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significantly improved the understanding of management of PMF. This review focused on
the molecular pathogenesis, diagnostic criteria, prognostic scoring systems, therapeutic
strategies, and precision medicine approach in PMFE. A comprehensive literature search
on molecular pathogenesis, clinical trials, prognostic models, and emerging therapies in
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In recent times, PMF management has evolved toward molecularly guided, risk-adapted,
and patient-centered core. The integration of advanced diagnostics, novel therapeutics, and
precision approaches offers hope for improved survival and quality of life.
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1. Introduction

Primary myelofibrosis (PMF) is a chronic Philadelphia chromosome-negative myeloproliferative neoplasm (MPN) characterized by clonal
hematopoietic stem-cell proliferation, progressive bone marrow fibrosis, ineffective hematopoiesis, splenomegaly, constitutional symptoms,
and an increased risk of acute myeloid leukemia (AML) transformation [1]. Among the classic MPNs, PMF generally exhibits an aggressive
clinical course, substantial symptom burden, and adverse survival outcomes [2]. PMF arises from somatic mutations in hematopoietic
stem cells, predominantly involving JAK2, CALR, or MPL. These mutations activate JAK-STAT signaling, promoting abnormal myeloid
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proliferation, inflammation, and bone marrow remodeling [3, 4]. Additional mutations involving ASXL1, EZH2, SRSF2, IDH1, IDH2, and
U2AF1 contribute to disease progression, leukemic transformation, and adverse outcomes [4, 5]. Advances in molecular understanding have
transformed PMF from a fibrosis-defined disorder into a complex clonal disease involving genetic alterations, inflammatory signaling, immune
dysregulation, and stromal remodeling. The 2022 World Health Organization classification and International Consensus Classification
distinguish prefibrotic from overt fibrotic PMF, emphasizing integrated morphological, molecular, clinical, and laboratory assessments
for accurate diagnosis [5, 6]. Despite advances in supportive care, PMF causes substantial morbidity, including cytopenias, splenomegaly,
thrombohemorrhagic complications, and possible leukemic transformation [7, 8]. JAK inhibitors improve symptoms and quality of
life but rarely eradicate the malignant clone. Allogeneic hematopoietic stem-cell transplantation (HSCT) remains the only established
curative treatment, although eligibility is limited by age, comorbidities, disease risk, and treatment-related complications [9-11]. Emerging
sequencing, artificial intelligence, and multi-omics technologies offer opportunities for precision risk stratification and individualized
treatment [12, 13]. This review examines PMF epidemiology, pathogenesis, clinical manifestations, diagnosis, prognosis, treatment, and
emerging innovations, highlighting research gaps and future directions toward effective disease modification and curative therapies.

2. Epidemiology

Primary myelofibrosis is a rare but clinically significant MPN characterized by progressive bone marrow fibrosis, ineffective hematopoiesis,
and variable clinical outcomes. Despite its rarity, PMF imposes substantial clinical, psychosocial, and economic burdens, with significant
implications for survival and quality of life [14]. PMF has an estimated annual incidence of approximately 0.4—1.5 cases per 100,000
individuals, although reported rates vary by population, diagnostic criteria, and registry coverage [15, 16]. Improved molecular diagnostics,
disease recognition, and supportive management have influenced reported epidemiological patterns. Revised diagnostic frameworks,
including the 2022 WHO classification and International Consensus Classification, have improved differentiation between prefibrotic and
overt fibrotic disease, supporting more consistent epidemiological reporting [5, 6]. PMF predominantly affects older adults, with a median
diagnostic age commonly reported around 65-70 years. Its incidence increases with age, potentially reflecting the accumulation of somatic
mutations and age-associated clonal hematopoiesis [16, 17]. Age-related comorbidities also influence treatment selection and eligibility for
transplantation [9]. Geographical disparities remain substantial. Although higher reported rates occur in regions with established cancer
registries and advanced diagnostic services, PMF may be underdiagnosed in Africa, South Asia, and parts of Latin America because of limited
access to bone marrow histopathology, molecular testing for JAK2, CALR, and MPL, and specialist care. Available international estimates
should therefore be interpreted cautiously when comparing populations with different diagnostic capacities. Further population-based studies
and broader genomic investigations are needed to clarify geographical differences in disease incidence, mutation profiles, and clinical
outcomes [14, 17, 18]. Clinically, PMF causes fatigue, anemia, splenomegaly, bone pain, and constitutional symptoms, often necessitating
transfusions, hospitalization, and prolonged supportive care [19]. Prognosis varies considerably according to clinical and molecular risk.
Patients with low-risk disease may survive for many years, whereas those with very-high-risk disease may have substantially shorter survival.
Transformation to AML represents a particularly serious complication [7, 20]. Treatment costs further intensify this burden, particularly
where targeted therapies and transplantation are inaccessible. Standardized surveillance, broader molecular profiling, and equitable access to
diagnostic and therapeutic services are therefore essential to establish PMF’s true global burden and improve patient outcomes.

