1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2022 January 01.

-, HHS Public Access
«

Published in final edited form as:
Biochim Biophys Acta Rev Cancer. 2021 January ; 1875(1): 188486. doi:10.1016/j.bbcan.2020.188486.

Peptides that immunoactivate the tumor microenvironment

Natsuki Furukawa?®”*, Aleksander S. Popel&.P

aDepartment of Biomedical Engineering, Johns Hopkins University School of Medicine, Baltimore,
USA

bThe Sidney Kimmel Comprehensive Cancer Center Johns Hopkins University School of
Medicine, Baltimore, USA

Abstract

Cancer immunotherapy has achieved positive clinical outcomes and is revolutionizing cancer
treatment. However, cancer immunotherapy has thus far failed to improve outcomes for most “cold
tumors”, which are characterized by low infiltration of immune cells and immunosuppressive
tumor microenvironment. Enhancing the responsiveness of cold tumors to cancer immunotherapy
by stimulating the components of the tumor microenvironment is a strategy pursued in

the last decade. Currently, most of the agents used to modify the tumor microenvironment

are small molecules or antibodies. Small molecules exhibit low affinity and specificity

towards the target and antibodies have shortcomings such as poor tissue penetration and

high production cost. Peptides may overcome these drawbacks and therefore are promising
materials for immunomodulating agents. Here we systematically summarize the currently
developed immunoactivating peptides and discuss the potential of peptide therapeutics in cancer
immunology.
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1. Introduction

Cancer immunotherapy has revolutionized the treatment of many different cancers and is
now firmly established as a pillar of cancer treatment. Immune checkpoint inhibitors have
been especially successful and have demonstrated remarkable responses in advanced-stage
tumors that have been difficult to treat with conventional treatments such as cytotoxic
chemotherapy [1]. However, based on current approvals, less than half of all patients

with cancer are eligible to receive immune checkpoint inhibitor therapy, and it has been
estimated that less than 15% of these patients respond to the treatment [2]. Even in tumor
types for which immune checkpoint inhibitors are highly effective, complete responses are
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rare. Immune checkpoint inhibitors are particularly effective in tumors with high tumor
mutational burdens and/or immune-inflamed tumors; by contrast, these agents have broadly
failed to improve clinical outcomes for immune excluded-tumor or immune-desert tumors,
such as colon cancer and pancreatic cancer [3]. The development of novel immunotherapies
and therapy combinations that can extend the benefit of immunotherapy to these immune-
resistant tumor types remains an important goal.

Paucity of tumor antigens, defects in the antigen-presenting process, impaired trafficking of
immune cells to the tumor, and production of immunosuppressive cytokines in the tumor
microenvironment (TME) are some of the proposed mechanisms leading to a cold tumor [4].
Various therapeutic strategies have been developed to overcome these immunosuppressive
events. Induction of immunogenic cell death by chemotherapy, radiotherapy or the usage

of oncolytic viruses, upregulation of molecules involved in the antigen presentation

process by inhibitors of methyltransferases and histone deacetylases, administration of
pro-inflammatory cytokines or neutralizing antibodies for immunosuppressive cytokines,
and direct stimulation of the immune system by agonists of stimulator of interferon genes
(STING) and pattern recognition receptors (PRRS) are promising approaches to turn cold
tumors into hot tumors. Several clinical trials evaluating the efficacy of these therapeutics in
combination with immune checkpoint inhibitors are being conducted [4-8].

Currently, all of the approved cancer immunotherapies and the vast majority of cancer
immunotherapies in clinical development are small molecules or antibody therapies. Small
molecules generally show low affinity and specificity against the targets and often cause
side effects. Although therapeutic antibodies bind with their targets with high affinity and
specificity, they too have several limitations. The most prominent disadvantage is poor tissue
penetration. Since the interstitial hydrostatic pressure is high in tumors, convection of fluid
from the microvasculature to the tissue is restricted in tumors. Therefore, extravasation
mainly depends on the diffusion through the paracellular pores in the microvessels. This is
problematic for antibodies since the diffusion rate of antibodies is low due to their large
sizes. Antibodies undergo a large sieving effect while moving through the paracellular pores
which further limits extravasation [9,10]. The distribution of antibodies within the tumor

is heterogeneous, where antibodies are mainly found around the microvessels and not in
avascular and hypoxic region [11]. The poor biodistribution of antibodies might partially
explain the low overall response rate of immune checkpoint inhibitors in solid tumors.

The high cost of manufacturing antibodies is also a major drawback of antibody drugs. Since
antibodies are large multimeric proteins with numerous post-translational modifications,
massive culturing of mammalian cells and intricate purification are required, which makes
the cost of manufacturing much higher than that of small molecular drugs [12]. Lastly, the
long half-lives of antibodies might contribute to immune-related adverse events (irAEs).
IrAEs are caused by the intervention of cancer immunotherapy with the system of immune
tolerance which leads to excessive immunity against normal organs [13,14]. Agents with
shorter half-lives are expected to be safer due to their ease of managing these side effects
[15].
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Therapeutic peptides have several advantages that can overcome the shortcomings of

small molecular drugs and antibodies. Similar to antibodies, peptides show high affinity

and specificity towards the target and are suitable for intervening with protein-protein
interactions. Since the molecular size is smaller than antibodies, the penetration to tissues

is generally better than antibodies [16]. Furthermore, some peptides can penetrate the
cellular membrane, which is a feature that antibodies cannot achieve [17]. Unlike antibodies,
peptides can be synthesized by chemical reactions such as solid-phase synthesis, which
makes the production cost significantly lower than antibodies [18]. Peptides show few side
effects and low toxicity because of their high specificity to the target, short half-life, and low
immunogenicity. Another important characteristic is that accumulation in specific organs,
which is the cause of severe organ failure in chemotherapies, is not seen in peptide treatment
[16]. Due to all these advantages, intensive research has been conducted to develop peptides
that modulate the TME and activate antitumoral immunity. We systematically review
peptides that target different cells and receptors in the TME as illustrated in Fig. 1 and
discuss the potential of peptides in the next generation of cancer immunotherapy. The usage
of peptides as cancer vaccines, which is extensively reviewed elsewhere [19-21], is not
discussed in this review.

2. Peptides targeting immune checkpoints

Immune checkpoints negatively regulate the immune system to maintain self-tolerance and
prevent autoimmunity. Tumor cells often exploit this system by upregulating the expression
of immune checkpoint molecules in the TME. Activation of immune checkpoint molecules
leads to the suppression of antitumoral immunity, especially that of the adaptive T cell
immunity. Therefore, dampening the immunosuppressive signaling pathway by blockade

of the crucial ligand-receptor reactions is expected to restore antitumoral immunity and

is considered as the central strategy in cancer immunology [22]. Inhibitors for cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1), and
programmed death-ligand 1 (PD-L1) have been most successful and are currently used in the
clinic. Although all the US Food and Drug Administration (FDA) approved drugs targeting
these molecules are currently antibodies [23], intensive research has also been conducted to
develop peptide inhibitors (Fig 2, Table 1).

