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Abstract: WKYMVm (Trp-Lys-Tyr-Met-Val-D-Met) is a synthetic hexapeptide identified as a potent agonist of FPRs. FPRs are
widely expressed on the cell membrane of immune cells. Therefore, WKYMVm participates in the regulation of immune cells by
activating FPRs, and plays a therapeutic role in infections, tumors, autoimmune diseases and so on. WKYMVm can promote the
chemotactic migration, increase the bactericidal activity of neutrophils and monocytes. WKYMVm also regulates the number and
polarization of macrophages, affects the maturation of DCs and the differentiation of T cells, and promotes the activation and
chemotaxis of NK cells. These functions make WKYMVm a candidate drug for immunotherapy. In this paper, we summarize the
regulatory effects and underlying mechanisms of WKYMVm on six immune cells (neutrophils, monocytes, macrophages, DCs, T cells
and NK cells) to increase comprehensive understanding and promote further research on WKYMVm.
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Introduction

WKYMVm (Trp-Lys-Tyr-Met-Val-D-Met), a synthetic hexapeptide identified from a combinatorial library of peptides by
functional screening, is a ligand of formyl peptide receptors (FPRs).! FPRs are members of the G protein-coupled
receptor family and have three subtypes in humans, including FPR1, FPR2 and FPR3. Fprl and Fpr2 in mice are
homologous sequences of human FPR1 and FPR2, but homologous sequences of FPR3 have not been found in mice.” At
first, FPRs are mainly found in myeloid cells. With the increase of research, members of the FPRs gene family are also
found in non-myeloid cells such as hepatocytes, glial cells, lung epithelial cells and intestinal epithelial cells,>> which
suggests that FPRs have complex functions in different cells. For example, previous study have found that FPR2
promotes the progression of gastric cancer by promoting the invasion and metastasis of gastric cancer cells.® Cpd43,
a mixed agonist of FPR1 and FPR2, has also been reported to significantly reduce the progression of rheumatoid
arthritis.” Different subtypes of FPRs have different cell distributions, functions, and ligands. FPR1 has a tissue
distribution pattern similar to that of FPR2, which is widely expressed in monocytes, neutrophils, macrophages, dendritic
cells (DCs) and natural killer (NK) cells.! FPR3 transcripts have individual differential expression in NK cells and have
not been found in neutrophils.® The expression pattern of FPRs is closely related to cell subtypes and the degree of cell
differentiation. For example, the expression level of FPR2 is downregulated in the process of human monocytes
differentiating into myeloid DCs.” Immature DCs mainly express FPR1 and FPR3, while mature DCs only express
FPR3.'"'"" The reason for different expression profiles of FPRs is still unclear, which may be related to different
functions of cells. The agonists of FPRs mainly include: N-formyl peptide, microbial-derived non-formyl peptide, host-
derived peptide, host-derived non-peptide, ligands from peptide library and non-peptide library." However, different
ligands have different affinities for FPRs. For example, E. coli-derived tripeptide fMLF has the highest affinity for FPR1,
but has a lower affinity for FPR2. Two peptide domains in the HIV-1 envelope protein gp120 are potent agonists of
FPR2, but not FPR1.""'? According to the involved cell types and receptor subtypes, the activation of FPRs can induce
a variety of pro- and anti-inflammatory responses.
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WKYMVm is an exogenous agonist of FPRs, with the highest affinity for FPR2 and weaker affinity for FPR1 and
FPR3."> WKYMVm only needs the amount of picomolar (pM) concentration to trigger chemotaxis of phagocytes and
mobilize calcium when acting on FPR2. However, nanomolar (nM) concentration is required when WKYMVm is used to
induce chemotactic migration of cells through FPR1.'* The half-maximal effective concentrations of WKYMVm for
calcium mobilization through FPR2 and FPR3 were 75 pM and 3 nM, respectively.'” The effects of WKYMVm on