3. Pathogenesis

Primary myelofibrosis is a clonal hematopoietic stem-cell neoplasm characterized by progressive bone marrow fibrosis, ineffective
hematopoiesis, aberrant megakaryocyte proliferation, and disruption of the bone marrow microenvironment. Its pathogenesis involves
interacting genetic, epigenetic, inflammatory, and stromal abnormalities that drive disease initiation, progression, and, in some patients,
transformation to AML [3, 4].

3.1. Clonal Evolution and Driver Mutations

The disease originates from acquired somatic mutations in hematopoietic stem cells, conferring proliferative and survival advantages. The
principal driver mutations affect JAK2, CALR, and MPL, resulting in constitutive activation of the JAK-STAT pathway [3, 4, 21, 22]. JAK2
V617F occurs in approximately 55-65% of patients and promotes growth factor-independent hematopoietic proliferation. CALR mutations,
present in approximately 20-30%, produce abnormal calreticulin proteins that activate the thrombopoietin receptor, sustaining JAK-STAT
signaling [23-25]. MPL mutations, identified in a smaller proportion of patients, directly activate thrombopoietin receptor signaling and
promote abnormal megakaryopoiesis [26, 27]. Approximately 10% of patients lack these three principal driver mutations and are classified
as having triple-negative PMF. This group is biologically heterogeneous, and its prognosis depends on the broader clinical, cytogenetic, and
molecular profile [28].

3.2. Additional Molecular Abnormalities

Mutations affecting epigenetic regulation and RNA splicing contribute to clonal evolution and disease heterogeneity. ASXL1 mutations
disrupt chromatin regulation and are associated with shortened survival and increased leukemic transformation risk [29]. EZH2 mutations
impair histone methylation and transcriptional regulation, contributing to disease progression [30]. Mutations in IDH1 and IDH2 can
generate the oncometabolite 2-hydroxyglutarate, promoting epigenetic dysregulation. Meanwhile, SRSF2 and U2AF1 mutations disrupt
RNA processing and are associated with adverse disease features, including reduced survival and severe anemia [31, 32]. These abnormalities
help explain the substantial biological heterogeneity observed among patients with PMF [33, 34]. Evolving classification frameworks have
increasingly integrated these molecular findings with morphology and clinical features [35].
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3.3. Megakaryocyte Dysfunction and Bone Marrow Fibrosis

A central feature of PMF is the abnormal proliferation and maturation of megakaryocytes, which display atypical morphology and clustering.
These cells release profibrotic and proinflammatory mediators, particularly transforming growth factor-beta (TGF-f3) and platelet-derived
growth factor (PDGF). These mediators activate bone marrow stromal cells and fibroblasts, stimulating excessive deposition of reticulin and
collagen fibers [36, 37].Importantly, the fibrosis is predominantly a reactive response to the malignant hematopoietic clone rather than an
independent clonal proliferation of fibroblasts. Changes in the marrow niche further sustain abnormal hematopoiesis and disease progression
[36].

3.4. Inflammation, Ineffective Hematopoiesis, and Disease Progression

Chronic inflammatory signaling sustains abnormal hematopoiesis, stromal activation, and angiogenesis, reinforcing a self-perpetuating cycle
of marrow injury [38]. Progressive fibrosis disrupts the hematopoietic niche, leading to ineffective blood-cell production, cytopenias, and the
release of immature blood cells into peripheral circulation.

As marrow function deteriorates, hematopoiesis shifts to extramedullary sites, particularly the spleen and liver, causing organ enlargement.
Additional genetic abnormalities may promote clonal evolution and leukemic transformation [4, 20]. Molecular prognostic systems, including
MIPSS70+ Version 2.0 and GIPSS, integrate adverse mutations with clinical and cytogenetic variables to improve risk stratification and
guide management [20, 39].

