Molecular Basis of Overcoming
Immune Checkpoint Inhibitor
Resistance by Targeting Myeloid
Derived Suppressor Cells

Writing Assignment

Under supervision of Marjolein Stip and Danielle Krijgsman
Jeanette Leusen Research group

University Medical Center Utrecht

Fleur van Oosterom
17-11-2022



Layman’s Summary

Kanker is nog steeds één van de meest voorkomende doodsoorzaken wereldwijd.
Kankerpatiénten worden nog vaak behandeld door middel van chemotherapie of bestraling, deze
blijken echter minder effectief wanneer de diagnose later gesteld wordt. Daarom wordt er intensief
onderzoek gedaan naar nieuwe medicijnen die de overlevingskans verhogen. Eén van deze technieken
die de laatste jaren steeds vaker gebruikt wordt, is immunotherapie met behulp van immuun
checkpoint inhibitors (ICl). De functie van ICls is om een immuunreactie te remmen en daarmee auto
immuunziektes te voorkomen. Bij ICI therapie wordt gebruik gemaakt van antilichamen die de
remmende werking van ICls opheffen. Dit betekent dat het eigen immuunsysteem kankercellen leert
herkennen en zo de groei van tumoren kan remmen en zelfs kan doden. Het gebruik van ICI therapie
heeft de overlevingskans voor veel patiénten enorm verbeterd.

Het blijkt echter dat ICl therapie niet effectief is in alle patiénten. Of patiénten reageren op ICI
therapie is afhankelijk van verschillende factoren, zoals kankersoort, het stadium van de tumor, maar
ook de omgeving om de tumor heen, ook wel het tumor micromilieu (TME) genoemd. Het TME is uniek
voor elke tumor. In latere stadia wordt het immuunsysteem geremd door cellen in het tumor
micromileu. Dit zorgt ervoor dat tumorcellen niet gedood kunnen worden, waardoor de tumor verder
kan groeien en ook kan verspreiden naar ander plekken. Cellen die een grote rol spelen in het remmen
van het immuunsysteem rond de tumor, zijn myeloide-afstammende suppressieve cellen (MDSCs).
Deze cellen worden zo genoemd, omdat ze komen van een stamcel die we een myeloide cel noemen.
Deze bevindt zich in het beenmerg en is verantwoordelijk voor de aanmaak van nieuwe immuuncellen.
MDSCs zijn dus een type immuun cellen die door de tumor een remmende werking krijgen op het
immuunsysteem van de patiént. In gezonde individuen komen deze cellen bijna niet voor in de
circulatie, maar in kankerpatiénten worden deze cellen in hogere concentraties gevonden.

MDSCs worden nu ook steeds vaker in verband gebracht met het ondermijnen van de werking
van ICl therapie. ICl therapie probeert het immuunsysteem te activeren. MDSCs werken deze activatie
tegen door het immuunsysteem te remmen. In kankerpatiénten die niet reageerden op ICI therapie,
werden gemiddeld hogere aantallen MDSCs gevonden. Daarom wordt er steeds meer onderzoek
gedaan naar een manier om deze MDSCs te verwijderen uit het tumor micromilieu of ervoor te zorgen
dat de immuun remmende eigenschap van deze cellen verloren gaat. Er zijn al verschillende medicijnen
ontwikkeld om dit te bereiken. Sommige van deze medicijnen zijn al goedgekeurd voor gebruik in
verschillende soorten kanker, zoals het medicijn ATRA dat goedgekeurd is voor behandeling van acute
leukemie.

Hier bekijken wij de optie om deze medicijnen gericht tegen MDSCs te combineren met ICl
therapie om resistentie tegen IClI therapie tegen te gaan. Daarom hebben wij studies samengevat
waarbij onderzoekers deze combinatie van medicijnen uitgeprobeerd hebben in cellen, muizen en in
klinische studies in mensen. Vervolgens gebruiken wij deze samenvatting om onze visie te geven op
het combineren van medicijnen tegen MDSCs en ICl therapie.



Molecular Basis of Overcoming Immune Checkpoint Inhibitor
Resistance by Targeting Myeloid Derived Suppressor Cells

In the last decades, new strategies such as Immune Checkpoint Inhibitor (ICl) therapy have increased survival
chances for cancer patients considerably and have become one of the leading immunotherapies to combat
cancer. Immune Checkpoint Proteins are expressed to maintain immune homeostasis and prevent
autoimmune disease. Using ICl therapy, activation of cytotoxic T cells is promoted with monoclonal antibodies.
However, responses to ICI therapy are highly dependent upon the (immunosuppressive) tumor
microenvironment (TME). One of the major drivers in creating this immunosuppressive environment are
Myeloid Derived Suppressor Cells (MDSCs). MDSCs are a heterogenous population of immature myeloid cells
that inhibit T cell proliferation, differentiation and activation. Thereby, MDSCs play a major role in the
development of resistance to ICI therapy. In this paper, we review different MDSC targeting strategies, such
as depletion, inhibition of immunosuppressive characteristics, and promoting maturation. Furthermore, we
assess the potential to overcome ICl resistance by combining ICI therapy with targeting of MDSCs. Studies
combining FDA approved anti-CTLA-4, anti-PD-1, and anti-PD-L1 ICI therapies in combination with MDSC
targets show reduced MDSC levels and enhances cytotoxic T cell infiltration in the TME of preclinical mouse
models, as well as in clinical trials. Therefore, we conclude that targeting important molecular pathways in
MDSCs can be used to overcome ICI resistance. However, since the TME is unique for every tumor, more
research into molecular pathways is necessary to pave the way towards personalized medicine.

Keywords: ICI therapy; TME; MDSCs; Combination therapy; Resistance
1. INTRODUCTION

In 2018, cancer led to approximately 9,6 million deaths according to the World Health Organization (WHO),
making it one of the leading causes of death worldwide. To date, cancer is predominantly treated with
conventional therapies, including surgery, radiation, and chemotherapy. However, these conventional therapies
show reduced efficacy in metastatic disease (1). Therefore, new therapies with higher efficacy are required.
Recently, immunotherapy has gained popularity in the field of oncolytic therapy.

The immune system is a double edged sword in cancer progression. On the one hand, activation of innate
and adaptive immunity leads to eradication of tumor cells. On the other hand, the immune system can also
promote tumor growth (2). The dual role of the immune system is called immunoediting and consists of three
phases: elimination, equilibrium and escape (3,4). In the last decades, studying immune escape strategies
employed by the tumor has propelled the field of immunotherapy. Different strategies are now being employed
to (re-)activate the immune system against tumor cells: 1) Adoptive cellular therapies; 2) Oncolytic viruses; 3)
Cytokine therapy; 4) Cancer vaccines; and 5) Monoclonal antibody therapy, which are antibodies designed to
bind to specific targets on cancer cells or immune cells for immune activation. Some monoclonal antibodies bind
to cytotoxic T cells directly to induce activation, while others bind to cancer cells to mark the cells for immune
recognition (Figure 1) (5). In this review, we focus on Immune Checkpoint Inhibitors (ICls). ICIs are part of the
monoclonal antibody therapy designed to activate T cells to fight cancer cells (5).

Checkpoint proteins are expressed on the surface of immune cells to ensure immune tolerance, which is
required to tone down the immune response, thereby maintaining immune homeostasis and preventing
autoimmune diseases (6,7). Under normal conditions, immune inhibitory and immune activating signals are
balanced (8). However, tumor cells can exploit this system by overexpressing inhibiting proteins on the cell
surface, thereby suppressing an immune response and promoting tumor growth and metastasis (7,9).
Monoclonal antibodies used to block checkpoint proteins, such as Cytotoxic T-Lymphocyte-Associated protein 4
(CTLA-4), Programmed cell Death protein 1 (PD-1) and its ligand (PD-L1), have demonstrated high efficacy in
clinical trials, resulting in FDA approval (10-13). Recently, new ICI targets have been discovered, such as T cell
Immunoglobulin and Mucin domain-containing protein 3 (TIM3), Cluster of Differentiation 47 (CD47), CD38,
CD39, Lymphocyte-Activation Gene 3 (LAG3), and T cell Immunoreceptor with Ig and ITIM domains (TIGIT) (14).



