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                                                                                                                        Abstract

                                                            Myeloproliferative neoplasms are uncommon disorders in children, for which we have limited understanding of the pathogenesis and optimal management. JAK2 and MPL mutations, while common drivers of myeloproliferative neoplasms in adult patients, are not clearly linked to pediatric disease. Management and clinical outcomes in adults have been well delineated with defined recommendations for risk stratification and treatment. This is not the case for pediatric patients, for whom there is neither a standard approach to workup nor any consensus regarding management. This review will discuss thrombocytosis in children, including causes of thrombocytosis in children, the limited knowledge we have regarding pediatric primary thrombocytosis, and our thoughts on potential risk stratification and management, and future questions to be answered by laboratory research and collaborative clinical study.
                                                            
                                                            Introduction
Thrombocytosis is now a common finding on the complete blood count (CBC) of children. It is often transient, and occurs secondary to various underlying medical, usually inflammatory, disorders because an increase in the platelet count is one aspect of the acute phase reaction. This occurs more frequently in younger children, either because of the immaturity of their innate and/or adaptive immunity, or because they have more frequent infections.
Primary thrombocytosis is substantially less common in children than it is in adults. Essential thrombocytosis or thrombocythemia (ET) in adults is well known as a member of the family of myeloproliferative neoplasms (MPN), also including polycythemia vera (PV) and primary myelofibrosis (PMF). These disorders share several features, such as splenomegaly, growth factor independent hematopoiesis, and the potential to transform to acute myeloid leukemia (AML). Since identification of the JAK2 V617F mutation in 2005, and subsequently of mutations in relevant JAK-STAT pathway genes, these MPN are now relatively well-understood entities in adults. Hereditary thrombocytosis is also a defined entity, much like ET, reported in a number of families, with causative mutations identified in the thrombopoietin (TPO) gene, the TPO receptor gene cMPL (MPL), and most recently in JAK2 (see further discussion of molecular findings).
The same cannot be said for primary thrombocytosis in children. The pathogenesis of the disease in the pediatric population is less clear, with a far smaller percentage of children than adults having mutations in JAK2 or MPL. This review will discuss the causes of thrombocytosis in children, the pathogenesis of primary thrombocytosis, and our current understanding of this entity in the pediatric population, and will consider important questions that still remain unanswered.
Thrombocytosis defined
Thrombocytosis is generally considered a platelet count more than 450×10/L. One definition considers a count from 450–700×10/L as mild thrombocytosis, 700–900×10/L as moderate, and more than 900×10/L as severe.1 Counts over 1000×10/L are considered extreme thrombocytosis.1
Thrombopoietin and its role in thrombocytosis
Megakaryopoiesis involves interplay between various growth factors and cytokines, such as interleukin-3 (IL-3) and stem cell factor (SCF), with megakaryocyte progenitors. By far the most essential is thrombopoietin (TPO) which is produced predominantly in the liver, but is also generated within marrow stroma and the kidney.32 TPO is required both for stem cell differentiation and for all stages of megakaryocyte maturation.54 TPO also interacts synergistically with a number of other growth factors, such as IL-11 and erythropoietin, to enhance megakaryocyte colony growth.6
The receptor for TPO was identified as the protein MPL, produced by the cMPL gene. cMPL was recognized as a growth factor receptor by virtue of its structure, and identification of its ligand is how TPO was discovered.87 The most direct evidence for the critical role of cMPL, and by extension thrombopoietin, in thrombopoiesis and stem cell differentiation, is that absence of cMPL expression has been shown to be responsible for congenital amegakaryocytic thrombocytopenia. The resulting TPO insensitivity often results in aplastic anemia, as TPO promotes progenitor survival.9 Conversely, excess production of TPO (beyond what is needed based on the platelet count) has been found in familial thrombocytosis secondary to a gain of function mutation.1110 In addition to platelets, endothelial cells have been shown to display c-MPL receptors, but these are not thought to participate in TPO regulation.12
In steady state, there is constitutive TPO production and thus the TPO level depends upon its rate of clearance and not generally on control at the transcriptional level.13 This rate depends upon TPO binding to its receptor, which in turn depends upon how many TPO-R bearing cells are accessible, as well as how many receptors they express.14 Low platelet counts will lead to decreased TPO clearance (less receptors in the circulation) and therefore increased levels of TPO; the reverse occurs with higher platelet counts, i.e. thrombocytosis. There are variations to this basic principal, for example in the setting of idiopathic thrombocytopenia (thrombocytopenia due to destruction). In these cases, the number of megakaryocytes and megakaryocyte mass may also influence TPO regulation and circulating levels.1615
Causes of reactive thrombocytosis in children
Secondary, or reactive, thrombocytosis is a common occurrence in children. It has been reported to occur in 6–15% of hospitalized children, with variations based on age. Most of these children had thrombocytosis that could be characterized as mild, but others transiently reached levels over 900,000.2017
Causes of secondary thrombocytosis are many and varied (Table 1). Infection is the most common, including viral and bacterial pathogens, and both acute and chronic infections. Especially in children under one year of age, any infection seems capable of triggering a high platelet count. Inflammatory diseases, e.g. Kawasaki disease, rheumatoid arthritis, and inflammatory bowel disease, are commonly associated with reactive thrombocytosis, as are hypoxia, trauma, blood loss, and malignancy.222119 Iron deficiency also seems to be a frequent cause of secondary thrombocytosis.20
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Table 1.Reactive (secondary thrombocytosis).