PD-1/PD-L1 signaling pathway has been the main target and the first peptide inhibitor
was developed in 2014 [24]. The investigators identified the critical structure of PD-1

in the PD-1/PD-L1 interface based on the crystal structure of the PD-1/PD-L1 complex
and combined several PD-1 derived loops and strands to develop a 29-amino acid
branched peptide, AUNP-12 (NP-12) [15]. AUNP-12 inhibited the binding of PD-1/PD-
L1 and rescued the proliferation capacity of lymphocytes in the presence of PD-L1.

The immunomodulatory activity was confirmed /n vivo and AUNP-12 showed significant
antitumoral and anti-metastatic effects.

Miller et al. developed a library of macrocyclic peptides containing unnatural amino acids
that bind to PD-L1 [25,26]. Among the peptides, the efficacy of peptide-57, peptide-71,

and peptide-99 was investigated by Magiera-Mularz et al. [27]. Peptide-57 and peptide-71
had ECsgg values of 566 nM and 293 nM respectively, whereas that of peptide-99 was 6.30
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UM indicating a relatively lower affinity. The region on PD-L1 that the peptides bound
overlapped with the PD-1 binding region. Chatterjee et al. applied WL12, another peptide

in the library, to the imaging and detection of PD-L1 in tumors. They confirmed that WL12
binds specifically to hPD-L1 /n vitroand in vivo, and developed imaging agents for positron
emission tomography (PET) targeting PD-L1 [28]. So far, no study has demonstrated the
immunomodulating activity of these macrocyclic peptides /n vivo. Further research would be
needed to fully reveal the potential of these peptides.

Several groups have taken /n silico strategies to design inhibitory peptides for the PD-1/
PD-L1 signaling pathway. By analyzing the crystal structure of the PD-1/PD-L1 complex,

Li et al. identified 5 key anchor residues on PD-L1 which are critical for the binding with
PD-1 [29]. Next, they selected pairs of peptides from a scaffold fragment library which can
constitute the structure formed by the key anchor residues. The backbone of the peptide

was constructed by connecting the pairs of peptides. In this way, they designed a peptide
named Ar5Y_4 that mimics the structure of the PD-1 binding region of PD-L1. PL120131 is
another peptide identified by structural analysis of the PD-1/PD-L1 complex [30]. PL120131
contains the sequence of hPD-L1 from glycine at position 120 to asparagine at 131,

which was identified as the interaction interface of the PD-1/PD-L1 complex. Although

the authors have not presented /n7 vivo data demonstrating the immunomodulating effect of
these peptides, both Ar5Y_4 and PL120131 were able to antagonize the suppressive effect
of PD-1/PD-L1 signaling on T cells /n vitro.

YT-16 is a PD-1 targeting cyclic peptide identified by virtual screening [31]. Abbas et

al. determined the key residues on PD-1 that play a role in PD-1/PD-L1 interaction and
designed a virtual peptide library based on the corresponding PD-L1 fragments interacting
with these key residues. The affinity between the virtual peptides and PD-1 was predicted
by simulating the docking of the virtual peptides and PD-1. YT-16 had the highest predicted
affinity to PD-1 and the binding of YT-16 and PD-1 was confirmed experimentally. YT-16
enhanced the activity of T cells co-cultured with tumor cells in a dose-dependent manner.

IMB-P6-10 is a peptide derived from peroxiredoxin-5 (PRDX5). The main role of PRDX5
is to function as an antioxidant enzyme and prevent the accumulation of peroxide in cells
[32]. Liu et al. found that PRDX5 exhibited antitumoral activity and predicted that hPRDX5
binds to hPD-L1 based on the result of a binding simulation [33]. Zou et al. experimentally
demonstrated that PRDX5 inhibits the binding of PD-1/PD-L1, and proceeded to develop

a peptide derived from PRDXS5 [34]. They identified the a-helical structures in PRDX5

and determined the sequence that can interrupt the binding of PD-1 and PD-L1. Further
modification led to the generation of IMB-P6-10, which restored the activity of T cells
co-cultured with tumor cells and suppressed tumor growth in CT26 colon carcinoma model.

Apart from in silico strategies, biopanning approaches are also employed to discover
inhibitory peptides of the PD-1/PD-L1 signaling. Liu et al. conducted a phage display
screening to identify peptides that bound to the extracellular domain of PD-L1 [35]. Among
the peptides they identified, CLP002 most efficiently blocked the interaction between PD-1
and PD-L1. TPP-1 is a PD-L1 binding peptide identified by a screening using bacterial
surface display [36]. After running a screening using a random bacterial surface display
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library, they identified a consensus sequence CWCWR, which was enriched in the peptides
that bound to PD-L1. To improve the affinity of the peptide, they further generated a focused
library that consists of peptides containing the consensus sequence and additional random
amino acids. As a result of the secondary screening, TPP-1 was identified as a peptide that
binds to PD-L1 with high affinity. The immunoactivating and antitumoral effects of CLP002
and TPP-1 were demonstrated both /n vitroand in vivo. Kuan et al. applied TPP-1 to PET
imaging of PD-L1 and demonstrated that TPP-1 is also suitable for PD-L1 imaging [37].

Chang et al. conducted a screening using mirror-image phage display and developed

PD-L1 binding (D)-enantiomeric peptides DPPA-1 and DPPA-2 [38]. Mirror-image phage
display is a methodology developed by Schumacher et al. to identify (D)-peptide ligands
[39]. The process of mirror-image phage display is as follows: first chemically synthesize

a (D)-enantiomeric target protein. Next, conduct a phage display screening using a (L)-
peptide library and identify (L)-peptides that bind to the target. Lastly, synthesize the
(D)-enantiomeric form of the identified (L)-peptides. By symmetry, the generated (D)-
peptides should bind to the natural (L)-enantiomeric target protein. Since living organisms
almost exclusively consist of (L)-proteins, (D)-peptides are generally not recognized by the
proteases and are more stable in the serum than their (L)-counterparts [40]. As expected, no
degradation of PPPA-1 and PPPA-2 was observed after 24 h of incubation in 10% human
serum. Although the authors did not assess the immunomodulatory activity of these peptides
in detail, they demonstrated that PPPA-1 treatment suppressed tumor growth and improved
survival /in vivo. Sun et al. developed a paclitaxel containing nanoparticle decorated with
DppPA-1 and CGKRK peptide, which is a peptide that binds to tumor neovascular endothelial
cells [41]. This PD-1/PD-L1 pathway and angiogenesis dual targeting nanoparticle delivered
paclitaxel to both PD-L1 expressing cells and endothelial cells and improved the survival of
C6 glioma bearing mice.

Zhou et al. further applied the mirror-image phage display based screening technique to
develop PTBP-3, which is a (D)-peptide inhibitor targeting T cell immunoglobulin and ITIM
domain (TIGIT) [42]. TIGIT is a relatively recently discovered checkpoint molecule first
reported in 2009. TIGIT is expressed on T cells and NK cells and inhibits the activity of
these cells upon binding with its ligand [43]. PTBP-3 enhanced the activity and infiltration
of immune cells in CT26 colon carcinoma model and demonstrated antitumoral and anti-
metastatic effects.

