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Abstract: Organ transplantation is an indispensable therapeutic approach for patients experiencing
end-stage organ failure. Despite ongoing advancements and refinements in immunosuppressive
therapies aimed at mitigating graft rejection and enhancing graft longevity, environmental influences
including particulate matter 2.5 (PM2.5) have emerged as significant determinants of post-transplant
health. PM2.5, a prevalent environmental contaminant, is particularly concerning due to its
widespread presence and detrimental biological effects. Notably, the living environment of
transplant recipients further exacerbates the complexity of post-transplant outcomes. Evaluating
findings from recent investigations, this review delves into the influence of PM2.5 exposure on the
immune system. The findings identify its capacity to provoke systemic inflammation, disrupt
cytokine profiles, and compromise immune tolerance mechanisms. Such immune dysfunction poses
direct risks to graft integrity, with potential implications for both graft health and the prospects of
achieving long-term graft survival in affected patients.

Keywords: Particulate Matter 2.5; Immunosuppressive therapy; Environmental Pollution; Chronic
rejection; Systemic Inflammation; Macrophages; Immune tolerance

1. Introduction

Air pollution represents a significant global health challenge, contributing to a multitude of
serious medical conditions and diminished life expectancy. Key pollutants include carbon monoxide
(CO), sulfur oxides (50,), nitrogen oxides (NO,), ozone (Os), and airborne particulate matter (PM)
[1]. Among these, PM2.5, defined as particulate matter with an aerodynamic diameter of 2.5 microns
or less, is particularly detrimental. It is associated with various adverse health outcomes, including
cerebrovascular, cardiovascular, pulmonary, hepatic, renal diseases, malignancy, graft
complications, and increased mortality [2]. The World Health Organization (WHO) attributes over
seven million premature deaths annually to air pollution, with PM2.5 being especially hazardous due
to its ability to penetrate deep into the respiratory system, traverse the alveolar barrier, and
subsequently enter systemic circulation, thereby affecting multiple organ systems [3]. The health
complications of PM2.5 exposure are extensive, encompassing respiratory and cardiovascular
diseases, neurological disorders, graft complications, and carcinogenesis. Epidemiological research
has indisputably demonstrated a strong correlation between PM2.5 exposure and elevated rates of
morbidity and mortality worldwide, particularly in urban and industrial settings characterized by
high pollution levels. The deleterious effects on health can largely be attributed to the small size and
aerodynamic properties of PM2.5, which facilitate its evasion of the body’s innate defense
mechanisms and allow for deep lung penetration. Upon inhalation, these particles incite localized
inflammatory responses, which can rapidly escalate to systemic inflammation [4]. PM2.5 comprises
various toxic constituents, including heavy metals, polycyclic aromatic hydrocarbons, and organic
compounds [5-7]. Research indicates that these particles not only provoke inflammation and
oxidative stress in the lungs but also adversely affect endothelial function and promote vascular
inflammation, critical mechanisms in the pathogenesis of cardiovascular disease [8,9]. Moreover,
PM2.5 exposure is implicated in the initiation and progression of conditions such as atherosclerosis,
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hypertension, and myocardial infarction, establishing it as a notable risk factor for cardiovascular
morbidity and mortality [9]. Beyond cardiovascular implications, PM2.5 exposure has been linked to
adverse outcomes in the liver, pancreas, kidneys, and central nervous system [10]. Studies reveal that
PM2.5 particles can cross the blood-brain barrier, fostering neuroinflammation and potentially
contributing to the onset of neurodegenerative diseases such as Alzheimer's and Parkinson's [11].
Therefore, the toxicological attributes of PM2.5 underscore its capacity to induce oxidative stress and
trigger immune dysregulation across various organ systems, emphasizing its role as a systemic health
hazard [5,6,12].