In this review, we only focus on the FDA approved ICI targets, anti-CTLA-4, anti-PD-1, and anti-PD-L1, because
they have already been used for treatment of different types of cancers.

Despite the promising results in clinical trials and FDA approval, responses to ICl therapy vary per patient
and per cancer type (15). Mathematical models estimate that less than 20% of all cancer patients respond to ICI
therapy (16,17). ICl resistance is mediated by for example acidity, hypoxia or loss of nutrients from the tumor
microenvironment (TME) (18-23). Particularly, immune cells residing in the TME propelled research into ICI
resistance (24). The TME is a dynamic and complex network of immunosuppressive cytokines, chemokines,
immune cells, stromal cells (fibroblasts, endothelial, and mesenchymal cells), and the extracellular matrix (ECM),
which help the tumor proliferate, progress and metastasize (25). One of the major drivers of creating an
immunosuppressive environment are Myeloid Derived Suppressor Cells (MDSCs) (26). MDSCs are myeloid
progenitor cells that have the inherent ability to suppress T cells, leading to decreased T cell proliferation and
expansion of the regulatory T cell (Treg) population (27,28). Furthermore, MDSCs facilitate tumor angiogenesis
and dampen the overall immune response by secretion of immunosuppressive cytokines, such as IL-10 and TGF
(29,30). Attracting MDSCs into the TME is an immune escape strategy achieved by the secretion of chemokines,
including CXCL1, CXCL2, and CXCLS5 by cancer cells (31). The population of MDSCs in the TME negatively correlates
with ICl efficacy in different cancer types (32).

Moreover, Sun et al. studied how MDSC levels correlated with the clinical response of advanced melanoma
patients to ICl therapy. They found higher levels of MDSCs in melanoma patients compared to healthy individuals,
which increased after ICI therapy. The increase in MDSCs levels reached a plateau in ICI responders, whereas
MDSC populations continued to rise in patients showing disease progression under ICl treatment (33). These
results are in line with a study by Meyer et al. who observed lower levels of MDSCs in melanoma patients
responding to ICl therapy compared to non-responders (34). Additionally, Weber et al. have shown that higher
levels of MDSCs correspond with poorer clinical outcomes in patients with metastatic melanoma receiving ICl
therapy (35).
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Figure 1: Overview of the different types of immunotherapies that are being studied. 1) Adoptive T cell Transfer; 2) Oncolytic
viruses; 3) Cytokine Therapy; 4) Cancer vaccines; and 5) Monoclonal antibodies, including ICI therapy.



Thus, MDSC infiltration into the TME is associated with ICl resistance and poorer clinical outcomes in many
cancer patients. Reducing MDSC populations in the TME could abolish immunosuppressive characteristics,
resulting in abrogation of CD8* T cell inhibition, and thereby stimulation of T cell activation. As mentioned before,
ICl therapy with CTLA-4, PD-1, and PD-L1 relies on T cell activation. Therefore, targeting of MDSCs in combination
with ICI therapy is currently being studied. In this review, we aim to summarize molecular mechanisms for
overcoming ICl resistance by targeting MDSCs in the TME. Therefore, we first explain the mechanism for T cell
activation that CTLA-4, PD-1, and PD-L1 rely on, before focusing on MDSC targets and molecular pathways active
in combining targeting MDSCs and ICI therapy. We summarize in vitro, in vivo, and clinical data to demonstrate
the potential of combining these two strategies before suggesting future research directions.

2. IMMUNE CHECKPOINT INHIBITORS

In 2018, the Nobel Prize for Medicine was awarded to Allison and Honjo for the discovery of immune
checkpoint proteins CTLA-4 and PD-1/PD-L1 (36). The discovery of these proteins has led to the development of
many different antibody therapies. Table 1 shows an overview of the FDA approved ICI therapies against these
three targets. ICI therapy relies on T cell activation which is only achieved in the presence of three signals. The
first signal is T cell receptor (TCR) recognition of antigens presented by major histocompatibility complex (MHC).
The second signal is co-stimulation by binding of B7 expressed on dendritic cells (DCs) to CD28 on T cells. Finally,
the third signal is binding of the pro-inflammatory cytokine IL-7 to mediate differentiation and T cell expansion
(37). However, even with these three signals present, T cell activation can be blocked by ICI proteins (8).

2.1 CTLA-4

Before its role in cancer was discovered, mutations in the CTLA-4 gene were recognized as major players in
the development of auto-immune diseases (38). CTLA-4 is a homolog of CD28, the co-stimulatory receptor
needed for T cell activation. CTLA-4 competes with CD28 for the same ligands, CD80 (B7.1) and CD86 (B7.2).
However, CTLA-4 has a higher affinity for B7.1 and B7.2 (39). Therefore CTLA-4 is more likely to bind compared
to CD28. Binding of CTLA-4 to its ligand reduces production of IL-2 and the a-chain of the IL-2 receptor (40), while
IL-2 signaling has been identified as a key event in T cell activation an proliferation (41,42). IL-2 binding to cell
cycle inhibitors induces T cell proliferation by activation of Cyclin Dependent Kinases (CDKs). Blocking IL-2-
signaling through CTLA-4 activation leads to inhibition of T cell proliferation by reducing cyclin D3, cdk4, and cdk6
(43). In 1996, Leach et al. observed that blocking CTLA-4 with a monoclonal antibody resulted in inhibition of
colon tumor growth, as well as clearance of established colorectal tumors in mice (44). This led to the
development of the first ICI, Ipilimumab, which was approved for treatment of metastatic melanoma in 2014
(45). However, in a long-term survival study with melanoma patients, only 20% demonstrates a durable response
5-10 years after starting CTLA-4 treatment (46).

2.2 PD-1/PD-L1

Similar to CTLA-4, mutations in PD-1 were associated with the development of autoimmune diseases before
their role in cancer biology was established (47,48). Under steady state conditions, immune cells express low
levels of PD-1, but expression increases on T cells, B cells, NK cells, DCs and macrophages upon activation (49).
PD-1 has two main ligands, PD-L1 and PD-L2. PD-L1 is mainly expressed on T cells, endothelial cells, fibroblasts,
and tumor cells, whereas PD-L2 is expressed on monocytes, macrophages, DCs, and B cells (50). Interestingly,
activated MDSCs have been shown to express high levels of PD-L1 (51). Interaction between PD-1 on T cells, and
PD-L1 leads to T cell inhibition by inducing immunosuppressive interleukin 10 (IL-10) expression, exhaustion,
anergy, and apoptosis of T cells (52). To evade a cytotoxic T cell-driven immune response, many human tumors
express PD-L1, including lung, kidney and melanoma (53). Blocking the PD-1/PD-L1 interaction has been shown
to lead to more active, tumor-specific CD8* T cells in the TME (54). Nowadays, anti-PD-1/PD-L1 monoclonal
antibodies, including Nivolumab and Pembrolizumab to target PD-1, and Atezolizumab targeting PD-L1, are one
of the most prescribed anticancer therapies (55). In melanoma patients treated with Pembrolizumab, 33%
showed a clinical response after 3 years, while 70% of the patients initially responded to the treatment (56).



Table 1: FDA approval of ICls. A list of FDA-approved ICI therapies targeting CTLA-4, PD-1, and PD-L1
(57-59).

