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Plasma cell mastitis (PCM), also termed ductal dilatation or periductal mastitis
(PDM), is a benign, non-bacterial inflammatory breast disorder predominantly
affecting non-lactating women. Its incidence continues to rise, yet diagnosis and
therapeutic approaches remain under development. Consequently, elucidating
the pathogenesis is essential for identifying the disease’'s root cause and
facilitating breakthroughs. PCM is increasingly regarded as an autoimmune
disorder, highlighting the crucial role of immune factors in its development;
however, the precise immune mechanisms involved remain incompletely
understood. Against these backgrounds, this review aims to: (1) discuss the
contributions of various innate and adaptive immune cells within the PCM-
associated immune microenvironment; (2) describe the relationship between
imbalances in key immune cells (including M1/M2 macrophages, Thl/
Th2 lymphocytes, Th17/Treg cells) and the progression of PCM; (3) explore
potential future research areas, the underlying immunopathogenesis of PCM,
and prospective therapeutic targets, the activation of the complement system,
regulation of immune homeostasis, the role of immune cell circadian rhythms,
and modulation of key immune pathways.

KEYWORDS

adaptive immunity, complement system, exosome, immune imbalance, innate immunity,
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1 Introduction

Plasma cell mastitis (PCM), also termed ductal dilatation or periductal mastitis (PDM),
is a chronic non-bacterial inflammatory breast disorder (Xu et al., 2023; Gopalakrishnan
Nair et al., 2015; Liu et al., 2017). It is frequently classified alongside granulomatous mastitis
(GLM) within the spectrum of non-lactating mastitis (NPM) (Zhang et al., 2022). PCM
primarily affects young and middle-aged women, with occasional cases in men (Long et al.,
2021; Ashworth et al., 1985). Although accounting for only 4%-5% of benign breast
diseases, its incidence has risen in recent years, with a trend toward younger patients.
Clinical manifestations include breast erythema, induration, pain, abscess formation, and
periareolar duct fistulae (Zhang et al., 2018). Histopathologically, the characteristic features
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include dense plasma cell infiltration, dilation of peripheral
mammary ducts, and damage to mammary epithelial cells
(Zhang et al.,, 2022; Wang et al.,, 2019; Li X. Q. et al., 2022). The
disease frequently follows a protracted clinical course with high
recurrence rates (Ren et al, 2021), posing significant clinical
challenges in non-lactating women.

Diagnosis primarily relies on core needle biopsy. However,
overlapping clinical and radiological features with breast
malignancies (Ortiz-Mendoza et al., 2018; Chen et al., 2020;
Zhu et al., 2019; Yang et al., 2018) and GLM (Kong et al., 2020)
contribute to frequent misdiagnosis. Some studies have shown
that multimodal approaches could improve the diagnostic
accuracy of PCM. They include combining evaluation of
routine breast screening ultrasound and mammography (Hu
and Huang, 2020), combining assessment of ultrasonography
and haematological analysis (Zheng Y. et al., 2022), advanced
ultrasound multimodal imaging methods (Li C. et al., 2022),
and Al-assisted technology (Zhou et al., 2022), etc. However,
PCM does not exhibit
characteristics, and it manifests with diverse symptoms and

specific clinical or imaging
considerable individual variability; therefore, misdiagnosis

remains prevalent. Therapeutic management encounters

comparable  challenges.  Presently, surgical excision
constitutes the primary modality of treatment (Zhang et al,,
2018); however, the surgery not only results in a change in
breast morphology but also constrains the ability to control
recurrence rates (Zhou et al., 2023). For patients with early
PCM who do not have a bacterial infection, antibiotic
treatment is generally ineffective. Though hormone therapy
can be used in PCM (Faccin et al., 2016), it tends to recur after
stopping the medication (Zhou et al., 2023). Moreover, it is
challenging to attain a cure through medication for patients
suffering from breast conditions indentation (Xu et al., 2023).
Furthermore, anti-tuberculosis medications must be
administered with caution due to their potential side effects,
such as nephrotoxicity (Zhou et al., 2024a). Chinese medical
treatment can mitigate risks, including alterations in breast
shape, impacts on breastfeeding function, increased resection
area, and challenges in recurrence reduction surgery (Wu et al.,
2022). Nonetheless, it exhibits a slower onset of action and
necessitates a higher level of patient compliance. Furthermore,
for PCM patients with established abscesses or sinus tracts, its
efficacy remains markedly limited. Presently, several
innovative therapeutic options are still in the exploratory
phase stage (Zhou et al., 2023).

Given the many challenges in diagnosing and treating PCM,
it is particularly important to explore its pathogenesis in depth
to develop more effective treatments targeting the root cause.
Present studies show that obesity, smoking, and trauma may be
risk factors for the development of PCM. At the same time,
these conclusions are mainly based on case reports and an
adequate epidemiological basis is lacking (Gollapalli et al.,
2010; 2010).
increasingly supports an immune-mediated etiology (Xie
et al., 2025; Zhou et al., 2025), with dysregulated immune
responses playing a central role (Faccin et al., 2016; Liu
et al, 2015; Clark et al., 2015). This review synthesizes

evidence accumulated over

Risager and Bentzon, Emerging research

the past decade regarding
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immune mechanisms in PCM. This review categorizes the
involved immune mechanisms into three levels of evidence:
(1) Direct
that demonstrate significant alterations in tissues or body

evidence: cells, molecules, or pathways
fluids from PCM patients; (2) Indirect/associated evidence:
NPM or
granulomatous mastitis (IGM), which may be applicable
to PCM; and (3) Hypothetical/inferred

mechanisms proposed based on other autoimmune diseases

findings derived from broader idiopathic

evidence:
or models of sterile inflammation that have not yet been

validated in PCM. This
distinguish between established findings and areas that

framework aims to clearly

require further investigation.

2 The characteristic of the immune
microenvironment in PCM

2.1 Pathological characteristics of PCM and
the “sterile inflammation” hypothesis

Normal breast tissue comprises independently established leaflet
structures. The interlobular areas are delineated by connective
tissue; their ducts do not exhibit abnormal dilatation; the
microvilli of the epithelial cells are systematically organized.
Cellular morphology remains normal, and intercellular spaces are
regular. In tissues affected by PCM lesions, the basement membrane
of breast ductal epithelial cells was disrupted, resulting in reduced
cellular space and bridging granule structures. The ducts exhibited
significant dilation, and a dense infiltration of immune cells was
observed within them (Zhang et al., 2018). Concurrently, there was a
notable upregulation of inflammatory factor expression (Liu et al.,
2017). These pathological characteristics strongly indicate that an
and heightened
constitutes the central pathological mechanism in PCM.

abnormal immune-inflammatory  response

PCM is frequently characterized as a form of “sterile
inflammation”, and its manifestations are closely associated with
the migration and recruitment of leukocytes. Unlike pathogen-
induced stimulation, which activates immune responses through
pathogen-associated molecular patterns (PAMPs) mediated by
pattern recognition receptors (PRRs), sterile inflammation is
primarily driven by damage-associated molecular patterns
(DAMPs) released from injurious factors (Zindel and Kubes,
2020). DAMPs are intracellular components that are released into
the extracellular space during tissue injury, necrosis, or cellular
stress. They can be recognized and activated by PRRs—for example,
Toll-like receptors (TLRs) expressed on the surface of innate
immune cells—as well as by non-PRR receptors. Thereby
triggering and participating in both innate and adaptive immune
inflammatory responses (Dwyer and Turnquist, 2021). In PCM, it is

hypothesized that initial damage to the mammary duct
epithelium—induced by factors such as trauma, ductal
obstruction,  hyperprolactinemia, —or  congenital  nipple

inversion—may represent the major source of DAMP release.
This, in turn, activates an abnormal immune response targeting
self-tissues, thereby supporting the hypothesis that PCM is an
autoimmune disease (Faccin et al., 2016; Xie et al., 2025; Peters
and Schuth, 1989).
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2.2 Overall immune response in PCM:
cascade activation of innate and
adaptive immunity

A substantial body of mechanistic research has demonstrated
that dysregulation of both innate and adaptive immune responses
plays a pivotal role in the pathogenesis of PCM.