For individuals undergoing organ transplantation, the environmental health risks posed by
PM2.5 are markedly intensified. Transplant recipients, who rely on lifelong immunosuppressive
therapy to mitigate graft rejection, constitute a particularly susceptible population in terms of the
effects of environmental pollutants[13]. While immunosuppressive agents are critical to maintaining
graft tolerance by inhibiting immune responses, they simultaneously elevate the risk of infections,
malignancies, and adverse responses to environmental stressors, including air pollution[13,14].
Notably, PM2.5 exposure has been shown to trigger immune reactions, resulting in the release of pro-
inflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and
interleukin-1 beta (IL-1p)[15]. This inflammatory response, commonly referred to as a "cytokine
storm,” poses threats to immunosuppressed patients, potentially accelerating graft rejection and
complicating long-term post-transplant outcomes[16]. The risk of infections among transplant
recipients is further exacerbated by PM2.5 exposure, which compromises respiratory defenses and
impairs immune cell functionality, thereby increasing vulnerability[17]. Research indicates that
PM2.5 can diminish the effectiveness of alveolar macrophages and hinder mucociliary clearance,
resulting in augmented susceptibility to both bacterial and viral infections[18,19]. For transplant
patients, such infections can rapidly escalate to severe complications, including graft rejection and
sepsis, underscoring the imperative for diligent air quality management in post-transplant
care[20,21]. Despite the considerable health risks associated with PM2.5, there is a substantial
deficiency in research examining its impact specifically on transplant recipients. To date, most studies
have concentrated on the effects of PM2.5 within the general population, leaving a significant gap
regarding its specific implications for individuals with compromised immune systems. This gap in
knowledge highlights the urgent need for focused research to clarify the mechanisms through which
PM2.5 influences graft survival and patient outcomes among transplant recipients. It is essential to
standardize pollution measurement techniques and establish uniform criteria for assessing exposure,
as these steps are vital for advancing research in this area. Furthermore, investigating the long-term
consequences of PM2.5 exposure on transplant populations could provide crucial insights into the
ways environmental factors contribute to chronic rejection and other post-transplant complications.

Considering these risks, it is imperative to integrate air quality considerations into clinical
guidelines for transplant patients. Implementing practical interventions such as the installation of in-
home air filtration systems, the use of protective masks in areas with high pollution levels, and
regular monitoring of air quality indices could significantly reduce exposure to PM2.5. Additionally,
public health policies aimed at improving urban air quality would greatly benefit vulnerable groups,
including transplant recipients, whose long-term health is contingent upon a stable environment and
functioning immune system. This review seeks to synthesize the existing literature on PM2.5
exposure and its effects on organ transplant recipients, particularly focusing on immune
dysregulation and graft survival. By identifying gaps in current research and recommending
pathways for future investigations, this work aspires to enhance understanding of the environmental
challenges facing transplant patients, emphasizing the critical need to address air quality in the post-
transplant care continuum.

To gather relevant studies from 2014 to 2024, searches were conducted in PubMed, Google
Scholar, Scopus, and Web of Science databases. Only peer-reviewed studies that directly connect air
pollution to transplant outcomes in human populations were selected. Due to a scarcity of human
data, supplementary systematic reviews and animal studies were utilized. In situations where human
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data was lacking, animal models as well as systematic reviews and meta-analyses were employed to
ensure a comprehensive synthesis. This review highlights the effects of PM2.5 exposure on immune
dysregulation, cardiovascular events, and long-term graft outcomes following transplantation.
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Figure 1. Airborne PM2.5, sourced from various inputs, features distinctive aerodynamic sizes and chemical

structures can damage the lungs, heart, liver, and kidneys.

1.(. PM2.5): A Critical Health Threat

PM2.5 is an airborne contaminant primarily produced by traffic emissions, industrial activities,
and the combustion of residential fuels. Its minute size allows it to bypass the body's defense
mechanisms, reaching the alveolar sacs and ultimately entering the systemic circulation. Worldwide,
exposure to PM2.5 has been linked to an increased risk of respiratory and cardiovascular health issues
in the general population; however, these effects are particularly detrimental for transplant recipients
due to their existing immunosuppression and vulnerability of their organs[4] .

2. PM2.5 and Immune Modulation in Transplant Recipients

For transplant recipients, the use of immunosuppressive medications is essential for maintaining
graft acceptance and minimizing infection risk. Nonetheless, exposure to PM2.5 complicates this
balance [4,22]. Research indicates that PM2.5 can stimulate the production of pro-inflammatory
cytokines, including interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a), which have the
potential to intensify immune responses that might otherwise remain regulated [22,23].

Multiple studies have found that transplant patients who are exposed to elevated levels of PM2.5
face an increased risk of acute graft rejection, suggesting that air pollution aggravates the immune
system's reaction to the transplanted organ [24,25]. Additionally, PM2.5 exposure is associated with
dysregulation of immune cells, specifically T lymphocytes and dendritic cells, which are vital for
achieving transplant tolerance. Such immunological imbalances may threaten the long-term success
of a transplant by leading to both acute and chronic rejection.