Target Brandname Approval Indication
Ipilimumab (Yervoy®) 2011 Melanoma
I 2018 Colorectal Cancer
_ 2018 Renal Cell Carcinoma
_ YHO0O01 2022 Alveolar Soft Part Sarcoma and chondrosarcoma
m Nivolumab (Opdivo®) 2014 Melanoma
_ 2016 Hodgkin’s Lymphoma
_ 2017 Colorectal cancer
I 2018 Small cell lung cancer
_ 2018 Renal cell carcinoma
_ 2020 Hepatocellular carcinoma
_ 2020 Squamous cell carcinoma
_ 2021 Urothelial cancer
_ 2022 Non-small cell lung cancer
_ Pembrolizumab (Keytruda®) 2014 Melanoma
_ 2017 Gastric Cancer
_ 2018 Diffuse large B-cell Lymphoma
_ 2018 Hepatocellular carcinoma
_ 2018 Merkel cell carcinoma
_ 2019 Non-small cell lung cancer
_ 2019 Small cell lung cancer
_ 2020 Squamous cell carcinoma
_ 2020 Colorectal cancer
_ 2020 Hodgkin’s Lymphoma
_ 2021 Renal cell carcinoma
_ 2021 Esophageal cancer
_ 2021 Urothelial cancer
_ 2021 Cervical cancer
_ Cemiplimab (Libtayo®) 2018 Cutaneous squamous cell carcinoma
[0 Dostarlimab (Jemperli®) 2021 Endometrial cancer
[[EER Atezolizumab (Tecentrig®) 2016 Non-small cell lung cancer
[ Avelumab (Bavencio®) 2017 Merkel cell carcinoma
_ 2019 Renal cell carcinoma
_ 2020 Urothelial cancer
[ Dpurvalumab (Imfinizi®) 2017 Bladder cancer
_ 2022 Non-small cell lung cancer

3. MYELOID DERIVED SUPPRESSOR CELLS

As highlighted before, resistance to ICl therapy is often associated with accumulation of MDSCs in the TME (32).
Under normal conditions, myeloid progenitor cells differentiate in the bone marrow from multipotent
hematopoietic stem cells (HSCs) and mature into DCs, macrophages or granulocytes (60). However, during cancer
development, granulocyte-macrophage colony stimulating factor (GM-CSF) and granulocyte colony stimulating
factor (G-CSF) are secreted by tumor cells, leading to increased myelopoiesis while maturation is inhibited
(61,62). Reduced maturation of myeloid progenitor cells leads to accumulation of a large population of immature
myeloid derived cells (63). In healthy individuals, GM-CSF and G-CSF levels are generally low (64). Therefore,
MDSCs populations are almost absent in healthy individuals, but accumulation of MDSCs has been observed both
in inflammatory diseases and cancer (65—67).



Originally, MDSCs were discovered in tumor-bearing mice (68). In mice, identification of MDSCs is based on
the expression of CD11b and Gr-1 (69). Murine MDSCs are further classified into granulocytic (G-MDSCs) or
monocytic (M-MDSCs) by expression of Ly6G or Ly6C, respectively (70). In humans, MDSC-specific markers are
lacking, making identification challenging. However, some common expression patterns have been identified.
Human MDSCs are classified into three subtypes: early-immature MDSCs (eMDSCs), monocytic-MDSCs (M-
MDSCs), and granulocytic-MDSCs (G-MDSCs). eMDSCs have been described more recently and can be identified
by CD33* CD11b* CD14'CD15 HLA DR expression (71). M-MDSCs are characterized by expression of surface
markers CD33*CD11b*CD14*CD15'HLA-DR", whereas G-MDSCs express CD33*CD11b*CD14CD15* (or CD66%)
(72). However, since these surface markers are not specific for MDSCs, but can also be found on other immune
cells, the immunosuppressive activity should be shown in addition. Therefore, assays measuring T cell
proliferation and activation have been developed (73). Only when both markers and immunosuppressive
features have been observed, cells are identified as MDSCs.

3.1 Immunosuppressive features of MDSCs

MDSCs can inhibit both innate and adaptive immune responses (60) (Figure 2). The innate immune response
is inhibited by secretion of inhibitory cytokines, including IL-10 and TGF-B (74). These cytokines negatively affect
NK cell maturation and drive polarization of macrophages towards the immunosuppressive M2 phenotype
instead of the immune activating M1 phenotype, thereby promoting tumor progression (75).

MDSCs inhibit the adaptive immune response predominantly by suppression of T cells. They are infamous
for depletion of essential amino acids including L-arginine and L-cystine required for T cell proliferation and
activation from the TME. Depletion of L-arginine is achieved by elevated Arginase-1 (ARG1) secretion by MDSCs
(76), which degrades L-arginine into L-ornithine and urea. Additionally, inducible nitric oxide synthase (iNOS)
upregulation by MDSCs leads to metabolization of L-arginine into nitric oxide (NO) and L-citrulline (77).
Consequently, the lack of L-arginine in the TME leads to loss of the TCRZ chain, resulting in decreased T cell
proliferation and differentiation (78). Elevated levels of L-cystine uptake and metabolization by MDSCs result in
a deficiency in both L-cystine and L-cysteine in the TME, since MDSCs are unable to transport L-cysteine back into
the extracellular environment (79). A lack of L-cysteine and L-cystine in the TME results in decreased proliferation
and activation of T cells (80,81).

Moreover, MDSCs produce nitric oxide (NO), reactive oxygen (ROS) and reactive nitrogen species (RNS) (82).
As mentioned before, MDSCs secretion of iNOS leads to the production of NO, which has been shown to block T
cell function by interference with IL-2R signaling, thereby inhibiting T cell proliferation (77). In addition, NO leads
to nitration of the TCR, thereby preventing binding of the TCR to the antigen presenting MHC molecule (83). ROS
production is achieved by upregulation of NADPH-oxidase isoform (NOX2) and is associated with catalyzing
nitration of the TCR, as well as inducing T cell apoptosis (84). Additionally, a chemical reaction can take place
when NO and ROS are in close proximity, generating RNS. Similar to NO, RNS also lead to nitration of the TCR
preventing antigen presentation (83). Additionally, RNS-mediated nitration of the cytotoxic T cell
chemoattractant CCL2 has been observed, reducing infiltration of cytotoxic T cells into the TME (85).

Furthermore, cytokines and chemokines, including IL-10 and TGFp, secreted by MDSCs induce regulatory T
cell (Treg) proliferation, leading to accumulation of Treg cells (86). A complex interplay between MDSCs and Tregs
is subsequently established in which MDSCs induce Treg polarization, while Tregs promote survival and
proliferation of MDSC (28). This was shown in an ex-vivo experiment in which co-incubation of murine MDSCs
with Tregs increased the population of MDSCs significantly (28). However, the exact molecular mechanism by
which Tregs affect MDSC survival and proliferation is not known yet.

Next to these immunosuppressive functions, MDSCs also have tumor promoting abilities that do not rely on
immune inhibition, including promotion of neo-angiogenesis by exploiting vascular endothelial growth factor
(VEGF). Tumor cells secrete the VEGF growth factor, which leads to induction of neo-angiogenesis and,
ultimately, metastasis (87). VEGF works as a chemoattractant for MDSCs, promoting migration of MDSCs from
the bone marrow towards cancer sites (88). There, binding of VEGF to the VEGF receptor expressed on MDSCs
induces a positive feedback loop in which activation of JAK/STAT3 signaling results in the production of more
VEGF (89,90). This mechanism promotes neo-angiogenesis and maintains MDSC populations in the TME (91).
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Figure 2: Immunosuppressive effects of MDSCs on T cells. MDSCs deplete the TME from amino acids necessary for T cell
functioning. This is achieved by internalization of L-cystine, which is metabolized to L-cysteine and cannot be transported out
of MDSCs. Furthermore, ARG1 overexpression and increased L-arginine uptake result in depletion of -arginine out of the TME.
L-arginine is subsequently metabolized into L-ornithine and urea. However, upregulation of iNOS can also result in
metabolization of L-arginine into L-citrulline and NO, which leads to nitration of the TCR and interferes with IL-2R signaling.
NOX2 upregulation leads to increased ROS production, which by itself leads to loss of the TCRZ chain. In addition, ROS and
NO can form RNS which leads to nitrosylation of the TCR and CCL2. Moreover, MDSCs also express inhibiting ligands, for
example PD-L1 and B7. Finally, MDSCs produce immunosuppressive cytokines, thereby increasing Tregs in the TME.
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3.2 Targeting MDSCs

Recent understanding of MDSC-mediated T cell suppression, has led to a shift in research focus. By inhibiting
T cells, MDSCs overrule the ICI-mediated T cell activation (92). Three different approaches are being studied to
neutralize the immunosuppressive effect of MDSCs; 1) Depletion of MDSCs in the TME; 2) Reducing the
immunosuppressive effect of MDSCs; 3) promoting maturation of MDSCs.

3.2.1 Depletion of MDSCs

In a murine lung cancer model, MDSC depletion increased APCs in the TME, which enhanced the activity of
cytotoxic T cells and reduced tumor growth (93). Next to that, a reduction in MDSCs in the TME, has been shown
to correlate with overcoming ICl resistance in metastatic melanoma patients (94). Therefore, depleting MDSCs
from the TME is one of the major strategies to enhance immune responses in cancer patients.

