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ABSTRACT: Peripheral artery disease (PAD) remains a significant global health issue, with current treatments
primarily focused on relieving symptoms and addressing macrovascular issues. However, critical immunoinflammatory
mechanisms are often overlooked. Recent evidence suggests that monocyte phenotypic plasticity plays a central
role in PAD development, affecting atherogenesis, plaque progression, ischemia-reperfusion injury, and chronic
ischemic remodeling. This narrative review aims to summarize the latest advances (2023-2025) in understanding
monocyte diversity, functional states, and their changes throughout different stages of PAD. We discuss both established
and emerging biomarkers, such as circulating monocyte subset proportions, functional assays, immune checkpoint
expression, and multi-omics signatures, highlighting their potential for prognosis and the challenges in translating
them to clinical practice. We also present a stage-specific approach to mapping out potential therapies, linking
monocyte phenotypes to molecular targets and possible interventions. Additionally, we address regulatory, economic,
and implementation considerations for applying these findings in a clinical setting. The goal of this review is to facilitate
the development of targeted immunomodulatory strategies to improve limb and cardiovascular outcomes in PAD by
combining mechanistic understanding with therapeutic innovation.
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1 Introduction

Peripheral artery disease (PAD) affects more than 230 million people worldwide and carries a high
burden of limb morbidity and cardiovascular mortality [1,2]. Without efficient treatment, patients with
PAD face an increased risk of cardiovascular conditions such as myocardial infarction and stroke [3].
Even with contemporary management (antiplatelet agents, statin-based lipid-lowering agents, supervised
exercise therapy, and endovascular or surgical revascularization), long-term outcomes remain suboptimal,
with a persistent excess of major adverse cardiovascular events (MACE) and major adverse limb events
(MALE). The 2024 European Society for Vascular Surgery (ESVS) recommendations underscore the lack of
truly disease-modifying therapies, particularly for chronic limb-threatening ischemia (CLTI) or recurrent
diseases. Therefore, they emphasize personalized care combining optimal medical therapy, structured
exercise programs, and revascularization when indicated [4].
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Atherogenesis and progression in PAD are increasingly recognized as an immunoinflammatory process.
Endothelial dysfunction promotes monocyte recruitment and immune cell-mediated plaque remodel-
ing [5,6]. Elevated proinflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) have been linked to thrombotic events after revascularization [1]. These highlight the prog-
nostic and potentially pathogenic role of immune activation in PAD. Within this inflammatory milieu,
monocytes exhibit remarkable phenotypic plasticity (CD14++CD16- classical, CD14++CD16+ intermediate,
CD14+CD16++ non-classical monocytes) [7]. This phenotypic plasticity allows these cells to adopt diverse
functional states, ranging from pro-inflammatory to anti-inflammatory and tissue repair. This plasticity
is governed by complex networks of transcriptional, epigenetic, and metabolic regulatory mechanisms.
A deeper understanding of these processes offers the potential to uncover both biomarkers of disease
progression and therapeutic targets that regulate monocyte behavior [3,8].

Beyond subset identity, metabolic and transcriptional programming also shape monocyte behavior
in PAD. Key regulators include the mammalian target of rapamycin (mTOR)-hypoxia-inducible factor-
1 alpha (HIF-la) axis, which drives glycolysis, and the signal transducer and activator of transcription
(STAT)-nuclear factor kappa B (NF-kB) pathway [9,10]. In parallel, immune checkpoint molecules such as
programmed death-ligand 2 (PD-L2), T cell immunoglobulin and mucin domain 3 (TIM-3), and lymphocyte
activation gene 3 (LAG-3) have an impact on monocyte behavior [2]. These mechanistic processes regulate
monocyte activity across the stages of PAD, from early lesion formation to ischemia-reperfusion and chronic
ischemic remodeling [2,11]. This may reflect chronic immune activation or exhaustion and serve as novel
biomarkers or regulators of disease activity.

This narrative review aims to critically synthesize current knowledge on the phenotypic plasticity of
monocytes in PAD. The article also highlights the molecular and metabolic drivers of monocyte transitions,
highlights their importance as biomarkers of disease progression and outcome, and discusses the feasibility
of targeting these pathways for therapeutic benefit. By integrating mechanistic insight with translational per-
spectives, it is aimed to establish a stage-specific framework for incorporating monocyte-focused strategies
into the future management of PAD.

2 Review Approach

This narrative review examines current (2020-2025 priority) human and translational studies on
monocyte plasticity in PAD. A search of PubMed, Scopus, and Google Scholar was conducted using the key
terms peripheral artery disease, monocyte subsets, phenotypic plasticity, and immunomodulation. Studies
from other disciplines (e.g., rheumatology, oncology) were included only when pathways were conserved
and clearly related to vascular inflammation or repair by mechanistic analogy. No quantitative synthesis or
formal risk of bias assessment was performed. Limitations of evidence were highlighted where appropriate.

3 Monocyte Heterogeneity and Plasticity

Monocytes are a phenotypically and functionally heterogeneous population circulating in the
blood. In humans, three subgroups are defined based on CDI14 and CDI16 expression: classical
monocytes (CD14++CDI16-), intermediate monocytes (CD14++CD16+), and non-classical monocytes
(CD14+CDI16++). Classical monocytes constitute 85%-90% of circulating monocytes, while nonclassical and
intermediate monocytes each constitute 5%-10% of circulating monocytes [12]. Emerging evidence suggests
that each subgroup exhibits significant variability and a transitional continuum within the subgroup, rather
than a distinct classification [11].
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3.1 Functional Orientation

Classical monocytes are the predominant proinflammatory subgroup, exhibiting high phagocytic
capacity and rapid responses to danger signals [12]. Intermediate monocytes display a mixed profile with
potent antigen-presenting properties and context-dependent inflammatory activity that can sustain chronic
immune activation in vascular diseases [13]. Non-classical monocytes (patrolling monocytes) primarily
infiltrate the endothelium and are enriched for vascular surveillance and tissue repair functions [14-17].

3.2 Signaling and Transcriptional Control

Inflammatory activation in classical monocytes is associated with Toll-like receptor (TLR) signaling and
downstream nuclear factor kappa B (NF-xB) and activator protein-1 (AP-1) programs, with contributions
from interferon regulatory factor 5 (IRF5) also present [18,19]. Intermediate monocytes exhibit high activity
of interferon-y (IFN-y)-Janus kinase (JAK)-transcription 1 (STAT1) signal transducer and activator and
CD40-CD40 ligand co-stimulatory pathways [13,14]. Non-classical monocytes are maintained by C-X3-
C motif chemokine receptor 1 (CX3CR1) signaling and IL-10-STAT3 tone, while receiving transcriptional
support from Kruppel-like factor 2 (KLF2) and peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC-1a) [20,21].

3.3 Metabolic Programming and Plasticity

Classical monocytes promote glycolysis via the mammalian target of rapamycin (mTOR)-hypoxia-
inducible factor-1 alpha (HIF-1a) axis that increases glucose uptake via glucose transporter 1 (GLUTI).
Subsequently, they support rapid cytokine synthesis, including IL-13, TNF-a, and IL-6 [9,10]. Non-classical
monocytes favor oxidative phosphorylation (OXPHOS) with increased mitochondrial mass, regulated
by PGC-la [20]. Intermediate monocytes exhibit a mixed glycolytic/OXPHOS metabolism [21]. Subset
transitions involve epigenetic reprogramming (e.g., trimethylation of histone H3 at lysine 4 [H3K4me3] in
metabolic genes; demethylation of histone H3 at lysine 27 [H3K27me3] in anti-inflammatory loci), enabling
rapid switching between inflammatory and reparative states [21-23].