As the primary immunological barrier, innate immune
cells—including macrophages, neutrophils, monocytes, and
(DCs)—constitute the

Following tissue injury and other insults that induce the release

dendritic  cells first line of defense.
of DAMPs, macrophages and DCs within the mammary tissue
rapidly sense and recognize these signals. Macrophages then
differentiate into classically  activated macrophages
(M1 macrophages), which exert pro-inflammatory effects by
secreting large quantities of pro-inflammatory mediators and
recruiting neutrophils and monocytes to migrate to the lesion
site (Zhou et al., 2024b; Shapouri-Moghaddam et al., 2018). In
addition, during the later stages of inflammation, these cells further
differentiate  into activated

alternatively macrophages

(M2 macrophages), thereby promoting the resolution of
inflammation and facilitating tissue repair (Yunna et al, 2020).
This balance may be disrupted in PCM. As one of the principal
antigen-presenting cells (APCs), DCs can associate with major
histocompatibility complexes and subsequently present antigens
to activate T lymphocytes, thereby initiating adaptive immune
responses (Zindel and Kubes, 2020; Liu J. et al, 2023). In
parallel, the complement system is also activated in this process.
Its activation products (such as C3a and C5a) function as potent
chemotactic factors that amplify the recruitment of inflammatory
cells. At the same time, the terminal membrane attack complex
(MAC) may directly injure ductal epithelial cells (Zhang et al., 2022;
Li X. Q. et al, 2022). Neutrophils contribute to the inflammatory
response through degranulation, phagocytosis, and the release of
neutrophil extracellular traps (NETs) (Zhu et al., 2023; Zhang H.
et al,, 2024; Zhang et al., 2023; Mihlan et al., 2024; Kim et al., 2023;
Alves-Filho et al., 2010). Natural killer (NK) cells secrete interferon-
y (IFN-y) and tumor necrosis factor (ITNF) and can restrain
excessive recruitment of other immune cells (Zitti and Bryceson,
2018). In addition, they can recognize specific inflammatory cells,
thereby sustaining the activity of nonspecific cellular effectors
(Cerwenka and Lanier, 2016).

Adaptive immunity is subsequently activated, with various
APCs stimulating T and B lymphocytes through specific antigen
presentation. Naive T lymphocytes are activated and differentiate
into distinct subsets, including helper T lymphocytes (Thl, Th2,
Th17, and Tth cells), regulatory T cells (Treg), and cytotoxic T
lymphocytes (CTLs) (Dong, 2021; Reina-Campos et al., 2021). These
T-cell subsets further shape the inflammatory microenvironment
and amplify or modulate immune responses by secreting
characteristic cytokine profiles (for example, Thl cells secrete
IFN-y). Among them, Thl and Thl7 cells are generally
associated with tissue destruction and chronic inflammatory
responses, whereas Th2 and Treg cells typically exert anti-
inflammatory and tissue-repair functions (Nakayama et al., 2017;
Sun et al., 2024a; McIntire et al., 1964; Langrish et al., 2005). In PCM,
this balance is disrupted, with pro-inflammatory responses
becoming predominant (Zhao et al,, 2023). In addition, Th2 cells

Frontiers in Cell and Developmental Biology

10.3389/fcell.2025.1727675

can secrete interleukin-4 (IL-4) and interleukin-13 (IL-13), thereby
promoting B lymphocyte proliferation (Howard et al., 1982). Tth
cells, in turn, facilitate B-cell maturation and antibody class
switching (Shekhar and Yang, 2012). It is precisely these
abnormally proliferating and highly activated plasma cells that
immunoglobulins.  This
hallmark of
PCM—dense plasma cell infiltration in and around the ducts.

produce substantial ~quantities of

represents the most prominent pathological
These plasma cells may further aggravate local tissue damage
through the production of autoantibodies (Zhang et al, 2022;
Zhou et al., 2024c; Liu et al., 2018).

It was demonstrated that the density of monocytes/macrophages
and dendritic cells remained dynamically stable in the absence of
inflammation. They continued to maintain their protective
functions and did not exhibit a significant correlation with the
inflammatory response of the mammary tissue lobule. However,
once the mammary lobule becomes inflamed, the number of
adaptive immune cells increases significantly (Degnim et al,
2014). Ruffel et al. further noted that a variety of immune cells
are present in normal breast tissue. These cells monitor the immune
microenvironment, are associated with chronic inflammatory
responses, and can recognise novel antigens (Pal et al., 2021). In
summary, the immune microenvironment of PCM constitutes a
complex network initiated by DAMPs and molded by the
interaction between innate and adaptive immune responses. Its
fundamental characteristics include the imbalance between pro-
inflammatory and anti-inflammatory responses, as well as the
abnormal differentiation and infiltration of plasma cells.

3 Roles of innate immune cells in PCM
3.1 Macrophages

A study found that M2 macrophages are highly expressed in
PCM and GLM tissues (Kong et al., 2020). The study also found that
M2 macrophage expression was associated with the disease stage of
GLM; however, no similar changes were observed in PCM. A single-
cell omics study revealed marked macrophage infiltration within the
local lesion tissues of patients with PCM, accompanied by enhanced
signaling interactions from macrophages to B lymphocytes (Ni et al.,
2025). M1 macrophages can secrete massive pro-inflammatory
cytokines, such as interleukin-2 (IL-2), interleukin-6 (IL-6),
interleukin-12 (IL-12), TNF-a, efc, and then recruit more
immune cells to drive the inflammatory process strongly (Zhou
et al., 2024b). In the later stages of inflammation, macrophages
usually polarize into M2 subtypes. Then they can serve a phagocytic
function and promote inflammation reduction and tissue repair by
secreting anti-inflammatory factors, like interleukin-10 (IL-10) and
transforming growth factor-beta (TGF-P) (Shapouri-Moghaddam
et al., 2018; Yunna et al., 2020). However, persistent activation of
M1 macrophages may exacerbate tissue damage (Shapouri-
Moghaddam et al., 2018; Fu et al., 2023). This process may be
one of the key mechanisms underlying chronicity and tissue
destruction in PCM. In the process of GLM, macrophages are
key participants in granuloma formation (Yuan et al, 2022;
Krausgruber et al, 2023). Some mechanisms by which herbal
medicine can treat GLM may have great relationships with
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macrophages; they may inhibit the chemokine ligand-5 (CCL-5)
secreted by macrophages to relieve the inflammatory response
(Wang et al., 2018).

Despite initial insights into macrophage polarization in GLM,
research on its link to PCM is scarce, likely due to PCM’s pathology
and limited animal models. Macrophages may play a significant role
in PCM’s development, persistence, and remission. Future research
into these mechanisms could be crucial for understanding PCM’s
pathogenesis.

3.2 DCs

A study conducted single-cell RNA sequencing on bovine
peripheral blood mononuclear cells and found that DCs were
present in the mammary ductal epithelium. Their activation
played a major role in the development of inflammation (Gao
et al, 2022). Many studies have found that, during an
inflammatory response, DCs can migrate to the site of
inflammation and initiate protective immunity to participate in
immune maintenance and promote inflammation regression (Liu
J. et al., 2023; Worbs et al., 2017). Research on PCM’s function and
mechanisms is scarce, mainly focusing on immune defense and
maintenance. There’s a need to investigate how DC differentiation
and antigen presentation affect PCM-related changes, like breast
ductal dilatation. Future studies on DCs could reveal key immune

mechanisms in PCM disease.

