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Abstract

Review Article

Introduction

Uncontrolled cell proliferation is a well‑known cause of 
cancer. However, several factors produced from cells of the 
surrounding stroma or infiltrated inflammatory cells – growth 
factors  –  as well as DNA damage‑promoting agents can 
potentiate tumorigenesis.[1,2] Understanding the tumor 
microenvironment (TME) reveals broader outlooks for cancer 
therapy. The TME is largely invaded by inflammatory cells 
attracted by various chemokines and cytokines produced by the 
tumor cells as well as active stroma. Reciprocally, inflammatory 
cells produce a wide array of cytotoxic mediators, selectins, 
proteases, and matrix metalloproteinases  (MMPs) that 
potentiate neoplastic progression.[3‑5] The main population 
of TME inflammatory cells are macrophages, dendritic 
cells, mast cells, natural killer cells, neutrophils, and T‑cells. 
Macrophages, particularly, are the most versatile immune cells 
that produce various factors in the TME that either promote or 
inhibit tumor progression.[4‑6] According to various signals in 
the TME, macrophages can polarize into classically activated 
(M1 macrophages) or alternatively activated (M2 macrophages). 
Studies characterizing macrophage polarization in TMEs 
revealed that tumor‑associated macrophages  (TAMs) are 

M2 dominant, propagating tumorigenesis by producing 
immunosuppressive cytokines, angiogenic factors, and 
extracellular matrix  (ECM)‑remodeling molecules.[6‑8] In 
contrast, M1‑TAMs are tumor inhibitors responsible for 
recognition and destruction of cancer cells and produce nitric 
oxide (NO) as well as immunostimulatory cytokines to enhance 
the T helper cells’ (Th1) tumourcidal response.[6]

Converting TAM from a pro‑tumor M2‑phenotype to 
an antitumor M1‑phenotype, particularly the signaling 
mechanisms underpinning this process, is currently a subject 
of interest in cancer research.[8‑10] Mitogen‑activated protein 
kinase  (MAPK) signaling pathways play a pivotal role in 
regulating macrophages’ activation and proliferation.[11‑13] 
In several reports, members of the MAPK family have been 
identified as master regulators of macrophages’ pro‑  and 
anti‑inflammatory cytokine production.[14‑16] The aim of 
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this review is to shed a light on the involvement of MAPK 
signaling in TAMs’ polarization. This will ultimately help to 
develop new therapeutic targets against TAMs to hinder cancer 
development.

Origins of Macrophages

TAMs can be derived from primitive yolk sac precursors or 
differentiated from recruited bone marrow monocytes, which 
accounts for the majority of TAMs.[6] Colony‑stimulating factor 
1 is a key chemotactic factor for macrophages, whether they 
are tissue resident or bone marrow derived.[17] Other growth 
factors, such as vascular endothelial growth factor A (VEGFA), 
have also shown to recruit and further differentiate monocytes 
to TAMs.[18] In addition, blood bone marrow monocytes are 
infiltrated to the site of the tumor and rapidly differentiate 
into TAMs in response to chemoattractants  such as Monocyte 
Chemoattractant Protein-1 (MCP-1/CCL2), produced by 
endothelial cells, stromal cells, and tumor cells.[6,19]

TAMs can exhibit two different phenotypes depending on the 
type of signals they receive from the TME. The following section 
discusses the main factors affecting the polarization of TAMs.

Macrophage Polarization in Tumor 
Microenvironments

Macrophage polarization is a diverse process because it is 
affected by several factors in the TME, such as apoptotic 
cells and immune complexes.[20,21] M2 TAMs are induced 
in response to transforming growth factor‑beta  (TGF‑β), 
glucocorticoids, and Th2 cytokines interleukin  (IL) IL4, 
IL10, and IL13 to express CD163 and CD206 as well as 
several scavenger receptors.[2,20] Moreover, pro‑tumor M2 
phenotypes are generated from tissue stress such as hypoxia 
and tumor‑derived co‑factor   high-mobility group protein 
box1 (HMGB‑1). Cancer‑associated fibroblasts produce 
stromal cell‑derived factor‑1/chemokine (CXCL12), which 
is also a chemoattractant of macrophages and promotes M2 
macrophage polarization.[19] M2 TAMs favor tumor growth and 
angiogenesis and prevent antitumor cytotoxic CD8+ T‑cells’ 
immune response via the production of cytokines–specifically 
IL10; chemokines such as CCL17, CCL18, and CCL22; 
angiogenic factors, MMPs; and ECM‑remodeling molecules 
such as VEGF and platelet‑derived growth factor [Figure 1].[6‑8]

On the other hand, inhibitory M1 TAMs are activated 
by cytokines’ repertoire of Th1 cells, such as interferon-
gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) 
to produce reactive oxygen species (ROS) and high levels 
of IL-1β, IL-6, IL-12, and IL-23.. M1 TAMs play key 
roles in immunostimulation and antitumoral response, 
and accumulation of these macrophages indicates a good 
prognosis.[2,6,20] In the context of cancer, M1‑phenotypes direct 
T‑cells toward Th1 tumoricidal responses and play an important 
role in the recognition and destruction of cancer cells, and their 
presence indicates a good prognosis [Figure 1].[22,23]