3.4 Implications for PAD

In PAD, classical monocytes contribute to early lesion formation through endothelial adhesion, arterial
wall infiltration, lipid uptake, and proinflammatory mediator release [19,24]. Intermediate monocytes
expand in advanced plaques and can sustain chronic inflammation through antigen presentation and
costimulation [24]. The decreased frequency of non-classical monocytes in advanced disease is consistent
with impaired endothelial homeostasis and diminished repair capacity [5,6]. High-dimensional profiling
methods such as flow cytometry, single-cell transcriptomics, and spatial immunology have revealed PAD-
specific transcriptional and metabolic signatures in these subsets, reinforcing their stage-dependent roles
in atherogenesis, ischemia-reperfusion responses, and tissue remodeling [7,17]. Similar to macrophages
in autoimmune and rheumatic diseases, demonstrating a continuum of plasticity beyond the traditional
M1/M2 paradigm, monocytes in PAD exhibit dynamic transitions shaped by metabolic, transcriptional, and
environmental cues [25].

The molecular basis of these phenotypic transitions is detailed in Table 1, which summarizes the key
signaling pathways.



Table 1: Molecular-cellular behavior relationships in monocyte plasticity
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Monocyte Keysurface Dominant  Metabolic Signaling Functional = PAD-specific
subset markers transcrip- program pathways outputs roles
tion
factors
Classic CD14++CD16 NF-xB, Glycolysis CCL2 - CCR2 IL-1B, Plaque
—, CCR2M, AP-1, (1GLUT1, - PLCB - TNF-q, infiltration,
CX3CRIv HIF-1a, TPKM?2) PKC — NF -xB, IL-6, ROS, foam cell
IRF5 TLR4 — phagocyto-  formation, and
MyD88 — sis early
IRAK — NF-xB atherosclerosis
Inter CD14++CD16  STAT], Mixed IFN-y - JAK2 IL-10, IL-1B, T cell
mediate +, IRF8, KLF4, glycoly- — STAT1 — antigen activation,
HLA-DR", BATF sis/fOXPHOS IRF8, CD40L — presentation plaque
CD86M CD40 — progression,
TRAF6 chronic
inflammation
Non- CD14+CD16+ KLF2, OXPHOS - CX3CLl1 - CX3 Patrolling, Endothelial
Classical +, STATS3, (tMitochon CR1 — PI3K — tissue repair,  surveillance,
CX3CRIM, PGC-1a, drial mass)  AKT, IL-10 — and anti-  wound healing,
CCR2° NR4Al STAT3 inflammatory ~ vascular
homeostasis

Note: Abbreviations: AP-1, activator protein-1; AKT, protein kinase B; BATEF basic leucine zipper ATF-
like transcription factor; CCL2, C-C motif chemokine ligand 2 (monocyte chemotactic protein-1);
CCR2, C-C chemokine receptor type 2; CD, cluster of differentiation; CD40L, CD40 ligand; CX3CRI,
C-X3-C motif chemokine receptor 1; CX3CLI1, C-X3-C motif chemokine ligand 1; GLUT: glucose transporter; HIF-1a,
hypoxia-induced factor-1 alpha; HLA-DR, human leukocyte antigen-DR; IFN-y, interferon-gamma; IL, interleukin;
IRF interferon regulatory factor; IRAK, interleukin-1 receptor-related kinase; JAK, Janus kinase; KLE, Kruppel-like
factor; mMTOR, mammalian target of rapamycin; NF-kB, nuclear factor kappa B; NR4Al, nuclear receptor subfamily
4 group A member 1; OXPHOS, oxidative phosphorylation; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C;
PKM2, Pyruvate kinase isozyme typeM2; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator-1
alpha; ROS, reactive oxygen species; STAT, signal transducer and activator of transcription; TLR, Toll-like receptor;
TRAF6, TNF receptor-associated factor 6; TNF-a, tumor necrosis factor-alpha.

4 Monocyte Plasticity in PAD Pathophysiology

The functional roles of monocytes in PAD follow a temporal continuum that reflects disease progression.
During early lesion formation, classical monocytes predominate and direct endothelial adhesion, arterial
wall infiltration, and lipid uptake [19,24]. As the disease progresses, the phenotype shifts toward intermediate
monocytes that expand and maintain chronic vascular inflammation, promoting plaque progression and
destabilization [13,24]. In late-stage ischemic states, especially after revascularization, monocytes exhibit
context-dependent functions. They can amplify tissue damage through reactive oxygen species (ROS) and
proinflammatory signaling or contribute to repair through proangiogenic and remodeling pathways. Non-
classical monocytes become increasingly important during chronic ischemia and remodeling, where they
support endothelial surveillance, vascular homeostasis, and collateral formation [26-28].
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Together, these dynamic changes highlight the resilience of monocyte subsets: from proinflammatory
drivers of atherogenesis to reparative regulators of ischemic recovery. The following subsections summarize
these contributions in a stage-specific sequence reflecting the PAD continuum from lesion initiation through
plaque progression to ischemia-reperfusion and chronic remodeling (Figs. 1 and 2). Fig. 1 illustrates the
detailed molecular pathways governing monocyte plasticity and their integration across the stages of PAD,
while Fig. 2 provides a simplified graphical summary of the three monocyte subsets and their key signaling
cascades for easy identification.

Phase 1: Early Atherosclerotic Phase 2: Plaque Progression hase 3: Ischemia-Reperfusion Phase 4: Chronic Ischemia & Remodeling
Development
g Dominant: Intermediate Monocytes Dominant: Mixed phenotypes Dominant: Non-classical Monocytes
D s el Monooyes Process: Antigen presentation, T-cell activation. Process: Tissue damage, inflammatory/repair ; ; i ;
O — : Antigen pres .1 . : e, Process: Endothelial surveillance, tissue repair
chronic inflammation balance =
foam cell formation Duration: Weeks to months
Duration: Months to years Duration: Hours to weeks

Duration: Years to decades

D4 cD-14 cD14

.,

Intermediate Monocytes Non-Classical Monocytes

CD14"°CD16— CD14*CD16* CD14*CD16**
CCR2", CX3CRI1"™ HLA-DR", CD86" CX3CR1", CCR2>"
CCL2—CCR2 Pathway: IFN-y—JAK2 Pathway: CX3CL1—-CX3CR1 Pathway:
CCL2 — CCR2 — PLCP — PKC — NF-kB — IL-1B, TNF-q, IL-6 1 IFN-y — JAK2 — STAT1 — IRF8 — Antigen presentation CX3CL1 — CX3CR1 — PI3K — AKT — Survival, patrolling
TLR4 Pathway: CD40 Pathway: IL-10—STAT3 Pathway:
0XLDL — TLR4 — MyD88 — IRAK — NF-kB — Inflammatory genes 1 CD40L — CD40 — TRAF6 — T-cell activation IL-10 — STAT3 — Anti-inflammatory genes 1
Metabolic Program Metabolic Program Metabolic Program
Glycolysis Mixed Metabolism OXPHOS 1
HIF-la. — GLUTI 1 — ATP (fast) Glycolysis + OXPHOS PGC-1a — Mitochondrial biogenesis
PKM?2 1 — Lactate production Flexible energy production ATP (efficient), ROS |

Stage-Specific Therapeutic Interventions

Early Atherosclerosis Plaque Progression Ischemia-Reperfusion Chronic Remodeling
« CCR2 antagonists (PF-04136309) « Checkpoint inhibitors (PD-L2, TIM-3) L it (e i) + CX3CR1 agonists
+ PPAR-y agonists + Anti-CD40L antibodies CAMINK EHENEILTS + IL-10/TGF- enhancement
« Statins (metabolic modulation) « IL-1pB blockade (Canakinumab) * Pro-reparative cytokines
* Anti-VEGF therapy * NLRP3 inhibitors  Exercise therapy