3.3 Neutrophils

Studies about the relationship between neutrophils and breast
diseases now include: (1) breast cancer: the inflammatory
microenvironment caused by the excessive recruitment of
neutrophils and the formation of NETs may promote the
metastasis of tumors (Xiao et al., 2021; Wang et al,, 2024; Tyagi
etal., 2021; Park et al., 2016; He et al., 2024). In addition, it has been
found that NETs also affect chemoresistance (Mousset et al., 2023;
Xie et al., 2024); (2) benign breast diseases: studies mainly focus on
bacterial infections, for example, inhibiting the neutrophil
infiltration can relief mastitis (Hu et al., 2019); (3) PCM: current
studies are mostly based on blood markers (e.g., neutrophil/
lymphocyte ratio NLR) to aid diagnosis (Zheng Y. et al,, 2022).
However, PCM may be accompanied by bacterial infection only
when it forms a local abscess at a later stage of the disease. Therefore,
the role of neutrophils still needs further exploration, especially
in early PCM.

Activated neutrophils have a longer lifetime; they can participate
in tissue inflammatory response and later swallow damaged cells to
promote the regression of inflammation. Some tumor-associated
neutrophils exhibited stronger tumor-killing and pro-inflammatory
effects (Fridlender et al., 2009), while some subtypes have potent
anti-inflammatory effects (Tsuda et al., 2004). The different subtypes
can also be transformed by some specific cytokines or natural killer
T cells (NKT) (De Santo et al., 2010). Certainly, there is a perspective
that attributes the varying effects to distinct cytokines secreted by
different subtypes, which may facilitate macrophage polarization
into M1 or M2 phenotypes, thereby regulating the direction of the
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inflammatory response (Sica and Mantovani, 2012). Hypothesis
based on aseptic liver injury models (Mathias et al., 2006; Wang
etal., 2017): Neutrophils may undergo reverse migration from PCM
lesions back to circulation, potentially limiting tissue damage.
Whether this mechanism operates in PCM remains to be
determined. This
substantial number of neutrophils within the body, thereby

physiological mechanism can retain a

mitigating tissue damage caused by excessive neutrophil
recruitment and activation. Furthermore, it aids in preserving the
immune homeostasis (Liew and Kubes, 2019). NETs possess a
substantial DNA reticular framework composed of histones and
antimicrobial proteins. These structures are capable of interacting
with various pattern recognition receptors, such as TLRs,
complement receptors and receptors, thereby
participating in immunomodulation under diverse stimulating
both 2023).

Furthermore, this reaction may occur more rapidly under

chemokine

conditions in wvitro and in wvivo (Li et al,
bacterial stimulation (Pilsczek et al., 2010; Brinkmann et al,

2004), but its effects on aseptic inflammation remain unclear.

3.4 Natural killer cell

NK cells demonstrate elevated expression levels in GLM and
PCM compared to normal breast tissue. The quantity of NK cells
could serve as a crucial biomarker for assessing the stages of the
GLM process. (Kong et al,, 2020). This discovery was also confirmed
in IGM (Emsen et al., 2021). Different subtypes of NK cells fulfill
various roles in breast diseases. For example, certain tumor-
promoting immature NK cells can activate the Wnt signaling
pathway, which in turn activates cancer stem cells and promotes
the progression of triple-negative breast cancer (TNBC) (Thacker
et al., 2023). Studies on NK cells and PCM are rare, and there’s no
evidence of significant changes in NK cells across PCM stages.
Because of the different impacts of NK cell subtypes, their role in
PCM progression needs further study (Figure 1).

4 Roles of adaptive immune cells
in PCM

4.1 T lymphocytes

4.1.1Th cells

The existence of Th cells has been demonstrated in benign breast
tissue diseases (Cabioglu et al., 2023). A study discovered that the
ratio of Th cells in the patient’s peripheral blood was lower than that
in healthy individuals; this may be associated with the tissue
collection of IGM (Emsen et al, 2021). Th cells play a crucial
role in the inflammatory reaction and immune response of
breast tissues.

4.1.1.1 Thl cells

Th1 cells predominantly secrete IFN-y and IL-12 to augment
their functional activity in APCs (Dong, 2021). A study identified
elevated expression levels of both IFN-y and IL-12A in PCM tissues
(Liu et al, 2017). IL-12, recognized as a surface marker of
M1 macrophages, can facilitate the differentiation of CD4" T

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1727675

Xue et al.

10.3389/fcell.2025.1727675

M1 macmphage
J L /
<
r

macrophage

M2 macrophage

dendritic cell T cell

Toll-like receptor

o o
OOOO% Pro-inflammatory effect
°0% a -
(e]
(e]

\ . . . .
- anti-inflammatory effect

Mechanism of action of innate immune cells

HEEREEEREEEEE
e Al i A

Aggravated inflammatory
response, destruction of
mammary ductal epithelial
cells, reduction of microvilli,
destruction of basement
membrane, and extensive

9 infiltration of immune cells

L phagocytosis

neutrophils

NK cells

Mammary ductal
epithelial cells

Myoepithelial
cells

—~— .

FIGURE 1

k/

Necrotic mammary
ductal epithelial cells

@ plasma cell S

Mechanism of action of innate immunity cells. Macrophages, DCs, neutrophils, and NK cells form the primary defense against stimuli like trauma.
Early in the disease, macrophages polarize into M1, secreting pro-inflammatory cytokines (IL-2, IL-6, IL-12, TNF-a). Later, they shift to M2, releasing anti-
inflammatory factors (IL-10, TGF-p) to resolve inflammation and promote tissue healing and repair. DCs bind antigens to form APCs via the Major
Histocompatibility Complex (MHC), promoting T cell activation. Neutrophils are activated by TLRs, the complement system, and chemokines, and
modulate immunity. Their role in PCM progression and pathology is unclear. NK cells release IFN-y and TNF to kill damaged cells and promote
inflammation, but their exact mechanism in PCM remains unknown [Created with BioGDP.com (Jiang et al., 2025)].

lymphocytes into Thl cells to activate the immune response
functions (Zhao et al, 2022). IFN-y facilitates the further
differentiation of Thl cells (Afkarian et al., 2002; Martin-
Fontecha et al,, 2004). It synergizes with TNF-a to activate the
Janus Kinase and Signal Transducer and Activator of Transcription
associated signaling pathway (JAK/STAT1/IRF1), thereby inducing
the release of carbon monoxide (CO) and promoting cell. A study
discovered that the inflammatory response could be mitigated
through the utilization of neutralizing antibodies both (Karki
et al,, 2021; Jin et al., 2024). IFN-y can stimulate macrophages to
polarize towards M1 macrophages. Furthermore, IFN-y may also
enhance TNF-a release, thereby exacerbating the inflammatory
2018;
certain non-bacterial

response and tissue damage (Shapouri-Moghaddam et al.,
Zhao et al, 2022). Importantly, in
inflammatory and autoimmune diseases, the condition may
progress to chronic inflammation if the acute inflammatory
response, precipitated by alterations in tissue microenvironments

Frontiers in Cell and Developmental Biology

and trauma-related factors, cannot be effectively managed or
removed. During this progression, the persistent antigens
continuously stimulate an inflammatory response. Subsequently,
adaptive immunity can be augmented and specialized, leading to the
production of a variety of pro-inflammatory factors and the
formation of positive feedback mechanisms for regulation.
Nevertheless, persistent pro-inflammatory environments may
reversely induce the aging and hypo-responsiveness of T
lymphocytes (Moro-Garcia et al., 2018; Goronzy and Weyand,
2017). This perspective has been substantiated in the study
investigating the efficacy of ozone in refractory GLM, as IFN-y is
capable of ameliorating inflammation (Cabioglu et al., 2023). This
phenomenon may be associated with decreased Th1 cell reactivity
and cell depletion in refractory GLM, with no pertinent research
available in PCM. Furthermore, dysregulated Thl cell activation
represents a plausible mechanism for both disease initiation and
inflammatory amplification (Sun et al., 2024a). Furthermore, a study
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revealed that impairing the differentiation of Thl cells may
subsequently contribute to the alleviation of colitis and related
allergic reactions (Chandra et al, 2023). Regrettably, its role in
PCM remains uncertain.