1819 tumors,?*?! bone defect repair,22 insulin resistance,” neurodegenerative diseases®* and other

sepsis,'®!'” lung injury,
diseases have been frequently reported. For example, WKYMVm binds to FPR2 and activates the interleukin-6/gp130/
signal transducer and activator of transcription 3 (IL-6/gp130/STAT3) signaling pathway to promote hepatocyte regen-
eration and alleviate liver fibrosis.”> In CALU-6 lung cancer cells, WKYMVm can promote lung cancer cell
proliferation.”® After activating FPR2, WKYMVm can inhibit extracellular-signal-regulated kinase (ERK) and nuclear
factor-kB (NF-xB) signaling pathways, and inhibit M1 microglial polarization, thereby alleviating tissue damage and
decreased exercise capacity in rat models with spinal cord injury.”” WKYMVm have a short half-life in the body because
of its small size.”® Lee et al developed a liquid chromatographic-electrospray ionization-time-of-flight/mass spectro-
metric (LC-ESI-TOF/MS) method to evaluate the pharmacokinetics of WKYMVm in rat plasma. After injecting
WKYMVm into rats, they got the relevant pharmacokinetic parameters. The data obtained by intraperitoneal injection
(2.5 mg/kg) were Ty, 4.9 £ 2.1 min, Tyu 5 min, Cp,y 87.6 £20.3 ng/mL, AUClast 895.7 = 86.6 min*ng/mL. The data
acquired by intravenous injection (2.5 mg/kg) showed that Ty, 15.7 + 8.1 min, Ty, 2 min, Cax 312.5 = 307.5 ng/mL,
AUClast 2677.9 + 3492.4 min*ng/mL.*° Due to the short half-life and rapid degradation, a high dosage of WKYMVm
and repeated injections (4 mg/kg, twice daily for 2 days) are required to achieve the therapeutic effect in the treatment of
multiple microorganism-induced sepsis models.'® It has been reported that conjugate of anti-cotinine antibody with
WKYMVm can significantly improve half-life while retaining the therapeutic efficacy of WKYMVm.*° In addition,
wrapping WKYMVm with injectable poly (lactide-co-glycolide) (PLGA) microspheres and injecting it into the injury
site can also significantly prolong the action time of WKYMVm and increase the therapeutic effect of WKYMVm.?' The
receptors of WKYMVm were first found in immune cells, so its regulatory effect on immune cells have been studied
most extensively. This article will focus on the regulation of WKYMVm on six immune cells, including neutrophils,
monocytes, macrophages, DCs, T cells and NK cells, to provide a reference for comprehensive understanding and
promote in-depth research on WKYMVm.