« Cell therapy (pro-angiogenic
monocytes)
* Anti-oxidants

Critical Molecular Switches in Monocyte Plasticity

Transcriptional Control Epigenetic Regulation Metabolic Checkpoints
NF-kB/IRF5 — Pro-inflammatory H3K27 demethylation — Anti-inflammato- mTOR activation — Glycolysis
STAT3/KLF2 — Anti-inflammatory ry genes AMPK activation — OXPHOS
HIF-1a — Glycolysis H3K4 trimethylation — OXPHOS genes NAD+/NADH ratio — Phenotype switch
PGC-1a — OXPHOS Trained immunity — mTOR-HIF-1a axis Trained immunity — mTOR-HIF-1a axis

Pro-inflammatory (Classical) Mixed function (Intermediate) . Anti-inflammatory/Repair (Non-classical) . Therapeutic targets

Figure 1: Molecular signaling pathways governing monocyte plasticity in PAD. Molecular signaling pathways govern-
ing monocyte phenotypic plasticity in peripheral artery disease. The diagram shows the different signaling pathways
that drive classical (pro-inflammatory), intermediate (mixed), and non-classical (anti-inflammatory/patrol) monocyte
phenotypes. Each pathway progresses from extracellular stimuli to receptor engagement, intracellular signaling,
transcriptional control, metabolic reprogramming, and functional outputs. The lower panel illustrates how these
molecular mechanisms integrate at different stages of PAD pathophysiology. Abbreviations: AKT, protein kinase B;
AMPK: Adenosine 5'-monophosphate (AMP)-activated protein kinase; CCL2, C-C motif chemokine ligand 2; CCR2,

(Continued)
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Figurel: (continued) C-C chemokine receptor type 2; CD, cluster of differentiation; CD40L: CD40 ligand; CX3CLl, C-
X3-C motif chemokine ligand 1; CX3CRI, C-X3-C motif chemokine receptor 1; HIF-1a, hypoxia-induced factor-1 alpha;
HLA-DR, human leukocyte antigen-DR; IFN-y, interferon-gamma; IL, interleukin; IRAK, interleukin-1 receptor-
related kinase; IRF: interferon regulatory factor; JAK2, Janus kinase 2; KLF2: Kruppel-like factor 2; MyD88, Myeloid
Differentiation Primary Response 88; NF-kB, nuclear factor kappa-light chain enhancer of activated B cells; NLRP3:
NOD-like receptor thermal protein domain associated protein 3; oxLDL: oxidized low-density lipoprotein; OXPHOS,
oxidative phosphorylation; PD-L2: programmed death-ligand 2; PPARy: Peroxisome proliferator-activated receptor
y; PKC, Protein Kinase C; PKM2, Pyruvate kinase isozyme typeM2; PLC, Phospholipase C; PGC-1a, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; ROS: reactive oxygen species; STAT, signal transducer and
activator of transcription; TRAF: TNF receptor-associated factor; TGF-p: transforming growth factor-f; TIM-3, T cell
immunoglobulin and mucin domain-3; TLR, Toll-like receptor; TNF-a, tumor necrosis factor-alpha; VEGF: vascular
endothelial growth factor

Simplified Signaling Pathways of Monocyte Subsets in PAD Progression
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Figure 2: Simplified cartoon depicting monocyte subset signaling pathways in PAD progression. Top panel (Red):
Classical monocytes drive early atherosclerotic lesion formation via CCL2-CCR2 proinflammatory signaling and
glycolytic metabolism. These cells produce high levels of inflammatory cytokines (IL-1p, TNF-a, IL-6) and contribute
to foam cell formation and plaque formation. Middle panel (Yellow): Intermediate monocytes sustain chronic
inflammation during plaque progression via the IFN-y-JAK2-STAT! signaling pathway. They exhibit enhanced antigen
presentation capacity by upregulating MHC-II and CDA40, activate T cells, and sustain adaptive immune responses.
These cells utilize complex metabolic programming for functional flexibility. Lower panel (Green): Non-classical

(Continued)
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Figure 2: (continued) monocytes support tissue repair and endothelial surveillance through the CX3CLI1-CX3CRI1 and
IL-10-STAT3 anti-inflammatory pathways. They rely on oxidative phosphorylation (OXPHOS) for sustained energy
production and promote angiogenesis and vascular remodeling during chronic ischemic stages. Arrows between panels
indicate disease progression from early atherosclerosis to chronic inflammation and tissue repair stages. Each monocyte
subset is represented with distinct visual features (facial expressions and colors) to facilitate easy recognition of their
functional roles in PAD pathophysiology. Abbreviations: MHC-II, major histocompatibility complex class II; PAD,
peripheral artery disease; PI3K, phosphoinositide 3-kinase

4.1 Early Atherosclerotic Development

The initiation of atherosclerotic lesions in peripheral arteries involves complex interactions. The earliest
stage is characterized by endothelial dysfunction, lipid accumulation, and inflammatory cell infiltration.
Classical monocytes (CD14++CD16-) are the predominant subset recruited to the arterial wall at this stage.
Their migration occurs primarily through the C-C motif chemokine ligand (CCL)2-C-C chemokine receptor
type (CCR)2 axis. This axis directs circulating monocytes to sites of endothelial activation. This proinflam-
matory cell population expresses vascular endothelial growth factor (VEGF), nitric oxide (NO) synthase,
and matrix metalloproteinases (MMPs) [24,29,30]. Upon entering the arterial wall, classical monocytes
differentiate into macrophages, contributing to foam cell formation and the initiation of atherosclerotic
lesions [19,31].

Based on signaling pathways, classical monocytes activate the TLR4-myeloid differentiation primary
response 88 (MyD88)-NF-«kB pathways, leading to the secretion of proinflammatory cytokines such as
TNF-a, IL-1B, and IL-6 [18,19,32]. These responses potentiate endothelial activation, promote vascular
smooth muscle cell proliferation, and perpetuate local inflammation [6].

At the molecular level, early atherosclerotic development involves specific mechanistic cascades.
Recognition of oxidized low-density lipoprotein (LDL) by CD36 and SR-Al receptors on classical mono-
cytes triggers calcium influx and PKC activation, leading to nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase formation and ROS production [31]. This oxidative stress stabilizes HIF-1a, leading to
HIF-la-associated proinflammatory gene expression. In this process, activation of the NOD-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome leads to the production of mature IL-1p and
IL-18, the inflammatory cytokines, from their precursor forms [33,34]. At the same time, the CCL2-CCR2
axis activates the JAK2-STAT3 pathway, promoting survival signals that prevent apoptosis during the
inflammatory phase [29].

In terms of clinical implications, elevated circulating classical monocyte counts and increased CCR2
expression have been associated with a higher risk of cardiovascular events in PAD patients [1,19]. Genetic
studies have also shown that rare loss-of-function CCR2 variants are associated with reduced lifetime
cardiovascular risk, highlighting the importance of CCR2 involvement in the early stages of disease [30].

4.2 Plaque Progression and Complications

As PAD progresses, the monocyte compartment shifts toward an expansion of intermediate monocytes.
These subgroup cells exhibit enhanced antigen-presenting capacity and sustain chronic vascular inflamma-
tion. They express high levels of human leukocyte antigen-DR (HLA-DR) and costimulatory molecules such
as CD40, supporting long-term T cell activation [13].