4.1.1.2 Th2 cells

Th2 cells are capable of secreting IL-4, interleukin-5 (IL-5), and
IL-13 (Nakayama et al., 2017). The activation of Th2 cells constitutes
a positive feedback mechanism (Zhu, 2015). Th2 cells are also
cytokines that inhibit the
differentiation of Thl cells and then promote the differentiation

capable of secreting certain
of B lymphocytes. Furthermore, they can selectively activate
macrophages, inducing their polarization into the M2 phenotype.
Th2 effector cells can be activated within lymph nodes and
subsequently migrate to inflammatory tissues to exert functions
(Ruterbusch et al., 2020).

Studies found that the levels of IL-4 in IGM patients were not
significantly different from those in normal patients; however, other
inflammatory cytokines such as interleukin-8 (IL-8) and IL-10
showed significant differences increased (Koksal et al., 2020). It
has been established that IL-4 functions to stimulate the
proliferation of B lymphocytes as early as 1982 (Howard et al,
1982). A clinical study constructed a knowledge graph related to
traditional Chinese medicine. Based on this knowledge graph, the
study identified a compound prescription consisting of eight herbs:
Fructus forsythiae, Herba violae, Uniflower swisscentaury root,
Danshen, Astragalus, Taraxacum, Liquorice, and Honeysuckle.
This prescription was used to treat patients with PCM. The
findings indicated that, in comparison to Western medicine
methylprednisolone,  the herbal
demonstrated superior efficacy and a lower recurrence rate.
Moreover, serum levels of IL-2, IL-4, IL-6, IFN-y, interleukin-1f
(IL-1B), and TNF-a were markedly diminished in the group

Chinese formulation

receiving Chinese herbal treatment medicine (Liu C. et al., 2023).
Research focused on breast microecology and metabolomics has also
demonstrated that the traditional Chinese medicine compound
Yanghe-Tang exhibits superior efficacy in the treatment of PCM.
During this process, the expression of IL-4 and IL-6 in the patients
also decreased obviously (Ma et al., 2025). However, this study
observed an increase in the levels of IgA, IgM, and IgG in patients
within the treatment group receiving the Chinese medicine
compound. This variance may be attributable to differing
activation statuses of downstream pathways and the various
stages involved in PCM. Metabolomics analysis revealed that
Yanghe-Tang modulates key inflammatory metabolites (such as
9,10-epoxyoctadecenoic acid, 4,5-dihydroorotic acid,
glycerophosphocholine, and arachidic acid). Studies have also
demonstrated that IL-4 can induce B lymphocytes to synthesize
IgE as well as a small quantity of IgG4 (Péne et al.,, 1988). And it is
associated with the proliferation of B lymphocytes in immature
human fetuses, as well as the Ig isotype conversion (Punnonen and
de Vries, 1994). A study utilized alpha-galactosylceramide to activate
NKT cells, resulting in the promotion of IL-4 secretion. This
activation could subsequently stimulate Th2 cells and inhibit the
differentiation of Th1 cells, thereby promoting Th2-like responses
(Sharif et al., 2001). Furthermore, IL-4 possesses the ability to
activate macrophages via exosomes, inducing their polarization
towards the M2 phenotype. This process subsequently enhances
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fat metabolism and mitochondrial activation, thereby exerting anti-
inflammatory effects (Phu et al, 2022). In specific rheumatic
autoimmune diseases, it is incontrovertible that IL-4 plays a
significant role (Chen et al., 2019; Twaszko et al., 2021). Although
the downstream pathways and IL-4 activation mechanisms are not
fully understood, IL-4 plays a significant role in PCM-related
biological processes. The primary characteristics and pathogenesis
of PCM involve excessive activation and differentiation of B
lymphocytes into plasma cells. The infiltration of plasma cells
into mammary ducts and decreased IL-4 levels may slow PCM
progression by suppressing B lymphocyte activation. However, the
specific effects of IL-4 on PCM require further investigation.

IL-5, which facilitates eosinophil lineage proliferation through
transport amplification pathways (Jorssen et al., 2024), is closely
associated with type 2 inflammatory responses (Gandhi et al., 2016).
A study examined respiratory diseases exacerbated by aspirin and
concluded that IL-5 may influence the proliferation and
differentiation of B lymphocytes into plasma cells. Therefore,
inhibiting the interaction between IL-5 and IL-5R could
potentially decrease plasma cell infiltration in respiratory tissues
extent (Buchhei et al., 2020). The activation effects of IL-5 on plasma
cells were also demonstrated previously in 2008 (Emslie et al., 2008).
Nevertheless, regarding benign breast diseases, particularly PCM,
research concerning IL-5 is exceedingly scarce. This may be
attributed to the fact that the function of eosinophils in PCM
inadequately further
investigation in the future.

remains understood,  necessitating

IL-13 has previously been recognized as a pivotal regulator of
allergic inflammatory responses; it exhibits similar functions to IL-4,
as they share a common receptor subunit, specifically the alpha
subunit of IL-4R (Hershey, 2003). IL-13 may function to stimulate
the proliferation of B lymphocytes (McKenzie et al., 1993). This
function may promote the production of plasma cells and aggravate
local plasma cell infiltration in PCM. Furthermore, it can also induce
the phosphorylation of STATS6, thereby facilitating macrophage
polarization towards the M2 phenotype (Rahal et al., 2018). Most
contemporary research on IL-13 concentrates on atopic dermatitis
and associated conditions. Lebrikizumab demonstrates its
therapeutic efficacy by specifically targeting IL-13 (Jandova et al.,
2025; Abraheem et al., 2025; Mitroi et al,, 2024). An increasing
number of studies suggest that IL-13 is a pro-inflammatory cytokine
primarily impacting epithelial cells, smooth muscle cells, and similar
cell types. Additionally, it has the potential to exacerbate
eosinophilic airway inflammation (Nakagome and Nagata, 2024).
However, research regarding the effects of IL-13 on PCM remains
scarce. We anticipate that this may emerge as a new area of
into the roles of IL-4 and IL-13 in the

pathogenesis of PCM.

investigation

In cases of benign breast diseases, a study compared serum
interleukin-33 (IL-33) levels among a healthy population, patients
with GLM, and breast cancer patients. No statistically significant
difference was observed; however, serum IL-33 levels in patients
with GLM and breast cancer were higher than those in the healthy
group population (Haghbin et al.,, 2023). However, another study
found that IL-33 levels in the serum of IGM patients were
significantly higher than those in breast cancer patients (Yigitbasi
et al,, 2017). This might serve as one of the indicators of benign
breast diseases. IL-33 is a member of the Interleukin-1 (IL-1) family.
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It can be released in response to tissue damage; however, it is not the
cytokine secreted by Th2 cells. IL-33 can promote the maturation of
eosinophils (Johnston and Bryce, 2017) and regulate basophil
granulocytes (Valent, 2009). Furthermore, it can also augment
both
responses. In conjunction with IL-12, it stimulates NK cells and
NKT cells to produce IFN-y (Smithgall et al., 2008). Since it is an
alarm protein produced in response to tissue damage, necrosis, and

antigen-dependent and antigen-independent T cell

similar conditions, and is scarcely secreted by live cells under steady
conditions, studies suggest it is a form of DAMP (Fourni¢ and
Poupot, 2018). It can bind to the ST2 receptor, which is expressed on
the surface of Th2 cells, thereby stimulating Th2 cell activation and
promoting the secretion of anti-inflammatory cytokines such as IL-
4, IL-5, and IL-13 (Lukens et al., 2012). Perhaps this is associated
with various stages of disease. Current research suggests that the IL-
33/ST2 axis can activate DCs, macrophages, and neutrophils
(Guinther et al., 2017; Liew et al., 2016). And its secretion is not
restricted by the level of differentiation of Th2 cells. Recent studies
have demonstrated that IL-33 can promote macrophage polarization
towards the M2 phenotype and facilitate the resolution of
inflammation through metabolic reprogramming. This process
may be associated with the role of IL-33 in response to cellular
stimuli death (Faas et al., 2021). Nevertheless, research concerning
IL-33 in PCM remains scarce; however, it may develop into a new
area of study in the pathogenesis and treatment of PCM.