2.1. Organ-Specific Effects of PM2.5 on Transplant Recipients

2.1.1. Respiratory Complications in Transplant Recipients

Transplant recipients who are immunosuppressed face a heightened risk of respiratory
infections following exposure to PM2.5, primarily due to compromised lung function, reduced muco-
ciliary clearance, and increased vulnerability [2]. Respiratory complications are among the most
immediate and significant consequences of PM2.5 exposure in transplant patients, particularly for
those who have undergone lung transplants, as respiratory issues frequently contribute to
morbidity[26]. PM2.5 exposure stimulates alveolar macrophages, leading to the release of pro-
inflammatory cytokines such as IL-6, TNF-a, and IL-1{3. This cytokine release enhances neutrophil
recruitment and triggers oxidative stress, which can damage ciliated epithelial cells and impair the
lungs' ability to clear pathogens and particulates effectively. By disrupting alveolar macrophage
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function, PM2.5 diminishes the lungs' primary defense mechanism, increasing susceptibility to
opportunistic infections and resulting in chronic pathogen colonization. Consequently, this raises the
risk of bacterial and viral infections, including pneumonia, chronic obstructive pulmonary disease
(COPD), and lung fibrosis. Transplant recipients residing in areas with high PM2.5 levels are more
likely to experience infections like pneumonia, which is notably the leading cause of death among
these individuals[26,27]. These respiratory infections can severely compromise graft function and
negatively impact patient survival [27]. Research has shown that respiratory infections, particularly
pneumonia, are more common in transplant recipients exposed to significant air pollution[28,29] .
The impairment of macrophage function due to PM2.5 presents a substantial threat to immune
defenses, leaving transplant patients at an elevated risk for opportunistic infections from
environmental pollutants. Such infections can lead to serious complications, including graft
dysfunction or failure[30] .

2.1.2. Cardiovascular Complications in Transplant Recipients

Cardiovascular diseases represent the leading cause of death among graft recipients [3]. The
complications arising from PM2.5 exposure extend beyond just heart transplant recipients to include
patients with other types of grafts, primarily due to systemic oxidative stress and endothelial
dysfunction. Long-term exposure to PM2.5 is correlated with increased incidences of hypertension,
atherosclerosis, and myocardial infarction within the general population, underscoring its association
with cardiovascular morbidity[31,32]. Research indicates that residing in areas with elevated PM2.5
levels amplifies cardiovascular risks such as heart attacks and strokes in transplant recipients[33,34].
PM2.5 acts as an immunosuppressive agent that significantly deteriorates cardiovascular health by
promoting oxidative stress and endothelial dysfunction. It contributes to the generation of reactive
oxygen species (ROS), decreases nitric oxide (NO) bioavailability, and disrupts vasodilation, which
increases arterial stiffness and ischemic risks. Moreover, elevated cytokine levels (e.g., IL-6, TNF-a)
enhance platelet activation, fostering a pro-thrombotic environment that predisposes patients to
vascular occlusion, resulting in increased morbidity and mortality. The detrimental impact of PM2.5
is exacerbated when combined with immunosuppressive medications[2]. Chronic low-grade
inflammation driven by PM2.5 exposure accelerates the progression of atherosclerosis, leading to
complications such as cardiac allograft vasculopathy (CAV), further worsening outcomes in
transplant recipients across all organ types.