The intermediate monocytes are strongly influenced by the interferon-y (IFN-y)-Janus kinase (JAK)-
signal transducer and STAT1 axis, which directs the inducible expression of major histocompatibility
complex (MHC) molecules and promotes antigen presentation [13]. The CD40-CD40 ligand (CD40L)
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pathway is also central. It amplifies NF-xB signaling and induces proinflammatory cytokine production,
which further destabilizes the plaque microenvironment [9,14].

Sustained activation facilitates lymphocyte-monocyte interactions and promotes the persistence of acti-
vated T cells. This environment increases the release of matrix-degrading enzymes and oxidative mediators,
weakening the fibrous cap and predisposing plaques to rupture. Indeed, the patients with advanced PAD
exhibit an increased number of circulating intermediate monocytes, which are associated with worse limb
outcomes and accelerated atherosclerotic progression [24]. Therapeutic strategies targeting this stage (such
as immune checkpoint modulation or inflammasome blockade) are currently being investigated as potential
approaches to limit plaque instability [2,16].

4.3 Ischemia-Reperfusion and Tissue Repair

Acute tissue ischemia followed by reperfusion, such as after revascularization procedures, causes an
increase in ROS and inflammatory mediators. These factors activate multiple monocyte subsets simultane-
ously [35,36]. Under oxidative stress conditions, both classical and intermediate monocyte populations are
recruited, while nonclassical monocytes undergo phenotypic switching [37].

In the signaling context, hypoxia triggers HIF-la accumulation and the AMP-activated protein kinase
(AMPK) activation. These changes shift metabolism toward glycolysis and impair mitochondrial func-
tion [34,37]. The metabolic reprogramming amplifies cytokine secretion, particularly IL-1p and TNF-a,
worsening tissue injury [10,18].

Experimental studies indicate that ischemia can train monocytes toward a heightened inflammatory
phenotype upon re-exposure, mediated by metabolic and epigenetic reprogramming [35,36]. Conversely,
ischemic conditioning has also been shown to direct monocytes toward pro-angiogenic and tissue-reparative
functions, depending on the duration and context [37].

In PAD patients undergoing revascularization, exaggerated ischemia-reperfusion responses are asso-
ciated with major adverse limb events (MALEs) and impaired recovery [38]. Therapeutic modulation of
monocyte metabolism or trained immunity may offer strategies to mitigate reperfusion injury [35,37].

4.4 Chronic Ischemia and Remodeling

In the chronic phase of PAD, tissues are subjected to persistent hypoperfusion and low-grade inflamma-
tion. This environment drives maladaptive remodeling in the vascular wall and skeletal muscle. Non-classical
monocytes become increasingly important at this stage. They patrol the endothelium and support repair
processes [26-28].

Non-classical monocytes rely on CX3CRI-CX3CL1 interactions for survival and endothelial surveil-
lance [27]. Tissue repair functions are facilitated by oxidative phosphorylation-based metabolism promoted
through anti-inflammatory signals, including IL-10-STAT3 pathways and PGC-1a-mediated mitochondrial
biogenesis [20,37]. These monocytes secrete VEGE, platelet-derived growth factor (PDGF), and other repar-
ative cytokines that stimulate angiogenesis and collateral vessel formation [39]. Experimental data suggest
that tissue remodeling monocytes enhance revascularization of ischemic limbs and improve perfusion
recovery [37,39].

Decreased numbers or dysfunction of nonclassical monocytes have been associated with poor wound
healing and an increased risk of limb events in patients with PAD [26,38]. Interventions such as structured
exercise programs increase monocyte repair activity, reduce muscle inflammation, and improve blood
flow [40]. These findings highlight the potential of therapies aimed at enhancing nonclassical monocyte
function to promote vascular remodeling and limb salvage in advanced PAD.
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5 Clinical Correlations and Biomarkers

Monocyte heterogeneity has direct clinical implications in PAD, affecting both disease progression and
treatment outcomes. Circulating subset distribution, functional markers, and soluble biomarkers provide
prognostic information beyond traditional risk factors. Emerging evidence suggests that monocyte-based
markers can serve as predictors of adverse events, guide treatment strategies, and inform risk stratification
in vascular medicine [41].

5.1 Circulating Monocyte Subsets as Biomarkers

Variations in monocyte subset distribution are common in PAD. High classical monocyte counts are
associated with higher rates of systemic inflammation and major adverse cardiovascular and extremity
events [2,42]. Conversely, decreased nonclassical monocyte frequencies may reflect impaired endothelial
maintenance, poor wound healing, and poorer prognosis after revascularization [26-28].

Intermediate monocytes (CD14++CD16+) are often expanded in advanced PAD and predict disease
severity and plaque instability [42]. High-dimensional profiling confirms that these patients exhibit distinct
transcriptional and metabolic programs, supporting their role as drivers of chronic inflammation [43].
Collectively, the subset distribution provides a simple yet powerful biomarker panel that integrates inflam-
matory activity with vascular outcomes.

5.2 Functional and Inflammatory Biomarkers

Beyond subset distribution, the functional and inflammatory activity of monocytes provides additional
prognostic insight. Expression of activation markers such as CDIlb, CD14, and CDI6 on circulating
monocytes correlates with inflammatory status and tissue recruitment potential [42]. Increased production
of IL-1B, IL-6, and TNF-a by classical circulating monocytes reflects persistent vascular inflammation
and predicts adverse limb outcomes [6,42]. Similarly, increased levels of C-C motif chemokine ligand 2
(CCL2, also known as monocyte chemotactic protein-1, MCP-1) confer CCR2-dependent recruitment of
classical monocytes to atherosclerotic lesions and are associated with plaque burden and poorer clinical
prognosis [29,39].

Metabolic activities of monocytes also serve as functional biomarkers. Increased reliance on aerobic
glycolysis via mTOR-HIF-1a identifies highly inflammatory monocytes. Contrary, increased OXPHOS is
associated with reparative phenotypes [9,23]. Patient studies confirm that these metabolic profiles are
associated with PAD severity and therapeutic response [10].

Epigenetic programming further stabilizes these phenotypes. Persistent histone modifications, such as
H3K4 trimethylation and lactate-induced histone lactylation at glycolytic genes, maintain trained immunity
in monocytes. These modifications ultimately enhance vascular inflammation even after the initial trigger
has been removed [22,44]. These molecular changes not only reflect current disease activity but also predict
long-term risk.

5.3 Immune Checkpoint Expression

Immune checkpoint molecules on monocytes regulate inflammatory tone. Patients with PAD exhibit
altered expression of both soluble and membrane-bound checkpoints, including PD-L2 and TIM-3, and
LAG-3. These molecules are being investigated as potential therapeutic targets to restore immune home-
ostasis and normally suppress excessive activation and promote resolution of inflammation. In PAD, their
dysregulation contributes to persistent monocyte activation and impaired immune balance [2]. Experimental
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studies also indicate that checkpoint pathways intersect with metabolic programs; for example, PD-LI1
signaling can regulate glycolysis and mitochondrial function in myeloid cells [23].

Clinically, checkpoint-related alterations have been associated with disease severity and systemic
immune dysfunction. While most evidence is correlational, these findings raise the possibility that
checkpoint-based therapies could be repurposed to normalize monocyte activity in vascular disease,
provided safety concerns from oncology are carefully addressed [3].

5.4 Single-Cell and Multi-Omic Approaches

High-dimensional technologies have transformed our understanding of monocyte biology in PAD.
Single-cell RNA sequencing (scRNA-seq) and multi-omics profiling reveal transcriptional, epigenetic, and
metabolic diversities within monocyte and macrophage subsets. These diversities may reflect disease-specific
states that are undetectable by traditional gating strategies [17,43]. For example, single-cell profiling has iden-
tified PAD-associated monocyte programs enriched in inflammatory mediators and antigen presentation
pathways [7,24,38].