4. Clinical Manifestations

The clinical presentation of PMF is heterogeneous, reflecting progressive bone marrow fibrosis, clonal hematopoiesis, chronic inflammation,
and extramedullary hematopoiesis. While some patients remain asymptomatic and are diagnosed incidentally, others develop debilitating
constitutional symptoms, severe cytopenias, massive splenomegaly, or life-threatening thrombohemorrhagic complications [7, 11]. Constitu-
tional symptoms arise largely from persistent inflammatory cytokine production. Common symptoms include fatigue, weakness, unintended
weight loss, fever, night sweats, pruritus, anorexia, and early satiety [38]. Fatigue is particularly debilitating, reflecting anemia, inflammation,
and increased metabolic demand. Symptom assessment using validated instruments, such as the Myeloproliferative Neoplasm Symptom
Assessment Form, supports clinical monitoring and treatment evaluation [40, 41]. Splenomegaly is a hallmark manifestation resulting from
extramedullary hematopoiesis as marrow function deteriorates. Enlargement may cause abdominal discomfort, early satiety, weight loss,
splenic infarction, and hypersplenism, further aggravating cytopenias. Hepatomegaly may also develop through hepatic extramedullary
hematopoiesis, occasionally contributing to portal hypertension and abnormal liver function [42]. Hematological abnormalities include
anemia, leukocytosis, leukopenia, thrombocytosis, and thrombocytopenia. Anemia results from ineffective erythropoiesis, marrow fibrosis,
inflammatory suppression, hypersplenism, nutritional deficiencies, and treatment effects. It causes fatigue, pallor, dyspnea, dizziness, and
reduced exercise tolerance, sometimes requiring transfusion support. Leukocytosis and thrombocytosis may characterize earlier disease,
whereas leukopenia and thrombocytopenia can emerge with progression, indicating reduced marrow reserve and increased bleeding risk
[7, 20]. Extramedullary hematopoiesis predominantly affects the spleen and liver but may involve lymph nodes, lungs, kidneys, skin,
gastrointestinal tissues, and paraspinal regions. Depending on location, it can cause pulmonary hypertension, respiratory impairment, or
spinal cord compression, occasionally requiring radiotherapy or other interventions [42]. Finally, PMF predisposes patients to thrombotic
and hemorrhagic complications through abnormal platelet function, endothelial dysfunction, inflammation, and coagulation disturbances.
Arterial and venous events include stroke, myocardial infarction, deep vein thrombosis, and pulmonary embolism. Bleeding may result from
thrombocytopenia, platelet dysfunction, or acquired von Willebrand syndrome. These complications substantially increase morbidity and
mortality, making individualized risk assessment essential for treatment planning and transplantation decisions [43].

5. Diagnosis

Diagnosing PMF requires an integrated assessment of clinical features, blood counts, peripheral blood morphology, bone marrow histopathol-
ogy, cytogenetics, and molecular testing. Because PMF overlaps with other MPNs, myelodysplastic syndromes, and reactive marrow
disorders, accurate diagnosis depends on combining these findings rather than relying on a single test [5—7]. Anemia is common and typically
normocytic and normochromic, becoming more severe as disease progresses. Leukocytosis and thrombocytosis may occur early, whereas
leukopenia and thrombocytopenia often indicate advanced disease and poorer prognosis [7, 44]. The blood smear characteristically reveals a
leukoerythroblastic picture, tear-drop erythrocytes (dacrocytes), anisopoikilocytosis, immature granulocytes, nucleated red blood cells, and
occasionally circulating blasts. These findings support the diagnosis and may indicate disease progression or leukemic transformation [7].
Bone marrow aspiration and trephine biopsy are essential for distinguishing prefibrotic from overt fibrotic PMF. Aspiration may produce a
dry tap because of extensive fibrosis. Histopathology typically demonstrates atypical megakaryocytic proliferation, abnormal clustering,
irregular hyperchromatic nuclei, and progressive reticulin or collagen deposition. Reticulin grading, alongside assessment of cellularity,
osteosclerosis, and hematopoietic architecture, establishes disease stage and supports classification under WHO and ICC criteria [S5, 6, 45].
Conventional karyotyping identifies chromosomal abnormalities, including deletions of 20q and 13q, trisomies 8 and 9, and complex
karyotypes. Monosomy 7, chromosome 17 abnormalities, and complex karyotypes are associated with adverse outcomes and increased
leukemic transformation risk [20, 39]. Molecular testing detects the principal driver mutations: JAK2, CALR, and MPL. Patients lacking all
three are classified as triple-negative PMF. Additional mutations involving ASXL1, EZH2, SRSF2, IDH1, IDH2, U2AF1, RUNXI1, and
TP53 provide prognostic information and can inform treatment decisions [4, 17, 29, 31]. Next-generation sequencing enables simultaneous
detection of multiple mutations, low-frequency subclones, and clonal evolution, strengthening diagnosis, risk stratification, and individualized
management [4, 17]. Combined with clinical, morphological, and cytogenetic findings, genomic profiling advances precision medicine in
PMF.
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5.1. WHO Diagnostic Criteria