The peptides mentioned so far have been selected by their affinity to purified target proteins.
To identify peptides that bind to the natural conformation of PD-L1, Gurung et al. conducted
a phage display screening to identify peptides that bound to PD-L1 expressed on the surface
of live cells [44]. By negatively selecting the peptides that bound to non-transfected cells
and positively selecting those that bound to PD-L1 overexpressing cells, they developed
PD-L1Pep-1 and PD-L1Pep-2. Both peptides enhanced the activity of T cells /n vitro and
exerted antitumoral effect /n vivo.

Wang et al. adopted a unique strategy utilizing the lysosomal protein degradation pathway
to inhibit the PD-1/PD-L1 signaling pathway [45]. They analyzed the interactome of PD-L1
and identified Huntingtin-interactive protein 1-related protein (HIP1R) as a novel negative
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regulator of PD-L1. HIP1R contains a conserved domain that binds to PD-L1 and also a
lysosomal sorting signal which targets the protein to the lysosome for proteolysis. PD-LYSO
is a fusion peptide consisting of the PD-L1 binding domain and the lysosomal sorting signal
of HIP1R. The transfection of PD-LY SO significantly induced the degradation of PD-L1

in tumor cells. No experimental data has demonstrated the efficacy of PD-LYSO treated
from the outside of the cells and therefore the development of a formulation that could be
administered as a drug would be necessary.

While the PD-1/PD-L1 pathway has been the main focus, peptides targeting other immune
checkpoints have also been developed. Mudiyanselage et al. developed a yeast surface
display library of helixloop-helix peptides and identified ERY2-4 as a CTLA-4 inhibitor
by a screening using the library [46]. Zhai et al. identified C25, an antagonistic peptide

of lymphocyte-activation gene 3 (LAG-3), by phage display screening [47]. LAG-3 has a
similar structure to CD4 and binds to the MHC class 1l molecule. Upon binding with the
ligand, LAG-3 transduces inhibitory signals in T cells [48]. C25 inhibited the activity of
LAG-3 and showed immunoactivating and antitumoral effects both /in vitro and in vivo.

PD-1 binding peptides WANG-003/WANG-004/WANG-005 [49], PD-L1 binding peptides
RK-10 [50] and SPAM [51], and Herpesvirus entry mediator (HVEM) binding peptide
HVEM(23-39) [52] are other peptides identified to bind immune checkpoint molecules.
Although the binding capacity of these peptides has been demonstrated, no experimental
data have shown immunoactivating capacities of these peptides.

3. Peptides targeting regulatory T cells

Regulatory T cells (Tregs) play a major role in forming an immunosuppressive environment
in the tumor. In general, Tregs suppress immune reactions by several mechanisms: the
release of inhibitory cytokines such as IL-10, IL-35, and TGF-f, granzyme dependent
cytolysis of immune cells, disruption of effector cell metabolism by consuming scarce
amino acids, generation of adenosine nucleosides which inhibits T cell activity, consumption
of the survival-promoting cytokine I1L-2, suppression of effector T cells via expression

of immune checkpoint molecules, and inhibition of the maturation and the function

of DCs [53-55]. Numerous clinical studies have shown that high frequency of tumor-
infiltrating Tregs correlates with poor prognosis [56]. Tregs are critical targets for cancer
immunotherapy and several peptides have been developed to downregulate the activity of
Tregs (Fig. 3, Table 2).

Forkhead box protein P3 (FOXP3) is a transcription factor that is constitutively expressed
in Tregs and is involved in the development and maintenance of Tregs. FOXP3 forms a
large complex with transcription factors and chromatin remodeling factors to modify the
gene expression pattern [55]. Via proteomic analysis of the FOXP3 complex, Rudra et al.
identified 361 proteins interacting with FOXP3 which suggests the heterogeneity of FOXP3
complex and its complicated mechanism of regulating gene expression [57]. Due to its role
as a master regulator, FOXP3 has been the main target of therapeutics targeting Tregs.
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Using phage display screening, Casares et al. developed a cell-penetrating FOXP3 binding
peptide P60 [58]. P60 prevented the nuclear translocation of FOXP3 which resulted in
enhanced activity of the two transcription factors essential for T cell activation, nuclear
factor-xB (NFxB) and nuclear factor of activated T cells (NFAT). P60 restored the
proliferation capacity of T cells cocultured with Tregs and increased the expression level

of proinflammatory cytokines. Although monotherapy of P60 did not show a significant
antitumoral activity, mice treated with P60 responded better to cancer vaccine. A follow-
up study by Lozano et al. revealed that P60 suppresses Treg activity by inhibiting the
homodimerization of FOXP3, which is required for its transcriptional regulating function,
as well as its binding with Runt-related transcription factor 1 (Runx1), also known as acute
myeloid leukemia 1 (AML1) [59]. Runx1 is a transcription factor that upregulates IL-2 and
IFN-y and its function is inhibited by FOXP3 [60]. P60 binds to the Runx1 interacting
domain of FOXP3 and therefore competitively inhibits FOXP3/Runx1 interaction leading to
the activation of Runx1. The authors further identified key residues on P60 for binding with
FOXP3 and modified the sequence to augment the binding capacity of P60. CM-1315 is
the final product, which possesses enhanced FOXP3 binding capacity and higher metabolic
stability.

FOXP3 393-403 is another FOXP3 binding peptide [61]. FOXP3 393-403 is derived from
the forkhead (FKH) domain of FOXP3 which is responsible for DNA binding. Crystal
structure analysis revealed that the FKH domain is also involved in the interaction with
NFAT1 [62]. In activated T cells, NFAT1 forms a complex with activator protein 1 (AP-1)
and induces IL-2 production by binding to the promoter region of IL-2. In contrast, the
NFAT1/FOXP3 complex represses the expression of 1L-2 and promotes the expression of
CD25 and CTLA4 [62]. FOXP3 393-403 disturbed the interaction between FOXP3 and
NFAT1 which lead to the enhanced expression of proinflammatory cytokines and down-
regulation of immunosuppressive molecules. They further demonstrated that FOXP3 393-
403 inhibited the TGF-B dependent conversion from CD4*CD25™ T cells to Tregs /in vitro.
In vivo experiments showed that FOXP3 393-403 treatment improved the efficacy of cancer
vaccine and significantly suppressed tumor growth in combination with the tyrosine kinase
inhibitor sorafenib. None of the FOXP3 targeting peptides has shown antitumoral activity on
its own, and it appears that these peptides exert antitumoral activity by boosting the efficacy
of other immunostimulatory treatments.

[-catenin, the key mediator of the canonical Wnt signaling pathway, is another therapeutic
target for Treg downregulation. Under normal conditions, p-catenin is constantly degraded
by proteasome so that p-catenin would only be activated when Wnt ligand binds its receptor
[63]. However, loss of function mutations in the components of the degradation complex as
well as gain of function mutations in B-catenin are frequently observed in tumor cells, which
lead to unregulated activation of B-catenin and oncogenic transcription. The Cancer Genome
Atlas program (TCGA) revealed that the Wnt signaling pathway was altered in 93% of
colorectal tumors [64]. Tumor intrinsic Wnt/B-catenin signaling facilitates immune evasion
of tumor cells and is associated with enhanced generation of Tregs, suppressed activation
and infiltration of CD8* T cells, conversion of DCs to an immunoregulatory phenotype, and
decreased differentiation of CD8* T cells into effector cells [65,66]. Of note, in contrast

to tumor intrinsic signaling, Wnt/p-catenin in Tregs are shown to suppress the activity of
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Tregs. Upon activation of the Wnt signaling pathway, T cell factor 1 (TCF1), which is a
transcription factor downstream of B-catenin, associates with FOXP3 and impairs its activity
[67].

