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Abstract: Macrophages are pivotal immune cells that contribute significantly to the regulation of uterine receptivity and 

embryo implantation. Their ability to polarize into functionally distinct subtypes—pro-inflammatory (M1) and anti-

inflammatory (M2)—allows them to adapt to different phases of the reproductive cycle. During implantation, 

macrophages aid in tissue remodelling, angiogenesis, and immune tolerance, all crucial for successful embryo 

development. However, dysfunctions in macrophage polarization have been increasingly associated with implantation 

failure and infertility, especially in cases involving endometriosis, chronic endometritis, and metabolic disorders. 

Understanding their roles opens new diagnostic and therapeutic avenues for enhancing fertility outcomes, especially in 

IVF treatments. 
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I. INTRODUCTION 

 

Macrophages are essential immune cells that play a 

pivotal role in the body’s first line of defense against 

pathogens as part of the innate immune system. These cells 

are abundant in the endometrium, where they contribute not 

only to immune defense but also to tissue homeostasis and 

remodeling. Their significance in reproductive health has 

gained considerable attention, particularly in relation to their 

role in embryo implantation and early pregnancy. 
Throughout the menstrual cycle, macrophages undergo 

dynamic functional changes in response to hormonal signals 

and microenvironmental cues. During the implantation 

window, when the uterus becomes receptive to the embryo, 

macrophages exhibit a distinct shift in behavior. They 

polarize into two major phenotypes: M1 macrophages (pro-

inflammatory) and M2 macrophages (anti-inflammatory). 

This polarization is critical for creating a uterine 

environment that supports immune tolerance, tissue 

remodeling, and angiogenesis, all of which are vital for 

embryo attachment and successful pregnancy establishment. 
A precise balance between M1 and M2 macrophages is 

necessary to maintain an optimal uterine environment. Any 

disruption or imbalance in macrophage function—such as 

M1 macrophage dominance or insufficient M2 activity—can 

impair implantation and contribute to infertility or recurrent 

pregnancy loss. Thus, macrophages play an indispensable 

role in the successful implantation and early development of 

the embryo, making them a critical focus in understanding 

and addressing fertility issues. 

 

II. MACROPHAGE BIOLOGY AND 

POLARIZATION 
 

Macrophages are derived from monocytes that leave 

the bloodstream and migrate into tissues, where they 

differentiate and adapt to local signals. This adaptability 

makes them highly plastic cells capable of performing a 

range of tasks depending on the needs of their environment. 

In the uterus, they support tissue regeneration and prepare 

the endometrium for potential pregnancy. There are two 

main types of macrophages: M1 macrophages – Pro-

inflammatory. They fight infections and trigger immune 

responses. M2 macrophages – Anti-inflammatory. They 

promote healing, tissue repair, and immune tolerance. Their 

funcƟonal state is largely determined by local cytokines and 

signaling molecules. Depending on these cues, macrophages 

can polarize into either pro-inflammatory M1 or 

anƟinflammatory M2 phenotypes. This ability to switch 
roles allows them to act as both protectors and healers, 

depending on the phase of the reproducƟve cycle and the 

presence of external threats. 

 

 

 M1 vs. M2 Polarization 

Macrophages are highly adaptable immune cells that 

can shift between different functional states depending on 

environmental signals—a process known as polarization. 

The two primary polarized states are M1 (classically 

activated) and M2 (alternatively activated) macrophages, 
each playing distinct roles in immunity and tissue 

regulation. M1 macrophages are induced by pro-

inflammatory signals such as interferon-gamma (IFN-γ) and 

lipopolysaccharide (LPS)—often released during infection 

or tissue injury. Once activated, M1 macrophages produce 

high levels of inflammatory cytokines like tumor necrosis 

factor- alpha (TNF-α), interleukin-1 beta (IL-1β), and 

interleukin-6 (IL-6). These molecules are crucial for killing 

pathogens, initiating immune responses, and activating other 

immune cells. However, persistent or excessive M1 activity 

can lead to chronic inflammation, autoimmunity, and tissue 

damage, which can negatively impact reproductive health. 
In contrast, M2 macrophages are stimulated by cytokines 

such as IL-4 and IL-13, commonly present in healing and 

pregnancy-related environments. These cells secrete anti-

inflammatory cytokines, including IL-10 and transforming 

growth factor-beta (TGF-β). M2 macrophages promote 

wound healing, extracellular matrix remodeling, 
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angiogenesis, and immune tolerance. They are especially 

important during embryo implantation and early pregnancy, 
as they help prevent maternal immune rejection of the semi-

allogeneic embryo and support tissue changes in the uterus. 

The balance between M1 and M2 macrophages is critical. A 

dominance of M2 macrophages is essential during 

reproduction, whereas M1 predominance can disrupt 

implantation and contribute to infertility, especially in 

conditions like endometriosis or failed IVF cycles. 