Spatial transcriptomic and multi-omics integration further expands this knowledge by linking mono-
cyte heterogeneity to plaque microenvironments and ischemic muscle tissue [7]. These methods demonstrate
that monocyte-derived macrophages in PAD lesions acquire distinct signatures compared to coronary or
carotid disease, reflecting vascular bed specificity [24].

Standardization of single-cell workflows remains critical. Technical variability in sample processing,
sequencing depth, and computational processes can impact results. International efforts such as EuroFlow
and the Human Immunophenotyping Consortium have published guidelines to improve reproducibility and
inter-cohort comparability [45,46].

Looking ahead, multi-omic datasets combined with artificial intelligence (AI)-based integration could
enable predictive modeling of PAD outcomes and the identification of therapeutic targets. These approaches
hold promise for shifting monocyte biomarkers from exploratory research tools to clinically applicable
analyses [47].

Table 2 summarizes the major classes of monocyte-related biomarkers in PAD from mechanistic,
clinical, and technical perspectives. Circulating subsets, inflammatory mediators, and immune checkpoints
capture mechanistic activity, while advanced single-cell approaches identify novel signatures. Prognostic
markers such as the monocyte-to-lymphocyte ratio and nonclassical monocyte frequency demonstrate
independent predictive value but require validation. Technical considerations include pre-analytical control,
compatible gating strategies, and data standardization to ensure reproducibility and clinical translation.

Table 2: Monocyte-related biomarkers in PAD: mechanistic categories, clinical significance, and technical considera-
tions

Biomarker Representative Mechanistic role in Clinical Technical Key
category markers PAD significance considerations references
Circulating Classical Classical: Subset imbalance Requires [11,38,42]
subsets (CD14++CD16-), proinflammatory predicts risk of standardized
Intermediate activation; adverse gating; affected by
(CD14++CD16+), Intermediate: antigen cardiovascular and pre-assay
Non-Classical presentation; limb outcomes. conditions
(CD14+CD16++) Non-classical:
endothelial

surveillance and repair

(Continued)
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Table 2 (continued)

Biomarker Representative Mechanistic role in Clinical Technical Key
category markers PAD significance considerations references
Functional and IL-6, TNF-aq, Cytokine-induced Elevated Cytokine stability is [1,6,29,30]
inflammatory IL-1B; chronic inflammation; inflammatory process-dependent;
biomarkers CCL2/MCP-; CCR2-CCL2 mediators predict multiplex assays
CD40-CD40L  recruitment axis; T cell ~ plaque burden and increase
signaling co-stimulation adverse prognosis. consistency.
Immune PD-L1, PD-L2, Regulates monocyte Reflect systemic Flow (2,17]
checkpoints TIM-3, LAG-3 activation and immune cytometry/ELISA
exhaustion; altered in dysregulation; is applicable;
PAD potential interpretation is
monitoring complicated by
markers for co-expression
treatment patterns
Single-cell and scRNA-seq, Defines transcriptional Identifies new High cost, limited [7,24,47]
multi-omic CyTOF spatial and metabolic biomarkers and availability, and
approaches transcriptomics  signatures of monocyte  therapeutic targets; lack of
subsets high-resolution standardized data
mechanistic pipelines; FAIR
insights data principles are
critical
Prognostic and MLR; Links monocyte Independent Multicenter [38,41]
Therapeutic non-classical activity to predictors of PAD  validation requires
Significance monocyte post-revascularization outcomes; reference ranges
frequency; outcomes and candidates for risk and threshold
soluble amputation risk stratification definitions
inflammatory algorithms
markers

Note: Abbreviations: PAD, peripheral artery disease; PD-L1, programmed death ligand 1; PD-L2, programmed
death ligand 2; TIM-3, T cell immunoglobulin and mucin domain-3; LAG-3, lymphocyte activation gene-3; CyTOE,
cytometry by time-of-flight; scRNA-seq, single-cell RNA sequencing; MLR, monocyte-to-lymphocyte ratio; MCP-1:
monocyte chemotactic protein 1; ELISA: Enzyme-linked immunosorbent assay.

5.5 Prognostic and Therapeutic Significance

Monocyte-derived biomarkers are increasingly recognized as independent predictors of PAD outcomes.
High monocyte counts and a high monocyte-to-lymphocyte ratio (MLR) predict worse prognosis after
revascularization and are associated with MALEs [38,41]. Reductions in non-classical subsets further
increase the risk of impaired vascular repair and higher amputation [26,38].

Therapeutic studies also highlight monocytes as dynamic markers of treatment response. Inflammatory
modulation with IL-1p blockade (canakinumab) reduced systemic monocyte activation and improved car-
diovascular outcomes in large-scale studies [16]. Similarly, colchicine therapy, currently under investigation
in PAD (e.g., LEADER-PAD, NCT04774159), is expected to attenuate monocyte-mediated inflammation and
reduce adverse events [48,49].

Emerging metabolic and epigenetic biomarkers may enhance this approach. For example, glycolysis-
dependent monocyte signatures and persistent histone modifications (trained immunity) are associated
with plaque instability and poor clinical outcomes [9,22,44]. Monitoring such functional states could enable
precise stratification and early identification of high-risk patients.

Taken together, these findings highlight the dual role of monocyte biomarkers: they provide prognostic
insight into PAD progression and serve as real-time indicators of therapeutic efficacy. Integrating subset
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distribution, functional analyses, and checkpoint profiles into clinical practice could improve both risk
prediction and treatment personalization in vascular diseases.

5.6 Technical Considerations for Monocyte Biomarkers in PAD

The clinical translation of monocyte-based biomarkers depends heavily on technical robustness and
standardization. Flow cytometry remains the primary tool for immunophenotyping. However, it is highly
pre-analytical variables such as anticoagulant choice, sample processing time, and storage conditions, which
can significantly alter monocyte surface marker expression and functional outcomes [45]. Standardization
efforts, including the use of compatible gating strategies, EuroFlow protocols, and calibration beads, have
improved reproducibility across laboratories [45,46].

Advanced profiling methods such as single-cell RNA sequencing, cytometry by time-of-flight (CyTOF),
and multiplex proteomics offer unique insight into monocyte heterogeneity. However, they remain expen-
sive, technologically challenging, and limited to specialized centers [46]. Cross-platform data integration also
presents challenges and requires compatible bioinformatics pipelines. Efforts to implement FAIR (Findable,
Accessible, Interoperable, Reusable) data principles and standardized computational data pipelines are
essential to ensure cross-cohort reproducibility and clinical utility [47].

Another limitation is clinical validation. Most studies on monocyte biomarkers in PAD are small, cross-
sectional, or exploratory, with limited multicenter standardization. Large, prospective, multicenter studies
are needed to establish reference intervals, prognostic thresholds, and decision-making cutoffs [41].

Practical recommendations to overcome these obstacles include:

1. Standardize measurement protocols. Use compatible flow cytometry gating strategies and marker
panels to ensure consistency across laboratories [50,51].

2. Control pre-analytical variables. Minimize delays from blood collection to processing, standardize
anticoagulant selection, and ensure stable storage conditions to preserve monocyte phenotype. Even short
delays or temperature changes can alter monocyte markers and functional analyses, so standard operating
procedures (SOPs) should specify sampling windows and stabilization options [52].

3. Use reference materials and inter-center calibration. Include daily beads and reference samples;
implement instrument standardization frameworks (e.g., EuroFlow SOPs) to minimize inter-center drift and
ensure longitudinal comparability in multicenter PAD cohorts [53]. Also, share data in standardized formats
to facilitate validation and meta-analysis in PAD studies [47].