WKYMVm and Immune Cells

Studies have found that WKYMVm can participate in innate and acquired immune responses by acting on immune
cells.*? By activating FPR1 and FPR2, WKYMVm is able to activate phospholipase C (PLC) and phosphatidylinositol
3-kinase y (PI3Ky) signaling pathways in immune cells.>* > The activation of PLC can hydrolyze membrane-bound
phosphoinositol-4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), and then
activate protein kinase C (PKC) to induce superoxide production. IP3 mediates the release of stored Ca®" in cells to
promote immune cell degranulation.** After PI3Ky is activated by WKYMVm through FPR1 and FPR2, on the one hand,
it can activate PKC to promote the production of superoxide, and on the other hand, it can participate in the superoxide
production, chemotaxis, phagocytosis and transcriptional regulation of immune cells by activating protein kinase
B (AKT).***’ Binding to FPR1 and FPR2, WKYMVm can also activate Rho, which is involved in regulating chemotaxis
and phagocytosis, and Ras, which activates the mitogen-activated protein kinase (MAPK) signaling pathway, thereby
participating in the regulation of superoxide production, chemotaxis, phagocytosis, and transcriptional regulation.**
Unlike the functional diversity of FPR1 and FPR2, the functions of FPR3 are currently less studied. Kang et al found
that WKYMVm stimulated ERK activity and inhibited DCs maturation by acting on FPR1 and FPR3 (Figure 1).>® Due to
the different expression patterns of FPRs in different cell types and cell differentiation stages, and the binding of FPRs to
WKYMVm is also affected by some proteins, such as cytoskeletal proteins, which can affect the dissociation rate of
FPRs after binding with ligands.' The signaling pathways activated by WKYMVm in different immune cells are not the
same. Of course, other reasons except for these two still need to be further investigated. Next, we will introduce the
regulatory mechanism of WKYMVm on six kinds of immune cells in detail.
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Figure | The signaling pathways regulated by WKYMVm in immune cells. By acting on FPRI and FPR2, WKYMVm activates PLC and PKC to promote immune cell
degranulation and induce the production of superoxide. WKYMVm activates PI3K/AKT and Ras/MAPK signaling pathways to promote the production of superoxide and
participate in the chemotaxis, phagocytosis, and transcriptional regulation of immune cells. WKYMVm also can activate Rho to regulate chemotaxis and phagocytosis of
immune cells. Activating on FPRI and FPR3, WKYMVm stimulates ERK activity and inhibits immune cell maturation.

Note: | Inhibit.

Abbreviations: PLC, phospholipase C; PIP2, Phosphatidylinositol 4,5-bisphosphate; IP3, inositol |,4,5-trisphosphate; DAG, diacylglycerol; PI3Ky, phosphatidylinositol
3-kinase y; AKT, protein kinase B; PKC, protein kinase C; JNK, c-Jun N-terminal kinase; ERK, extracellular-signal-regulated kinase.

WKYMVm and Neutrophils

Neutrophils express a variety of chemokine receptors, pattern recognition receptors and regulatory receptors.’’
Neutrophils are usually in an inactive state under normal circumstances and activated when an inflammatory response
occurs in the body. The activated neutrophils migrate towards the site of inflammation under the action of inflammatory
mediators, and this complex process can be roughly divided into capturing, rolling, adhesion, crawling and
transmigration.*® Neutrophils play roles mainly through phagocytosis, reactive oxygen species (ROS) sterilization
pathways, degranulation sterilization pathways and neutrophil extracellular traps (NETs) sterilization pathways.*® It
has been found that WKYMVm prefers combining with FPR2 than FPR1 despite the existence of both FPR1 and FPR2
in neutrophils, and it activates neutrophils via FPR1 only when signaling via FPR2 is blocked.*” WKYMVm increases
the bactericidal activity of neutrophils through multiple mechanisms.

Firstly, WKYMVm fights against bacterial infections by promoting the production and chemotaxis of neutrophils. By
acting on Fpr2 to activate PLC, WKYMVm can induce an increase in neutrophil precursors and neutrophils in the bone
marrow of septic mice and promote the chemotaxis of neutrophils, resulting in increased numbers of neutrophils in the
peripheral blood and inflammatory sites.*' In addition, during the chemotaxis of neutrophils, WKYMVm enhances the
leakage of microvessels by promoting the production of PI3Ky dependent ROS, making it easier for neutrophils to pass
through microvessels and reach the inflammatory sites.>”

Secondly, WKYMVm enhances bacterial clearance by promoting neutrophil ROS sterilization pathways. By combin-
ing with Fpr2, WKYMVm activates NADPH-oxidase, myeloperoxidase (MPO) and superoxide dismutase (SOD) in
a concentration-dependent manner, promotes neutrophils to produce ROS (such as H,O,, NO, OCI, etc.), which can
react with bacterial substrates and kill bacteria.'”**** Chemotherapy for cancer patients may lead to neutropenia, which
makes patients prone to secondary infections. WKYMVm treatment has been reported to increase the production of ROS
and bactericidal activity of neutrophils in patients receiving chemotherapy, but this effect needs to be confirmed by
a large sample of clinical research.?***