4.1.1.3 Thl7 cells

TGF-p and IL-6 facilitate the polarization of naive T
lymphocytes towards Thl7 cell subtypes. Thl7 cells are
capable of secreting specific cytokines, namely, interleukin-
17 (IL-17) and a modest amount of IFN-y. A domestic study has
identified that the serum levels of IL-17 in PCM patients are
significantly elevated compared to healthy women.
Furthermore, IL-17 levels are correlated with various clinical
stages of PCM, with higher levels observed in the acute
and abscess phases relative to other stages. IL-17 is involved
in neutrophil proliferation, maturation, migration, and
other processes. Furthermore, it can induce a substantial
production of pro-inflammatory cytokines such as IL-6, IL-8,
and TNEF. Additionally, it

granulopoiesis and the maturation of DCs (Nakae et al., 2002).

contributes to promoting

A study investigated the serum levels of IL-17 in patients
with IGM and observed that these levels were elevated in IGM
patients compared to healthy individuals (Koksal et al., 2020).
Another study determined that the levels of interleukin-23 (IL-
23) and interleukin-22 (IL-22) in IGM patients exhibited
statistically significant differences compared to the healthy
control group, whereas no difference was observed in IL-17
levels (Saydam et al., 2021). The disparate outcomes observed
in these two studies may be attributable to the differing stages
of IGM patients. Nonetheless, they all suggest that Th17 cells
and their associated cytokines are significant in benign breast
diseases, particularly in non-lactating mastitis. A case-control
study also examined the disparity in cytokine levels between
breast tissues from PCM patients and paraneoplastic normal
tissues in other benign breast diseases. Unfortunately, they did
not observe a statistically significant difference in IL-17A levels
between the two (Liu et al., 2017). As the majority of specimens

Frontiers in Cell and Developmental Biology

10.3389/fcell.2025.1727675

in this study were already at advanced stages of PCM abscess
development, it was not feasible to determine whether
Th17 cells contributed to PCM pathogenesis. Although
current research on the mechanisms underlying the
relationship between PCM and IL-17 remains somewhat
IL-17 is an

indisputable fact. Further investigation into the role of IL-17

unclear, the pro-inflammatory role of

in the progression of PCM is necessary in future studies.

4.1.1.4 Tfh cells

Tth cells predominantly reside within lymph nodes or the
spleen. They play a crucial role in promoting the maturation of
B lymphocytes, antibody class recombination, hair growth
formation, and the production of memory B
lymphocytes in the bloodstream (Shekhar and Yang, 2012).
Tth cells are capable of producing interleukin-21 (IL-21), C-X-
C chemokine receptor-5 (CXCR-5), and Programmed Death-1
(PD-1). They facilitate the differentiation of B lymphocytes
within the hair growth center into plasma cells or memory

center

B cells (Crotty, 2014). Furthermore, they can induce increased
glycolysis (Sharabi et al., 2020). A study used baicalin from
Chinese herbs to treat lupus nephritis in mice. It inhibited Tth
cell proliferation and lowered IL-21 levels, showing anti-
inflammatory effects (Yang et al., 2019). A study additionally
discovered that inhibiting the differentiation of Tfh cells
may contribute to a reduction in colonic inflammation
(Zhang et al, 2019). The preceding statement indicates
that Tfh cells might serve a pro-inflammatory function in
the advancement of inflammation and are intrinsically
linked to plasma cell production. The role of Tfh cells in
benign breast diseases is unclear, and no studies have
explored their link to PCM pathogenesis. Further research is
if Tfh
progression diseases.

needed to see cells influence benign breast

4.1.2 Treg cells

Treg cells are a type of immunomodulatory cell governed by the
transcription factor Foxp3. A study isolated CD4" T lymphocytes
from breast tissues of NPM patients. It observed a decrease in the
levels of Treg cells, which exert anti-inflammatory effects, while the
levels of Th17 cells, which exert pro-inflammatory effects, increased.
The disruption of this balance may be a major mechanism in the
onset of NPM and its prolonged progression (Zhao et al., 2023).
However, this study did not differentiate GLM and PCM for
independent analysis. Furthermore, research has demonstrated
that Treg cells can induce macrophages to secrete IL-10 through
the secretion of IL-13. Subsequently, IL-10 can modulate the
autocrine-paracrine pathways of GTPases, thereby enhancing the
phagocytosis and internalization of apoptotic cells by macrophages,
which in turn promotes the regression of inflammation (Proto et al.,
2018). Furthermore, IL-10 possesses intrinsic anti-inflammatory
properties; it mitigates the overactivation of immune cells and
the secretion of pro-inflammatory cytokines. Additionally, it
plays a role in maintaining the immune equilibrium and
facilitating the resolution of inflammation by regulating fatty acid
(York et al, 2024). Although the regulatory
mechanisms underlying the transcriptional properties of Treg

homeostasis

cells are not fully understood, their anti-inflammatory function
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Possible mechanisms of action of different types of T lymphocytes on PCM
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Potential mechanisms of action of various types of T lymphocytes on PCM. Thl and Th2 cells have opposing functions and regulate each other.

Thl cells promote inflammation by secreting IFN-y, activating the JAK pathway, and promoting macrophage polarization into M1 macrophages, thus
playing a pro-inflammatory role. Th2 cells inhibit Thl differentiation and secrete cytokines that promote B lymphocyte maturation into plasma cells,
exacerbating local plasma cell infiltration of PCM. Th17 and Treg cells have opposite functions and regulate each other. Th17 cells are activated by
TGF-B and IL-6, stabilized by IL-23, and secrete IL-17 and IFN-y, promoting cytokine secretion and cell maturation. Treg cells, activated by Foxp3, secrete
IL-13, encouraging IL-10 production by macrophages for anti-inflammatory effects [Created with BioGDP.com (Jiang et al., 2025)].

has been substantiated by numerous studies (Ding et al., 2022).
Focusing on benign breast diseases, a prior study employed
flow cytometry to analyze the expression of Foxp3 on Treg cells
across various disease stages in IGM patients. The study found
that Foxp3 expression decreased during both active and
remission phases when compared to the normal control
group (Ucaryilmaz et al., 2022). This conclusion has also
been corroborated by another study, which determined that
the levels of Treg cells in the serum of IGM patients were
markedly lower than those in the healthy population (Dogan
et al.,, 2023). A study employing the two-sample Mendelian
randomization methodology indicated that an elevation in Treg
cell-associated cytokines could be linked to a reduced risk of
mastitis (Chen et al., 2024a). Although the mastitis case data
incorporated in this study were not exclusively limited to PCM,
the influence of Treg cells on the breast microenvironment and
the significant
important. The mechanism of ozone therapy for IGM is also

progression of inflammation remained
associated with an increase in the levels of Treg cells (Cabioglu

et al., 2023). Future research should focus on elucidating the
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specific mechanisms by which Treg cells contribute to the
pathogenesis and progression of PCM (Figure 2).