Kawamoto et al. analyzed the crystal structure of the p-catenin/B Cell Lymphoma 9
(BCL9) complex and developed a BCL9 derived peptide that disrupts the association of
B-catenin and BCL9 [68]. BCL9 is a coactivator of p-catenin which is required for its
full transcriptional activity [69]. From the observation that BCL9 increases the amount of
nuclear B-catenin without altering the export and import rate of B-catenin, it is thought
that BCL9 mainly regulates p-catenin activity by retaining p-catenin in the nucleus

[70]. The BCL9 derived peptide was further modified by the peptide stapling technique,
which is a strategy to constrain the mobility of a-helix by connecting 2 amino acids

on the same side of the a-helix with a chemical linker. Constraining the peptide in the
a-helical conformation leads to improved stability and higher affinity against the target
[71]. Kawamoto et al. designed a triazole-stapled peptide [72], whereas Takada et al.
applied hydrocarbon stapling and developed SAH-BCL9g [73] and its optimized version
hsBCL9cT-24 [74]. When treated /n vivo, the population of Tregs in tumors decreased
while the population of CD8* effector T cells and CD103* DCs increased. hsBCL9c1-24
demonstrated significant antitumoral activity and also showed strong synergy with anti-PD-1
antibody. Mechanistically, hsBCL9cT-24 treatment resulted in less production of CCL20
and CCL22. Binding of these chemokines to the receptors expressed on Tregs, CCR6 and
CCRA4 respectively, induce migration [75,76]. On the other hand, the amount of CCL4
expressed by tumor cells, which is a chemokine that promotes dendritic cell infiltration,
increased.

P17 and P144 are peptide inhibitors of the TGF-p signaling pathway. P144 is derived from
the TGF-B1 binding region of human type 11 TGF-B1 receptor (TGFBRIII) [77], and P17

is a TGF-P1 binding peptide identified by phage display screening [78]. TGF- is produced
by Tregs at a high level and suppresses immune responses by downregulating the activities
of T cells and NK cells [79]. Although the role of TGF-B on Treg development /n vivo

is controversial, at least /n vitro, TGF-f upregulates FOXP3 expression in CD4*CD25~

T cells and facilitates the development of Tregs [79,80]. Gil-Guerrero et al. demonstrated
that the administration of P17 to stimulated splenic cells co-cultured with Tregs partially
restored the proliferation capacity. Treatment of P17 and P144 did not show antitumoral
effect by themselves /n vivo, but enhanced the efficacy of tumor vaccine and adjuvant-based
immunotherapy [81,82]. Interestingly, the benefits of these peptides were not seen in mice
lacking CD25* cells. Although TGF-B signaling is a pleiotropic signaling pathway affecting
the phenotypes of both stromal and cancer cells, this result suggests that the antitumoral
activities of P17 and P144 are mainly due to their effect on CD25™ cells.

Neuropilin-1 (NRP-1) is a co-receptor for semaphorins and vascular endothelial growth
factor (VEGF). Upon binding of semaphorin-4a (Sema4a), NRP-1 alters the transcriptome
of Tregs and promotes the immunosuppressive function and survival [83]. Fc-TPP-11is a
fusion of NRP-1 binding peptide and the immunoglobulin Fc region originally developed as
an anti-angiogenic agent [84]. Jung et al. applied the peptide to Tregs and demonstrated that
Fc-TPP-11 suppresses the proliferation and function of Tregs by antagonizing NRP-1 [85].
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Importantly, Fc-TPP-11 selectively suppressed the function of intratumoral Tregs without
impairing the function of peripheral Tregs. The authors demonstrated that the expression
level of NRP-1 is significantly higher in intratumoral Tregs compared to Tregs in the
peripheral blood, which could explain the difference of sensitivity between these cell types.

Santagata et al. demonstrated that intratumoral Tregs in renal cell carcinoma patients express
a high level of CXCR4 and sought to target CXCR4 expressed on Tregs using peptide

R29 [86]. Peptide R29 is a derivative of the CXCR4 antagonist peptide R with higher
binding capacity and stability [87]. Peptide R has been shown to affect tumor-associated
macrophages in the TME, which would be discussed later. Treatment of peptide R29
reduced the capability of patient-derived Tregs to suppress T cell proliferation and IFN-y
production in vitro, suggesting that CXCR4 is a potential target to inhibit the activity of
Tregs. CXCR4 is ubiquitously expressed in tumor cells and other immune cells in the TME
[88,89] and therefore peptide R29 could also affect the activity of other components of the
TME.

4. Peptides targeting natural killer (NK) cells

NK cells could directly recognize and eliminate tumor cells by releasing cytolytic granules
such as perforin and granzymes. However, the activity of NK cells is suppressed in

tumors because of their limited recruitment to the tumor tissues, downregulation of
activating receptors, and the production of anti-inflammatory cytokines by tumor cells and
immunosuppressive cells in the TME [90]. Chernysh et al. discovered that alloferon-1,
which is a peptide isolated from the larvae of blowfly infected with bacteria, enhances

the cytotoxic activity of NK cells and possesses antitumoral and antiviral effects (Table 2)
[91,92]. Further research revealed that alloferon-1 upregulates the activating receptor CD244
on NK cells and promotes the production of pro-inflammatory molecules [93]. The binding
target and the detailed molecular mechanism of action remain unknown.

Fadda et al. proposed the concept of peptide antagonism as an approach to activate NK
cells [94]. Killer-cell immunoglobulin-like receptor (KIR), which recognizes MHC class |
molecules, is an important inhibitory receptor that regulates the activity of human NK cells.
The characteristics of the peptides presented by the MHC class | molecules determine the
affinity between KIR and the peptide/MHC class | complex. Peptides that induce strong
binding stimulate the downstream signaling pathway of KIR and suppress the activity of
NK cells whereas peptides that induce weak binding antagonize this inhibitory signaling.
Therefore, peptides that induce weak interaction between KIR and the peptide/MHC class |
complex may have the potential to activate NK cells. Although no antitumoral peptide has
been developed based on the peptide antagonism concept so far, future studies may lead to
the generation of NK cell-activating peptides with antitumoral features.