Next, WKYMVm promotes neutrophil degranulation sterilization pathways to remove bacteria. Acting on the bone
marrow-derived neutrophils, WKYMVm activates PLC and PKC, increases calcium influx, and then promotes the
production of neutrophil primary granules and secondary granules.*’

And then, WKYMVm is also able to promote the production of neutrophil leukotriene B4 (LTB4). By binding to
FPR2 on the cell surface of neutrophils isolated from the peripheral blood of healthy people, WKYMVm activates
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cytosolic phospholipase A, (cPLA,), increases the production of arachidonic acid (AA) which is the precursor of LTB4,
and converts AA to LTB4 under the action of perinuclear membrane 5-lipoxygenase (5-LO). Increased LTB4 can
stimulate neutrophil chemotaxis, superoxide production, phagocytosis, and degranulation.***” The effect of WKYMVm
on neutrophils is shown in Figure 2.

WKYMVm and Monocytes

Monocytes derived from progenitor cells in the bone marrow play an important role in defending against microbial
pathogens. When inflammation occurs in the body, monocytes enter tissues from the blood and differentiate into
macrophages and DCs, thereby promoting the body’s defense function.***°

Previous studies have demonstrated that FPRs are expressed in monocytes.”® WKYMVm induces chemotactic
migration of monocytes by acting on FPRs. WKYMVm activates RhoA to regulate the cytoskeleton, and also can
stimulate tyrosine phosphorylation of proteins such as focal adhesion kinase (p125FAK) and proline-rich tyrosine kinase
2 (Pyk2), thereby facilitating the chemotactic migration of monocytes.** In addition, WKYMVm induces calcium influx
in monocytes and stimulates cPLA, and phospholipase D, (PLD,), thereby activating NADPH oxidase and promoting
superoxide production and bactericidal ability of monocytes. Although the activation of both cPLA, and PLD, requires
calcium influx, the upstream signaling pathways involved are not identical and the processes are relatively independent.
Stimulating cPLA, requires the activation of PKC and MAPK, while PLD; requires only PKC.>' The effect of
WKYMVm on monocytes is shown in Figure 3.

WKYMVm and Macrophages

Macrophages play an indispensable role in a variety of physiological and pathological processes, such as organ
development, tissue homeostasis, host defense, acute and chronic inflammation. Macrophage polarization is the differ-
entiation of macrophages into subtypes with different phenotypes and functions according to the changes in the
surrounding microenvironment. Macrophages are usually divided into two main phenotypes based on distinct activation
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Figure 2 WKYMVm and neutrophils. In combination with FPRs, WKYMVm enhances the bactericidal activity of neutrophils by promoting the production and chemotaxis of
neutrophils, enhancing ROS and degranulation sterilization pathways, and increasing the production of leukotriene LTB4.

Notes: 1 Increase, 1 Promote.

Abbreviations: PLC, phospholipase C; PI3Ky, phosphatidylinositol 3-kinase y; ROS, reactive oxygen species; MPO, myeloperoxidase; SOD, superoxide dismutase; PKC,
protein kinase C; cPLA,, cytosolic phospholipase Ay; AA, arachidonic acid; LTB4, leukotriene B4.

48 https: Journal of Inflammation Research 2023:16
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

WKYMVm — Monocytes

[ —

PKC t

RhoA t MAPK 1 PKC t
l tyrosine J J
=\ phosphorylation t
Q TS [cPLA, t | [ PLDy t |
Pyk2 1)
cytoskeleton l l
change
J J | NADPHoxidase t |
. Superoxide
( Chemotaxis 1 ) \_ production 1
l l

Bactericidal ability f

Figure 3 WKYMVm and monocytes. WKYMVm stimulates RhoA activation, and tyrosine phosphorylation of proteins to facilitate the chemotactic migration of monocytes.
WKYMVm stimulates cPLA; and PLD, to activate NADPH oxidase and promote the production of superoxide, thereby enhancing the bactericidal ability of monocytes.
Notes: 1 Increase, 1 Promote.

