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Abstract

Immune cells, including neutrophils, monocytes/macrophages, and lymphocytes, play pivotal roles
in the development, maintenance, and dissolution of deep vein thrombosis (DVT) through
inflammatory, coagulation, and fibrinolytic mechanisms. Targeted manipulation of these cells offers
a compelling avenue for advancing DVT prevention and management. IFN-vy, a key player in the
pathogenesis of DVT, acts as a bridge between immune responses and coagulation activation. It
promotes endothelial activation, leukocyte recruitment, cytokine release, and coagulation imbalance.
This critical pro-inflammatory and prothrombotic role makes IFN-y a promising molecular target in
DVT management beyond traditional anticoagulation methods. Exploring pharmacological
inhibition of IFN-y signaling or its downstream effectors could open new therapeutic pathways for
DVT, enhancing resolution and averting post-thrombotic complications. This review summarizes
pathophysiology, diagnostics, and management of DVT, and adds further information on the role of
IFN-v as a key cytokine to target to advance DVT therapeutics.
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1. Introduction

Deep vein thrombosis (DVT) can occur in various parts of the body, with the legs being the most
common location [1-3]. It affects approximately 0.1 % of the population annually [4]. Primary causes
include decreased blood flow, which can happen due to stasis, where blood stays at one location for
an extended period of time. Other risk factors for DVT include immobility, malignancy, hip fracture,
pregnancy, recent surgery, and a family history of the condition [1,5,6]. Several studies have
demonstrated the occurrence of DVT in cancer patients undergoing immunotherapies, including
immune checkpoint inhibitors (ICIs), immunotherapy agents (ipilimumab, nivolumab,
pembrolizumab, atezolizumab, avelumab, or durvalumab), chimeric antigen receptor (CAR) T-cells,
and bispecific T-cell engagers [7,8].

To diagnose DVT, healthcare professionals utilize various tests to accurately identify the
condition. These diagnostic methods include the D-dimer blood test, this test detects elevated levels
of D-dimer in the blood, signaling the existence of blood clots. Other tests are duplex ultrasound,
which aids in visualizing the veins to detect any signs of DVT, and venography is another method to
visualize the veins and identify potential blood clots. Additionally, magnetic resonance imaging
(MRI) scans are utilized to detect DVT in different regions of the body [9,10]. These diagnostic tools
play a crucial role in identifying and confirming the presence of DVT, allowing for timely and
appropriate medical intervention

The pathophysiology involves immune-related endothelial activation, cytokine production,
neutrophil extracellular traps (NETs), and C-Reactive protein (CRP)-mediated immunothrombosis
[6,11,12]. Currently available therapeutic and management approaches of DVT include:
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anticoagulants and thrombolytics, and compression stockings help prevent clot formation and
further complications [10,13]. In critical situations, clot removal surgery may be necessary. Inferior
vena cava (IVC) filters can be inserted to prevent clots from traveling to the lungs [14]. Anticoagulant
treatments traditionally focus on coagulation factors, overlooking the crucial aspect of inflammation.
Inflammatory conditions in DVT can lead to increased production of IFN-y, highlighting the
significance of this cytokine in the inflammatory response to DVT [3,15]. Inflammatory response can
be acute as a protective mechanism or can be chronic, leading to tissue changes and thrombus
formation. Symptoms of DVT may include pain, swelling, redness, and visible veins in the affected
area [10]. It is crucial to address DVT promptly, as it can lead to life-threatening complications such
as pulmonary embolism when a blood clot travels to the lungs [1,5,16].