Taken together, these steps provide the technical basis for incorporating monocyte-based biomarkers
into PAD research and clinical decision-making.

6 Molecular Approaches to Modulate Monocyte Plasticity in PAD: A Stage-Specific Framework

Monocytes do not behave uniformly and adapt to the changing vascular and tissue microenvironment as
PAD progresses. In addition to their phenotypic evolution, they express distinct molecular pathways in each
stage of PAD. Mapping temporal monocyte phenotypes creates opportunities for stage-specific interventions
targeting distinct molecular pathways during disease evolution. Below, we summarize the translational
roadmap of candidate strategies for precise immunomodulation in PAD emerges.

6.1 Early Atherosclerotic Development: Inhibition of Recruitment and Pro-Inflammatory Reprogramming

During the lesion initiation phase, CCR2-CCL2-mediated recruitment of classical monocytes is a
central driving force. These cells drive endothelial adhesion, foam cell formation, and cytokine release.
Mechanistically, blocking CCL2-CCR2 signaling prevents activation of downstream PLCB-PKC-NF-xB
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signaling and thereby reduces monocyte recruitment and inflammatory gene transcription [29]. CCR2
inhibitors (e.g., PF-04136309) or upstream chemokines have been shown to reduce plaque burden in
preclinical atherosclerosis models [29,30]. Statins not only lower lipids but also reduce glycolysis via the
mTOR-HIF-1la axis [10]. Peroxisome proliferator-activated receptor (PPAR)-y agonists may further limit
glycolytic activation and promote anti-inflammatory reprogramming [5,54]. Therapeutic targeting here aims
to prevent the conversion of circulating classical monocytes into proinflammatory plaque macrophages.

6.2 Plaque Progression: Modulation of Antigen Presentation and Chronic Inflammation

In advanced plaques, intermediate monocytes expand and sustain chronic inflammation through
interferon-y-JAK STATI and CD40-CD40 ligand costimulation. Checkpoint inhibition, currently used in
oncology, is also being investigated in vascular inflammation. In PAD, altered PD-L1, PD-L2, and TIM-3
expression suggests a role for immune checkpoint modulators [2]. Blockade of IL-1p with CD40-CD40 ligand
antagonists or canakinumab (currently tested in cardiovascular diseases) may reduce plaque progression.
NLRP3 inhibitors also show promise in reducing monocyte-macrophage inflammatory output [16].

6.3 Ischemia-Reperfusion Injury—Enhancing Reparative Polarization

Following revascularization, monocytes variably contribute to repair or maladaptive inflammation.
Therapies targeting metabolic stress, such as HIF stabilizers (e.g., roxadustat) and AMPK activators, may
limit ischemia-induced damage while promoting angiogenic repair [35,37]. Antioxidant interventions (e.g.,
mitochondrial support via PGC-1a induction) further protect endothelial function and reduce reperfusion
injury [20]. As shown in experimental PAD models, adoptive transfer of pro-angiogenic monocyte subsets
offers a cell-based repair strategy [39].

6.4 Chronic Ischemia and Tissue Regeneration—Supporting Endothelial Surveillance

In advanced PAD, decreased non-classical monocyte numbers are associated with endothelial dysfunc-
tion. CX3CRI agonists or strategies to enhance non-classical monocyte survival may restore endothelial
surveillance and microvascular stability. Pro-reparative cytokines (IL-10, TGF-p) may also enhance tissue
healing [27,28]. Exercise therapy remains a powerful nonpharmacological strategy that induces ischemia-
trained monocytes with enhanced pro-angiogenic and arteriogenic potential [36,39,40].

-

As shown in Fig. 3, monocyte phenotypes in PAD change dynamically between disease stages and are
each associated with distinct molecular targets that form the basis of stage-specific treatment strategies
described in more detail in Table 3.

CCR?2 antagonists, such as PF-04136309, act as allosteric inhibitors by binding to transmembrane
domains 3 and 7 and preventing the conformational changes required for Gaq coupling. This blockade
disrupts the downstream signaling cascade, preventing both monocyte recruitment and local inflammatory
amplification that occurs during tissue infiltration [55].
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Figure 3: Monocyte phenotypic evolution and stage-specific therapeutic targets in peripheral arterial disease. The
diagram illustrates the sequential stages of PAD pathophysiology, the predominant monocyte/macrophage phenotypes
in each stage, and the associated molecular targets: 1) Early atherosclerotic development: Targets monocyte recruit-
ment and proinflammatory programming (e.g., CCR2 antagonists, PPAR-y agonists, statins). 2) Plaque progression
and complications: Regulates antigen presentation and chronic inflammation (e.g., PD-L2, TIM-3, LAG-3 modulation;
IL-1B blockade; NLRP3 inhibitors). 3) Ischemia-reperfusion and tissue repair: Enhances reparative polarization
and angiogenesis (e.g., HIF stabilizers, AMPK activators, cell therapy). 4) Chronic ischemia and remodeling: Pro-
motes endothelial surveillance and tissue remodeling (e.g., CX3CRI agonists, IL-10/TGF-p, repair-promoting factors).
Abbreviations: PPAR-y, peroxisome proliferator-activated receptor gamma; LAG-3, lymphocyte activation gene-3; M2,
alternatively activated macrophage.

Table 3: Stage-specific therapeutic mapping of monocyte phenotypes in peripheral artery disease

Disease stage Key monocyte Molecular target Candidate Key references
phenotype therapeutics
Early Classical CCR2-CClL2 axis;  CCR2 antagonists [29,30,54]
atherosclerotic monocytes PPAR-y pathway (PF-04136309);
development (CD14++CD16-), CCL2 neutralizing
glycolytic antibodies; statins;
reprogramming PPAR-y agonists
Plaque Intermediate Co-stimulatory Anti-CD40L [2,16]
progression monocytes pathways antibodies;
(CD14++CD16+), (CD40-CD40L); checkpoint
high antigen immune modulators;
presentation checkpoints canakinumab;
(PD-L2, TIM-3); NLRP3 inhibitors
IL-13/NLRP3
Ischemia- Reparative mono- HIF-1a Roxadustat; AMPK [37,38]
reperfusion cytes/macrophages stabilization; activators; adoptive
injury (M2-like) AMPK activation cell therapy with
pro-angiogenic
monocytes

(Continued)
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Table 3 (continued)

Disease stage Key monocyte Molecular target Candidate Key references
phenotype therapeutics
Chronic Non-classical CX3CRI1 pathway; ~ CX3CRI agonists; [27]
ischemia and monocytes pro-reparative IL-10; TGEF-B
tissue (CD14+CD16++), cytokines transduction
remodeling endothelial
surveillance

Note: Abbreviations: PPAR-y, peroxisome proliferator-activated receptor gamma; NLRP3, NOD-like receptor family
pyrin domain-containing 3; AMPK, adenosine monophosphate-activated protein kinase; M2, alternatively activated
macrophage; TGF-f, transforming growth factor-beta.

AMP-activated protein kinase (AMPK) activation by agents such as metformin promotes oxidative
metabolism and mitochondrial biogenesis. By altering the NAD+/NADH ratio, this metabolic reprogram-
ming shifts monocytes from glycolytic proinflammatory states toward reparative oxidative phenotypes [54].

6.5 Translational Perspectives: Combination, Biomarker Guidance, and Patient Selection

Given stage-dependent changes in monocyte phenotype and function, monocyte-focused interventions
in PAD should be adapted to the evolving immune microenvironment rather than implemented as a single
strategy. Combination or sequential strategies may be the most effective. For instance, blocking CCR2-
CCL2 in the early stage could be followed by metabolic reprogramming to reduce inflammation persistence
and then pro-reparative strategies after the revascularization phase. Similarly, combining anti-inflammatory
agents with angiogenesis-promoting therapies could help stabilize plaques and improve tissue perfusion.
These approaches will need precise dosing and timing to avoid immune suppression during critical repair
periods, as seen in combination immunotherapy studies for other vascular inflammatory conditions [16,39].