It is believed that underlying mechanisms of secondary thrombocytosis can be explained by upregulation of TPO expression and resultant increased TPO levels. Hepatic TPO mRNA expression is increased with inflammation.23 Interleukin-6 (IL-6) is increased in various inflammatory states, and has been associated with elevation of plasma TPO levels and TPO mRNA expression. TPO levels correlate with C-reactive protein, another inflammatory marker.24 It is appropriate to note that “viral suppression” of thrombopoiesis is also common, and thus in the setting of infection the platelet count may go up or down depending on the relative effects on platelet production and (possibly) on platelet destruction. Furthermore, in the setting of viral suppression resulting in thrombocytopenia, there may be an “overshoot” during recovery with transient thrombocytosis.
There is significant homology between erythropoietin (EPO) and thrombopoietin. In settings of anemia in which there is thrombocytosis, some authors have proposed that increased levels of EPO might bind MPL and lead to a TPO-like effect to increase platelet counts.25 However, other authors have demonstrated lack of competition between EPO and TPO.2726 The relationship between platelets and iron deficiency is likely to be multifaceted and the causative mechanism of thrombocytosis in iron-deficiency anemia has not been established.
Overall, in children, transient reactive thrombocytosis is much more common than primary thrombocytosis. However, primary thrombocytosis is recognized more commonly than in the past, likely due to the increase in the number of blood counts being drawn on children. Also, following a patient with presumed reactive thrombocytosis to see if the blood count normalizes can lead to the diagnosis of primary thrombocytosis (Figure 1). Thus the asymptomatic child with primary thrombocytosis is likely to be identified earlier.
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Figure 1.Diagnostic algorithm for persistent elevated platelets. Figure 1 shows our groups’ proposed diagnostic algorithm for approaching patients with elevated platelets. Evaluation for secondary causes, such as iron deficiency or inflammatory or infectious disorders is conducted. Iron deficiency and other underlying causes are treated. If no secondary cause is found, or treatment of the underlying disorder does not remedy the platelet count, further evaluation is done to look for signs of essential thrombocytosis. Bone marrow evaluation is recommended at this point. Also, genetic studies are recommended, and if there is clinical suspicion then BCR-ABL testing should be done. If it is not tested for, or if it is negative, testing for JAK2V617F or MPLW5151K/L is done. Positive JAK or MPL testing, and/or diagnostic bone marrow findings, contribute to the diagnosis of an MPN. Specific criteria for ET (or if needed, PV or PMF) are evaluated to identify the correct MPN. Concurrently, a detailed family history should be obtained to evaluate the possibility of hereditary thrombocytosis. Testing for alternative THPO or MPL mutations is recommended in the setting of presumed hereditary thrombocytosis. Absence of the more common genetic mutation does not rule out diagnosis of an MPN, and if no other cause is identified genetic testing for additional MPL or THPO mutations should be considered and patients should be monitored for the continued possibility of MPN.
MPN and primary thrombocytosis/thrombocythemia
As stated above, ET is a disorder of elevated platelet number that is a type of MPN, i.e. clonal hematologic disorders that stem from specific genetic alterations. One of the classical MPN is BCR-ABL-positive chronic myeloid leukemia (CML), which occasionally presents with thrombocytosis. BCR-ABL-negative MPN include polycythemia vera (PV), primary myelofibrosis (PMF), and ET. A number of different diagnostic criteria are used for ET and these are summarized in Table 2.3028 ET in adults leads to several constitutional symptoms, the most dangerous of which are thrombosis, myelofibrosis, and leukemic transformation.31
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Table 2.Criteria for diagnosis of essential thrombocytosis.