2.1.3. Hepatic Complications in Transplant Recipients

The liver's crucial role in metabolism and detoxification renders it particularly susceptible to
systemic effects induced by PM2.5, impacting liver grafts and overall hepatic health in transplant
recipients. PM2.5 exerts notable immunomodulatory effects on liver transplant recipients [35]. Any
compromise to liver function can increase the risk of immune-mediated graft rejection [2]. PM2.5
exposure results in the production of pro-inflammatory cytokines and activates immune pathways
within liver grafts, potentially impairing their immunological tolerance. The exposure stimulates
liver-resident macrophages to release pro-inflammatory cytokines such as TNF-a and IL-6,
perpetuating liver inflammation and hepatocellular damage. Persistent activation of TGF-f3 can
induce stellate cell differentiation, leading to increased collagen deposition and eventual graft
fibrosis. While direct studies linking PM2.5 exposure to acute liver transplant rejection are sparse,
broader research into air pollution suggests a significant association between high PM2.5 levels and
such rejections. PM2.5 exposure may heighten the immune response against the transplanted liver,
leading to an increased risk of rejection. Furthermore, liver transplant recipients are at risk of
disrupted cytochrome P450 enzyme activity due to PM2.5, complicating the metabolism of
immunosuppressive medications and raising the potential for toxicity or graft rejection [32,34,36].
Those patients are also at an elevated risk for respiratory infections upon exposure to PM2.5, which
can cause graft rejection or other complications, heightening the overall risk. Patients in high
pollution areas may experience increased rates of infections and hospitalizations, adversely
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impacting both graft and patient survival [36,37]. Chronic exposure to PM2.5 is linked to the long-
term deterioration of liver grafts[38] . The systemic inflammation and oxidative stress caused by
PM2.5 can accelerate liver fibrosis, a significant contributor to chronic graft dysfunction[39,40].
Although limited research has specifically focused on PM2.5's impact on liver graft survival, studies
on chronic liver disease indicate that air pollution exacerbates hepatic inflammation and fibrosis,
thereby affecting transplanted livers [40]. High PM2.5 exposure is associated with accelerated liver
graft fibrosis in transplant recipients, leading to decreased function and potential graft failure [7,40].
The long-term effects of air pollution on liver graft survival necessitate further investigation,
particularly regarding preventive measures.

2.1.4. Renal Complications in Transplant Recipients

Kidney transplant recipients face considerable risks from PM2.5 due to its inflammatory and
fibrotic properties, which undermine renal graft function and overall survival. PM2.5 exposure
threatens kidney transplantation success by disrupting the delicate balance between
immunosuppression and general health through systemic inflammation and altered immune
responses[3] . Specifically, PM2.5 exposure incites the release of inflammatory cytokines, such as
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a), that can have detrimental effects on the
kidney's functionality and the longevity of the graft. This continued inflammation exacerbates graft
dysfunction and the risk of chronic rejection [41]. Persistent inflammation activates TGF-{3, driving
fibroblast proliferation and extracellular matrix accumulation, ultimately resulting in tubular atrophy
and interstitial fibrosis. Oxidative stress further compromises renal blood flow and filtration
capabilities, intensifying ischemic damage. The inflammatory response during kidney
transplantation can significantly elevate the likelihood of both acute and chronic rejection episodes
[42]. Living in regions with elevated PM2.5 concentrations correlates with an increased incidence of
acute rejection and diminished graft survival for kidney transplant patients[37,43]. Exposure to
PM2.5 disrupts key immune cells essential for maintaining graft tolerance, notably regulatory T cells,
and dendritic cells[43]. This disruption can amplify the immune response toward the transplanted
kidney, increasing the risks of both early and late rejection[44]. Consequently, immune dysregulation
may lead to heightened early rejection episodes and chronic loss of graft function. Extended PM2.5
exposure is associated with accelerated declines in renal function, underscoring the necessity for
proactive intervention strategies. In such circumstances, chronic graft survival is seriously threatened
by ongoing low-grade inflammation stemming from prolonged immune dysregulation, culminating
in fibrosis and potential graft failure[45].

Immunosuppressive therapies, vital for preventing kidney graft rejection, inadvertently increase
the susceptibility of transplant recipients to opportunistic infections [46]. Ensuring the survival and
functionality of transplants remains a primary concern for kidney transplant recipients. Exposure to
PM2.5 heightens the likelihood of graft rejection while simultaneously compromising immune
defenses, which in turn fosters infections[47,48] . Patients in high-pollution areas bear an elevated
risk of hospitalization due to respiratory infections, adversely affecting post-transplant care and graft
outcomes a significant concern for healthcare systems [2,43]. Long-term exposure to PM2.5 has
detrimental effects on kidney graft performance [4,48]. Research indicates that PM2.5 is implicated in
the development of chronic allograft nephropathy, a leading contributor to late graft failure among
kidney transplant recipients[49] . Inflammatory processes induced by PM2.5 can instigate
progressive fibrosis in the kidney, impairing its filtration capacity and electrolyte homeostasis, which
are critical for renal function[2]. Data suggest that kidney transplant recipients exposed to higher
levels of PM2.5 show a more pronounced decline in estimated glomerular filtration rate (eGFR) over
time[50,51] . Emphasizing the significance of environmental influences like PM2.5 in the long-term
management of kidney transplant patients can markedly improve graft survival rates[3,43] .
Furthermore, PM2.5 exposure correlates with increased risks of respiratory infections, leading to
substantial morbidity and mortality among kidney transplant patients [7,49][
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2.1.5. Long-Term Graft Survival and Environmental Exposures