5. Peptides targeting tumor-associated macrophages (TAMs)

Macrophages are the major immune cells constituting the TME. Macrophages have
been conventionally classified into classically activated macrophages (M1 macrophages)
and alternatively activated macrophages (M2 macrophages) [95]. M1 macrophages are
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characterized by their capability to induce inflammation and eliminate tumor cells, whereas
M2 macrophages exert anti-inflammatory activity and promote wound healing. Recent
studies have demonstrated that macrophages are highly diverse and versatile and this
dichotomic classification is getting outdated. The current view is that macrophages organize
their gene expression patterns and cellular metabolism depending on the surrounding
environment and acquire continuous phenotypes in which the M1 and M2 represent the
extremes of the polarization spectrum [96,97]. Although the nomenclature and classification
of macrophages are still controversial, in this review we would adhere to the nomenclature
adopted by Mantovani et al., in which “M1” phenotype specifically indicates the phenotype
of macrophages polarized by IFN-y or bacterial products, and “M2” phenotype indicates the
phenotype of macrophages polarized by IL-4 or IL-13. Regardless of the polarizing drivers,
“M1-like” refers to the macrophages that induce antitumoral effect by its cytotoxic activity,
and “M2-like” refers to the macrophages that suppress antitumoral immunity and promote
tumor growth [98,99]. Clinical studies have revealed that the infiltration of macrophages

in tumors correlated with poor prognosis in several cancer types [100]. In the TME,
cytokines and metabolites produced by tumor cells, IL-4 and IL-13 released from T2
helper cells, and other factors such as hypoxia shift the phenotype of TAMSs towards M2-like
macrophages [98]. TAMs promote tumor progression by several mechanisms including the
stimulation of tumor cell proliferation, suppression of antitumor immunity, and upregulation
of angiogenesis. The main strategies to target TAMs are inhibition of recruitment to

the tumor, elimination of TAMs by specific delivery of cytotoxic agents to TAMs, and
transforming TAMs from M1-like to M2-like macrophages (Fig. 4, Table 3) [101].

Cieslewicz et al. conducted a phage display screening to identify peptides that bind to

M2 macrophages [102]. By negatively selecting peptides that bound to M1 macrophages
and positively selecting peptides that bound to M2 macrophages, they developed M2pep
which preferentially binds to M2 macrophages over M1 macrophages. In a cell population
harvested from tumors, the capability of M2pep to bind M2-like TAMs was significantly
higher than that to bind M1-like TAMSs. The administration of M2pepKLA, which is a
fusion of M2pep and the pro-apoptotic KLA peptide, selectively eliminated M2-like TAMs
in vivo. Further analysis showed that the binding efficacy of M2pep largely depends on the
cancer cell type. M2pep strongly binds to TAMs harvested from 4 T1 breast tumors, whereas
binding to TAMs harvested from HepG2 hepatocellular carcinoma was relatively moderate
[103]. The identification of the currently unknown binding partner of M2pep would be
necessary to fully understand the selectivity of M2pep.

Several attempts have been made to establish novel immunotherapies using M2pep. Pang
et al. developed an M2pep coated nanoparticle to deliver PLX3397, an inhibitor of
colony stimulating factor-1 receptor (CSF1R) which plays a crucial role in macrophage
differentiation and survival [104]. The nanoparticles specifically internalized in M2-like
TAMs in vivo and suppressed tumor growth. Li et al. developed an M2pep conjugated
nanoparticle to deliver PI3K-y inhibitor NVP-BEZ 235 and CSF1R siRNA [105]. The
dual delivery of these agents resulted in a decrease of M2-like macrophages in pancreatic
xenograft model. Remarkably, the infiltration of CD4* T cells and CD8* T cells was
enhanced, whereas the infiltration of myeloid-derived suppressor cells (MDSCs) was
diminished.

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furukawa and Popel

Page 11

Mannose receptor (CD206), which is a molecule highly expressed on M2-like macrophages,
has been the major target to develop peptides that bind to TAMSs. Scodeller et al. performed
an /n vivo phage display screening to identify peptides that bind to peritoneal macrophages
in mice bearing 4 T1 breast tumor and developed UNO [106]. /n7 vivo imaging revealed that
UNO internalized in CD206" M2-like macrophages. Administration of UNO-conjugated
nanoparticles loaded with paclitaxel lead to the accumulation of paclitaxel in CD206* TAMs
in vivo. Another peptide targeting CD206" TAMs is melittin, which is an amphiphilic
peptide found in honey bee venom [107]. Apart from the anti-tumoral effect caused by its
nonspecific membrane disruptive attribute, Lee et al. discovered that melittin preferentially
binds to and eliminates CD206™ M2-like macrophages which contribute to decreased
angiogenesis and tumor suppression [108]. To boost the capability to eliminate M2
macrophages, they conjugated melittin with the proapoptotic peptide dKLA (MEL-dKLA)
[109]. When intraperitoneally administered in Lewis lung carcinoma model, the number of
M2-like macrophages decreased whereas the number of M1-like macrophages increased.

Jaynes et al. developed RP-182, an agonist of CD206 [110]. Under the hypothesis that

a well-conserved sequence would play an important role in innate immunity, the authors
screened a database of a-helical host defense peptides (HDPs) and detected structural
homologies. As a result, they successfully identified a 10-mer structural motif well
conserved across HDPs and further developed RP-182 which reconstitute the shared motif.
In silico analysis predicted CD206 as the binding partner of RP-182 and visualization

by electron microscopy confirmed that RP-182 acts as an agonist of CD206. RP-182
induced phagocytosis, autophagy, and apoptosis in CD206* M2-like macrophages, but

not in CD86* M1-like macrophages. Interestingly, treatment with RP-182 induced the
expression of CD86 and suppressed the expression of CD206 in M2 polarized bone marrow
derived cells, indicating a reprogramming of macrophages from M2 to M1-like. RP-182
administration in spontaneous pancreatic tumor model suppressed the infiltration of M2-
like macrophages, MDSCs, and Tregs in tumor whereas the infiltration of CD8* T cells
increased. Furthermore, cancer cell phagocytosis by TAMs was also enhanced by RP-182
treatment. These results suggest that RP-182 could enhance both macrophage-mediated
innate immunity and T cell-mediated adaptive immunity to activate antitumoral immunity.

IL-4R is another molecule highly expressed on M2-like macrophages [111]. Hong et al.
performed a phage display screening to identify a peptide that homes to atherosclerotic
plaques and discovered IL-4RPep-1, which is a peptide that binds to IL-4R [112]. To apply
the peptide to cancer immunotherapy, Vadevoo et al. developed IL-4RPep-1-K, which is

a conjugate of IL-4RPep-1 and proapoptotic peptide KLA [113]. IL-4RPep-1-K treatment
increased the population of M1-like macrophages, CD4* T cells, and CD8" T cells /n

vivo. Furthermore, the expression level of immunosuppressive molecules in the tumor tissue
significantly decreased.

Peptide R is an antagonist of CXCR4 which mimics the structure of its ligand CXCL12.
CXCR4 is overexpressed in more than 20 tumor types and is involved in many biological
phenomena such as leukocyte trafficking, tumor proliferation, invasion, metastasis, and
angiogenesis [88]. Peptide R was originally developed to target cancer cells and inhibit
CXCL12 dependent migration and lung metastasis [114]. Mercurio et al. discovered that
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administration of peptide R reduces the number of CD11b* myeloid cells and CD68*
activated microglia cells in glioma, indicating that peptide R has an immunomodulating
function. Furthermore, the expression of iNOS on myeloid cells, which is a marker of
M1-like macrophages, was enhanced indicating a polarization to M1-like [115]. Although
the authors demonstrated that peptide R antagonize CXCR4 on tumor cells, they did not
investigate its effect on macrophages and therefore whether the M1 polarizing effect is a
result of a direct effect on macrophages or an indirect effect via the effect on tumor cells
remains unclear. CXCR4 is also expressed in a wide range of immune cells including DCs,
MDSCs, and neutrophils, and therefore the target of peptide R remains obscure.

