotype,
upregulating 1L-4 expression, and expanding Treg populations?* 226, My data in Chapter 5 indicate
that the engineered CD4~ HSC-engineered iINKT cells prevent GvHD through a different mechanism,
namely through the rapid elimination of CD1d" donor CD14" myeloid cells that exacerbate GVHD. This
is consistent with in vitro studies demonstrating that CD4~ iNKT cells display direct cytotoxicity against
CD1d-expressing mature myeloid DCs?.. Due to the limitations of the NSG humanized mouse model,
whether CD4~ HSC-engineered iNKT can also target host CD1d" antigen presenting cells is unknown.
However, given that iNKT cells recognize non-polymorphic CD1d-glycolipid complex?’, which is the

same between donor and host, they likely will also eliminate host APCs in the context of allo-HCT.
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Overall, data in Chapter 5 suggests CD4* and CD4" iNKT cells likely mediate distinct effects that
collectively results in a beneficial effector response for transplant recipients.

HSC-engineered iNKT cells rapidly eliminate CD1d" myeloid cells, but they themselves become
scarce within a week of injection. Although no tracing experiment was performed to determine the
eventual fate of the HSC-engineered iINKT cells, third party mouse iNKT cells were previously reported
to be effective in preventing GvHD despite being rejected rapidly following transplantation?,
suggesting third party HSC-engineered iNKT cells may likewise be eliminated by donor T cells
eventually, but only after having first eliminated the CD1d* myeloid cells. Such a situation is actually
favorable, allowing HSC-engineered iINKT cells to be used as a temporary additive for ameliorating
acute GvVHD risks immediately following allo-HCT. Development of acute GvHD is associated with
elevated risk of chronic GvHD?8. Although the HSC-engineered iNKT cells carry a sr39TK/GCV
suicide switch allowing for in vivo depletion via ganciclovir administration, not needing to utilize this
method can be considered a benefit. Being a self-limiting therapy, HSC-engineered iNKT cells are thus
highly suitable to function as an off-shelf, third-party additive to the allograft. Further exploration of
HSC-engineered INKT as off-the-shelf cell carriers for chimeric antigen receptors (CAR) for CAR-
INKT-coupled allo-HCT for treating blood cancers will likewise be interesting directions for future

studies.
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