 

III. FUNCTIONAL ROLES OF MACROPHAGES IN 

IMPLANTATION 

 

 Tissue Remodeling and Decidualization 
Macrophages play a crucial and early role in preparing 

the uterus for embryo implantation through processes such 

as tissue remodeling and decidualization. Following 

menstruation, the endometrium undergoes regeneration to 

rebuild a functional lining. A key part of this regeneration is 

the removal of apoptotic cells and tissue debris left behind 

from the shedding of the previous cycle. Macrophages are 

responsible for this cleanup. They phagocytose (engulf and 

digest) dead cells and secrete matrix metalloproteinases 

(MMPs), enzymes that degrade and reorganize the 

extracellular matrix (ECM)—the structural network 
surrounding cells. This “clean slate” is essential not only for 

rebuilding tissue but also for ensuring that the uterine 

environment is non-inflammatory and receptive to a 

potential embryo. Without effective clearance and matrix 

remodeling, inflammation can persist, disrupting the 

implantation process and potentially leading to infertility. 

 

Beyond cleanup, macrophages are deeply involved in 

decidualization—the process by which endometrial stromal 

cells transform into decidual cells. These specialized cells 

provide nutritional, structural, and immunological support to 

the embryo during early pregnancy. Macrophages contribute 
to this transformation by releasing growth factors such as 

transforming growth factor-beta (TGF-β) and platelet-

derived growth factor (PDGF). These factors stimulate 

fibroblast proliferation, vascular development, and further 

ECM remodeling, all of which are essential for creating a 

stable and supportive decidual tissue. 

 

Decidualization also plays a role in establishing 

immune tolerance and angiogenesis, processes also 

influenced by macrophages. Inadequate macrophage 

function can impair decidualization, making the 
endometrium less receptive and increasing the risk of 

implantation failure. 

 

 Angiogenesis 

Macrophages play a vital role in angiogenesis, the 

process of forming new blood vessels, which is essential for 

supporting a developing embryo during implantation and 

early pregnancy. After the embryo attaches to the uterine 

wall, a rich and efficient blood supply is necessary to deliver 

oxygen, nutrients, and hormonal signals required for growth. 

Macrophages contribute to this process by producing key 
angiogenic factors, including vascular endothelial growth 

factor (VEGF), fibroblast growth factor (FGF), and 

angiopoietins. These molecules stimulate the proliferation 

and migration of endothelial cells, which line the interior of 
blood vessels, thereby initiating the growth of new 

capillaries. 

 

In addition to angiogenesis, macrophages are actively 

involved in spiral artery remodeling—a critical 

transformation of maternal uterine arteries that occurs in 

early pregnancy. Under the influence of macrophage-

secreted enzymes and cytokines, these arteries become 

wider and less resistant, enabling them to deliver a larger 

volume of blood to the placenta. This remodeling ensures a 

steady and adequate blood flow to support fetal 

development. 
 

If angiogenesis or spiral artery remodeling is 

insufficient, the embryo may experience hypoxia (low 

oxygen levels), leading to implantation failure, miscarriage, 

or complications such as preeclampsia. Thus, macrophages 

are essential for establishing and maintaining a healthy 

uteroplacental circulation. 

 

 Immune Tolerance 

One of the most remarkable aspects of pregnancy is 

the mother’s ability to tolerate the presence of the embryo, 
which is genetically half foreign due to the expression of 

paternal antigens. Normally, the immune system would 

attack foreign cells, but during pregnancy, a specialized 

immune adaptation occurs to allow the embryo to implant 

and grow. Macrophages are central to this adaptation, 

helping to create an environment of immune tolerance 

within the uterus. One key way macrophages contribute is 

by reducing their expression of MHC class II molecules, 

which are typically involved in presenting antigens to T 

cells and activating immune responses. By downregulating 

MHC-II, macrophages become less likely to trigger an 

immune attack against the embryo. Additionally, 
macrophages secrete anti-inflammatory and 

immunosuppressive cytokines such as interleukin-10 (IL-10) 

and transforming growth factorbeta (TGF-β). These 

cytokines suppress pro-inflammatory pathways and help 

maintain immune balance in the uterine microenvironment. 

 

Macrophages also play a cooperative role with 

regulatory T cells (Tregs), a type of immune cell that 

suppresses harmful immune activity. The interaction 

between macrophages and Tregs boosts the suppressive 

function of Tregs, further preventing the maternal immune 
system from reacting against the fetus. Together, these 

actions by macrophages help establish a tolerogenic immune 

environment, which is essential for successful embryo 

implantation and the continuation of pregnancy. Failure to 

achieve proper immune tolerance can lead to implantation 

failure, recurrent miscarriage, or pregnancy complications. 