Sustained exposure to PM2.5 poses diverse threats to human health, notably hindering long-
term graft survival [54]. Research has established associations between long-term PM2.5 exposure
and the onset of conditions such as chronic allograft vasculopathy, characterized by progressive
arterial thickening that compromises blood flow and leads to graft failure [3]

Comprehensive analyses indicate that elevated PM2.5 concentrations are linked to significantly
diminished graft survival rates among transplant recipients. It is critical to afford equal consideration
to environmental factors alongside clinical interventions when overseeing long-term transplant
outcomes[52] . Implementing air filtration systems within the homes of transplant patients and
advocating for improved urban air quality could potentially enhance long-term health outcomes
[48,52].

2.1.6. Shared Pathophysiological Effects Across Organs

PM2.5 exposure triggers common pathological mechanisms that adversely affect graft function
across all transplant recipients. Cytokine dysregulation, characterized by elevated levels of IL-6, TNF-
a, and TGE-f3, perpetuates inflammatory responses, fibrosis, and vascular injury. The dysfunction of
regulatory T cells and macrophages exacerbates immune-mediated graft rejection. Significantly,
PM2.5-related activation of TGF-f3 signaling promotes fibrosis in the lungs, liver, and kidneys,
diminishing graft longevity[31] .

3. The impact of PM2.5 on transplant immunity
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Figure 2. Immune Response Pathways Involving PM2.5 in Organ Transplant Rejection.
3.1. Innate Immune System and PM2.5 in Transplantation

3.1.1. Alloantigen Recognition and Immune Activation

The immune response to transplanted organs, known as allografts, initiates through the
recognition of foreign antigens presented by donor cells, termed alloantigen recognition [53]. This
process engages both innate and adaptive immune systems[54]. Dendritic cells (DCs) play a pivotal
role in this mechanism; they capture donor antigens and migrate to lymphoid tissues to present these
antigens to T cells. This antigen presentation activates T cells, prompting their differentiation into
effector T cells that target the graft, facilitating rejection. Environmental factors, notably pollutants
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such as PM2.5, modulate this immune activation. Table 1 summarizes the effects of PM2.5 on
Immunity in transplant patients [55].

Table 1. PM2.5 Effects on Transplant Immunity[9,56].

Immune Component Effect of PM2.5
Regulatory T Cells (Tregs) Suppressed, reducing immune tolerance
Pro-inflammatory Cytokines Elevated TNF-a, IL-6, IL-1f3

Oxidative Stress Markers Increased ROS production leading to DNA damage
Histone modifications affecting immune gene

Epi tic Ch
pigenetic Changes expression

PM2.5 exposure has been documented to enhance the expression of toll-like receptors (TLRs) on
various immune cells, including DCs, macrophages, and neutrophils. TLRs are instrumental in
detecting pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs). Their activation by PM2.5 amplifies immune surveillance and inflammatory
responses, thereby promoting T-cell priming and expediting graft rejection [59].

Impact (%)

20%

‘ 30%

25%
e

Treg Suppression Cytokine Imbalance
 ROS Activation & Epigenetic Changes

Figure 3. Inmune Pathways Affected by PM2.5.

3.1.2. Cytokine Storm and Inflammation

Cytokines, which are small signaling molecules released by immune cells, play a crucial role in
orchestrating inflammation and immune responses [57]. Within the transplantation context, pro-
inflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and
interleukin-1 beta (IL-13) serve as key mediators of graft rejection. PM2.5 exposure triggers a
"cytokine storm," characterized by excessive cytokine release that leads to dysregulated
inflammation[58]. Increased levels of IL-6 and TNF-a activate immune cell populations, including
neutrophils, macrophages, and T cells, facilitating both acute and chronic rejection processes[59] .
Specifically, IL-6 promotes the differentiation of naive T cells into Th17 cells, which produce
interleukin-17 (IL-17), a significant recruiter of neutrophils. The hyperactivation of Th17 cells and
overproduction of IL-17 contributes to acute rejection and chronic damage across diverse organs such
as kidneys, lungs, and hearts[58] . TNF-a further drives tissue destruction and fibrosis, adversely
affecting graft function [60,61]