First of all, MDSC development and expansion can be inhibited by targeting GM-CSF and G-CSF, which are
the major drivers of accumulation of MDSCs in humans (95). In vitro studies showed G-CSF-mediated promotion
of MDSC survival and activation through signal transducer and activator of transcription (STAT3) signaling (96).
Moreover, preclinical studies in a mouse colitis-associated cancer model have reported that blocking GM-CSF
leads to decreased levels of MDSCs, promoting an antitumor immune response (96). These findings are in line
with a clinical study performed in recurrent prostate cancer patients where administration of recombinant
human GM-CSF increased MDSC levels in the blood (95). Some chemotherapeutics indirectly target these growth
factors. For example, using Paclitaxel in a low, non-toxic dose decreases GM-CSF secretion, thereby reducing
accumulation of MDSCs in the TME in a melanoma mouse model (97).

As mentioned before, VEGF secreted by tumor cells is an important chemo-attractant for MDSCs (98).
Besides reducing MDSCs, targeting VEGF has the extra therapeutic potential of inhibiting neo-angiogenesis and
tumor progression (99). Bevacizumab is an antibody binding to VEGF, blocking interaction between VEGF and its
receptors (100). In non-small cell lung cancer (NSCLC) patients, bevacizumab treatment reduced numbers of
circulating MDSCs (101). Additionally, bevacizumab has been used in a clinical trial in combination with a low
dose of chemotherapeutic Capecitabine to treat recurrent glioblastoma. Results showed a decrease in MDSCs
and an increase in tumor-specific cytotoxic T cells in the TME (102). However, in renal cell carcinoma (RCC)
patients, administration of bevacizumab did not lead to a significant reduction in MDSCs in peripheral blood
(103). Yet, MDSC populations in the TME have not been studied in RCC patients, leading to a measuring
discrepancy between the two studies. Moreover, cancer type and stage can influence results, since not all cancer
types utilize VEGF signaling to the same extent (104).

In addition, recruitment of MDSCs by blocking chemokine signaling can be exploited to deplete MDSCs from
the TME. MDSCs have multiple chemokine receptors, such as CCR2, CCR4, and CCR5 (105). Chemokine CCL2,
which interacts with CCR2 and CCR4, has been described to promote prostate cancer tumorigenesis in humans
by recruiting MDSCs (106). In numerous preclinical models, including murine glioma and melanoma models,
blocking CCL2 signaling by using monoclonal antibodies together with radiation or immunotherapy, resulted in a
significant reduction in MDSCs (94,107,108). Monoclonal antibodies neutralizing CCR5 ligands reduce migration
of MDSCs into the TME and improve survival of mice with melanoma (109). Additionally, CCR5 blockades
inhibited growth of prostate, breast and pancreatic tumors in different mouse models (110,111). In colorectal
cancer patients with liver metastases, blockade of CCR5 resulted in decreased levels of MDSCs and inhibited
tumor progression (112).

As previously mentioned, MDSCs are hard to identify due to lack of specific markers and heterogeneity
within populations. Recently Lectin-type Oxidized LDL receptor 1 (LOX-1), CD10 and CD33 overexpression has
been observed on MDSC populations (113-115). However, overexpression of LOX-1 and CD10 is subtype-specific
(113,114). Therefore, clinical agents against these two targets have not been developed yet. CD33
overexpression has been shown to overlap between MDSC subtypes (116). In fact, CD33 is currently being
evaluated as a potential target to directly deplete MDSCs from the TME (117). A monoclonal antibody called BI
836858 depletes MDSCs from the TME of patients with myelodyplastic syndrome though antibody-dependent
cell-mediated cytotoxicity (ADCC) (118). Additionally, another CD33 specific antibody, called Gemtuzumab



ozogamicin, reactivates T cells in the TME by depleting MDSCs observed in clinical trials acute myeloid leukemia
(AML) patients (117). Therefore, Gemtuzumab ozogamicin has been FDA approved for treatment of AML
patients.

Lastly, it has been observed that some chemotherapeutics and other anti-cancer drugs result in a reduction
of MDSCs in the circulation of tumor-bearing individuals. For example, clinical data obtained from Gemcitabine
and 5-Fluorouacil (5-FU) treatment in patients with different tumors specifically result in the depletion of MDSCs
without negatively affecting T cells, B cells, NK cells, and DCs (119,120). Mechanistically, a single dose of
Gemcitabine promotes apoptosis and necrosis of splenocytes in mice bearing TC-1 tumors, thereby reducing the
immunosuppressive effect and MDSC populations significantly (119). Results for 5-FU treatment are in line with
Gemcitabine treatment. However, when comparing Gemcitabine and 5-FU treatment in mice with colorectal
tumors, higher efficacy was reported using 5-FU (120). 5-FU treatment enhanced IFN-y production by CD8* T
cells, as well as significantly increased numbers of infiltrating T cells into the TME.

3.2.2 Inhibition of the immunosuppressive mechanisms exploited by MDSCs

The second strategy focusses on neutralization of the immunosuppressive mechanisms MDSCs use to inhibit
CD8* T cells activation and proliferation. The aforementioned enzymes ARG1, NOX2 and iNOS are key driver of
the immunosuppressive characteristics carried out by MDSCs (76,77), as well as immunosuppressive cytokines
secreted by MDSCs (86). Therefore, pathways underlying upregulation of these enzymes and cytokines are being
studied.

As described before, MDSCs upregulate ARG1 secretion, which depletes the TME of L-arginine (81).
Decreasing ARG1 expression can be achieved by targeting the cyclooxygenase 2 (COX-2)/Prostaglandin E2 (PGE2)
pathway. COX-2 is an enzyme that catalyzes the production of PGE2 from arachidonic acid. Its expression is
regulated and induced under tumorigenic and inflammatory conditions (121). PGE2 interacts with receptors from
the E prostanoid (EP) family, which has 4 different subtypes, EP1-4. Prostate cancer cells have been shown to
upregulate expression of EP2 and EP4 (122). The COX-2 pathway promotes MDSC accumulation and maintains
the suppressive function of MDSCs (123-125). Both COX-2 and PGE2 overexpression are associated with
immunosuppression, reduced cancer cell apoptosis and increased neo-angiogenesis (126). In MDSCs, COX2 and
PGE2 overexpression were shown to play a critical role in differentiation of MDSCs in murine bone marrow (127).
Furthermore, M-MDSC were shown to exhibit their suppressive activities after PGE2 signaling, which was
observed by upregulation of ARG1 secretion and increased NO production (128). Blocking the COX-2 pathway
with specific inhibitors leads to adverse effects (129). Therefore, research focusses on inhibitors that are
activated later in the pathway, for example by inhibiting EP4 (130).

Furthermore, Histone deacetylase (HDAC) inhibitors (HDACIs) have been shown to reduce expression of
COX-2, ARG1 and iNOS significantly (131,132). HDACs are enzymes that remove acetyl groups from N-acetyl
lysine on histones, thereby regulating gene expression (133). The enzymes are subdivided in four different classes
based on their sequence similarity, which are HDAC class I-IV (134). Interestingly, HDACIs have also been shown
to regulate immune cells in the TME, although the exact mechanism is not understood yet (135). HDACI
Entinostat reduced the immunosuppressive activity of G-MDSCs significantly in mice with EL4 lymphoma and
Lewis Lung Carcinoma (LLC), whereas HDAC inhibitor Ricolinostat decreased the suppressive activity of M-MDSCs
(136).

Moreover, phosphodiesterase-5 inhibitors, like Sildenafil and Tadalafil, have been associated with a
reduction in MDSC immunosuppressive activity in preclinical mouse models, as well as in patients that were
treated for benign prostatic hyperplasia and pulmonary hypertension (137). It has been shown that
administration of Sildenafil in mice with melanoma downregulates the production of ROS and RNS and decreases
ARG1 secretion by inhibition of STAT6 signaling (127). Additionally, higher levels of intracellular cyclic guanosine
monophosphate (cGMP) have been reported in MDSCs after Sildenafil treatment (138). Increased cGMP levels
lead to destabilization of iINOS mRNA, resulting in decreased NO secretion and a decrease in RNS in the TME
(139). Furthermore, treatment of metastatic melanoma patients with Tadalafil resulted in a significant decrease
in MDSCs in metastatic lesions in patient (140). In patients with head and neck squamous cell carcinoma (HNSCC),



Tadalafil treatment did not only reduce levels of Tregs and MDSCs, but it was also shown to decrease both ARG1
and iNOS secretion (141,142).