4.1.3 CTLs

CTLs induce apoptosis through the secretion of perforin and
granzyme. Furthermore, the Fas ligand (FasL) is expressed on the
surface of CTLs; it can bind to the Fas receptor on the target cell’s
surface, subsequently activating the apoptosis signaling pathway.
CTLs are significant effector cells involved in initiating apoptosis
and inflammatory responses, while memory CD8* T lymphocytes
enable to respond rapidly upon subsequent encounters with the
same antigen (Harty et al, 2000). CTLs can also secrete pro-
inflammatory cytokines such as IFN-y and TNF-a, which may
exacerbate autoimmune and inflammatory responses. A study
observed no significant statistical difference in the levels of CD8"
T lymphocytes in peripheral blood between patients with GLM and
healthy individuals (Xie et al., 2025). Nevertheless, another study
identified the widespread infiltration of CD8 lymphocytes within the
pathological tissues of IGM (Deng et al., 2017). This phenomenon
may be associated with various stages of the disease and could
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represent a distinguishing feature between IGM and GLM. Although
a study indicated that the levels of CD8" T lymphocytes in the
pathological tissues of PCM were lower than those in GLM, this
difference was not statistically significant (Zhou et al, 2024c).
Furthermore, it is unfortunate that the study solely focused on
variations among different disease types in NPM. It did not include a
comparison with a healthy population, thereby rendering it difficult
to determine whether CD8" T lymphocytes infiltrate PCM lesions.
The investigation into ozone therapy for refractory IGM also
revealed that the levels of TNF-a and CD8" T lymphocytes
secreted into the peripheral blood of patients with refractory
IGM significantly increased following ozone treatment (Cabioglu
etal,, 2023). This phenomenon may be associated with the depletion
and diminished cellular reactivity of CD8" T lymphocytes induced
by the prolonged and repeated antigenic exposure stimulation
(Zhang B. et al, 2024). Hence, the depletion of CD8" T
lymphocytes should be taken into account when investigating the
pathogenesis of recurrent conditions PCM. A study employed the
transmission electron microscope and determined that the
pathogenesis of GLM is associated with an inflammatory
response induced by cellular pyroptosis. This process involves
cysteinyl aspartate-specific protease-1 (caspase-1) (Zuo et al,
2021), a member of the caspase family similar to caspase-8,
which is activated during apoptosis induction by CTLs through
the Fas pathway. Caspase-1 is associated with apoptosis and
autophagy. Despite this, the current understanding of whether
the caspase family contributes to PCM and the specific
mechanisms involved remains incomplete. Nevertheless, the role
of CTLs in PCM and the underlying mechanisms continue to
represent a promising direction for future research.

4.2 B lymphocytes

An essential pathological hallmark of PCM is the extensive
differentiation and aggregation of plasma cells (Zhang et al,
2022). B lymphocytes can differentiate into plasma cells and
subsequently produce antibodies that erroneously target their
own tissues. A study employed immunohistochemical techniques
and observed the overexpression of CD20" B lymphocytes in tissue
of PCM (Zhou et al, 2024c). Furthermore, the substantial
accumulation of plasma cells within breast tissue consistently
exacerbated the local inflammatory responses to certain stimuli
extent. A study established that the infiltration of plasma cells in
PCM tissues of mice administered with the anti-inflammatory agent,
sinomenine hydrochloride, diminished and exhibited a dose-
dependent relationship (Liu et al, 2020). Despite the over-
differentiation and activation of plasma cells, their anti-apoptotic
properties may also contribute to the recurrent and prolonged
nature of PCM. This characteristic is closely linked with B-cell
lymphoma-2 (Bcl-2), a gene that suppresses apoptosis. Plasma cells
are among the target cells of Bcl-2. Elevated levels of Bcl-2 protein
can enhance the anti-apoptotic properties of plasma cells, potentially
leading to a range of plasma cell-related diseases through
mechanisms such as calcium conduction pathways (Vervliet
et al, 2016; Alvanidis et al, 2025). A study revealed that in
successfully induced mouse PCM models, the levels of Bcl-2
protein in lesion tissues increased (Liu et al., 2018). Over-
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activated plasma cells secrete large amounts of immunoglobulins
like IgG and IgM, potentially attacking tissues and triggering a
resistant inflammatory cycle healing. Nevertheless, current research
concerning the specific antibody types present in the lesion tissues of
PCM, as well as potential category shifts among these antibodies,
remains scarce. Furthermore, the mechanisms by which plasma cells
influence PCM, the detailed pathways of relevant immune signaling,
and the interactions between T cells and plasma cells constitute areas
that require further investigation. These aspects should be explored
more profoundly in future studies (Figure 3).

5 Potential targets for immunotherapy
of PCM

5.1 The balance of M1/M2, Th1/Th2 and
Thl7/Treg

The immune equilibrium and inflammatory responses are
contingent upon the balance among various polarization states in
macrophages, referred to as the M1/M2 balance. A study discovered
that macrophages have the capacity to transition between various
polarization states. In our prior description, there was a significant
expression of M2 macrophages in the tissues of PCM (Kong et al.,
2020). A study discovered that the polarization of M1 macrophages
may contribute to the progression of inflammation (Ji et al., 2023),
whereas inhibiting M1 macrophages or encouraging their
transformation into M2 macrophages facilitated a reduction in
inflammatory responses (Wang et al., 2018; Cai et al., 2020; Van
den Bossche etal., 2016; Yu et al., 2024). Although it is challenging to
determine whether a difference exists in the M1/M2 ratio between
tissues in PCM and healthy populations, we can hypothesize the
following. Regardless of the pro-inflammatory or anti-inflammatory
effects
the disruption of this balance may constitute one of the

exerted by various macrophage polarization states,
mechanisms underlying persistent inflammatory responses in
PCM lesions. Furthermore, this ratio could serve as a prognostic
indicator for the progression of PCM. In future research, the
modulation of this balance may become a primary focus in the
treatment of PCM.

It is analogous to the M1/M2 balance, wherein Th1 and Th2 cells
primarily have opposing roles in the inflammatory process response.
A study employed flow cytometry to isolate CD4" T lymphocytes in
NPM lesion tissues and observed an increase in pro-inflammatory
cytokine expression alongside a decrease in anti-inflammatory
cytokine expression. This finding suggests a disruption in Thl1/
Th2 immune balance (Zhao et al., 2023). This imbalance has also
been demonstrated in other studies or the pathogenesis of GLM
(Zheng B. et al., 2022). It is anticipated that the inflammatory
regression of PCM may be facilitated through the regulation of
the Th1/Th2 balance in the future.

Th17 cells and Treg cells constitute a pair of cell types that
mutually regulate one another and predominantly exert antagonistic
effects in the inflammatory response. An imbalance of Th17/Treg
has also been observed in lesion tissues NPM (Zhao et al., 2023).
Different signal pathways may cause the shift in Th17/Treg balance
and subsequently trigger autoimmune diseases (Lee, 2018; Chen
et al,, 2024b). Current research concerning the imbalance of Th17/
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The key role of plasma cell differentiation and IL-6. DAMP mode activates B lymphocytes, providing antigenic signals that promote their
differentiation into plasma cells and antibody production, which worsens local damage. IL-6, produced by T lymphocytes, M1 macrophages, epithelial
cells, B lymphocytes, granulocytes, and DCs, activates the JAK2/STAT3 pathway to promote plasma cell survival and differentiation, and the PIZK/Akt/
mMTOR pathway for inflammation. IL-6 also directly promotes B lymphocyte differentiation into memory B lymphocytes and plasma cells [Created

with BioGDP.com (Jiang et al., 2025)].