3.1.3. T-Cell Activation and Graft Rejection
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T cells are instrumental in graft rejection as they identify donor antigens and initiate immune
responses [62]. Activation of T cells occurs via two primary pathways: the direct and indirect
pathways. In the direct pathway, recipient T cells directly recognize donor MHC molecules on graft
cells [63]. Conversely, in the indirect pathway, recipient antigen-presenting cells (APCs) process and
present donor-derived peptides to T cells. Both pathways culminate in the activation of cytotoxic T
lymphocytes (CTLs), which target graft tissue, resulting in rejection[63,64] . PM2.5 enhances T-cell
activation by upregulating co-stimulatory molecules and cytokines that support T-cell proliferation
and differentiation [65]. Research demonstrates that PM2.5 exposure amplifies Thl and Th1l7
responses, resulting in elevated interferon-gamma (IFN-y) and IL-17 levels, both critical mediators of
graft rejection[17,66] . IFN-y activates macrophages, promoting graft cell destruction, while IL-17 is
instrumental in neutrophil recruitment, exacerbating graft inflammation[67] .

3.2. Adaptive Immune System and PM2.5 in Transplantation

3.2.1. Macrophage Activation and Tissue Damage

Macrophages are fundamental to the innate and adaptive immune responses, fulfilling a dual
role in transplant immunity [68]. They can adopt two predominant phenotypes, M1 Macrophages,
these pro-inflammatory cells secrete cytokines such as TNF-a and IL-6. While they initiate immune
responses, their activity can escalate inflammation, causing tissue damage in transplanted organs.
M2 Macrophages, these anti-inflammatory cells are crucial for tissue repair and fostering immune
tolerance essential for graft survival[69-71] . PM2.5 exposure shifts the balance towards M1
macrophage polarization, resulting in the release of pro-inflammatory cytokines, reactive oxygen
species (ROS), and nitric oxide (NO), all of which exacerbate graft injury[69] . For example, in the
pulmonary context, PM2.5-stimulated alveolar macrophages produce excessive ROS and TNF-«,
promoting chronic inflammation and fibrosis, which can ultimately result in chronic lung allograft
dysfunction (CLAD)[72,73].

3.2.2. Dendritic Cell Activation and Antigen Presentation

Dendritic cells (DCs) are the foremost antigen-presenting cells (APCs) within the immune
system, essential in triggering immune responses against transplanted organs[74] . Exposure to
PM2.5 amplifies the maturation and activation of dendritic cells, enhancing their capacity to present
donor antigens to T cells[64,74] . This increased antigen presentation expedites the activation of
effector T cells, specifically Th1 and Th17 subsets, which play pivotal roles in mediating graft rejection
[75]. In transplant recipients, PM2.5-induced DC activation results in elevated levels of IL-12, a
cytokine that facilitates Th1 differentiation and stimulates the production of IFN-y [76,77]. Enhanced
IFN-vy levels promote macrophage activation and exacerbate graft damage, contributing to both acute
and chronic rejection processes [78]. Similar mechanisms are evident across various organ transplant
recipients, whereby dendritic cell-mediated T cell activation drives immune rejection[79].

3.2.3. Regulatory T-Cell Dysfunction

Regulatory T cells (Tregs) are instrumental in sustaining immune tolerance toward transplanted
organs[80] . They play a pivotal role in suppressing effector T cell activation and curtailing excessive
immune responses that could precipitate graft rejection[81]. PM2.5 exposure compromises Treg
functionality by elevating oxidative stress and enhancing pro-inflammatory cytokine production.
This disturbance in Treg activity creates an imbalance between effector and regulatory T cells, tilting
the response toward increased immune activation and consequent rejection [88]. In the context of
lung and liver transplantation, dysfunctional Tregs have been linked to higher instances of chronic
rejection and diminished graft survival rates[82] . By dampening Treg function, PM2.5 exposure
further amplifies Th1 and Th17 cell activation, intensifying the inflammatory milieu and advancing
graft dysfunction[83] . Table 2 shows the key molecules and their mechanism affecting immune
system.
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Table 2. Key Molecules and their Mechanisms affecting Immune System.