Exploring the role of immune cells introduces new possibilities for supplementary anti-
inflammatory approaches [12,17]. These may involve targeting cytokines, NETosis, or adjusting
macrophage phenotypes. The aim is to enhance thrombus resolution, minimize complications, and
mitigate bleeding risks [17]. Research has shown that inhibiting IFN-y signaling can lead to
thrombosis resolution and reduced fibrosis in DVT animal models [18]. According to the updated
American Society of Hematology guidelines, monitoring the IFN-y levels of DVT patients is essential
[14]. These diverse approaches aim to effectively manage DVT and reduce associated risks,
highlighting the importance of tailored treatment strategies based on individual patient needs

In this insightful review, the critical role of immune cells in the pathophysiology of DVT is
explored, alongside the diagnostic approach and management strategies for DVT. The report
emphasizes the importance of IFN-y in triggering DVT and proposes the inhibition of IFN-y as a
potential treatment for this condition.

2. Role of Immune Cells in the Pathophysiology of DVT

Immune cells are key players in inflammatory processes that contribute to clot formation,
playing a vital role in the development and progression of DVT. The interaction between the innate
immune system and the coagulation cascade leads to the initiation and propagation of thrombosis
[17,19]. DVT, a condition resulting from a complex interplay among coagulation, vascular
endothelium, and immune system components, involves a significant role played by the immune
system [17]. Innate immune cells like neutrophils, monocytes/macrophages, and lymphocytes
actively engage in various stages of venous thrombi formation. This interaction has given rise to the
concept of immunothrombosis, where thrombosis is intricately connected to immune activation and
inflammatory responses.

Neutrophils, the predominant leukocytes in thrombi, contribute to DVT through the generation
of neutrophil extracellular traps (NETs). These web-like structures made of chromatin not only
ensnare pathogens but also serve as a scaffold for fibrin and platelets, facilitating clot development
and stability [12,17]. NETosis plays a central role in the initial stages of thrombus formation, fueling
coagulation and inflammation processes [12]. Monocytes infiltrate thrombi and transform into
macrophages, expressing tissue factor (TF) to trigger coagulation cascades and recruit platelets.
Additionally, macrophages aid in thrombus resolution by releasing fibrinolytic enzymes crucial for
breaking down fibrin and collagen, leading to remodeling. During the resolution phase, pro-
inflammatory macrophages ("M1") transition into pro-resolving ("M2") phenotypes. NK cells, B cells,
and T cells also impact thrombus progression [17].

These cells trigger activated endothelial cells, leading to the release of Weibel-Palade bodies,
reactive oxygen species, inflammasomes, and cytokines such as IL-6 and MCP-1 contribute to a pro-
inflammatory microenvironment [12]. This environment promotes immune cell recruitment and
activation, leading to coagulation and thrombus maturation [17]. Tissue factor expression on immune
cells and platelets initiates thrombin generation and fibrin production, facilitating the formation of
the thrombus scaffold [17].

Immune cells play a crucial role in not just initiating and spreading responses, but also in
regulating the breakdown of blood clots [17]. Macrophages are key players in this process as they
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secrete fibrinolytic enzymes and facilitate the restructuring of the extracellular matrix through
collagenolysis, ultimately restoring blood flow. Neutrophils also contribute to clot dissolution,
although their dysregulation can potentially prolong inflammation. Additionally, endothelial cells
participate by re-endothelializing the thrombus and can undergo changes that influence the
resolution of the clot. When these processes fail, it can result in issues like chronic venous obstruction,
valvular damage, and post-thrombotic syndrome (PTS) [17].

Venous stasis, endothelial injury/dysfunction, and hypercoagulability (known as Virchow’s
triad) initiate immune cell adhesion to activated endothelium, involving neutrophils and monocytes
[20]. These cells release proinflammatory cytokines, express tissue factor (TF), and trigger platelet
activation, promoting localized thrombin production and fibrin mesh formation. Neutrophils
undergo NETosis, releasing DNA and proteins that entrap erythrocytes and platelets, enhancing clot
stability. Following thrombus formation, macrophages infiltrate to engulf debris, release
plasminogen activators and matrix metalloproteinases (MMPs), facilitating the shift from
inflammation to repair phases crucial for clot dissolution and vein wall healing [17]. Diverse
lymphocyte subsets regulate inflammation levels, influencing the resolution or aggravation of
thrombotic processes alongside other immune factors. Molecules like IL-6, MCP-1, MIP-1, and CINC
are elevated in thrombotic areas, orchestrating immune recruitment and activation. Effective
thrombus resolution hinges on well-coordinated immune signaling to promote fibrinolysis, collagen
restructuring, and endothelial repair. Imbalance in this process can lead to adverse outcomes, such
as post-thrombotic syndrome [21,22].