Thus, macrophages are key mediators of immune peace 

during this delicate phase of reproduction. 
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IV. MACROPHAGE DYSFUNCTION AND 

INFERTILITY 
 

Macrophage dysfunction is increasingly recognized as 

a key factor contributing to infertility and implantation 

failure. A proper balance between M1 (pro-inflammatory) 

and M2 (antiinflammatory) macrophages is essential for 

preparing the endometrium for embryo implantation. 

 

When this balance is disturbed—either due to 

excessive M1 activation or insufficient M2 presence—

implantation is compromised. An overabundance of M1 

macrophages leads to the release of inflammatory cytokines 

such as TNF-α, IL-1β, and IL-6, creating a hostile uterine 
environment that disrupts decidualization, damages local 

tissues, and increases the risk of immune-mediated embryo 

rejection. Conversely, a deficiency in M2 macrophages 

results in inadequate tissue repair, impaired angiogenesis, 

and reduced production of tolerogenic cytokines like IL-10 

and TGF-β, which are vital for promoting immune tolerance 

and vascular remodeling. 

 

This imbalance is often observed in reproductive 

disorders such as endometriosis, chronic endometritis, and 

polycystic ovary syndrome (PCOS), all of which are 
associated with inflammatory uterine environments and 

reduced fertility. In assisted reproductive technologies like 

in vitro fertilization (IVF), macrophage polarization 

abnormalities may contribute to implantation failure despite 

the transfer of good-quality embryos. Addressing 

macrophage dysfunction through immunomodulatory 

therapies may therefore represent a promising strategy for 

enhancing uterine receptivity and improving fertility 

outcomes. 

 

Macrophage polarization plays a central role in 

preparing the uterus for implantation and maintaining early 
pregnancy. When the balance between M1 and M2 

macrophages is disrupted, it can lead to multiple 

complications that hinder successful implantation and 

embryo development. 

 

 Macrophage Dysfunction and Infertility 

M2 macrophages are essential for decidualization, the 

transformation of endometrial stromal cells into specialized 

decidual cells. This transformation ensures that the uterine 

lining is receptive and structurally capable of supporting an 

implanting embryo. In the absence or deficiency of M2 
macrophages, decidualization may be incomplete or 

defective, leading to a rigid or improperly remodeled 

extracellular matrix (ECM). This abnormal environment 

prevents proper embryo attachment and integration into the 

uterine lining, contributing to implantation failure or early 

miscarriage. 

 

 Insufficient Angiogenesis 

Angiogenesis is critical for forming new blood vessels 

to support the growing embryo. M2 macrophages produce 

pro-angiogenic factors such as vascular endothelial growth 
factor (VEGF), fibroblast growth factor (FGF), and 

angiopoietins. Without adequate M2 activity, vascular 

development in the endometrium is compromised, leading to 

poor blood supply, localized hypoxia, and nutrient 
deprivation. While the embryo might initially implant, it 

will not receive sufficient oxygen or nutrients to sustain 

growth, often resulting in pregnancy loss. 

 

 Immune Overactivation 

A dominance of M1 macrophages leads to a pro-

inflammatory uterine environment. M1 macrophages secrete 

cytokines such as TNF-α and IL-6, which can damage 

trophoblast cells, the fetal cells that invade the maternal 

lining. Additionally, these cytokines promote the 

recruitment of cytotoxic T cells, which may attack the 

embryo, recognizing it as foreign. This inflammatory milieu 
is closely associated with recurrent pregnancy loss, embryo 

rejection, and implantation failure, especially in women with 

autoimmune or inflammatory reproductive disorders. 

Maintaining the right balance between M1 and M2 

macrophages is therefore vital for successful conception and 

pregnancy continuation. 

 

V. RELEVANCE TO IVF FAILURES 

 

In vitro fertilization (IVF) often results in the transfer 

of high-quality embryos into the uterus, but despite this, 
many women still experience implantation failure. One 

significant factor contributing to this phenomenon is an 

unfavorable uterine immune environment, particularly 

macrophage dysfunction. Even when the embryo is optimal, 

a non-receptive endometrium— caused by macrophage 

polarization imbalances—can prevent successful 

implantation. 

 

Several conditions are closely linked to macrophage 

dysfunction, affecting uterine receptivity and IVF outcomes. 

Endometriosis, for example, promotes chronic 

inflammation, often skewing macrophage activity toward a 
pro-inflammatory M1 phenotype. This dominance of M1 

macrophages results in elevated levels of inflammatory 

cytokines, creating an environment that is hostile to embryo 

implantation. Similarly, chronic endometritis—a persistent 

infection or inflammation of the endometrial lining—can 

disrupt the normal balance of immune cells, leading to an 

impaired immune response that negatively affects 

implantation. 