Recently, targeting the STAT3 pathway has gained interest to target for blocking MDSC immunosuppressive
effects (143,144). STAT3 is part of the STAT protein family which consists out of 7 different proteins numbered
from 1 to 7. Janus kinase (JAK) tyrosine kinases are responsible for phosphorylation of STAT proteins, which are
activated by binding of cytokines or growth factors to the receptor. Phosphorylated STAT proteins travel to the
nucleus to bind to STAT inducible genes (145). STAT3 signaling is directly responsible for transcription of ARG1
and NOX2 (146). In murine cancer models, blocking of STAT3 signaling in MDSCs resulted in activation of an anti-
tumor response and reduction of MDSCs in the TME(147). Furthermore, a STAT3 antisense oligonucleotide
inhibitor, called AZD1950, inhibited tumor growth in a phase | clinical trial in patients with lymphoma and lung
cancer (148).

3.2.3 Maturation of MDSCs

The last strategy is maturation of MDSCs into mature neutrophils or macrophages without suppressive
activity. Most of the studies focus on M-MDSC maturation, since the possibility of maturation of G-MDSCs into
mature neutrophils is still under discussion (149).

DNA methyltransferase inhibitors, including Decitabine, induce maturation of MDSCs into APCs by
reactivating epigenetically silenced tumor suppressor genes (150). In addition, blocking of retinoic acid signal
transduction using all-trans retinoic acid (ATRA), a vitamin A metabolite, leads to differentiation of MDSCs into
DCs and macrophages (151). ATRA upregulates glutathione synthase (GSH) expression, thereby leading to
reduced ROS production, which has been associated with maturation of MDSCs (151). ATRA enhances IFNy
production by T cells in patients with metastatic RCC and late stage small cell lung cancer (SCLC) (105). Lastly,
Docetaxel, an anti-microtubule drug used as cancer therapy, promoted differentiation of MDSCs into M1
macrophages in a mouse mammary carcinoma model by indirectly reducing STAT3 activation (152).

4. TARGETING MDSCS IN COMBINATION WITH ICI THERAPY

The exact mechanism behind ICI therapy resistance is still poorly understood. Considering the
immunosuppressive effect MDSCs have on T cells, studies started investigating combining ICI therapy with
targeting of MDSCs. As previously described, there are different methods to target MDSCs. Here, we subdivide
studies into the mechanism that is used to target MDSCs. Table 2 shows an overview of the different agents and
most important outcomes of the different murine studies. In addition, Table 3 presents the most important
outcomes in human studies.

4.1 JAK/STAT3 signaling inhibition

Inhibitors of the aforementioned STAT3 pathway have been investigated extensively over the past years due
to the important role STAT3 signaling plays in maintaining MDSC immunosuppressive activity (143,144).
Moreover, the JAK/STAT3 pathway can regulate expression of PD-L1 and PD-L2 on tumor cells, as well as on
MDSCs (153). APTstat3-9R is a STAT3 inhibitor that is currently being studied in clinical trials for treatment of
BRAFV6%%E_mutant melanoma which is resistant to BRAF inhibitor Vemurafenib (154). APTstars was found to be a
high affinity peptide binder for STAT3 which inhibits phosphorylation of STAT3, and thereby halts the STAT3
signaling pathway (155). APTstats was then modified with a 9-arginine motif to penetrate cancer cells more easily
(156). In a mouse model, APTstat3-9R was shown to remodel the TME by significantly reducing MDSCs and TAMs
while increasing the CD8*/CD4* T cell ratio (157). The increase in CD8" T cells led to the hypothesis that a
combination with anti-PD-1 would results in a higher anti-tumor efficacy. The combination between APTstat3-9R
and anti-PD-1 therapy resulted in a significant inhibition of tumor growth and longer overall survival compared
to the groups that received a monotherapy (157).

Furthermore, 3,3’-Diindolylmethane (DIM) is a naturally occurring component that has been used in
traditional Chinese medicine and exhibits anti-cancer activity by inhibition of cancer cell proliferation and
promotion of cancer cell apoptosis (158). In vitro, MDSCs lost the immunosuppressive characteristics after DIM



treatment, which was observed by a decrease in ARG1 and NOX2 mRNA, as well as abrogation of the inhibitive
effect from MDSCs on T cell proliferation (159). This effect was achieved by suppression of STAT3 activation (159).
In a 4T1 breast cancer mouse model, a combination of DIM and anti-PD-1 provided a significant synergistic effect
on the reduction of tumor growth compared to single treatment groups. Results from the group receiving
combination therapy showed elevated IFNy levels, an increase in both CD4* and CD8* T cells, and a decrease in
the ratio of MDSCs from bone marrow, spleen, blood and in tumor tissue (159).

4.2 Histone Deacetylase inhibitors

Many different HDACIs have been developed which target different HDAC classes. Trichostatin A (TSA) is a
panHDACI, which induces apoptosis in Eppstein-Bar virus associated tumor cells (160). After TSA treatment, a
reduction of MDSCs in CT26/Her2 tumor-bearing mice was observed (161). Another HDACI is valproic acid (VPA),
which inhibits HDAC class | enzymes. After VPA monotherapy, Xie Z et al. observed a reduction of the proportion
of G-MDSCs, as well as a reduction in the level of ARG1 in mice injected with B16F10 melanoma cells (162).
Furthermore, VPA reduces MDSC accumulation and leads to maturation of MDSCs into mature antigen
presenting DCs (163). Remarkably, combining VPA with anti-PD-L1 in the same melanoma mouse model as
described before, led to a significant reduction in MDSCs, as well as complete abrogation of the
immunosuppressive characteristics of MDSCs (162).

Mocetinostat is a class I/IV HDACI involved in epigenetic silencing of immunoregulatory genes of immune
cells and tumor cells (135). Interestingly, Mocetinostat treatment has been shown to upregulate PD-L1 in vitro
(164). Therefore, the combination between Mocetinostat and anti-PD-L1 was tested in mice with NSCLC, showing
an increase in tumor specific CD8* T cells, a decrease in MDSC population and an increase in pro-inflammatory
factors, including CXCR6 and CCL5 (164). Moreover, class | HDACI Entinostat was shown to significantly reduce
MDSC cell viability and thereby, sensitized tumor cells to anti-PD-1 treatment in lung and RCC mouse models
(165). Additionally, in a study using pancreatic and breast cancer mouse models, Entinostat synergistically
enhanced the effect of anti-PD-1 and anti-CTLA-4 therapy (165), an effect that was also observed using VPA in a
melanoma mouse model (166).

After promising preclinical data was obtained using HDACIs to overcome ICl resistance, clinical trials were
started. Mocetinostat has been tested in combination with Nivolumab and Ipilimumab in 10 unresectable
melanoma patients (167). Of these 10 patients, 8 responded to the treatment, marked by inhibition of tumor
progression and a significant decrease in MDSC levels in patient blood. However, toxic effects were observed in
all patients (167). Therefore, other HDACIs were being tested in combination with ICI therapy. Entinostat
treatment in combination with Nivolumab and Ipilimumab was tested in 33 patients with advanced solid tumors
(168). Response rates in this clinical trial were 16% and patients that responded to the treatment had a higher
CD8" T cell/Treg ratio (168). Patients with NSCLC treated with HDACI Vorinostat in combination with
Pembrolizumab showed a 13% response rate (169). Strikingly, NSCLC patients with ‘cold’ tumors, which are
tumors that show low cytotoxic T cell infiltration, benefited the most of Vorinostat and Pembrolizumab
combination therapy due to enhanced cytotoxic T cells infiltration. With Pembrolizumab monotherapy, the
response rate was 33%, while the response rate was 66% using combination therapy, which was associated with
a lower number of MDSCs in the TME (170). These data support the development of HDACIs in combination with
ICI therapy.