Impact on Immune

Mechanism Description Key Molecule(s)
System
Disruption of

PM2.5-induced Treg Reduced immune

Dysfunction regulator?/ T cell TGEF-3, FoxP3 tolerance
function
. Impaired antigen .
Dendritic Cell presentation and IL-10, IL-12 Altered immune
Dysfunction response

activation of T-cells
Elevated reactive
oxygen species (ROS)

. L ROS, NF-xB Chronic inflammation
impairs immune

Oxidative Stress

function
Overproduction of [mmune
Cytokine Imbalance = pro-inflammatory TNF-a, IL-6 .
. dysregulation
cytokines

4. PM2.5 and Chronic Inflammatory Processes in Transplantation

4.1. Oxidative Stress and Endothelial Dysfunction

Oxidative stress serves as a principal mechanism driving chronic inflammation and tissue
impairment in transplantation[84] . Exposure to PM2.5 leads to the generation of reactive oxygen
species (ROS), which inflict oxidative damage on endothelial cells that constitute the vasculature of
transplanted organs. The ensuing endothelial dysfunction is a critical feature of chronic allograft
rejection, fostering vascular inflammation, smooth muscle cell hypertrophy, and fibrosis[85-88] .
PM2.5 initiates macrophage activation through toll-like receptors (TLRs), which identify particulate
pollutants as damage-associated molecular patterns (DAMPs). As a result, oxidative stress
exacerbates damage to endothelial cells and graft tissues. Increased concentrations of pro-
inflammatory cytokines such as TNF-a and IL-6 further compound systemic inflammation, elevating
the likelihood of acute rejection episodes. Additionally, in kidney and liver transplantation, oxidative
stress is instrumental in promoting fibrosis and chronic allograft nephropathy or hepatopathy,
contributing to long-term graft dysfunction [87].

4.2. Fibrosis and Chronic Graft Dysfunction

Persistent exposure to PM2.5 facilitates the development of fibrosis, characterized by the
excessive accumulation of extracellular matrix components, leading to tissue scarring and impaired
organ functionality[88]]. Fibrosis is a common feature of chronic rejection in all transplanted organs,
including the lungs (bronchiolitis obliterans), liver (hepatic fibrosis), and kidneys (interstitial fibrosis
and tubular atrophy)[89]. Chronically elevated PM2.5 levels intensify pro-fibrotic mechanisms
mediated by TGF-B (transforming growth factor-beta), a cytokine that stimulates fibroblast
differentiation into myofibroblasts, responsible for collagen and extracellular matrix secretion[88] .
The upregulation of TGF- occurs in response to PM2.5-induced oxidative stress and inflammation,
culminating in progressive fibrosis and chronic graft dysfunction[88,90]. Furthermore, TGF-3
production by macrophages contributes to fibroblast activation, resulting in enhanced collagen
deposition, a hallmark of chronic rejection. While macrophages typically engage with regulatory T
cells (Tregs) to uphold immune tolerance and mitigate graft rejection, PM2.5 exposure disrupts this
interaction by favoring a pro-inflammatory macrophage phenotype, compromising Treg-mediated
suppression. This shift accelerates effector T cell activation and potentiates the risk of graft rejection.
The key determinants of adverse post-transplant outcomes include the impacts of PM2.5 exposure,
which give rise to immune system dysregulation, cardiovascular issues, and dysfunction across
respiratory, renal, and hepatic systems, alongside an increased risk of infections, these complex
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interaction between PM2.5-induced immune responses and the outcomes of multi-organ
transplantation[91]. PM2.5 also incites immune dysregulation through several pathways, such as the
elevation of pro-inflammatory cytokines, T-cell activation, macrophage polarization, and impairment
of Treg function[92,93]. These phenomena are integral to both acute and chronic graft rejection,
contributing to long-term complications like fibrosis and vascular dysfunction[94,95]. The
inconsistencies in pollution measurement methods, along with inadequate long-term cohort studies,
present obstacles to understanding the relationship between PM2.5 exposure and transplant
complications. Nonetheless, the observed correlations warrant the integration of air quality
considerations into clinical guidelines, advocating for protective strategies, including in-home air
filtration systems. Such measures not only benefit transplant recipients but also improve overall
health outcomes for individuals residing in high-pollution regions [37,96]. This review underscores
the multifaceted influences of PM2.5 on organ transplant recipients, highlighting acute and chronic
immunological reactions, alongside complications pertaining to respiratory, cardiovascular, hepatic,
and renal systems, with a significant risk of long-term graft rejection. The establishment of
standardized exposure metrics will enhance pollution monitoring efficacy and elucidate the causal
relationships between PM2.5 and transplant outcomes. Considering the systemic effects of PM2.5
emphasizes the importance of incorporating air quality measures within clinical guidelines for
transplant recipients, promoting protective interventions such as air filtration systems and urban air
quality improvements to enhance patient outcomes and mitigate long-term complications[97]. Recent
clinical studies have investigated the impact of PM2.5 exposure on cytokine modulation and its
subsequent effects on organ transplantation outcomes. A cohort study examined the association
between ambient air pollution exposure and outcomes in lung transplant recipients. Exposure to
PM2.5 was linked to increased inflammatory cell infiltration in the lungs and elevated levels of pro-
inflammatory mediators. These inflammatory responses were associated with higher rates of graft
failure and mortality among lung transplant patients[17]. Another Research focused on the effects of
long-term exposure to airborne particulate matter on kidney transplant recipients. Chronic exposure
to PM2.5 was associated with increased levels of pro-inflammatory cytokines, such as IL-6 and TNF-
a. This cytokine imbalance correlated with a higher incidence of graft rejection and reduced graft
survival in kidney transplant patients[7]. Furthermore, Exposure to air pollution, particularly PM2.5,
post-transplantation was linked to increased risks of organ rejection, cardiovascular complications,
and infection-related mortality. The study highlighted the role of pollution-induced cytokine
modulation in these adverse outcomes[17,26].
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Figure 4. PM2.5 Exposure and Graft Rejection Rates [17,26].
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5. Clinical Implications and Recommendations