The diagnosis of PMF is established using integrated diagnostic criteria that incorporate bone marrow morphology, molecular genetics, clinical
findings, and laboratory investigations. Contemporary classifications distinguish prefibrotic PMF from overt fibrotic PMF, recognizing these
as different stages within the same disease spectrum [5, 6]. Major diagnostic criteria include characteristic megakaryocytic proliferation and
atypia, accompanied by either minimal fibrosis in prefibrotic disease or significant reticulin or collagen fibrosis in overt PMF. Patients must
also meet exclusion criteria for other myeloid neoplasms, including chronic myeloid leukemia, polycythemia vera, essential thrombocythemia,
and relevant myelodysplastic or myelodysplastic/myeloproliferative disorders. Identification of a driver mutation involving JAK2, CALR, or
MPL, or another clonal molecular abnormality, supports the diagnosis [5, 6]. Minor diagnostic criteria include anemia not explained by
another condition, leukocytosis, palpable splenomegaly, elevated serum lactate dehydrogenase, and leukoerythroblastosis. The required
combination of major and minor criteria depends on the classification system and whether prefibrotic or overt fibrotic PMF is being
evaluated [5, 6]. Secondary causes of bone marrow fibrosis must also be excluded. The incorporation of molecular testing into contemporary
diagnostic criteria represents a major advance over earlier classification systems and reflects the increasing importance of genomic medicine
in hematological diagnosis.

6. Risk Stratification

Modern risk-stratification systems are indispensable components of PMF management because they directly influence therapeutic decision-
making. Patients classified as low or intermediate-1 risk are frequently managed with observation, symptom-directed therapy, or JAK
inhibitors, depending on symptom burden and disease progression. Individuals with intermediate-2 or high-risk disease are generally
evaluated for allogeneic HSCT, which remains the only established curative treatment [10, 20]. Prognostic systems include the International
Prognostic Scoring System (IPSS), Dynamic International Prognostic Scoring System (DIPSS), DIPSS Plus, and molecularly informed
models such as MIPSS70+ Version 2.0 and GIPSS. These models incorporate varying combinations of clinical characteristics, blood counts,
transfusion requirements, cytogenetic findings, and adverse mutations [20, 39, 46-50].

Contemporary prognostic models facilitate:

Selection of candidates for transplantation.
Identification of patients requiring intensive monitoring.
Stratification of participants in clinical trials.
Individualized counseling regarding prognosis.
Optimization of targeted therapeutic strategies.

AR

As molecular diagnostics evolve, future prognostic systems may incorporate artificial intelligence, machine learning, measurable residual
disease assessment, transcriptomics, epigenomics, and other multi-omics technologies to improve prognostic accuracy and personalize
patient management [12, 51].