4.3 Tyrosine kinases inhibitors

Tyrosine kinases have been associated with trafficking, maturation and function of myeloid cells (171,172).
AXL is a tyrosine kinase that is important for many signaling pathways, ranging from cell differentiation, cell
proliferation to cell survival (173). Overexpression of AXL is observed in many human cancers and leads to
immunotherapy resistance and a poorer prognosis. Strikingly, MDSCs were also shown to upregulate AXL
expression significantly (174). In AXL knockout mice, the MDSC suppressive phenotype was abolished as
measured using T cell proliferation assays (175). Consequently, tyrosine kinase inhibitors (TKIs) were developed,
including AXL inhibitor SKI-G-801 (176). Mice injected with murine breast cancer cell line 4T1 were treated with
SKI-G-108, anti-PD1, or a combination (175). Remarkably, combination therapy resulted in curing 2 out of 5 mice



and longer overall survival than either of the therapies alone. Immunohistochemistry analysis showed increased
levels of CD8* T cells, decreased levels of MDSCs, and higher expression of PD-L1 on tumor cells, giving insight
into the mechanism by which AXL inhibitor SKI-G-801 has a synergistic effect with anti-PD-1 ICl therapy (175).

In addition, Cabozantinib is a TKI that targets multiple tyrosine kinases at once: VEGFR-2; MET; AXL, and KIT
(98). in a murine castrate resistant prostate cancer model, Cabozantinib treatment resulted in tumor clearance,
mature neutrophil infiltration into the TME and a reduction MDSC populations, as well as a reduction in their
ability to suppress T cells (177,178). When combined with anti-CTLA-4/anti-PD-1 ICl therapy, the castrate
resistant prostate tumors growth and formation of metastases was synergistically reduced (178). Additionally,
Cabozantinib treatment in a murine colon cancer model, resulted in CD8* T cell infiltration (179). These preclinical
models were translated into clinical trials treating patients with genitourinary tumors. From the 64 patients that
received Cabozantinib and Nivolumab treatment with or without ipilimumab, there was a 36% response rate,
which was still ongoing after 2 years for 70% of the responders (180). These studies laid the groundwork for FDA
approval of using Cabozantinib and Nivolumab as first-line treatment for patients with advanced RCC (181).

Furthermore, Sorafenib and Lenvatinib are TKls which have shown to result in a significant reduction in
MDSCs in the TME and increased infiltration of CD4* and CD8* T cells (182,183). Sorafenib and Lenvatinib have
recently been approved for use as hepatocellular carcinoma (HCC) therapy (184). Lenvatinib in combination with
anti-PD-1 antibody nivolumab showed high efficacy in a phase 1 trial which included 30 HCC patients (185).
Lenvatinib has also been studied in combination with Pembrolizumab, showing little toxicity and a high response
rate in treated HCC patients (186). Lee et al. tested different combinations of TKls and ICls in 33 patients which
received different treatment combinations: 8 patients were treated with Sorafenib and Nivolumab; 4 with
Sorafenib and Pembrolizumab treatment; 11 with Lenvatinib and Nivolumab treatment; and 10 with Lenvatinib
Pembrolizumab treatment (187). Patients treated with combination therapy including Lenvatinib had the highest
objective response rate (ORR): Lenvatinib/Pembrolizumab resulted in 70% ORR and Lenvatinib/Nivolumab in a
51,8% ORR, whereas the combination Sorafenib/Nivolumab resulted in a 25% ORR (192).

4.4 PI3K/AKT/mTOR signaling inhibition

The PI3K/AKT/mTOR pathway plays an important role in regulation of the cell cycle, stimulating cell
proliferation after phosphorylation of PI3K (188). In addition, the PI3K signaling pathway has been shown to play
an important role in myeloid cell function, chemotaxis, neutrophil apoptosis and MDSC proliferation and survival
(189,190). MDSCs express high levels of PI3Ky which promotes the production of inflammatory mediators and
migration towards the TME (191). Enioutina et al showed the importance of PI3K signaling in the accumulation
of MDSCs in aging mice (192).

In mouse models injected with murine cancers, including colorectal cancer cell lines CT26 and MC38, and
breast cancer cell line 4T1, PI3Ky inhibition with small molecule inhibitor IPI-549 reduced tumor growth and lung
metastasis (193). Furthermore, IPI-549 treatment increased infiltration of CD8* T cell into the tumor bed (193).
Combination of IPI-549 and either anti-CTLA-4 or anti-PD-1 led to a significant reduction in tumor growth using
LLC and 4T1 murine cancer cell lines (193). These findings are in line with previous research by Kaneda et al.
where a synergistic reduction of murine HPV- HNSCC tumor growth was observed, as well as tumor regression of
established tumors using a PI3Ky small molecule inhibitor in combination with anti-PD-1 (194).

Recently, ARTs (effective antimalarial drugs) have also been reported to exhibit immunomodulatory and
antitumor properties (195,196). In a mouse model injected with murine breast cancer cell line 4T1, a decline in
the immunosuppressive effects of MDSCs was observed after ART therapy, marked by reduced ARG1 and iNOS
secretion (197). To determine the mechanism behind ART antitumor effects, murine melanoma cell line B16F10
and murine HCC cell line Hepal-6 were injected into mice (198). ART was shown to polarize MDSCs from an
immunosuppressive phenotype towards an antitumoral phenotype through inhibition of PI3K/AKT/mTOR
signaling, resulting in expansion of CD8* T cells and inhibition of tumor growth. Moreover, ART therapy reduced
levels of Tregs and MDSCs without altering levels of CD4* T cells, B cells, NK cells, DCs and macrophages compared
to vehicle treated mice. Interestingly, combining ART and anti-PD-L1 immunotherapy resulted in a striking delay
in tumor growth, a reduction in the levels of MDSCs and increased levels of CD8* specific cells (198).



Table 2: An overview of agents targeting MDSCs and the most important in vivo outcomes

MDSC
target
DIM

APTstar3-9R

Entinostat

VPA

SKI-G-801

Cabozantini
b

Gemcitabine

IPI-549

ART

YY001

ICI

Anti-
PD-1

Anti-
PD-1

Anti-
PD-1

Anti-
PD-
1/anti-
CTLA-
4

Anti-
PD-
1/anti-
CTLA-
4

Anti-
PD-1

Anti-
PD-1/
anti-
CTLA-

Anti-
PD-1
and
Anti-
PD-L1

Anti-
CTLA-
4 or
anti-
PD-1
Anti-
PD-L1

Anti-
PD-1

Cancer

Breast cancer
mouse model

Melanoma mouse
model

Lung and renal
cancer mouse
models
Pancreatic and
breast cancer
mouse models

Melanoma mouse
model

Breast cancer
mouse model

Colon, renal and
prostate cancer
mouse model

Hepatocellular
carcinoma mouse
model

Lung and breast
cancer mouse
model

Breast cancer and
melanoma mouse
model

Prostate cancer
mouse model

Effect on MDSCs

Neutralization of
the
immunosuppressive
effect of MDSCs

Reduction of
MDSCs in the TME

Reduce MDSC
viability

Reduce MDSC
viability

Reduce MDSC
viability

Reduction of
MDSCs in the TME

Reduction of
MDSCs in the TME
Neutralization of
the
immunosuppressive
effect of MDSCs

Reduction of
MDSCs in the TME

Inhibition of MDSC
recruitment to the
TME

Maturation of
MDSCs

Inhibition of MDSC
recruitment to the
TME

Outcome

Inhibition of
tumor growth
Increase in
CD8* T cells in
the TME
Inhibition of
tumor growth
Longer overall
survival
Inhibition of
tumor growth

Inhibition of
tumor growth

Inhibition of
tumor growth

Inhibition of
tumor growth
Increase in
CD8* T cells in
the TME
Long-term
curing
Increase in
CD8* T cells in
the TME
Tumor
clearance
Mature
neutrophil
infiltration
Increase in
CD8* T cells in
the TME
Tumor
clearance
Inhibition of
tumor growth
Inhibition of
tumor growth
Increase in
CD8* T cells in
the TME
Inhibition of
tumor growth
Increase in
CD8* T cells in
the TME
Increase in
CD8* T cells in
the TME
Inhibition of
tumor growth

Ref.