Abbreviations: FAK, focal adhesion kinase; Pyk2, proline-rich tyrosine kinase 2; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; cPLA,, cytosolic
phospholipase A,; PLD,, phospholipase D,.

pathways: classically activated macrophages (M1) and alternatively activated macrophages (M2).>*>* M1 macrophages
can produce a large number of pro-inflammatory cytokines such as tumor necrosis factor a (TNF-a), interleukin-1f (IL-
1B) and IL-6, thereby aggravating the inflammatory response and promoting the development of the diseases, while M2
macrophages exert anti-inflammatory effects by secreting anti-inflammatory cytokines such as interleukin-10 (IL-10) and
transforming growth factor B (TGF-B), thus participating in angiogenesis, anti-fibrosis and so on.>

WKYMVm regulates the number of macrophages and the production of inflammatory cytokines. WKYMVm
treatment can significantly reduce the infiltration of macrophages at the lesion sites,'™>> downregulate the expression
of pro-inflammatory cytokines (such as TNF-a, IL-1p, interleukin-1a (IL-1a) and IL-6) and upregulate the production of

anti-inflammatory cytokines (such as IL-10 and TGEF-p),'®

thus playing a role in inhibiting inflammation and
alleviating fibrosis in hyperoxia-induced lung injury, sepsis and scleroderma. In addition, WKYMVm promotes the
infiltration of CD68" macrophages into wounds at the early stage of skin wound recovery in streptozotocin-induced
diabetic mice to speedup wound healing.’® Osteoclasts are macrophages present in bone tissue. By activating Fpr2,
WKYMVm can downregulate the expression of osteoclast marker genes, inhibit the differentiation and maturation of
osteoclasts, and play a protective role in inflammatory osteolytic disease.”> On the one hand, WKYMVm can directly
inhibit the production of osteoclasts by reducing the phosphorylation of STAT3 and NF-«kB. On the other hand, it can also
reduce the binding of CD9 and gp130 by inhibiting the expression of CD9, decrease the phosphorylation of STAT3, and
indirectly inhibit the production of osteoclasts.”

WKYMVm promotes M2 macrophage polarization. Janus kinase 1 (JAK1)/STAT6 signaling pathway is a key signaling
pathway for polarization of M2 macrophages. WKYMVm can effectively stimulate JAK1 and STAT6 phosphorylation,
thereby increasing peroxisome proliferator-activated receptor v (PPARYy) expression and inducing macrophage polarization
to M2 type.”” Moreover, WKYMVm can downregulate the expression of interferon-stimulating gene 15 (ISG15) and
transcription factor EB (TFEB) by activating Fpr2 in mouse bone marrow-derived mesenchymal stem cells (mBMSCs),
resulting in decreased lysosomal activity and increased exosomes secretion in mBMSCs, and promote polarization of M2
type macrophages through miRNA-146 in exosomes.® Moreover, WKYMVm promotes M2 macrophages to secrete
platelet-derived growth factor-BB (PDGF-BB), thus enhancing the pro-angiogenesis effect of M2 macrophages.’” Taken
together, WKYMVm can play a therapeutic role in bone repair by promoting the polarization of M2 macrophages and
angiogenesis. The effect of WKYMVm on macrophages is shown in Figure 4.