 

In conditions like polycystic ovary syndrome (PCOS) 

and obesity, systemic inflammation is prevalent, which can 
alter immune cell populations and compromise the 

endometrial immune environment. Additionally, 

progesterone resistance, often seen in women with fertility 

issues, interferes with the proper functioning of M2 

macrophages, essential for tissue remodeling, angiogenesis, 

and immune tolerance. Advanced maternal age can also 

weaken the immune system’s adaptability, reducing the 

body’s ability to adjust the immune environment 

appropriately during implantation. 
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Addressing these macrophage-related issues may 

significantly improve IVF success rates. Modulating 
macrophage polarization, whether through medications or 

lifestyle interventions like anti-inflammatory diets or stress 

reduction techniques, could enhance uterine receptivity and 

increase implantation rates. This approach offers a 

promising avenue for improving fertility treatment 

outcomes, especially in patients with underlying 

reproductive conditions. 

 

VI. DIAGNOSTIC AND THERAPEUTIC 

APPROACHES 

 

 Diagnostics 
To assess the role of macrophages in implantation 

failure, evaluating macrophage populations in the 

endometrium is crucial. Immunohistochemical staining for 

specific markers such as CD68 (general macrophages), 

CD163 (M2 macrophages), HLA-DR (M1 macrophages), 

and iNOS (M1 macrophages) enables the identification and 

differentiation of macrophage subtypes in the uterine tissue. 

A high M1:M2 ratio often indicates inflammation and a pro-

inflammatory environment, which can lead to impaired 

implantation and embryo rejection. Additionally, 

endometrial biopsies taken during the implantation window 
(the phase when the uterus is most receptive) can be used to 

examine the distribution of immune cells, offering insights 

into immune dysfunction that may affect implantation. By 

assessing these markers and conducting detailed histological 

analysis, clinicians can identify patients at high risk of 

implantation failure due to macrophage-related immune 

dysfunction. Early identification allows for targeted 

treatments and interventions before embryo transfer. 

 

 Treatments 

Several therapeutic strategies focus on restoring 

immune balance in the uterus to improve implantation rates. 
Intralipid infusions, made from soy-derived lipids, have 

shown promise in suppressing overactive natural killer (NK) 

cells and M1 macrophages, thereby reducing excessive 

inflammation. Progesterone therapy is another approach that 

promotes M2 polarization, enhancing tissue repair and 

decidualization, which are vital for preparing the 

endometrium for embryo implantation. Anti-inflammatory 

drugs, such as corticosteroids and TNF-α inhibitors, can 

reduce uterine inflammation and help restore a more 

receptive environment for embryo implantation. Emerging 

treatments, including endometrial stem cell therapies and 
microbiome modulation, are being investigated for their 

potential to restore immune homeostasis and improve 

overall endometrial receptivity. These innovative 

approaches hold promise in offering additional options for 

women with recurrent implantation failure linked to 

macrophage dysfunction. 

 

 

 

 

 
 

 

VII. CONCLUSION 

 
Macrophages play a pivotal role in the complex and 

delicate process of embryo implantation by mediating both 

immune and structural adaptations necessary for a 

successful pregnancy. These versatile immune cells possess 

the remarkable ability to polarize into M1 (pro-

inflammatory) or M2 (anti-inflammatory) phenotypes, 

which allows them to fulfill a wide range of functions 

depending on the needs of the uterine environment. In the 

context of implantation, M1 macrophages are involved in 

immune defense, while M2 macrophages are crucial for 

tissue remodeling, angiogenesis, and maintaining immune 

tolerance. The precise regulation of this balance between 
M1 and M2 populations is fundamental for creating an 

environment conducive to embryo attachment and growth. 

When the macrophage balance is disrupted, either due to 

intrinsic immune dysfunction or systemic conditions such as 

endometriosis, obesity, or PCOS, infertility and implantation 

failure may result. The presence of an inflammatory uterine 

environment, characterized by an overactive M1 

macrophage response, can create barriers to embryo 

implantation, leading to chronic inflammation and immune 

rejection. On the other hand, a lack of sufficient M2 

macrophages impairs decidualization, angiogenesis, and 
immune tolerance, all of which are critical for sustaining 

pregnancy. Given the growing recognition of macrophage 

dysfunction in fertility challenges, clinical strategies to 

evaluate macrophage populations—through techniques like 

immunohistochemistry—and modulate macrophage 

behavior are becoming increasingly important in fertility 

care. Emerging treatments that aim to restore a favorable 

immune environment, such as intralipid therapy, 

progesterone supplementation, and anti-inflammatory drugs, 

are showing promise in improving IVF outcomes. As 

research in immune profiling continues to advance, 

personalized therapeutic approaches based on individual 
macrophage function could revolutionize fertility treatment, 

offering tailored solutions to enhance reproductive success 

and reduce IVF failures. 
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