(159)

(157)

(165)

(165)

(166)

(175)

(178)

(199)

(193)

(198)

(200)



E7046 Anti- Melanoma mouse Inhibition of MDSC Inhibition of (130), (201)
PD-1 model recruitment to the tumor growth
and TME Increase in
Anti- CD8* T cellsin
PD-L1 the TME
Anti- Colon cancer Inhibition of MDSC Inhibition of (201)
CTLA- mouse model recruitment to the tumor growth
4 TME Increase in
CD8* T cells in
the TME
HDC Anti- Mouse models for Maturation of Inhibition of (202)
PD-1 lymphoma and MDSCs tumor growth
and colon Neutralization of Improves the
anti- adenocarinoma the antitumor
PD-L1 immunosuppressive efficacy of
effect of MDSCs ICI therapy
ATRA Anti- Mouse model of Neutralization of Inhibition of (203)
PD-L1 cervical tumors the tumor growth
immunosuppressive Increase in
effect of MDSCs CD8* T cells in
the TME
Anti- mesothelioma Maturation of Long-term (204)
CTLA- mouse model MDSCs curing
4 Neutralization of Decreased
the levels of ROS
immunosuppressive
effect of MDSC
Trametinib Anti- Head and neck Reduction of Inhibition of (205)
PD-1 cancer and colon MDSCs in the TME tumor growth
mouse model
Anti-CXCR2 Anti- Mouse model for Reprogramming of Decrease in (206)
PD-1 rhabdomyosarcoma of macrophages to tumor area
an M1 phenotype
Inhibition of MDSC
recruitment to the
TME
Anti-Bv8 Anti- Breast cancer Inhibition of MDSC Inhibition of (207)
PD-1 mouse model recruitment to the tumor growth
TME Increase in
CD8* T cells in
the TME

4.5 COX-2/PGE2 signaling

As highlighted before, COX-2/PGE2 signaling has been linked to development of MDSCs and Tregs (208).
Blocking COX-2 resulted in considerable toxic effects in patients (209). Therefore, research started looking into a
strategy downstream. YY001, an EP4 antagonist blocking PGE-2/EP4 signaling, strongly synergizes with anti-PD-
1 antibodies in a prostate cancer mouse model (200). Synergy was achieved by reversing the inhibition of IFNy
secretion by T cells and promoting T cell proliferation and expansion, resulting in more tumor specific CD8* T
cells and significantly reduced MDSC infiltration into the TME (200). These findings are similar to studies
performed with the first small-molecule EP4 inhibitor, E7046, which inhibited tumor growth, reduced infiltration
of MDSCs and increased CD8* T cell activity in various mouse cancer models (130). Furthermore in a mouse
melanoma model, higher efficacy was observed in combination treatment using anti-PD-1/anti-PD-L1 and E7046
therapy than either of the two therapies alone (201). Moreover, E7046 therapy in combination with anti-CTLA4
also showed increased efficacy in a mouse CT26 colon cancer model (201). Therefore, EP4 inhibitors are now
being studied in clinical trials.

4.6 ROS signaling



Myeloid cells express an NADPH oxidase (NOX2), which plays an important role in defending host cells
against bacterial infections by ROS production (210). However, ROS in extracellular spaces leads to apoptosis or
dysfunction of neighboring T cells (211). MDSCs upregulate NOX2 to increase ROS production (212).
Administration of histamine dihydrochloride (HDC) in vitro and in vivo inhibits NOX2 expression leading to
differentiation of MDSCs into mature DCs (213). Use of HDC in combination with IL-2 is approved in Europe in
patients that recovered from AML for relapse prevention (214). In murine models with EL-4 lymphoma or MC38
colon adenocarcinoma, HDC was combined with anti-PD-1 and anti-PD-L1 which improved efficacy of these ICls
by neutralization of the immunosuppressive effect from MDSCs (202).

Metabolic derivatives of retinoic acid (vitamin A) have been highlighted before due to their promoting effect
on MDSC maturation, as well as abolishment of the immunosuppressive nature (151). Upregulation of GSH
synthase is observed after ATRA treatment, leading to decreased ROS production and differentiation into mature
myeloid cells (151). Consequently, the suppressive activity of MDSCs was abrogated, leading to increased
frequency of CD8* T cells in mice with cervical tumors and reduced tumor growth (203). This effect was enhanced
using anti-PD-L1 treatment, showing synergy between ATRA treatment and anti-PD-L1 (203). Similarly, in a
bilateral subcutaneous mesothelioma mouse model, significantly higher efficacy with long-term curing of mice
was observed using combination therapy of ATRA and anti-CTLA4 therapy compared to either one alone (204).
ATRA is now FDA approved for treatment of acute promyelocytic leukemia (215).

4.7 MAPK/MEK/ERK signaling inhibition

The Mitogen-Associated Protein Kinase (MAPK) pathway is often mutated in human cancers, leading to
overactivation of MAPK/ERK Kinase (MEK)/ Extracellular signal-Regulated Kinase (ERK) signaling (216). MEK/ERK
signaling promotes cell survival, proliferation, and tumor metastasis (217-219). Therefore, reducing MAPK
pathway activation is an interesting strategy to inhibit tumor growth. Interestingly, MEK activation in tumor cells
supports the accumulation of MDSCs into the TME by secretion of CXCL1/2 (220). MEK1/2 inhibitors do not only
inhibit tumor cell proliferation directly, but also affect the cell heterogeneity of the TME, for example by reducing
MDSC populations (221-223).

Trametinib is a MEK1/2 inhibitor approved for treatment of NSCLC and MAPK kinase driven melanoma (224).
Additionally, Trametinib treatment also promotes antitumor activity in HNSCC patients (225). In a HNSCC mouse
model, Trametinib treatment upregulated expression of PD-L1 on tumor cells and induced the influx of CD8* T
cells into the TME (226). Consequently, more studies have been performed combining MEK inhibitors with ICI
therapy. In a mouse model with CT26 induced colorectal cancer, Trametinib in combination with different ICls
controlled tumor growth more efficiently than either of the therapies alone (227). Mechanistically, Trametinib
treatment leads to reduction of MDSCs in the TME by downregulating colony-stimulating factor 1 (CSF1)
secretion by tumor cells. To create a synergistic effect between anti-PD-1 and Trametinib, timing of the anti-PD-
1 antibody treatment is important. The optimal window to administer anti-PD-1 is when trametinib treatment
has lowered the CSF-1 secretion and increased PD-L1 expression on tumor cells (205). This is one of the first
studies that includes a time-dependent synergistic effect of two different oncolytic therapies.

4.8 Others

As mentioned before, chemotherapeutics have been shown to affect MDSC populations, for example
Gemcitabine (119). It was observed that Gemcitabine treatment correlates with overexpression of PD-L1 on
tumor cells and PD-1 on T cells in vivo. A combination of the two therapies resulted in a significant number of
mice being cured from their HCC tumors (199). This also correlated with higher numbers of circulating tumor
specific CD8* T cells and lower numbers if MDSCs in the TME (199).

Moreover, antibodies blocking VEGF signaling to inhibit neo-angiogenesis and recruitment of MDSCs to the
TME have also been studied to overcome ICl resistance. One of these antibodies is the aforementioned
monoclonal antibody Bevacizumab, which has been FDA approved since 2009 for treatment of recurrent
glioblastoma (228). The IMbrave150 study combined anti-PD-L1 antibody Atezolizumab and Bevacizumab. This
combination has now been approved as a first-line treatment for advanced HCC (229). Ng et al. studied the effect
of treatment with TKIs before ICIs or treatment with ICls before TKls in which 27 and 23 patients enrolled,



respectively (230). Results showed that treatment sequence does not result in a significant difference in response
rates (230).

Overall, the studies reviewed here show similar outcomes: a reduction in MDSCs and an increase in tumor-
specific CD8* T cells, which is the goal of this combination therapy. In addition, murine studies show reduced
tumor growth and in some studies complete remission is observed. Therefore, the strategy to target MDSCs to
overcome ICl resistance is highly promising. Nevertheless, different cancer cell lines seem to call for different
targeting strategies.