In clinical settings, transplant recipients residing in areas with elevated PM2.5 levels may benefit
from individualized risk assessments that incorporate air quality metrics into their post-operative
care plans. Future clinical guidelines ought to emphasize environmental health considerations,
advising the implementation of regular air quality monitoring protocols. Additionally, the
identification of specific biomarkers that indicate macrophage activity is crucial for the early
detection of inflammatory responses. Strategies should also focus on the development of
interventions to reduce reactive oxygen species (ROS) production and to fine-tune macrophage
polarization to mitigate excessive M1-driven inflammatory processes. Enhancing the functionality of
regulatory T cells (Tregs) is vital for sustaining immune tolerance, thereby facilitating appropriate
responses to preserve graft integrity. Patient education serves as a cornerstone of general clinical
practices, with particular attention to the risks associated with PM2.5 exposure and tailored strategies
for cardiovascular and infection prevention. Furthermore, adopting protective strategies such as in-
home air purification systems, community initiatives aimed at improving urban air quality, and
comprehensive policies to reduce PM2.5 emissions will likely yield significant benefits in graft
longevity and overall health outcomes for transplant recipients. Educational campaigns on these
topics can further enhance awareness and encourage proactive behavior among individuals living in
high-pollution environments.

6. Conclusions

The outcomes of organ transplantation are profoundly influenced by the often-neglected risks
associated with PM2.5 exposure. PM2.5 can impair innate immune functions, particularly the activity
of alveolar macrophages, rendering transplant recipients more susceptible to opportunistic
infections. Chronic exposure to PM2.5 adversely impacts transplant immunity by provoking pro-
inflammatory cytokine responses, which elevate the likelihood of acute rejection events, even in the
context of existing immunosuppression protocols. This underscores the necessity for customized
immunosuppressive therapy strategies aimed at mitigating PM2.5-induced immune dysregulation.
Furthermore, prolonged PM2.5 exposure contributes to the acceleration of chronic allograft
vasculopathy through the induction of endothelial dysfunction, leading to vascular inflammation
and fibrosis. The continuum from acute immune activation to chronic tissue damage ultimately
reduces graft longevity and predisposes recipients to organ transplant failure. Hence, addressing
PM2.5 exposure is critical in optimizing transplant outcomes.
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Abbreviation
Abbreviation Meaning
PM2.5 Particulate Matter 2.5
Os Ozone
CcO Carbon monoxide
SO, Sulfur oxides
NO, Nitrogen oxides
WHO World Health Organization

IL-6 Interleukin-6
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IFN-vy Interferon-gamma
TNF-a Tumor necrosis factor-alpha
COPD Chronic obstructive pulmonary disease
ROS Reactive oxygen species
CAV Cardiac allograft vasculopathy
eGFR Estimated glomerular filtration rate
DCs Dendritic cells
TLRs Toll-like receptors
PAMPs Pathogen-associated molecular patterns
DAMPs Damage-associated molecular patterns
APCs Antigen-presenting cells
CTLs Cytotoxic T lymphocytes

Abbreviations: ED (Erectile Dysfunction), ESRD (end-stage renal disease), KT (kidney transplantation), CKD

(chronic kidney disease)
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