6. Peptides targeting dendritic cells (DCs)

DCs are rare immune cells in the TME that initiate adaptive immunity against tumor cells by
presenting tumor-associated antigens on MHC molecules, providing costimulatory signals
to T cells, and releasing soluble factors that affect the differentiation of T cells. Tumor

cells inhibit the activity of DCs by several means such as inhibiting the maturation of

DCs, blocking the infiltration into TME, and interference with the DC activating signals.
Administration of DC stimulating and mobilizing agents, blocking inhibitory signaling
pathways, and delivering antigens using drug delivery systems targeting DCs are some of the
approaches targeting DCs [116,117]. A few peptides have been developed to activate DCs
(Table 3).

Yan et al. developed a peptide named WH which targets C-type lectin domain family

9 member A (CLEC9A) [118]. CLECYA is selectively expressed on mouse CD8a* DCs

as well as on human BDCA3* DCs which are functionally similar subsets [119-121].

These DCs are the major DC subsets that perform cross-presentation and play a major

role in antiviral and anti-tumor immunity [122]. Therefore, delivering antigens to these
specialized DCs is a promising strategy to boost antitumoral immunity. /77 vitro experiment
demonstrated that the T cell stimulating potency of WH conjugated ovalbumin (WH-OVA)
was higher than ovalbumin alone. When WH-OVA was administered /n vivo, the expression
levels of perforin, granzyme B, and IFN-vy in cytotoxic T cells were increased and less
metastasis was observed in B16-OVA lung metastasis model. These results suggest that WH
can be used to deliver tumor vaccines to DCs and improve their efficacy.

Asialoglycoprotein receptor-1 (ASGPRL1) and the highly homologous C-type lectin domain
family 10 member A (CLEC10A) are also C-type lectins expressed on DCs. These receptors
specifically recognize N-acetylgalactosamine (GalNAc) residues attached to glycosylated
proteins. Since terminal GalNAc occurs only when the regulatory pathways of protein
glycosylation are disturbed, terminal GalNAc is generally restricted to cancer cells or
pathogens, making ASGPR1 and CLEC10A specific detectors of these harmful species.
Binding of the ligand and subsequent endocytosis of CLEC10A induces Ca2* signal and
activates transcription factors such as NFAT and NF-xB v/a activation of calcineurin and
Ca?*/calmodulin-dependent kinase 11 (CaMKII). The activation of these transcription factors
leads to the production of proinflammatory cytokines and maturation of DCs [123,124].
Eggink et al. conducted a phage display screening to identify peptides that bind to
GalNAc-binding lectin [125]. After identifying a functional sequence that binds to the
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lectin, they developed a tetravalent peptide svL4 which contains 4 peptide chains of the
binding sequence. sv6D, which has the same tetravalent structure but using a shorter binding
sequence, was later developed as a peptide with higher affinity to lectins [126]. Both svL4
and sv6D bound to CLEC10A and ASGPRL1 /n vitro, and when administered /in vivo, the
number of mature DCs in the peritoneum cavity increased. sv6D extended survival of mice
bearing ovarian cancer and were synergistic with paclitaxel and anti-PD-1 antibodies.

Mo et al. focused on the inhibitory role of VEGF on DC maturation and developed MY 1340
which inhibits the interaction between VEGF and NRP-1 [127]. The role of VEGF on DC
maturation was first demonstrated by Rotonda et al., which they discovered that treating
CD34* hematopoietic cells with recombinant VEGF inhibited their ability to induce T

cell proliferation [128]. It was later confirmed /n vivo that continuous infusion of VEGF
suppresses maturation of DCs [129], whereas neutralizing VEGF by anti-VEGF antibodies
enhanced the population of mature DCs in lymphoid tissues [130]. Oussa et al. demonstrated
that NRP-1 deficient DCs were insensitive to the inhibitory effect of VEGF on LPS

induced maturation, indicating that NRP-1 is a potential target to optimize DC maturation
[131]. MY1340 inhibited the formation of the NRP-1/VEGF complex and canceled out the
downregulating role of VEGF on DC maturation. When treated /n vivo, MY 1340 enhanced
the maturation of DCs in the spleen and exerted antitumoral activity.

7. Peptides targeting myeloid derived suppressor cells (MDSCs)

Along with macrophages and DCs, MDSCs are another important population of myeloid
cells constituting the TME. MDSCs are a heterogeneous population defined as non-
macrophage immature myeloid cells with the ability to suppress immune activity.
MDSCs suppress antitumoral immunity by several mechanisms, including consumption
of key nutrients required for T cell activity, production of immunosuppressive cytokines,
recruitment of other immunosuppressive cells, and expression of immune checkpoint
molecules. MDSCs also promote tumor progression by supporting angiogenesis and
metastasis [132]. Ample clinical evidence has demonstrated that the accumulation of
MDSCs in the tumor correlates with poor prognosis [133-135].

Qin et al. isolated the Gr-1*CD11b* splenic MDSCs from mice bearing EL4 thymomas
and identified peptides that bound to these cells by phage display screening [136]. H6 and
G3 are the 2 peptides identified in this process (Table 3). The authors further fused the
peptides with the Fc region of antibody to develop peptibodies Pep-H6 and Pep-G3. In
EL4 thymoma model, the peptibodies depleted MDSCs without affecting the population
of DCs and lymphocytes and significantly inhibited tumor growth. Proteomic analysis
and immunoprecipitation experiments revealed that both peptides bound to S100A8 and
S100A9, which are highly expressed in MDSCs.

For the time being, H6 and G3 appear to be the only MDSC-targeting peptides developed.
Several MDSC targeting small molecular drugs have been generated to either inhibit

the recruitment of MDSCs in the tumor, deplete intratumoral MDSCs, or inhibit the
immunosuppressive activity of MDSCs [137]. Identification of peptides targeting the
molecules involved in these processes would be promising steps to develop peptide
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therapeutics targeting MDSCs. Lack of specific biomarkers of human MDSCs is a general
problem hindering the development of MDSC-targeting therapies. Since many biomarkers
are shared across myeloid cells, most MDSC-targeting agents exhibit multiple biological
functions, making it difficult to evaluate the contribution of the MDSC-targeting effect of
these agents. Identification of specific biomarkers of human MDSCs would be necessary to
establish effective therapies targeting MDSCs.

8. Peptides inducing immunogenic cell death

Immunogenic cell death (ICD) is defined as a type of cell death that elicit immune
responses. The immunogenicity of cell death depends on the display of neoepitopes and
the release of damage associated molecular patterns (DAMPS) [138]. Immunostimulatory
molecules such as high mobility group box 1 (HMGBL1) and ATP are common DAMPs
released upon ICD. Exposure of calreticulin is another phenomenon observed during ICD
which promotes phagocytosis by DCs [138,139]. Several peptides have been developed to
effectively cause ICD and boost antitumoral immunity (Table 4).