7. Current Therapeutic Strategies

Management of PMF has advanced through targeted therapies and transplantation, although most pharmacological treatments do not
eradicate the malignant stem-cell clone. Treatment is individualized according to symptoms, cytopenias, molecular risk, age, and transplant
eligibility, aiming to improve quality of life, control splenomegaly, prevent complications, and prolong survival [9, 20]. Contemporary
management integrates supportive care, targeted pharmacotherapy, and allogeneic HSCT [8, 10, 52]. Supportive care remains essential
throughout the disease course [8]. Red blood cell transfusions address symptomatic anemia, although prolonged transfusion dependence may
cause iron overload requiring monitoring and, in selected patients, chelation therapy. Nutritional support, vaccination, infection prevention,
cardiovascular risk management, and psychological care further improve patient well-being [40]. Anemia management is individualized
according to its severity and underlying mechanisms, including ineffective erythropoiesis, inflammation, marrow fibrosis, and hypersplenism.
Erythropoiesis-stimulating agents may benefit selected patients with low endogenous erythropoietin levels. Danazol, corticosteroids,
thalidomide, and lenalidomide-based regimens may also improve anemia, although adverse effects limit their use. Momelotinib, which
inhibits JAK1/JAK?2 and activin receptor type I, can improve anemia, splenomegaly, and constitutional symptoms. Other anemia-directed
agents, including luspatercept, are under investigation or may be considered in selected clinical settings [53, 54]. JAK inhibitors have
transformed PMF treatment by suppressing aberrant JAK-STAT signaling, reducing inflammation, shrinking the spleen, and alleviating
constitutional symptoms [55]. Ruxolitinib is widely used for symptomatic intermediate- or high-risk disease [56, 57], while fedratinib
provides an option for patients with advanced disease, including some previously treated with ruxolitinib [58, 59]. Pacritinib is particularly
valuable for patients with severe thrombocytopenia [60]. Momelotinib offers an additional advantage in anemic patients by targeting
pathways involved in hepcidin regulation and iron availability for erythropoiesis [53, 54, 61-63]. These agents enable treatment selection
based on individual clinical characteristics and tolerability. Allogeneic HSCT remains the only established curative treatment, offering the
potential for disease eradication through replacement of malignant hematopoietic cells with donor-derived stem cells. However, substantial
treatment-related risks necessitate careful selection, particularly among intermediate-2- and high-risk patients, younger individuals with
adverse molecular features, and patients with progressive disease despite medical therapy [10, 11, 64].

8. Future Therapeutic Directions

Despite remarkable advances in targeted therapy, important therapeutic challenges remain. Current JAK inhibitors primarily provide
symptomatic benefit rather than reliably eradicating the malignant clone. Consequently, clinical research increasingly focuses on com-
bination therapies that simultaneously target malignant stem cells, inflammatory pathways, bone marrow fibrosis, and the surrounding
microenvironment [65]. Novel therapeutic strategies under investigation include:
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* BET inhibitors: Targeting epigenetic mechanisms involved in abnormal gene expression.

BCL-2/BCL-xL inhibitors: Promoting apoptosis of malignant hematopoietic cells.

Telomerase inhibitors: Targeting mechanisms involved in clonal cell survival.

¢ TGF-f pathway inhibitors: Potentially reducing profibrotic signaling and marrow remodeling.

Epigenetic therapies: Targeting abnormal DNA methylation, chromatin regulation, and transcription.
Immunotherapy: Modulating immune responses against malignant cells.

Gene-editing technologies: Exploring targeted correction or modification of hematopoietic stem cells.

Personalized combination regimens: Integrating molecular profiling, disease risk, treatment response, and tolerability.

.

Several investigational agents and combination strategies are being evaluated in clinical trials, including BET-inhibitor combinations,
apoptosis-directed regimens, and telomerase inhibition, although their long-term efficacy, safety, and ability to modify disease progression
remain to be established [65-70]. The combination of JAK inhibitors with agents targeting apoptosis, epigenetic regulation, or the bone
marrow microenvironment may offer opportunities to improve treatment depth and durability. Artificial intelligence and multi-omics
approaches may further improve patient selection, identify predictive biomarkers, and guide individualized treatment strategies [12, 51].
Nevertheless, these technologies require rigorous validation in diverse patient populations before routine clinical implementation [71-75].

9. Conclusion

Primary myelofibrosis is a biologically heterogeneous myeloproliferative neoplasm characterized by clonal hematopoiesis, progressive
bone marrow fibrosis, chronic inflammation, ineffective hematopoiesis, and a variable risk of leukemic transformation. Advances in
molecular genetics have improved understanding of disease mechanisms, while integrated morphological, clinical, cytogenetic, and molecular
assessments have strengthened diagnosis and prognostic classification. Contemporary risk-stratification systems support individualized
treatment decisions, including the use of JAK inhibitors, supportive therapies, and allogeneic hematopoietic stem-cell transplantation.
Although targeted therapies have substantially improved symptom control, splenic responses, and quality of life, their capacity to eradicate
the malignant clone remains limited. Future progress will depend on developing disease-modifying combination therapies, improving anemia
management, targeting the bone marrow microenvironment, and integrating genomic and multi-omics technologies into precision medicine.
Equitable access to molecular diagnostics, effective treatments, and transplantation services is particularly important in resource-limited
settings. Evidence from long-term treatment follow-up, mutation studies, and contemporary diagnostic and risk-stratification research also
underscores the need to integrate clinical, molecular, and longitudinal data when refining individualized prognosis [71-75]. Ultimately,
collaborative research and inclusive clinical trials are essential to improve survival and advance curative strategies.
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