Journal of Inflammation Research 2023:16 https: 49
Dove:


https://www.dovepress.com
https://www.dovepress.com

Yang et al Dove

WKYMVm —— Macrophages

|
) l,\ ! L l l
© 9) ©J
had . JAK1/STAT6 t
macrophages CDé8 osteoclasts mBMSCs
FPRs macrophages Fpr2 Fpr2
Fpr2 J/

infiltration t [ P ) p gp130 CD9 | RPARY ISG15 4

TNF-a,IL-1a,IL-18,IL-6 |

TFEB |
IL-10, TGF-8 NF-xB | STAT3 | l ]
infiltration | ! .
L () [Iysosomal activity |
: A iy
) . . a ‘
;r:)ﬂam‘m?tlonl gene expression | PDGF-BB { :
ibrosis | i Rati
L dlﬁereqtlatltrn l} exosomes |
l maturaion i | S miRNA-146 t
| \ﬂgmglw
| T yaeg
Lung injury | Wound repair f Inflammatory Bone repair 1
Sepsis | osteolytic disease |

Scleroderma |

Figure 4 WKYMVm and macrophages. WKYMVm reduces the infiltration of macrophages at the lesion sites, downregulates the expression of pro-inflammatory cytokines
(TNF-q, IL-1B, IL-1a and IL-6) and upregulates the production of anti-inflammatory cytokines (IL-10 and TGF-f), thus playing a therapeutic role in lung injury, sepsis, and
scleroderma. WKYMVm promotes the infiltration of CD68" macrophages into wounds to facilitate wound repair. WKYMVm downregulates the expression of osteoclast
marker genes, inhibits the differentiation and maturation of osteoclasts, and plays a protective role in inflammatory osteolytic disease. WKYMVm promotes M2 macrophages
polarization and PDGF-BB secretion, thereby contributing to angiogenesis and bone repair.

Notes: 1 Increase; | Decrease; 1 Promote; | Alleviate.

Abbreviations: TNF-0, tumor necrosis factor o; IL-10, interleukin-la; IL-1p, interleukin-1; IL-6, interleukin-6; IL-10, interleukin-10; TGF-B, transforming growth factor f;
NF-kB, nuclear factor kB; STAT3, signal transducer and activator of transcription 3; JAKI, Janus kinase |; PPARy, peroxisome proliferator-activated receptor y; PDGF-BB,
platelet-derived growth factor-BB; mBMSCs, mouse bone marrow-derived mesenchymal stem cells; ISG15, interferon-stimulating gene |5; TFEB, transcription factor EB.

WKYMVm with DCs and T Cells

DCs are the most powerful antigen-presenting cells with the role of capturing antigens and presenting them to T cells for
immune response.”® Immature DCs lack the expression of co-stimulating molecules and have strong phagocytosis and
antigen processing capabilities. When DCs mature, the expression of adhesion molecules, co-stimulating molecules (such
as CD40, CD80, and CD86) and antigen-presenting molecules is upregulated, and the ability of mature DCs (mDCs) to
present antigens to T cells is greatly enhanced. The mDCs also can secrete a variety of cytokines and chemokines to
regulate the functions of other immune cells.®®®> When the naive T cells specifically recognize the antigens, they will be
activated, and then proliferate and differentiate into effector T cells which including cytotoxic T lymphocytes (CTLs),
helper T cells and regulatory cells.

WKYMVm promotes the maturation of DCs and the production of CTLs. CTLs play an important role in immune
defense against tumors and intracellular pathogens such as viruses and bacteria. When WKYMVm is co-injected with
HIV, HBV and influenza DNA vaccines, WKYMVm can raise the expression level of CD80 on the surface of bone
marrow-derived dendritic cells (BMDCs), promote the maturation of DCs, and significantly enhance the vaccine-induced
CD8" T cell responses, increase the production of interferferon y (IFN-y) and cytolytic activity.> The combination
treatment of WKYMVm, 5-fluorouracil (5-FU) and mDCs significantly promotes the recruitment of local CD8" T cells
and NK cells in tumors and the production of systemic IFN-y and interleukin-12 (IL-12), thereby inhibiting primary
tumors and improving anti-metastasis activity.?'