Recent research has shed light on the impaired function and levels of natural killer (NK) cells in
the blood of individuals with DVT and pulmonary embolism [23-25]. NK cells may have a role in the
development and progression of DVT, potentially impacting its prognosis. Particularly, through the
production of interferon-gamma (IFN-y), NK cells have been shown to trigger the formation of
neutrophil extracellular traps (NETs) [26,27]. These NETs, released by neutrophils, contribute to
thrombus formation, thereby increasing the risk of DVT [26]. Studies have indicated reduced
thrombotic formation in NK cell-depleted or IFN-y knock-down mice, suggesting a correlation
between NK cells, IFN-y, and venous thrombosis [26]. Further observations have revealed an
imbalance of NK cell subsets in DVT patients' peripheral blood, with significantly low levels of
CD56dimCD16+ NK cells and notably higher levels of CD56-CD16+ NK cells. Additionally, markers
like citrullinated histone (H3) were identified in the peripheral blood of DVT patients [23]. While
additional research is essential, these findings suggest that NK cells, through their role in NET
formation and the alterations in their subsets, could potentially influence the severity and prognosis
of DVT. Moreover, targeting IFN-y might serve as a therapeutic intervention aimed at inhibiting
thrombosis.

3. IFN-vy and Its Role in the Pathophysiology of DVT

Interferon gamma (IFN-vy) plays a crucial role as a key type II interferon cytokine in regulating
pro-inflammatory and immunoregulatory processes during inflammation [28]. This pivotal cytokine
is predominantly generated by immune cells such as NK cells, activated Th1 CD4+ T cells, and CD8+
cytotoxic T cells [29-32]. These immune cells secrete IFN-y in response of pathogens or when
stimulated with cytokines like IL-2, IL-12, IL-18, etc [31,33]. This cytokine plays a crucial role in
coordinating both innate and adaptive immune responses [32,34]. By triggering cellular mechanisms
that combat pathogens, tumors, and regulate inflammation, IFN-y serves as a linchpin in the immune
system's functionality [32]. Its functions include activating macrophages, improving antigen
presentation, stimulating the expression of inflammatory mediators, and influencing hematopoiesis.
Notably, IFN-y serves a dual purpose by promoting inflammation while also regulating feedback
mechanisms to prevent excessive immune responses, thereby contributing to immune homeostasis
[32]. The signaling of IFN-y primarily occurs through its heterodimeric receptor complex
(IFNGR1/IFNGR?2), setting off the JAK-STAT1 pathway [30,34-37]. This activation leads to the
transcription of interferon-stimulated genes (ISGs) that are closely associated with various aspects of
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immunity, inflammation, cell cycle regulation, apoptosis, and antigen presentation [30]. IFN-y
stimulates the production of pro-inflammatory cytokines, facilitates the generation of reactive
oxygen/nitrogen species (ROS/RNS), and bolsters leukocyte recruitment and activation [38]. The
intricate interplay orchestrated by IFN-y demonstrates its profound impact on bolstering the body's
defense mechanisms against a spectrum of threats, but it can also contribute to inflammatory
conditions [29,38]. The dysregulation of IFN-y signaling is associated with autoimmune diseases,
infectious disease pathology, cancer immunology, and chronic inflammatory conditions [28,34,35].
IFN-vy plays a pivotal role in the pathophysiology of DVT [12,39]. It impacts endothelial cells by
modifying their barrier function, increasing permeability, and inducing the expression of adhesion
molecules like ICAM-1 and VCAM-1, thereby promoting inflammation. Additionally, IFN-y triggers
the production of pro-inflammatory cytokines (TNF-a, IL-1f3), chemokines, and enhances the
activation of the coagulation cascade by boosting tissue factor on monocytes/macrophages. By
activating macrophages, recruiting Thl cells, and supporting their differentiation, IFN-y sustains
local inflammation and thrombogenic signals. Furthermore, it influences the expression of
anticoagulants and fibrinolytic factors, leading to a pro-thrombotic environment by reducing
thrombomodulin levels. IFN-y also stimulates reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in vascular cells, potentially causing oxidative endothelial damage and aiding in clot
formation. In essence, IFN-y emerges as a critical factor driving the inflammatory milieu that
encourages the development, enlargement, and dissemination of blood clots in DVT [38].