Table 3: An overview of agents targeting MDSCs and the most important outcomes in human studies

MDSC ICI Cancer Effect on MDSCs Outcome Ref.
target
Entinostat Anti- Advanced solid - Reduce MDSC - Inhibition of (168)
PD- tumor patients viability tumor growth
1/anti- - Increase in CD8*
CTLA-4 T cells in the
TME
Mocetinostat = Anti- Unresectable - Reduction of - Inhibition of (167)

PD- melanoma patients MDSCs in the tumor growth
1/anti- TME
CTLA-4
Vorinostat Anti- Non-small lung Reduction of Inhibition of (169), (170)
PD-L1 cancer patients MDSCs in the tumor growth
TME
Sorafenib Anti- Hepatocellular Reduction of Increase in CD8*
PD-1 cancer patients MDSCs in the T cells in the
TME TME
Inhibition of
tumor growth
Lenvatinib Anti- Hepatocellular Reduction of Increase in CD8*  (185)
PD-1 cancer patients MDSCs in the T cells in the
TME TME
Inhibition of
tumor growth
Anti- Hepatocellular Reduction of Inhibition of (186)
PD-L1 cancer patients MDSCs in the tumor growth
TME
Bevacizumab  Anti- Hepatocellular Reduction of Inhibition of (230)
PD-L1 cancer patients MDSCs in the tumor growth
TME

5. FUTURE DIRECTIONS

In this review, we have highlighted strategies to combine targeting of MDSCs with ICI therapy. Targeting of
MDSCs focusses on three major strategies: 1) Depletion of MDSCs from the TME; 2) Inhibition of the
immunosuppressive effects MDSCs exhibit; 3) Promoting maturation of MDSCs into APCs. To deplete MDSCs
from the TME, anti-growth factors can be used, as well as reducing chemokines signals to inhibit recruitment of
MDSCs into the TME (34,96). Both of these show a reduction in MDSCs in preclinical studies, which is associated
with improved clinical outcomes (97,107,108,110,111). Furthermore, a general MDSC cell marker, CD33, is
currently being studied as a target for direct depletion via ADCC with two different CD33 monoclonal antibodies
(117,118). Nevertheless, targeting CD33 has not been tested in combination with ICI therapy yet. Inhibition of
the immunosuppressive mechanisms of MDSCs focusses on inhibition of the pathways of key enzymes, like ARG1,
iNOS, and NOX2. Using therapies, including STAT3 , HDAC and EP4 inhibitors, have shown decreased ROS, NO
and RNS secretion, and additionally, reduced ARG1 and iNOS mRNA expression (131,143,148,231). To promote
maturation in MDSCs, DNA methyltransferases, ATRA and docetaxel have been reported to result in
differentiation of MDSCs into mature APC and macrophages (150—-152). Combining these different targets with



ICl therapy in preclinical and clinical models, has shown reduced numbers of MDSCs in the TME, increased levels
of tumor-specific cytotoxic T cells and beneficial clinical outcomes in preclinical models, as well as in clinical trials.

Targeting of the STAT3 pathway has recently gained interest because of the direct effect this pathway has
on the immunosuppressive activity of MDSCs (146). Inhibition of STAT3 signaling using DIM or APTstat3-9R shows
reduced levels of MDSC activity as measured by ARG1 and iNOS transcription (143). In mouse models, the
combination of STAT3 targeting and ICI therapy resulted in increased cytotoxic T cell infiltration into the TME,
reduced levels of MDSCs, and inhibition of tumor growth (157,158). However, clinical trials using these MDSCs
targeting agents in combination with ICls have not been finished yet. HDACIs are a promising anti-cancer method
on their own, but have also shown to overcome ICl resistance in combination therapy (120,154,158-162).
Nevertheless, high toxicity has been associated with the use of HDACIs. The most promising therapy seems to be
the different TKls, Cabozantinib, Sorafenib and Lenvatinib. Cabozantinib in combination with Nivolumab is
already used as first-line treatment in patients with advanced RCC (181). Furthermore, clinical trials with
Sorafenib and Lenvatinib in combination with Nivolumab and Pembrolizumab show high efficacy, little toxicity
and a high response rate in HCC patients, for which limited therapies are available (185-187).

Other promising MDSC targets in combination with ICI therapy are still being investigated, for example
blocking of MDSC recruitment. As described before, chemokines, cytokines and complement factors have been
described to affect MDSC infiltration into the TME (232—-234). From these different factors, chemokines have
turned out to be the major player in recruitment of MDSCs to the TME (234). However, only a few studies have
looked into blocking these different chemokines to enhance ICI therapy. One of these combinations is ICl therapy
together with anti-CXCR2. CXCR2 is a chemokine receptor that predominantly interacts with CXCL1, CXCL2, and
CXCL5 (235). In a colorectal cancer mouse model tumor-associated macrophages (TAMs) have been shown to
secrete CXCL1, which leads to recruitment of CXCR2* MDSCs. These MDSCs ultimately promote liver metastasis
(236). In a mouse model with established rhabdomyosarcoma (RMS) tumors, PD-1 blockade treatment was
shown to have a low efficacy. However, combination therapy using anti-CXCR2 together with anti-PD-1 therapy
led to a significant decrease in the tumor area compared to either anti-CXCR2 or anti-PD-1 alone (206).
Furthermore, MDSCs secrete prokineticin (Bv8), which promotes neo-angiogenesis around the tumor (237).
Blocking Bv8 with a monoclonal antibody leads to inhibition of tumor growth and reduced MDSC recruitment to
the TME (238). In a preclinical mouse model injected with EMT6 breast carcinoma cells, it was demonstrated that
Bv8 blockade sensitizes tumors to immunotherapy that showed resistance to anti-PD-1 without the use of Bv8
blockade (207). However, no clinical trials have been reported combining these two MDSC targets with ICl
therapy. Additionally, the exact molecular effect on MDSCs has not been reported.

Interestingly, it has been hypothesized that pathways active in MDSCs, as well as the dominant MDSC
subtype vary in different tissues and tumors. For example, in breast cancer, some studies report higher levels of
G-MDSCs (239), while other studies report increased levels of M-MDSCs (240). Furthermore, HDACs have been
shown to play an important role in breast cancer progression (241). MDSCs have the ability to differentiate into
osteoclasts leading to metastasis to the bone (242), which seems to be mediated by differential HDACs
expression (241). Therefore, Entinostat in combination with ICI therapy is now tested in clinical trials for the
treatment of breast cancer (243). In colorectal cancer, chronic inflammation plays a major role in the
accumulation of MDSCs (244,245). Instead of accumulation of M-MDSCs, G-MDSCs have been shown to
accumulate driven by IL-17 secretion by tumor cells (246—248). IL-17 utilizes the CXCR2/CXCL5 pathway to
enhance immunosuppressive characteristics of MDSCs (249). Therefore, an inhibitor for this pathway, could
overcome ICl therapy in colorectal cancer patients. For advanced melanoma patients, both increased levels of G-
MDSCs and M-MDSCs have been reported (250-252). In melanoma patients, overexpression of the COX-
2/PGE2/EP4 pathway has been observed frequently (253). Consequently, melanoma studies focus on inhibiting
this pathway in combination with ICI therapy. These studies show the importance for research into specific
targets in different cancer types is necessary, touching upon personalized medicine.

Finally, a lack of specific markers for MDSCs has limited research possibilities. Recent studies have
highlighted the possibility that MDSCs are mature myeloid cells in which activation markers have been lost due
to extensive TLR signaling activation (254,255). Additionally, in response to hypoxia, which is a common feature
of the TME, loss of mature cell markers has also been shown (256). Therefore, some researchers suggest that



MDSCs are monocytes or neutrophils in which immunosuppressive pathways are activated. However, the
importance of targeting these cells does not change.

6. CONCLUSION

More and more studies highlight the correlation between higher levels of MDSCs in the TME and ICl therapy
resistance. The studies reviewed here show the potential of targeting MDSCs in the TME in combination with ICI
therapy to overcome resistance and enhance the efficacy of ICl therapy in different cancers. In the last few years,
studies in this field have progressed considerably, leading to promising new therapies that are already used as a
first-line of treatment in different cancer types, for example HDACIs. However, more information is needed on
molecular mechanisms exploited by MDSCs to promote tumor growth and inhibit T cell activity. This molecular
data can help explore targeting different pathways and use different combinations of MDSC targets and ICl
therapy.
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