However, some studies have found that WKYMVm can also inhibit the maturation of DCs. WKYMVm activates
ERK signaling pathway through acting on FPR1 and FPR3, and inhibits the maturation of human monocyte-derived
dendritic cells (MODCs) induced by lipopolysaccharide (LPS), which is characterized by decreased IL-12 secretion,
downregulated CD86/human leukocyte antigen DR (HLA-DR) expression, and enhanced phagocytosis.’® Another
function of WKYMVm is to affect the polarization of helper T cell 1 (Thl) and helper T cell 17 (Th17). Thl and
Th17 are important factors in inducing and aggravating the occurrence and development of various autoimmune diseases,

and mDCs can induce helper T cells to differentiate into multiple subtypes such as Thl and Th17. Therefore, inhibiting
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the maturation of DCs and overactivation of Thl and Thl7 immune responses may be effective in alleviating
autoimmune diseases. In non-eosinophilic asthma mouse model, WKYMVm acts on Fpr2 and inhibits the maturation
and migration of mice lung DCs, downregulates the expression of cytokines IL-12 and IL-6 produced by DCs, thereby
inhibiting the polarization of Thl and Th17 and allergen specific Thl and Th17 immune responses.®* Another study
found that WKYMVm inhibited the polarization of Th1 and Th17 to reduce joint damage in mice with collagen arthritis
by binding to Fprl on the surface of BMDCs and promoting cytokine IL-10 secretion.®” As mentioned above,
WKYMVm affects the maturation of DCs and the differentiation of T cells by activating different FPRs in different
disease models. In conclusion, WKYMVm may play an active immunomodulatory role in viral infections, tumors,
autoimmune diseases, and allergic diseases by affecting DCs maturation and T cells polarization. The effect of
WKYMVm on DCs and T cells is shown in Figure 5.

WKYMVm and NK Cells

NK cells play a key role in the first line of defense against cancer cells and virus infections.®®®” Typically, resting NK
cells are transformed into activated NK cells with higher killing activity under the action of various cytokines such as
interleukin-2 (IL-2), TNF-a, IL-12 and so on. Most human NK cells typically express FPR1 and FPR2, while only
a minority of human can express FPR3 in their NK cells, which suggesting individual differences.® By activating FPRs,
WKYMVm can enhance immune function and chemotaxis of NK cells. Binding to FPR1 and FPR2, WKYMVm elicits
the cytolytic activity of resting NK cells by activating the c-Jun N-terminal kinase (JNK) signaling pathway as well as
upregulating CD107a.® In addition, WKYMVm induces IFN-y production by stimulating resting NK cells. When acting
on the surface of IL-2-activated NK cells, WKYMVm promotes the chemotactic migration of NK cells by stimulating the
ERK signaling pathway.® Similarly, these effects of WKYMVm are also found in the mouse melanoma model.
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Figure 5 WKYMVm and DCs/T cells. WKYMVm promotes the maturation of BMDCs, enhances CD8" T cell responses, increases IFN-y production and cytolytic activity,
thereby assisting the efficacy of virus DNA vaccine. The combination treatment of WKYMVm, 5-FU and mature dendritic cells promotes the recruitment of CD8" T cells
and NK cells in tumors and the secretion of IFN-y and IL-12, thereby playing an anti-tumor role. By activating ERK signaling pathway, WKYMVm inhibits the maturation of
MODC s, which is characterized by decreased IL-12 secretion, downregulated CD86/HLA-DR expression, and enhanced phagocytosis. WKYMVm inhibits the maturation of
DCs, decreases IL-12 and IL-6 secretion, promotes IL-10 production, restrains the polarization of Thl and Th17, thereby alleviating asthma and collagen arthritis.
Notes: 1 Increase; | Decrease; 1 Enhance; | Alleviate.