Treg in PCM and its potential mechanisms remains scarce and
warrants further investigation in future studies (Figure 2).

5.2 Complement system

A study observed that the levels of C3/C3a, C3a receptors
(C3aR), C5/C5a, and Cb5a receptor 1 (C5aR1) were elevated in
the lesion tissues of PCM and GM. It suggests activation of the
complement system during the pathogenesis of PCM (Li X. Q. et al,,
2022). Inflammatory factors mediated by C3 have also been regarded
as a contributing factor in the pathogenesis of GLM (Xie et al., 2025).
A study identified the presence of MAC in the cell membrane of
mammary ductal epithelial cells; additionally, epithelial cell injury
and apoptosis were observed in the lesion tissues of PCM. This
process may be mediated by MAC (Zhang et al., 2022). All of these
observations indicate that activation of the complement system may
contribute to the exacerbation of inflammation in PCM. Therefore,
further research is needed in the future to investigate the role of the
complement system in the course of PCM (Figure 4).
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5.3 Exosomes

Exosomes have the capacity to transfer various substances, such
as proteins, lipids, and others, to recipient cells, thereby eliciting
specific immunomodulatory effects or inducing inflammation
responses (Chan et al., 2019). A study discovered that exosomes
derived from mammary epithelial cells have the capacity to activate
the
macrophages towards the pro-inflammatory M1 subtype, thereby

downstream pathways and promote polarization of
exacerbating local inflammation responses (Ji et al., 2023; Cai et al,,
2020). In the aforementioned study of the complement system, it
was observed that although there was no significant difference in the
expression of C3a and C5a in the serum of PCM patients. However,
these proteins were highly expressed in the exosomes. This
phenomenon may be associated with the development and
dissemination of the inflammation (Li X. Q. et al, 2022).
Furthermore, a substantial expression of MAC in exosomes was
also identified in PCM patients (Zhang et al, 2022). A study
inhibited the secretion of exosomes and observed that the local
inflammatory cell infiltration was significantly attenuated in mouse
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(Jiang et al., 2025)].

models of PCM (Wang et al., 2019). A similar phenomenon was also
identified in research pertaining to general inflammatory diseases of
the breast (Lu et al., 2023). A study also indicated that the expression
of the inflammatory vesicle NLRP3 in lesion tissues of PCM mouse
models was significantly elevated. Conversely, the expression of the
pro-inflammatory factor IL-1B was notably downregulated
following inhibition NLRP3 (Sun et al, 2024b). However, this
study does not examine whether the relationship between this
inflammatory vesicle and exosomes extends to PCM. The
involvement of exosomes in macrophage polarization and
complement regulation suggests this intercellular communication
could be a promising research avenue for PCM pathogenesis and
therapy (Figure 4).

5.4 Circadian rhythms of immune cells

In recent years, circadian rhythms have emerged as a
prominent area of research; the biological clock plays a
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significant regulatory role in the functioning of nearly all
tissues and organs. Disruption of circadian rhythms may
result in either hyperactivity or weakened immune
responses, potentially leading to certain pathological changes
(Fagiani et al., 2022). A study suggested that the process by
which lymphocytes circulate to detect antigens is also aligned
with circadian rhythms, which may influence the adaptive
immunity (Druzd et al, 2017). Despite the fact that
lymphocytes, DCs, and neutrophils also exhibit circadian
rhythms [207], leukocyte homeostasis and their migration to
inflamed tissues also demonstrate certain circadian patterns
[208]. All of these processes are linked to clock genes.
Consequently, it can be inferred that both innate and
adaptive immune cells possess their own biological clocks,
which play a crucial role in inflammatory responses and
anti-tumor mechanisms. However, no research currently
establishes a connection between this cell

characteristic and the initiation and progression of PCM;

immune

further investigation may be required in future studies.
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TABLE 1 Important biomarkers and their potential mechanisms of action.

Biomarker Expression levels Potential mechanism Sources of evidence
in PCM
1IL-4 Increased Promote Th2 cell differentiation Howard et al., 1982; Zhu (2015), Ma et al. (2025),
Promote B lymphocytes proliferation (the downstream Phu et al. (2022), Liu et al. (2023b)

pathway is not clear)
Promote M2 macrophage polarization

IL-6 increased Activate JAK2/STAT3 signaling pathway Ma et al. (2025), Liu et al. (2023b)
Further activate PI3K/AKT/mTOR signaling pathway
(the specific mechanism is unknown)
Promote Th17 cell differentiation

IL-12A Increased Promote Thl cell differentiation Liu et al., 2017; Dong (2021), Zhao et al. (2022)
Enhance antigen-presenting capacity

IFN-y Increased Promote Thl cell differentiation Karki et al. (2021), Jin et al. (2024), Liu et al. (2023b)
Activate JAK/STAT1/IFN1 signaling pathway
Promote M1 macrophage differentiation

TNF-a Increased Proinflammatory response Karki et al. (2021), Liu et al. (2023b)

1L-17 Increased Promote neutrophil proliferation Nakae et al. (2002)
Promote IL-6 secretion
Promote TNF-a and secretion
Promote DCs maturation

C3/C3a, C5/C5a Increased Formation of MAC and pro-inflammatory outcomes Zhang et al. (2022), Li et al. (2022a)

5.5 The activation of immune cytokines and  aetiology of PCM. Research indicates that the expression of IL-
Slg nal pathways 6 exhibits a significant positive correlation with the expression
of p-STATS3 in lesion tissues of PCM patients (Liu et al., 2015).
5.5.1 IL-6 and IL-6/JAK2/STAT3 signal pathway A study using network pharmacology to explore herbal
IL-6 is a significant pro-inflammatory cytokine; its excessive =~ combinations, Shugan-Sanjie decoction, for the treatment of
secretion has the potential to exacerbate tissue inflammation and ~PCM also demonstrated that the expression levels of IL-6
cause localized damage (Kang et al,, 2019). A study determined that ~ protein, p-JAK2/JAK2, and p-STAT3/STAT3 significantly
in mouse models of mastitis induced by lipopolysaccharide (LPS),  increased in the model group. In contrast, these levels
there was a significant increase in IL-6 levels. Furthermore, the  decreased following the intervention. Among them, active
attenuation of the inflammatory response following treatment with ~ components such as quercetin, luteolin, and kaempferol
anti-inflammatory agents was closely associated with a reduction in ~ exert important anti-inflammatory effects (Nan et al., 2022).
IL-6 levels (Lai et al,, 2017). A study concerning clinical mastitisand ~ Although this signalling pathway is instrumental in the
subclinical mastitis in cattle also determined that the levels of IL-6  differentiation and survival of plasma cells, the precise
are significantly elevated increased (Vitenberga-Verza etal,, 2022). It effects it exerts on the onset and various stages of PCM
can be inferred that, in the pathogenesis of PCM, M1 macrophages  remain unclear. Further research into this pathway is
may secrete IL-6. Subsequently, IL-6 can activate B lymphocytes, — warranted, and it may serve as a potential therapeutic target
promoting their proliferation and differentiation into plasma cells  in the future.
that secrete large quantities of antibodies, potentially resulting in
damage to normal tissues. IL-6 is involved in the activation of Th ~ 5.5.2 PI3K/Akt/mTOR signal pathway
cells, encouraging their differentiation into Th17 cells. These Phosphoinositide 3-kinase (PI3K) is also a downstream cytokine
Th17 cells can produce IL-17 and IFN-y, which further  of JAK (Hou et al, 2018). A study discovered that activation of the
exacerbate inflammatory responses. Moreover, IL-17 can enhance  PI3K/Akt/mTOR signaling pathway contributes to the induction of
the maturation of granulocytes and DCs, as well as stimulate the  inflammation and facilitates the nuclear translocation of nuclear
secretion of IL-6, creating a positive feedback loop that amplifies  factor kappa-B (NF-kB). It also promotes the secretion of numerous
local tissue inflammation damage. pro-inflammatory cytokines, thereby exacerbating inflammatory
IL-6 can bind with its specific receptors, subsequently activating ~ responses in tissues (Kim et al., 2017). A notable upregulation of
downstream JAK2. This activation leads to the phosphorylation of ~ p-Akt and p-mTOR in lesion tissues of PCM has been observed in a
the transcription activator STAT3. A study successfully established ~ study employing immunohistochemical techniques and Western
murine PCM models through the activation of the IL-6/JAK2/  blot analysis. This finding suggests that activation of the PI3K/Akt/
STAT3 signaling pathway (Liu et al, 2018). Furthermore, the =~ mTOR signaling pathway plays a significant role in the pathogenesis
aforementioned study established that IL-6 levels in the diseased  of PCM and may be associated with JAK activation (Wang et al.,
tissues of the PCM mice, which were treated with the pathway  2019). However, the specific mechanisms of the PI3K/Akt/mTOR
inhibitor AG-490, were significantly decreased. This finding  signaling pathway and its relationship with the IL-6/JAK2/
indicates that this signalling pathway played a pivotal role in the =~ STAT3 signaling pathway, as well as NF-kB, require further
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Breast duct microenvironment in normal breast tissue and PCM tissue. Local PCM presents with skin erythema, fever, and pain. Its pathology shows