Mitogen‑Activated Protein Kinases

The MAPKs are highly conserved serine/threonine protein 
kinases that are involved in a wide range of macrophage 
activities, including proliferation, differentiation, survival, 
apoptosis, and immune responses.[12,24,25] Based on sequence 
similarity and differential activation by agonists and 
substrate specificity, the MAPK family exists in three 
components in mammalian cells. These are the extracellular 
signal‑regulated kinases ERKs‑1‑4 and big MAPKs (ERK5), 
c‑Jun N‑Terminal kinases (JNK‑1/2/3), and isoforms of p38 
MAPKs  (p38‑a/b/g/d). All share the TXY‑sequence, where 
T and Y are threonine and tyrosine and X is glutamate, 
proline, or glycine, in ERK, JNK, or p38 MAPKs.[25‑27] 
MAPKs are activated by different stimuli such as growth 
environmental stresses, including osmotic shock, ultraviolet 
light, and cytokines.[24,28] Activation of MAPKs occurs by 
phosphorylation on both tyrosine and threonine residues 
in the Thr–X–Tyr sequence by a family of dual‑specific 
MAP kinase kinases  (MKKs or MEKs), which are in turn 
phosphorylated and activated by a MAPK kinase kinase 
(MKKK or MEKK).[29,30] Once activated, MAPKs further 
phosphorylate several substrates such as ELK‑1, c‑Jun, ATF2, 
and CREB,[29,31] which in turn can regulate gene expression 
critical for several macrophage activities such as cell growth 
and differentiation, inflammatory responses, and polarization.

Mitogen‑activated Protein Kinase Pathways in 
M1–M2 Polarization

As mentioned above, macrophages are functionally 
heterogeneous cells because they are affected by several 
signals in the TME, including cytokines, chemokines, 
and growth factors. Understanding the possible molecular 
mechanism responsible for macrophage polarization opens 
a new potential therapeutic area for cancer. The evidence 
that MAPK cascades might be implicated in the modulation 
of macrophage polarization has been illustrated recently. 

Figure  1: Tumor‑associated macrophage activation phenotypes. 
Tumor‑associated macrophages are activated in to (M1 phenotype) or (M2 
phenotype). M1 tumor‑associated macrophages produce cytokines and 
chemokines such as tumor necrosis factor‑alpha, interleukin‑1B and 
interleukin‑12. Whereas, M2 tumor‑associated macrophages express 
CD206 and CD163 and produce factors such as transforming growth 
factor‑beta, interleukin‑10, and CCL18
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The MAPK/ERK pathway has shown to be involved in 
M2 TAMs’ repolarization. Chakraborty et  al. showed that 
copper N‑(2‑hydroxy acetophenone) glycinate repolarizes 
M2‑TAMs toward the inhibitory M1 phenotype via p38 MAPK 
and ERK1/2 activation as well as intracellular glutathione 
upregulation. Activation of p38 MAPK enhances IL‑12 
production, and ERK1/2 increases IFN‑γ generation and, most 
importantly, downregulates TGFβ.[32] On the other hand, the 
p38/MAPKAP kinase 2 (MK2) has been shown to promote 
tumorigenesis in a murine model of colitis‑associated cancer. 
Azoxymethane/dextran sodium sulphate‑treated MK2 KO mice 
showed a marked decrease in macrophage infiltration in colon 
tissues compared with wild‑type (WT) mice.[33] In a comparable 
work, MK2 knockout  (KO) mice showed significantly 
smaller tumors and reduced total tumor burden when 
compared to WT mice. Specifically, MK2 depletion impaired 
the recruitment of arginase‑1‑positive M2 macrophages, 
whereas inducible nitric oxide synthase  (iNOS)‑positive 
M1 macrophages were enhanced in MK2 KO mouse tumors 
compared to WT counterparts. Upon IL‑4 stimulation to 
induce an M2 phenotype, expression of CD206 and IL‑10, 
common M2 markers were significantly lower in bone 
marrow macrophages derived from KO mice, suggesting the 
role of MK2 in M2 polarization.[34] Furthermore, Zhang et al. 
reported a critical role of ROS in ERK activation and the 
differentiation of monocytes toward M2 TAMs. Inhibition 
of ROS generation by butylated hydroxyanisole  (BHA) 
specifically altered macrophage polarization to M2, but not 
M1 TAMs. BHA administration blocked ERK activation and 
furthered the expression of M2 macrophage marker CD163, 
IL‑10, and chemokines CCL17 and CCL18.[35] In another 
study, blocking ERK5 reprogramed macrophages toward 
tumourcidal M1 phenotypes, evidenced by upregulation of 
M1 markers (e.g., iNos and Il12 β) and downregulated Tgfβ, 
Il10, and VEGFA messenger RNA expression. The same work 
reported that the growth of carcinoma grafts was inhibited in 
ERK5‑deficient mice.[36]

The above-mentioned observations, summarized in Table 1, 
underline the importance of the MAPK pathway in 
M2 polarization and tumor progression. It is clear that 
interfering with this critical axis reprograms macrophages 
toward inhibitory M1 TAMs, favoring the production of 

pro‑inflammatory mediators and the reduction in M2 markers. 
Interestingly, these studies indicated that targeting MAPK 
not only controlled M2 TAM density, but also led to the 
progression of tumors using different mice models.

Conclusion

The notion of the importance of the MAPK cascade with respect 
to the inhibition of ERK1/2 and p38 could clarify the molecular 
basis of TAMs polarization. Further studies regarding the role 
of MAPK phosphatases, for example, the negative regulator of 
MAPK members, will undoubtedly answer questions regarding 
TAMs’ differentiation and polarization. With the previous 
attempts to dissect the mechanism by which MAPK regulate 
TAMs’ functions, it is expected that, in the future, works will 
be expanded to produce selective MAPK signaling modifiers 
that can benefit cancer treatment.
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