LTX-315 is an oncolytic peptide that induces ICD [140]. The structure of LTX-315

was designed based on a structure-activity relationship study revealing that amphipathic
structures with separated cationic residues and hydrophobic residues are essential for
membrane-disturbing peptides [141]. In addition to the perturbation of the plasma
membrane, Zhou et al. demonstrated that LTX-315 accumulates in the mitochondria and the
Bax/Bak regulated permeabilization of mitochondrial membrane is also an essential step in
the LTX-315 mediated cytotoxicity [142]. Although the cytotoxicity is not specific to cancer
cells, Camilio et al. showed that cancer cells are more sensitive to LTX-315 compared to
normal cells [143]. The selectivity of LTX-315 to cancer cells might be explained by the
unique features of the cancer cell surface. Anionic molecules such as phosphatidylserine,
sialic acid, and heparan sulfate are highly expressed on the cellular membrane of cancer
cells. The upregulation of these molecules leads to a higher affinity to the cationic molecule
LTX-315. The selectivity might also be explained by the greater membrane fluidity and

cell surface area of cancer cells which lead to relatively unstable membrane structure and
binding of more LTX-315 [143]. Intratumoral injection of LTX-315 improved the infiltration
of T cells, increased the cytotoxic T cell/Treg ratio in tumors, and suppressed tumor growth
in multiple tumor models [143-145]. In a phase 1/2 study using LTX-315 on solid tumor
patients (NCT01986426), the number of intratumoral T cells was increased after treatment
in 89% of evaluable biopsied patients receiving LTX-315 monotherapy [146]. Currently, a
phase 2 study on sarcoma evaluating the safety and effectiveness to induce T cell infiltration
is conducted (NCT03725605). LTX-401 is an amphipathic p(2,2)-amino acid derivative
developed by the same research group which could also disrupt the cancer cell membrane
and induce ICD [147]. Contrary to LTX-315, LTX-401 accumulates not in the mitochondria
but the cytosol and the Golgi apparatus [148]. The efficacy /in vivo was confirmed in
multiple cancer models [147,149,150].

CDA47 is an immunoglobulin frequently overexpressed on the surface of cancer cells. CD47
binds to signal-regulatory protein alpha (SIRPa) expressed on innate immune cells such as
macrophages and inhibits phagocytosis [151]. Martinez-Torres et al. reported that PKHB1,
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a peptide that binds to CD47, induced programmed cell death of chronic lymphocytic
leukemia B cells in a PLCal dependent manner [152]. Uscanga-Palomeque et al. further
applied the peptide to T cell acute lymphaoblastic leukemia cells and confirmed that
leukemia cells released immunostimulatory DAMPs upon PKHBL1 treatment [153]. /n vivo
experiments showed that the infiltration of leukocytes in lymphoid tissues increased in
PKHBL1 treated mice. Although the authors proposed that the PKHB1-induced cell death

is caused by the activation of CD47, the underlying mechanism is somewhat controversial.
Both studies have demonstrated that Ca2* chelators abolish the cell-killing effect by PKHB1
whereas caspase inhibitors do not, suggesting a calcium-dependent, caspase-independent
mechanism. However, they did not confirm the dependency of CD47 in their studies. Leclair
et al. demonstrated that CD47 deficient T cells are equally susceptible to PKHB1 treatment
as CDA47 expressing T cells, indicating a CD47 independent mechanism [154].

RT53 is a peptide that was designed to antagonize anti-apoptotic clone 11 (AAC-11), which
is a protein that inhibits E2F1 regulated apoptosis [155]. Rigou et al. demonstrated that
AAC-11 binds to and inhibits Acinus, which is a protein that is activated upon cleavage by
caspase and induces DNA fragmentation [156]. RT53 is derived from the protein-protein
interaction module of AAC-11 and is capable of sensitizing cancer cells to apoptosis by
disrupting the interaction of endogenous AAC-11 and Acinus. Jagot-Lacoussiere et al.
demonstrated that RT53 also possesses membranolytic activity and induces rapid necrosis
involving the release of DAMPs [157]. It was later confirmed /in vivo that the number of T
cells infiltrating the tumor was increased when RT53 was administered intratumorally [158].

9. Limitations and opportunities

Despite the beneficial properties for therapeutic applications in cancer, peptides have not
been successful in the clinic so far. One of the major bottlenecks of peptides entering the
clinic is the short half-lives in serum [159,160]. When injected in the body, peptides are
rapidly removed by either enzymatic degradation by proteases, hepatobiliary excretion, or
renal clearance. On the contrary, therapeutic antibodies are not susceptible to enzymatic
degradation and are not filtered out at the glomeruli of the kidney because of their large
sizes. The major degradation pathway of antibodies is the hydrolysis by lysosomes [12].
In the bloodstream, endothelial cells continuously take in antibodies by pinocytosis. The
Fc regions of internalized 1gG antibodies bind to the neonatal Fc receptors (FCRn) at the
endosomes. The antibodies bound to FcRn would be recycled to the cellular surface and
the molecules that did not bind to the FcRn would be degraded in the lysosome. This
FcRn-mediated recycling significantly increases the half-lives of antibodies. The half-lives
of peptides /n vivoare typically a few minutes to a few hours, whereas half-lives of
antibodies are typically around 3 weeks [12,161].

The difficulty of oral administration is another obstacle to clinical application. The
bioavailability of peptides in the gastrointestinal tract is extremely low since peptides are
degraded by the proteases and the acidic environment. Furthermore, the electrical charges

of peptides disable penetration through the intestinal epithelium [159]. Both peptides and
antibodies are not readily suited for oral administration and intravascular or subcutaneous
injection would be the method for clinical administration. Since the half-lives of peptides are
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short, peptides would require frequent administration, which would impair the quality of life
of the patient. Indeed, most /n vivo experiments conducted using the peptides discussed so
far administer peptides every day or every other day.

Generally, naked peptides have poor pharmacokinetic characteristics compared to
antibodies. However, numerous techniques to improve the pharmacokinetics of peptides

are being developed. Attaching peptides to larger molecules such as polyethylene

glycol, albumin, immunoglobulin fragments, and nanoparticles reduces renal excretion

and enzymatic degradation. Incorporation of unnatural amino acids, modification of the
C-terminus and the N-terminus, adopting a cyclic structure, and usage of stapling technique
are other strategies used to improve the stability of peptides [162]. Self-assembling peptides
open possibilities for sustained delivery in multiple diseases including cancer [163,164].
Several methodologies for oral administration of peptides have also been developed. Usage
of permeation enhancers, which interferes with the adhesion proteins of intestinal epithelial
cells to promote the penetration of peptides through the intestinal epithelium, inhibitors of
proteases, and nanoparticle carriers are some of the strategies used for oral administration of
peptides [165].