Abbreviations: BMDCs, bone marrow-derived dendritic cells; IFN-y, interferon-y; 5-FU, 5-fluorouracil; IL-12, interleukin-12; MODCs, monocyte-derived dendritic cells;
ERK, extracellular-signal-regulated kinase; HLA-DR, human leukocyte antigen DR; IL-6, interleukin-6; IL- 10, interleukin-10; mDCs, mature dendritic cells; Thl, helper T cell
I; Th17, helper T cell 17.
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Figure 6 WKYMVm and NK cells. WKYMVm elicits the cytolytic activity of resting NK cells by activating the JNK signaling pathway as well as upregulating CD107a.
WKYMVm induces IFN-y production by stimulating resting NK cells. WKYMVm promotes the chemotactic migration of IL-2 activated NK cells by stimulating the ERK
signaling pathway. WKYMVm inhibits the growth of melanoma in mice by increasing IFN-y level and promoting the chemotactic migration of NK cells to tumor tissues.
Notes: 1 Increase; 1 Enhance.

Abbreviations: JNK, c-Jun N-terminal kinase; IFN-y, interferon-y; ERK, extracellular-signal-regulated kinase.

WKYMVm treatment can increase the levels of IFN-y and IL-2, which are key cytokines for maintaining normal
function and promoting activation of NK cells in tumor tissues, and promote the chemotactic migration of NK cells to
tumor tissues by activating ERK signaling pathway, thus inhibiting tumor growth. The suppressing effect of WKYMVm
on tumor development in mouse melanoma is abrogated with NK cell depletion.®® Therefore, WKYMVm may play an
active role in anti-tumor by regulating NK cells to assist NK cells-based immunotherapy in the future. The effect of
WKYMVm on NK cells is shown in Figure 6.

Conclusions

This article summarizes the research status of WKYMVm in the treatment of related diseases by regulating immune cells
through different mechanisms. Neutrophils, monocytes, macrophages, DCs, T cells and NK cells perform different functions
in the immune response, and WKYMVm regulates different signaling pathways in these six cells to produce different effects.
The signaling pathways and specific functions triggered by WKYMVm in cells after binding to FPRs are very complex, and
the regulation of WKYMVm on immune cells is affected by the expression pattern of FPRs, skeleton proteins and other
factors. In this article, we try to summarize the relevant studies that have been carried out in order to clearly understand the
effect of WKYMm on immune cells. Of course, the current research also has some flaws. For example, whether WKYMVm
influences NETs; what factors affect the different regulatory effects of WKYMVm on macrophages in different disease
microenvironments; how the bidirectional effect of WKYMVm on DCs maturity is regulated. In addition, the effect of
WKYMVm on NK cells is less studied. A lot of effects and mechanisms of WKYMVm on immune cells have been
demonstrated in animal models, but the data about its effects in humans is still lacking. The above views are expected to
enlighten more readers and promote further in-depth research on WKYMVm.

Although the research of WKYMVm has the above-mentioned shortcomings, it is obvious that WKYMVm has great
potential as a candidate drug based on its regulatory effect on immune cells. Therefore, how to apply the potential
therapeutic effect of WKYMVm to the treatment of clinical diseases has become a goal that we need to further explore.
Studying the roles of WKYMVm in disease development and the regulatory mechanisms on immune cells are of great
significance to promote its practical application in clinic. Because of the limitation of short half-life, no drug with
WKYMVm as the main component has been successfully applied in clinic. However, with the successful determination
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of the crystal structure of FPR2-WKYMVm complex by researchers and the development of chemical modification and
microspheres encapsulation technology, we believe that WKYMVm related drugs will soon be applied to the clinic.

Abbreviations

WKYMVm, Trp-Lys-Tyr-Met-Val-D-Met; FPRs, formyl peptide receptors; DCs, dendritic cells; NK, natural killer; pM,
picomolar; nM, nanomolar; IL-6, interleukin-6; STAT3, signal transducer and activator of transcription 3; ERK, extracellular-
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kinase C; MAPK, mitogen-activated protein kinase; ROS, reactive oxygen species; NETs, neutrophil extracellular traps; MPO,
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