dilated mammary ducts with extensive plasma cell and lymphocyte infiltration. In the center, a normal mammary duct displays well-organized ductal
epithelial cells, normal myoepithelial gaps, an intact basement membrane, and minimal immune cell infiltration. Traumatic injuries, hyperprolactinaemia,
or nipple inversion alter the local immune microenvironment, activating DAMPs, innate immune cells, and macrophages into M1. APCs stimulate

adaptive immunity, differentiating T cells and secreting cytokines, mostly pro-inflammatory, which aggravate lymphocyte infiltration and tissue damage in
mammary ducts. The epithelial cells of the mammary ducts are disrupted after injury, some necrotic, with basement membrane damage, loss of integrity,
and immune cell infiltration [Created with BioGDP.com (Jiang et al., 2025)].

investigation. It may become feasible to treat PCM by modulating
these signaling pathways through immune-targeted approaches in
the future.

6 Conclusions and outlook

As a form of aseptic inflammatory disease, the diagnosis and
treatment of PCM lack specific indicators. Nonetheless, current
evidence robustly supports its classification as a type of autoimmune
disorder. A significant involvement of immune factors, particularly
related immune cells, is evident in the pathogenesis and various
stages of PCM.

Based on current research, we suggest that the DAMP mode
plays an important role in the pathogenesis of PCM. Recognized
factors such as trauma, hyperprolactinaemia (Peters and Schuth,
1989) and inverted nipple deformities can release DAMP, thereby
activating local autoimmune responses via Toll-like receptors and
other pathways. This process can rapidly activate the innate immune
cells in mammary tissues: macrophages can polarize into the pro-
inflammatory M1 subtype and subsequently secrete inflammatory
factors such as IL-2, IL-6, IL-12, among others. A substantial
DCs are
activated and serve as vital APCs to initiate adaptive immune

recruitment of neutrophils occurs at lesion sites.
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responses. NK cells can secrete IFN-y and TNF-qa, thereby
promoting early inflammatory progression.

Subsequently, within the context of MHC-II molecules,
activated APCs can present antigens, thereby facilitating the
differentiation of T lymphocytes into Th cells. Among these, IL-
12, secreted by M1 macrophages, plays a pivotal role in markedly
promoting Thl cell differentiation. IFN-y secreted by Thl cells
participates in the formation of two critical positive feedback loops.
Firstly, IFN-y—along with that secreted by NK cells—further
promotes the differentiation of Thl cells. Secondly, IFN-y also
enhances the polarization of M1 macrophages. This mutually
reinforcing mechanism induces a substantial increase in TNF-a
levels in local tissues, thereby significantly aggravating tissue
inflammation and damage. TGF-B and IL-6 within the
microenvironment promote the differentiation of Thl7 cells,
which subsequently secrete IL-17 and IFN-y. IL-17 not only
directly exacerbates tissue damage, recruits additional immune
cells (such as granulocytes), and promotes DC maturation, but
also positively stimulates thereby
establishing a cycle that perpetuates an inflammatory state.

ongoing IL-6 secretion,

During a sustained immune response in tissues, many cytokines
(such as IL-6) activate downstream signaling pathways (such as
JAK2/STAT3 and PI3K/Akt/mTOR), promote NF-kB activation
and secretion, and further amplify inflammatory responses. These
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signals simultaneously induce B lymphocytes to differentiate into
plasma cells, while Th cells also participate in this process and
ultimately cause plasma cells to secrete autoantibodies that attack
breast tissues. The complement system is activated in this process,
and its end product, MAC, then promotes the localized, dense
infiltration of neutrophils and macrophages, which is closely
associated with the destruction of breast ductal epithelial cells.
Furthermore, intercellular communication facilitated by exosomes
persistently transmits inflammatory signals and encourages the
dissemination of inflammation. It is noteworthy that bacterial
infections complicating the later stages of PCM are likely
associated with the disruption of ductal epithelial integrity caused
by the initial immune response.

Although the activation of M2 macrophages, Th2 cells, and Treg
cells is theoretically indicative of the initiation of anti-inflammatory
and reparative processes, in the actual pathology of PCM, this is not
sufficient to reverse inflammation. Instead, the pro-inflammatory
cytokine which by
M1 macrophages, Thl cells, and Th17 cells, becomes dominant.

network, is  predominantly driven
It establishes a self-perpetuating cycle that is challenging to
interrupt. These “pro-inflammatory factor storms” may result in
cytokine
inflammatory responses or lead to lymphocyte depletion and

insufficient concentrations necessary for anti-
functional impairment, thereby hindering the activation and
efficacy of anti-inflammatory mechanisms effectively. In the table
below, biomarkers that play critical roles in PCM lesion tissues and
their potential mechanisms of action are summarized (Table 1).
It must be acknowledged that, as a form of non-bacterial,
autoimmune inflammatory disease, the precise pathogenesis of
PCM has not yet been fully elucidated. The absence of
recognized animal models and the statistically significant
individual differences present challenges for comprehensive
of

with exacerbated

research. Although evidence associates increased levels
M1 Thl, and Thl7 cells
inflammation, the activation of M2 macrophages, Th2, and Treg

macrophages,

cells contributes to its reduction inflammation. However, the
specific mechanisms of action, inter-regulation, and equilibrium
(such as the balance of M1/M2, Th1/Th2, and Th17/Treg) in the
progression of PCM require further investigation. Furthermore,
significant research gaps persist in numerous critical areas. The
functions of neutrophils and the NETSs they release remain largely
unexplored. The role of the cytokine IL-4, which exhibits dual
actions, is still not well understood. Tth cells, which are essential
in promoting B lymphocyte responses and antibody production,
have not yet been studied in relation to the development of PCM.
Additionally, the potential of exosomes as therapeutic targets
requires further validation (Figure 5).

In conclusion, the current understanding of the specific
mechanisms involved in the role of immunological factors in the
pathogenesis of PCM remains limited. Future research should
concentrate on a comprehensive analysis of the fundamental
connections within the immune network to validate and enhance
the aforementioned pathogenesis framework. Additionally, there
should be active exploration of immune-related diagnostic markers
and therapeutic targets based on this understanding, with the
ultimate aim of developing more precise and efficacious
therapeutic strategies PCM.
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