4. Targeting IFN-vy and Its Signaling to Advance Therapeutics of DVT

Targeting IFN-y and its signaling could be a promising approach to combat the inflammation-
driven progression of DVT [38-40]. Potential interventions include using IFN-y neutralizing
antibodies or inhibitors like monoclonal antibodies (e.g., emapalumab, FDA-approved for other
cytokine storm syndromes) to alleviate IFN-y-induced inflammation [41,42]. Additionally, JAK-
STAT pathway inhibitors such as ruxolitinib could be utilized to impede the downstream signaling
of IFN-y, thereby reducing prothrombotic inflammation [43-45]. Moreover, by modulating
endothelial function through targeting IFN-y-induced pathways like STAT1, p38 MAPK, and small
GTPases, it may be possible to maintain vascular barrier integrity effectively [46]. While the current
standard management for DVT focuses on anticoagulation to prevent thrombus extension and
embolization, addressing the inflammatory aspect, particularly pivotal cytokines like IFN-vy, holds
the potential to enhance outcomes, minimize recurrence, and promote thrombus resolution (Figure

1).
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Figure 1. Illustration showing the role of IFN-y in the pathophysiology and management of DVT.

Recent research findings reveal that the use of anti-IFN-y monoclonal antibodies post-DVT
significantly hastened the resolution of venous thrombus and reduced fibrosis in murine models [47].
Remarkably, this treatment demonstrated these benefits without affecting the overall coagulation
function systemically [47]. Administration of antibodies against IFN-y accelerated thrombotic
resolution in DVT wild-type mice [39,48], and also reduced the number of NETs formed [49]. Selective
dampening of IFN-y-mediated inflammation presents a novel approach to enhancing thrombus
breakdown and promoting vein wall healing. This targeted strategy offers a distinct advantage over
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conventional anticoagulation methods. While standard anticoagulants focus on preventing clot
progression, they fall short in expediting natural clot resolution and mitigating inflammation [50]. By
neutralizing IFN-y, a more tailored and effective treatment path emerges, fostering optimal recovery
outcomes. Further experimental and clinical investigations are crucial to assess the impact of IFN-y
modulation in the treatment of venous thrombosis.

5. Conclusion

Investing further in the role of immune cells in the onset and progression of DVT could help to
develop advanced therapeutics for DVT. Exciting insights into immune responses shed light on the
mechanisms behind certain conditions, offering potential paths for future therapies. Evidence points
to the crucial involvement of NK cells, especially in NET formation, in the progression of DVT. The
emerging importance of NK cell subsets and associated markers for diagnosing DVT and tailoring
treatments underscores their relevance in comprehending and addressing this condition. This
analysis underscores the intricate impact of IFN-y on both the development and treatment of DVT.
Interferon-gamma (IFN-vy) plays a crucial role in the development of DVT. It promotes endothelial
dysfunction, inflammatory cell recruitment, procoagulant activity, and vascular inflammation, all
contributing to thrombus formation and progression. Targeting IFN-y signaling presents a promising
approach to complement traditional anticoagulation methods in addressing inflammation-driven
thrombotic mechanisms in DVT (Figure 1).
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