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Abstract:

Multiple Myeloma (MM), a bone marrow plasma cell hematopoietic cancer, remains a critical but
incurable hematological malignancy, prone to deadly relapses even after existing treatment.
Traditionally anti-tumor macrophages that home to the cancerous bone marrow are polarized
into pro-tumor myeloma-associated macrophages. These myeloma-associated macrophages
then play an important role in supporting multiple myeloma by enabling drug resistance,
improved growth, angiogenesis and protection. Several treatments in development aim to sever
the supportive link between myeloma-associated macrophages and MM by blocking signaling
pathways, destroying or repolarizing macrophages and even preventing macrophage
polarization in the first place. Careful study is needed to improve the reliability of these
myeloma-associated macrophage treatments in order to reduce MM relapse and
comprehensively treat this cancer.
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Introduction:

MM is the 2nd most common hematological disease in the US and makes up 14.7% of
worldwide hematological cancer cases.' It is an incurable hematopoietic plasma cell malignancy
that causes 98,000 deaths and 139,000 diagnoses per year.? Existing treatments (e.g.
immunotherapy and chemotherapy, thalidomide analogs, proteasome inhibitors) only delay the
mortality by an average of 6 years. Ultimately patients suffer from renal insufficiency, bone
lesions, hypercalcemia and anemia, leading to relapses (average refractory MM median survival
is only 5-15 months) and death.?
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One major reason for this unsatisfactory situation is that existing treatments do not adequately
account for myeloma-associated macrophage and bone marrow (BM) mesenchymal stromal
cells’ (MSCs) contributions to myeloma cell survival. Macrophages and MSCs are essential
components of the tumor microenvironment and important tumor progression mediators. Over
the last decade, scientists have more clearly defined the ways macrophages and MSCs worsen
cancer. However, further research is needed to achieve a deeper understanding of the exact
methods of macrophage-MM support. This understanding can help scientists discover ways to
break this link and improve MM patients’ survival chances.

In this review paper, | summarize 5 ways macrophages support myeloma cell growth including:
1. Homing

Tumor cell growth/proliferation

Drug Resistance

Angiogenesis

Immune Suppression.
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| then explain 6 potential solutions to halt macrophage support for myeloma:
1. Clodronate Liposome Treatment

Colony Stimulating Factor 1 Receptor (CSF1R) Blockade

Restore Phagocytosis

Inhibit Polarization

Repolarization

Inhibit Monocyte Recruitment
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Background: How Myeloma associated Macrophages Support MM
Tumorigenesis

Monocytes normally polarize into 2 types of macrophages: M1 and M2.M1 macrophages
(polarized by LPS and IFN-y) are at the forefront of fighting pathologen. M1 cells release IL1,
IL6, IL8, IL12 and TNFa to promote inflammation, they secrete nitric oxide synthase and
reactive oxygen species to destroy cancerous cells and they present antigens to activate anti
tumor immune response.

By contrast, M2 macrophages (polarized by IL4) exert healing and immunosuppressive
functions. M2 cells release VEGF and TGF-b to activate fibroblasts and contribute to wound
healing. When macrophages are polarized into M2 after the infection is controlled, they can be
helpful in reducing inflammation and bringing surrounding tissue back to normality. When
polarized into M2 within the tumor microenvironment, however, M2 macrophages inadvertently
strengthen tumor cell survival, proliferation and growth, ultimately contributing to tumorigenesis.
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MM cells hijack M2 macrophage function in order to strengthen the MM tumor. Myeloma cells
recruit circulating monocytes to the myeloma microenvironment via monocyte attractant
chemokines (CCL2, CSF-1, CXCL2, VEGF) and induce recruited monocytes to polarize into
myeloma-associated macrophages.* Existing macrophages are also polarized from M1 into
myeloma associated macrophage state. Myeloma associated macrophages function similarly to
M2 macrophages, supporting growth rather then destroying cancerous cells (biomarkers:
CD163, CD206, arginase expression).

Total BM macrophage count (including M1, M2 and myeloma associated types within) remains
constant after patients develop MM.®> However, IL4, IL13, IL10 and glucocorticoid signaling in
the cancerous bone marrow causes the percentage and total number of myeloma associated
macrophages to increase compared to M1 macrophages.® This is indicated by increased
presence of M2 macrophage markers CD206+ and CD163.” In fully formed MM, myeloma cells
make up 30% of the bone marrow and the myeloma associated macrophages supporting them
make up another 10%.8

How Myeloma-associated Macrophages Support MM:

Consequently, M2 macrophages become critical to enabling MM survival through five main
pathways: homing to the BM, tumor cell growth, drug resistance, angiogenesis and immune
suppression.