Patient selection is of critical importance. Tailoring interventions based on biomarker profiles outlined
in Section 5 can enhance the effectiveness of stage-specific treatment. Elevated intermediate monocyte
counts and plasma CCL2 levels may indicate potential benefits from CCR2 antagonism. Whereas increased
PD-L2 or TIM-3 expression may respond to immune checkpoint modulation [2]. Conversely, decreased
nonclassical monocyte frequencies may favor CX3CRI1-based or pro-reparative approaches [27].

Future clinical trial design should integrate both temporal disease stage and patient-specific immune
phenotypes, using biomarker-guided recruitment to increase sensitivity. Ultimately, successful implemen-
tation will depend not only on efficacy but also on regulatory guidance, dosing strategies, and real-world
applicability in vascular care.

6.6 Clinical Implications for PAD Management

The molecular and cellular insights into monocyte plasticity described above are translating into a
variety of clinically important applications for PAD patient management. While most monocyte-targeted
interventions are investigational, current evidence supports integrating monocyte biology into patient
assessment and treatment decision-making.

Monocyte profiling for risk stratification: Monocyte subset distribution provides prognostic informa-
tion complementary to traditional cardiovascular risk factors. High intermediate monocyte counts (greater
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than 10% of total monocytes) identify patients at higher risk for adverse limb outcomes after revasculariza-
tion, reflecting chronic immune activation that may predispose to accelerated restenosis [38,42]. Similarly, a
high monocyte-to-lymphocyte ratio (MLR > 0.5) independently predicts major adverse limb events and may
guide the timing of intervention [38,41]. Conversely, a decreased frequency of nonclassical monocytes (less
than 5%) indicates impaired endothelial surveillance capacity and is associated with poor wound healing
and a higher risk of amputation [26,38]. These easily measured parameters offer the potential for improved
risk stratification beyond ankle-brachial index alone.

Linking immune phenotypes to therapeutic selection: The stage-specific evolution of monocyte
phenotypes creates biomarker-guided treatment opportunities. Patients with elevated classical monocyte
counts and increased plasma CCL2 levels are biologically amenable to interventions targeting the CCR2-
CCL2 axis in early atherosclerotic stages [29,30]. Those with expanded intermediate monocyte populations
exhibiting increased checkpoint molecule expression (PD-L2, TIM-3) are candidates for immune checkpoint
modulation in stages of plaque progression [2]. Patients with reduced non-classical monocyte counts may
benefit from strategies that enhance CX3CRI signaling or pro-reparative cytokine transmission during
chronic ischemic remodeling [27]. This phenotype-target mapping parallels precision oncology approaches
and represents a shift toward mechanism-based patient selection.

Monocyte biomarkers as indicators of treatment response: Serial monocyte profiling provides a
dynamic assessment of therapeutic efficacy. Reductions in intermediate monocyte counts and inflammatory
cytokines (IL-6, IL-1B) during anti-inflammatory therapy suggest favorable immune modulation [16,48].
Restoration of non-classical monocyte frequencies during exercise programs is associated with improved
perfusion and functional outcomes and provides molecular evidence of exercise-induced vascular
repair [40]. Conversely, persistently elevated classical monocyte levels despite optimal medical therapy
may indicate the need for treatment intensification or alternative approaches. These functional biomarkers
complement anatomical imaging by revealing underlying immunometabolic responses to treatment.

Mechanistic rationale for established therapies: Understanding monocyte plasticity provides the
molecular rationale for current PAD treatments. Statins reduce CCR2 expression in classical monocytes and
inhibit glycolytic reprogramming through mTOR-HIF-1a suppression, explaining their anti-inflammatory
effects beyond lipid lowering [10,54]. Exercise therapy promotes metabolic reprogramming of circulating
monocytes toward oxidative metabolism and pro-angiogenic phenotypes through AMPK activation, mech-
anistically supporting its potential to modify disease [40]. Low-dose colchicine, currently being evaluated in
LEADER-PAD (NCT04774159), directly targets inflammatory amplification that leads to adverse outcomes
by impairing NLRP3 inflammasome activation in monocytes [48,49]. These mechanistic insights translate
empirical therapies into rationally targeted interventions.

Integration with emerging immunotherapeutic strategies: As monocyte-targeted therapies progress
through clinical development, biomarker-guided patient selection will become increasingly important. Cell-
based therapies using autologous PBMNCs may benefit patients with high classical monocyte counts,
where cells can be directed toward pro-angiogenic phenotypes ex vivo before reinfusion [56-58]. Immune
checkpoint modulation may be most effective in patients with dysregulated PD-L2 or TIM-3 expression on
circulating monocytes [2]. CCR2 antagonists would logically target patients with high CCL2 and increased
classical monocyte recruitment [29,30]. This biomarker enrichment approach maximizes the likelihood of
demonstrating efficacy in clinical trials and allows for personalized treatment selection once treatments
receive regulatory approval.

Practical considerations for clinical application: Flow cytometry-based monocyte subset profiling
can be implemented in most tertiary centers using standard protocols similar to those used for hematologic
malignancy immunophenotyping [50,51]. Plasma inflammatory markers (IL-6, CCL2, TNF-a) are accessible
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through multiplex assays. However, several limitations prevent their immediate widespread adoption: most
biomarker-outcome associations originate from relatively small observational studies requiring large-scale
validation; monocyte subsets exhibit significant interindividual variability, necessitating serial rather than
single-point measurements; and optimal prognostic thresholds have not yet been defined across diverse
patient populations. These considerations suggest that monocyte profiling is currently best suited for research
settings and specialized vascular centers participating in biomarker validation studies or clinical trials of
immunomodulatory therapies.

Advance toward precision vascular medicine: Integrating monocyte phenotyping with genomic,
metabolomic, and imaging data holds promise for comprehensive patient characterization that can inform
personalized treatment strategies. As evidence from ongoing clinical trials accumulates and standard-
ized protocols emerge, monocyte biology may evolve from a research tool to a clinical decision-support
system, particularly for high-risk populations with CLTI or recurrent disease after revascularization. This
evolution parallels advances in precision oncology and cardiology, where molecular profiling increasingly
guides treatment selection. The ultimate goal is a precision vascular medicine paradigm where immune
profiling, combined with anatomic and hemodynamic assessment, allows for optimal matching of patients
to mechanism-based interventions, thereby improving both limb and cardiovascular outcomes in PAD.

7 Translating Monocyte-Targeted Therapies into the Clinic in PAD

Preclinical studies have shown promising results. Even so, the successful translation of monocyte-
targeted interventions into routine care for PAD faces numerous challenges, such as population diversity,
comorbidities, and disease stage. Therefore, translating monocyte-targeted therapies into clinical care
requires harmonization of clinical evidence, regulatory guidance, biomarker integration, and cost-
effectiveness.

Clinical Studies. Many early-stage and repurposing studies are targeting monocyte-related inflamma-
tory pathways in PAD. Low-dose colchicine is being evaluated in the LEADER-PAD trial (NCT04774159),
which further explores its anti-inflammatory effect observed in coronary heart disease [48,49]. Cell-based
therapies using autologous bone marrow or peripheral blood mononuclear cells have shown potential to
improve limb perfusion in the setting of suboptimal critical limb-threatening ischemia, but large, multicenter
randomized trials are still needed [56-59]. Ongoing and recent clinical trials targeting monocyte-derived
inflammation, immune checkpoints, and cell-based therapies in PAD are summarized in Table 4. These
studies highlight strategies ranging from anti-inflammatory small molecules to reparative cell therapies and
biomarker-driven imaging. Collectively, these initiatives not only demonstrate the potential for therapeutic
modulation of monocyte plasticity while also illustrating the challenges and opportunities of translating
immunobiology into vascular medicine.