10. Concluding remarks and future perspectives

In the current review, we introduced the peptides targeting the components of the TME

and discussed the discovery methods, mechanisms of action, and their immunomodulatory
effect in cancer models. Although various peptides demonstrating promising preclinical
results have been developed, many targets remain unexplored for the development of
therapeutic peptides. For example, peptides targeting immune checkpoint molecules are
mostly aimed to disrupt the PD-1/PD-L1 complex and few peptides targeting other immune
checkpoints have been developed. Other immune checkpoint molecules such as LAG-3,
TIGIT, and T cell immunoglobulin and mucin-domain containing-3 (TIM-3), have shown
promise as novel immune targets for cancer immunotherapy in preclinical and early clinical
studies [166]. Peptides targeting these molecules could potentially be effective alone or in
combination with inhibitors of the PD-1/PD-L1 pathway to further improve response rates
and durability of response. Currently, there are limited biomarkers for TAMs, DCs, and
MDSCs due to their high heterogeneity and ambiguous phenotypes. Detailed analysis of
the cellular phenotypes of their subpopulation and identification of specific biomarkers are
required for further development of peptide therapeutics. Recent advances in single-cell
sequencing technologies and computational methods have contributed to the deconvolution
of cellular heterogeneity and would continue to develop our knowledge. Combinations of
multiple omics data beyond transcriptome such as proteomics and the profiling of epigenetic
modifications would lead to the depiction of a high-resolution landscape of immunity and
identification of therapeutic targets [167,168].

Several components of the TME have attracted relatively little interest for therapeutic
development. Tumor associated neutrophils (TANS) are one of the untargeted immune cells
in cancer immunotherapy. Analogous to macrophages, TANSs are phenotypically classified
into N1 and N2 neutrophils. N1 neutrophils exert cytotoxicity against tumor cells by
production of reactive oxygen species, antibody-dependent cytotoxicity, and activation of
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other immune cells. On the other hand, N2 neutrophils suppress the activity of T cells by
expression of PD-L1 and arginase-1. Specifically inhibiting the activity of N2 neutrophils or
converting N2 neutrophils to N1 neutrophils would be promising strategies to target TANs
[169]. Immunoactivating therapeutics targeting cancer associated fibroblasts (CAFs) are also
scarce. CAFs suppress antitumoral immunity by secreting soluble factors that downregulate
the activity of T cells and also disrupt the metabolism of T cells by consuming amino

acids essential for T cell survival. Excessive production of the extracellular matrix by CAF
inhibits the entry of immune cells in the tumor and contributes to the establishment of an
immunosuppressive environment [170,171].

Peptides targeting angiogenesis could be reconsidered as agents with the potential to
enhance the efficacy of immunotherapy. Recent preclinical and clinical studies have
demonstrated the synergistic effect of immune checkpoint inhibitors and antiangiogenetic
agents, which is explained by the concept of vascular normalization [172]. In tumors,
overexpression of proangiogenic factors such as VEGF triggers the generation of abnormal
blood vessels characterized by low pericyte coverage, loose cell junctions, and disrupted
basement membrane. The hyperpermeable vasculature leads to poor perfusion of blood in
the tumor, forming a hypoxic and acidic environment. Hypoxia modifies the TME into an
immunosuppressive environment by several mechanisms such as expression of chemotactic
factors recruiting Tregs and MDSCs, polarizing macrophages to an immunosuppressive
phenotype, and further upregulation of VEGF which downregulates antitumoral immunity
by inhibition of DC maturation. The inefficient vascular network hinders the delivery of
drugs and immune cells to tumors which further contributes to the evasion of cancer

cells from immunity [172-174]. Administrating low doses of antiangiogenic drugs would
normalize the vasculature and improve blood perfusion in the tumor, which would

alleviate hypoxia and its immunosuppressive effect [173]. Therefore, optimal dosing

of antiangiogenic peptides may enhance antitumoral immunity. Indeed, Mirando et al.
demonstrated that the administration of antiangiogenic integrin-binding peptide AXT201
in 4 T1 breast cancer leads to the decrease of Tregs and MDSCs and increase of activated T
cells in the tumor [175]. Other antiangiogenic peptides, summarized by Rosca et al. [176] or
Karagiannis and Popel [177], might also exert immunomodulating activities.

Although no peptide for cancer immunotherapy and only a few peptides for oncology

in general have been approved for clinical usage so far [178], peptides possess valuable
characteristics that small molecules and antibodies could not achieve. Poor pharmacokinetics
have restricted their clinical applications, but several technologies have been developed

to overcome this limitation. As we have seen above, these techniques are already

being applied to immunomodulating peptides and further development would lead to
success in the clinic. Recently, combination therapy with immune checkpoint inhibitors

and other immunomodulating agents are attracting attention to treat cold tumors where
monotherapy of immune checkpoint inhibitor is not effective [179]. Determining the optimal
combinations of the immunomodulating peptides is another mission for the future.
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Peptides targeting the tumor microenvironment.

Page 26

S100A8/A9
H6/G3

(L’T"; g?:c peptides Myeloid-derived
LTX-401 suppressor cells
PKHB1

RT53

M2 macrophages
(target unknown)
M2pep

CD206

RP-182

IL-4R

IL-4RPep-1
CXCR4

Peptide R

CLEC9A

WH

CLEC10A

svL4/sv6D

VEGF/NRP-1

MY1340 Dendritic

cells

Target unknown
Alloferon-1

Natural killer
cells

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Furukawa and Popel Page 27

PD-L1

/

AUNP-12/Peptide-57/
Peptide-71/Peptide-99/
WL12/IMB-P6-10/CLP002/
TPP-1/°PPA-1/PD-L1Pep/
PD-LYSO/RK-10/SPAM

CD155

MHC
class I CD80/86
D 5
TBP-3 \I / C25
TIGIT
Ar5Y_4/PL120131/ — ERY2-4
YT-16/WANG
CTLA-4

J

PD-L1

HVEM

HVEM(26-38)

Fig. 2.
Peptides targeting immune checkpoint molecules. The majority of the peptides are inhibitors

for the PD-1/PD-L1 pathway. Recently, peptides inhibiting newly identified immune
checkpoints LAG-3 and TIGIT have been developed. Further development of peptides
targeting immune checkpoints other than PD-1/PD-L1 is expected to improve the response
rate of immune checkpoint inhibitors.
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| TPP11 ‘ Peptide R29 Proliferation of T cells/NK cells +
—— Pro-inflammatory cytokines +
\ J. CXCR4 T
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|
| RO CRED

' FOXP3 393-403

Fig. 3.
Peptides targeting Tregs. FOXP3 is a biomarker of Tregs which forms a complex with

numerous transcription factors and chromatin modifying factors to regulate the expression
of genes related to Treg differentiation and the maintenance of its immunosuppressive
phenotype. Peptides targeting FOXP3 activate transcription factors such as NFAT1 and
RUNX1 by releasing them from the inhibition by FOXP3. The activation of these
transcription factors leads to the suppression of Treg activity. NRP-1 and CXCR4 are
other targets highly expressed in intratumoral Tregs. TGF-B is a major immunosuppressive
cytokine secreted by Tregs, and therefore inhibitors for TGF-f suppress the function of
Tregs. Inhibition of tumor intrinsic B-catenin suppresses the secretion of Treg recruiting
chemokines, which consequently reduce the infiltration of Tregs in the tumor.
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Fig. 4.
Peptides targeting TAMs. Several peptides binding CD206, which is a prominent biomarker

of M2-like macrophages, have been developed. IL-4R is also highly expressed on M2-like
macrophages. M2pepKLA is another peptide binding M2-like macrophages although the
binding target is unknown. Peptide R is a CXCR4 inhibitory peptide which promotes the M1
feature of TAMs.
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