1. Homing: BM Macrophages produce IGF-1, CCL2, CCL3 and IL8 chemotactic factors
that, along with CXCL12/CXCR4 signaling from stromal cells, induce MM cells to migrate
to the BM and adhere to endothelial cells.® In return, MM cells produce chemotactic
factors that induce macrophage migration to the BM. This homing concentrates MM cells
and macrophages into one microenvironment.

2. Myeloma-associated Macrophages release IL6, IL10, IL 1 beta, VEGF, TGF-b and
IGF-1. These cytokines upregulate the JAK/STATS3 signaling pathway, which ultimately
induces MM cell proliferation and promotes MM cell growth and survival.” Some of
these cytokines also upregulate production of other related cytokines (e.g. IL6 leads to
more IL10 production), amplifying the effect."

This correlation between myeloma associated macrophage presence and MM cell
development has been proven through several studies. A 2020 National and
Kapodistrian University of Athens study shows that the presence of myeloma-associated
macrophages are one of the markers most correlated with patients failing to achieve
cancer remission.' Furthermore, A 2014 Aarhus University experiment shows that the
presence of soluble CD163 (a myeloma associated macrophage marker) in a patient's
serum is associated with poor survival rates."

3. Drug Resistance: Standard MM treatment drugs like melphalan, bortezomib,
dexamethasone and lenalidomide directly destroy MM cells via inducing apoptosis.



Macrophages (especially M2) protect against this effect by emitting B cell activating
factor(BAFF) cell survival factor via direct contact through the P-selectin ligand." BAFF
inhibits apoptotic signaler function to prevent MM cells from apoptosing. Furthermore,
myeloma associated macrophages secrete IL-1B, which promotes increased MM stem
cell differentiation.

4. Angiogenesis: Macrophages produce IL10, FGF2, MMPs, CCLs and most significantly:
VEGF, which cause themselves (macrophages) to express VWK, TEK and VEGFR2
genes.' Expression of these genes allows macrophages (e.g. GFP+, Tie2+ types) to
mimic vascular tissue (forming capillary-like vessels) and bring nutrients to the tumor.
Other macrophage released molecules like INOS (increases blood flow to tumor) and
TNF alpha (remodels blood vessels) improve angiogenesis. This means the MM cancer
tumor receives more nutrients and oxygen via blood, increasing its growth and diverting
resources away from normally functioning cells.

Several studies demonstrate myeloma associated macrophages’ roles in angiogenesis.
A 2015 San Raffaele Scientific Institute study demonstrated that specific macrophage
types, like CD206+ and Tie2+ expressing macrophages are correlated with an increase
in microvessel density and angiogenesis-supporting cytokines.'® Likewise, a University
Hospital of Heraklion experiment in the same year showed that IL10 produced by
myeloma associated macrophages is correlated with more angiogenic cytokine
presence."” An in vitro study has also shown that both myeloma cells themselves and
associated macrophages can promote human umbilical vein endothelial cell growth.®
This lends credence to the idea that in vivo myeloma associated macrophages can
promote vascular endothelial cells growth to bring blood vessels into the tumor.

5. Immune Suppression: When macrophages arrive in the BM tumor microenvironment,
they (macrophages) lose the ability to present antigens, phagocytize and stimulate the
adaptive immune response.

How exactly does immunosuppression occur? Macrophages in the tumor
microenvironment expresses Indoleamine 2,3-dioxygenase (IDO) and Interleukin 10
(IL10). IDO inhibits effector T cell function and promotes differentiation of T regulatory
cells (which suppress phagocytosis) by degrading the tryptophan amino acid. IL10 in
turn inhibits expression of MHC class 2, a lymphocyte surface protein critical to
presenting antigens and alerting adaptive immunity. IL10 also increases cytotoxic T cell
factor (e.g. granzyme B, IFN-y, eomesodermin), expression.

Both IDO and IL10 function leads to less effector T cell activation and a weaker adaptive

immune response against cancer, benefiting the tumor." In addition, MM cells
themselves express CD47 which inhibits phagocytosis.

Mesenchymal Stromal Cell Role:



Mesenchymal Stromal Cells(MSCs) provide contact-mediated support for MM via cytokines like
IL-6, VEGF-a, IGF-1, CCL5, Interferon y and help MM development via cell adhesion.?® MSCs
also polarize macrophages into MSC-activated macrophages (express more IL10, IL6, less
IL12, TNF-a).?" The newly polarized myeloma associated macrophages display characteristics
between M1 and M2 macrophages and promote angiogenesis and reduce LPS
responsiveness.??