Table 4: Major clinical trials and development programs in monocyte-targeted PAD therapy

Trial/Study Intervention Phase Population Primary Status Ref.
endpoints
LEADER- Low-dose Phase Symptomatic MALEs Recruitment/Ongoing  [48,49]
PAD colchicine 11 PAD
(NCT04774159) after
revascu-
larization

(Continued)
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Table 4 (continued)

Trial/Study Intervention Phase Population Primary Status Ref.
endpoints
Colchicine Colchicine  Phase = PADis  Inflammatory Recruitment/Ongoing  [60]
peri- (periopera- II undergo- markers,
endarterectomy  tive) ing vascular
(NCT06212271) femoral recovery
endarterec-
tomy
G-CSF PBMNCs  Phase CLTI Limb Completed [61]
mobilized after /11 without salvage,
PBMNC granulocyte options perfusion
therapy colony- indices
(NCTO01833585) stimulating
factor
(G-CSF)
mobilization
Autologous ~ Autologous  Phase CLTI Amputation- Recruitment/Ongoing  [62]
PBMNC PBMNCs II without  free survival,
injection options wound
(NCT04255004) healing
BM-MNC Autologous  Phase CLTI Amputation- Completed [56,58,59]
therapy BM-MNCs II patients  free survival,
(NCT01472289) ABI
recovery
CCR2 PET CCR2- Phase PAD Monocyte Completed [63]
ligand targeted I with sus-  recruitment
imaging PET tracer pected imaging,
(NCT04537403) vascular vascular
inflam- inflamma-
mation tion
Policyand  Reviews/guide N/A N/A Regulatory NA [64-66]
regulatory  line analyses frameworks,
reviews cost-
effectiveness

Note: Abbreviations: CLTI, chronic limb-threatening ischemia; MALEs, major adverse limb events; PBMNC, periph-
eral blood mononuclear cell; BM-MNC, bone marrow mononuclear cell; G-CSF, granulocyte colony-stimulating
factor; ABI, ankle-brachial index; PET, positron emission tomography; NCT, National Clinical Trial (identifier).

Regulatory and safety considerations. Interventions that modulate monocyte activation or metabolism
must carefully balance efficacy and safety. Oversuppression of inflammation can lead to impaired wound
healing or increased infection, while uncontrolled activation can exacerbate tissue damage. Regulatory

agencies emphasize aligned endpoints, long-term monitoring, and adaptive trial design before adopting
advanced cell- and gene-based therapies [64,66].
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Trial methodology. Traditional clinical endpoints such as ankle-brachial index and limb salvage, while
centrally important, do not adequately reflect immune modulation. Integration of circulating biomarkers,
advanced imaging, and single-cell profiling can provide more sensitive inferences about monocyte-targeted
effects [41,47]. Prospective biomarker-guided stratification can align treatment mechanisms with patient
subgroups most likely to benefit.

Implementation and cost-effectiveness. While flow cytometry and cytokine analyses are generally appli-
cable, advanced single-cell and multi-omics profiling remains costly and limited to specialized centers [46].
Economic evaluations suggest that implementation will require demonstrating reductions in major adverse
limb events, hospitalizations, and amputation rates to justify system-wide adoption [67].

Bridging preclinical and clinical evidence. Translational accuracy is further limited by the underrepre-
sentation of older age, diabetes, and comorbid atherosclerosis in preclinical models [68]. Greater convergence
between models and human diseases, combined with innovative adaptive or enrichment trial designs, could
accelerate progress by accounting for real-world heterogeneity.

Taken together, the development of monocyte-targeted therapies in PAD will require a laboratory-
to-bedside framework that integrates biomarker-guided patient selection, adaptive trial methodologies,
regulatory oversight, and pragmatic assessment of cost and implementation. Table 5 provides a structured
overview of the main barriers and facilitators affecting this translation.

Table 5: Barriers and facilitators to translating monocyte-targeted therapies into PAD clinical care

Domain Barriers Enablers/Opportunities

Biomarker-guided stratification;
adaptive/enrichment trial
designs

Clinical trials Small sample sizes; heterogeneous
PAD populations; limited endpoints

beyond ABI/limb salvage

Regulation and safety

Biomarker integration

Implementation and cost

Preclinical-clinical gap

Risk of infection, impaired wound
healing, or immunosuppression;
fragmented approval pathways
Lack of standardized assays; variability
in flow cytometry panels; limited
longitudinal validation

High cost of single-cell/multi-omics;
limited access to specialized platforms

Underrepresentation of age, diabetes,
and comorbidities in models

Regulatory guidance on
advanced therapies;
harmonized safety monitoring
Standardization initiatives
(EuroFlow, FAIR data);
multi-omics integration with
clinical endpoints
Applicable flow cytometry and
cytokine analyses;
demonstration of
cost-effectiveness with reduced
MALE/hospitalizations
Use of humanized models;
incorporation of comorbidities
into preclinical design;
translational alignment with
vascular pathology

Note: Abbreviations: MALEs, major adverse extremity events; FAIR, Findable, Accessible, Interoperable, Reusable.
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8 Conclusions and Future Perspectives

Monocytes impact nearly every stage of PAD, from the onset of atherosclerotic lesions to ischemia-
reperfusion injury and late-stage tissue remodeling. They have a remarkable flexibility, encompassing
inflammatory activation, antigen presentation, metabolic reprogramming, and reparative signaling.
Advances in high-dimensional profiling, along with the identification of circulating and functional biomark-
ers, have created opportunities for stage-specific, precision-targeted interventions. The emerging clinical
and translational evidence has consistently linked monocyte subsets and their derived mediators to adverse
cardiovascular and limb outcomes, highlighting their importance as biomarkers and intervention points. We
can also strengthen the translational potential of targeting myeloid plasticity by learning from other immune-
mediated conditions. For example, macrophage persistence states identified in rheumatology provide a useful
framework for understanding how monocyte plasticity can be exploited in vascular diseases [25].

While early-phase studies and proof-of-concept clinical trials demonstrate feasibility for both pharma-
cological and cell-based approaches, the translation into practice remains incomplete. Technical barriers,
such as variability in sample processing, inconsistent phenotyping, and the cost of advanced multi-omics
approaches, limit the use of biomarkers. Therapeutic targeting of monocyte pathways remains largely
in early-phase or exploratory studies, and heterogeneity in study design and outcome measures makes
comparisons difficult.

Looking ahead, three priorities are essential for advancing the field. First, clinical validation: Large,
prospective, multicenter studies with standardized protocols are needed for reproducibility and the estab-
lishment of clinical thresholds. Second, precise immunomodulation: Biomarker-guided therapies that align
monocyte-targeted interventions with PAD stage and immune phenotype can maximize benefit while
minimizing the risks of immunosuppression. Third, integrative translational strategies: Correlating single-
cell and multi-omics datasets with clinical endpoints will provide a mechanistic basis for regulatory approval
and real-world application.

When combined, these steps can advance the field from definitive immunology to actionable vascular
immunotherapy. Monocyte-targeted strategies represent a paradigm shift: a shift from interventions focused
primarily on hemodynamics to an integrated precision vascular medicine model in which immune profiling
directly informs therapeutic decision-making and patient outcomes.
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