Myeloma-associated macrophages in return provide enhanced motility for MSCs and induce
them to produce IL6, CCLS5, Interferon-y. Myeloma cells also use TNF-alpha-mediated CCL2
induction to upregulate BM MSC function.®

Treatment Options:

How can medicine sever the support macrophages provide to MM and reduce minimal residual
disease and relapse??* There are 6 potential solutions:

1. Clodronate Liposome Treatment

Clodronate liposomes are double membranes containing a 5 mg/mL concentration of the
drug clodronic acid (see Figure 1). When they are ingested to macrophages, these
liposomes release the lethal clodronate drug, killing macrophages.? Clodronate
liposomes can decrease both macrophage and myeloma 5TGM1 cell numbers, leading
to decreased MM.

For macrophages, clodronate liposome mediated treatment can cause body-wide
macrophage depletion which leads to a >95% MM reduction vs the PBS control
treatment®

Clodronate liposome treatments have already been shown to decrease tumor expansion
in other cancers (melanome, lymphoma, lung adenocarcinoma, ovarian).?® This
strengthens the case for using this treatment against multiple myeloma.

Fiqure 1: Clodronate Liposomes Function Lead to Macrophage Apoptosis After




Ingestion.

Double membraned liposomes containing the clodronate chemical lethal in high
concentrations to macrophages are ingested by macrophages. The membrane
lipids are digested by lysosome phospholipases, releasing clodronate. Once
clodronate builds up to a certain concentration, it causes macrophage apoptosis.

2. CSF1R Blockade
Targeting or blocking the CSF1R (colony stimulating factor 1 receptor, see Figure 2) can
decrease CD68+, CD103+ levels and restore macrophage apoptosis.?” Two main
methods of blocking CSF1R are 1) monoclonal anti-CSF1R like emactuzumab, CS7,
IMC-CS4 and 2) CSF1R pharmacological inhibitors like ARRY382, JNJ-40346527,
BLZ945. A 2018 preclinical study found CS7 can significantly reduce tumor burden.?

There are two things to note about CSF1R inhibition. Firstly, CSF1R inhibition has few
toxic side effects, reducing patient harm. Secondly, CSF1R inhibitors work best when
they are combined with drugs like bortezomib or melphalan, meaning they won't interfere
with other treatment’s function.®
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Figure 2: Structural Diagram of Colony Stimulating Factor 1 Receptor

3. Repolarization

Repolarizing M2 macrophages back to M1 via low doses of anti-CSF1R antibody CS7,
Jak1/2 inhibitors (like ruxolitinib) or CRISPR/Cas9 reprogramming along with CD40
priming and TLR triggering can reduce M2 macrophage numbers.*® This reduction is
accompanied by an increase in M1 macrophages, leading to a beneficial CD4+ T cell
immune response.



However, existing research on this method has been in vitro or using in vivo xenografts.
Additional in vitro studies are needed to determine viability.

Restore Phagocytosis

Anti-CD47 antibodies (like Hv5F9-G4) can restore macrophages' ability to phagocytose
MM cells like normal. These antibodies will inhibit “don’t eat me” signals and block the
CD47 immune checkpoint protein.*’

This method has led to reductions in other cancers like acute myeloid leukemia,
non-Hodgkin lymphoma, pancreatic cancer and small lung cancer, indicating potential
viability against MM.

Hv5F9-G4 currently has the most potential - it is entering phase 2 clinical trials.
Inhibit Polarization

Halting signals that shift macrophages to M2, keeping them as M1 macrophages (via
IL10 inhibitor, TPL2 kinase blockade). The Tumor Progression Locus 2 (TPL2) kinase
protein (Figure 3) makes an especially ideal target due to its unique structure in its ATP
binding loop compared to other proteins which allows researchers to design specific
proteins to target the kinase.*

TPL2 blocking molecules like luteolin have been in development for over a decade but
further research to accurately determine the TPL2 crystal structure is needed.
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Figure 3: Tumor Progression Locus 2 Structure.




6. Inhibit Monocyte Recruitment

Interfering with monocyte recruitment to the MM niche via CCL2-CCR2 axis inhibition.*?
Both CCR2 inhibitors and anti-CCL2 antibodies can achieve this function.

CCR2 (C-Chemokine Receptor 2) is the receptor for CCL2 (C-Chemokine Motif
Chemokine Ligand 2), a ligand released by monocytes to trigger their recruitment to the
tumor and commonly in the myeloma BM vascular network. Research on CCR2/CCL2
inhibition has only recently entered the cancer field, but if proven, it could help MM
recovery.

Conclusion:

Rather than solely focusing on tumor eradication, oncologists should also consider
simultaneously targeting the myeloma-associated macrophages that provide cancer cells with
support. Therefore, further research to clarify the efficacy of the above 6 treatments is needed.
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