Hereditary, or familial, thrombocytosis is clinically similar to essential thrombocytosis. Genetically, it has Mendelian inheritance and is polyclonal. It typically only affects platelet lineage. While it was previously thought to be a benign entity, it is now recognized that patients with the hereditary form of primary thrombocytosis may be at risk for thrombosis or bleeding, as well as splenomegaly, bone marrow fibrosis, and leukemic transformation.3432
Molecular derangements in primary thrombocytosis
In 1951, Dameshek first suggested interrelatedness of the various MPN.35 In 2005, a mutation in the JAK2 gene, a member of the Janus Kinase family of non-receptor tyrosine kinases, was identified in a significant proportion of patients with MPN.3736 JAK2V617F is a somatically acquired, constitutive activating mutation in the JAK2 pseudokinase domain that turns on the JAK/STAT pathway and promotes continuous signal transduction and proliferation. Activation of downstream mediators such as STAT-5 and Bcl-xL can promote erythroid proliferation and growth in the absence of cytokines (such as erythropoietin, EPO).38 In adults, this mutation is present in approximately 95% of patients with PV, and approximately 50% of patients with ET or PMF.4039
Additional mutations in JAK2 in exon 12 have been identified in a number of patients with PV and idiopathic erythrocytosis as well.4241 In JAK2V617F-negative MPN patients, mutations in the cMPL gene were discovered; the MPLW515L/K mutations have been identified in both ET and PMF patients.4340 These activating mutations also turn on JAK/STAT signaling pathways and can lead to cellular proliferation. Overexpression of the PRV-1 gene (Polycythemia rubra vera-1), which is involved in TPO-induced proliferation and cytokine signaling pathways, was identified in numerous patients with PV and ET.4544 It is not, however, generally used in the diagnosis of MPN. Most recently, mutations in the CALR gene were identified by two different groups in a significant proportion of JAK2 and MPL wild-type MPN patients.4746
Much work has been done to understand how particular mutations can produce these clinically distinct, yet related, phenotypes. Allele burden, loss of heterozygosity, and uniparental disomy all may affect the clinical phenotype in MPN patients.5048 Looking at both a mouse model and human samples, Tiedt et al. showed there was relatively more JAK2V617F mRNA expressed in PV patients and relatively more wild-type JAK2 mRNA expressed in ET patients.50 Findings of low-penetrance inherited alleles and certain single nucleotide polymorphisms (SNPs) may also contribute to the resulting phenotype. Pardanani and colleagues reported that some JAK2 SNPs were more likely to be associated with PV or ET.51 Cytogenetic abnormalities have been linked to MPN phenotypes as well, in both JAK2 mutant and wild-type patients. Both deletion of 20q and 13q, and trisomy 9, have all been identified.52
Hereditary, or familial thrombocytosis has been identified in several families of varying ethnic origin. A number of different mutations in the thrombopoietin gene (THPO) have been identified which affect the upstream open reading frame 7 (uORF 7), which normally has an inhibitory effect on TPO translation. Additional cases with various mutations of the cMPL gene have also been reported; the mutations identified lead either to constitutive MPL activation or secondary increases in TPO due to decreased MPL/TPO binding.53341110 More recently, a mutation of JAK2, JAK2V617I, has been found in a family with hereditary thrombocytosis.54
Pediatric primary thrombocytosis
There is evidence to clarify the mechanisms of primary thrombocytosis and other MPN in adult patients, as MPN are significantly more common in adults than in pediatric patients. Dame and Sutor reported that ET is over 60 times more common in adults than in children.18 Case series of pediatric ET patients are usually small (Table 3). This rarity, combined with a lower rate of JAK2V617F mutation, means that gaining a clear understanding of the pathogenic mechanisms and diagnosis of ET in children remains a challenge. In addition, reports of sequelae from ET in children are anecdotal and treatment has not been standardized.
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Table 3.Case series of pediatric primary thrombocytosis.
While primary thrombocytosis in children may seem superficially similar to the disease in adults, the symptoms and sequelae of primary thrombocytosis are more benign in the pediatric population. In adults with ET, vascular events, both venous and arterial, were the most common clinical outcome. Girodon and colleagues looked at a number of case series and also at 311 patients of their own; thrombosis occurred in approximately 10–30%.67 A recent series showed similar rates.6867 In 2012, a retrospective analysis by Giona and colleagues of 34 pediatric ET patients showed that only one experienced a thrombotic event while only 2 out of 16 patients with hereditary thrombocytosis had a thrombotic event.65 All 3 of these patients had concomitant infections at the time.65
There have been additional case reports of pediatric ET patients developing thrombosis. A teenage girl with ET was found to have a portal vein thrombus in the setting of a newly diagnosed urinary tract infection (UTI),69 and a boy developed a cerebral venous sinus thrombus, despite an otherwise negative thrombophilia workup.70 Overall though, the general risk of thrombosis in pediatric ET patients appears to be lower than in the adult population.
The molecular pathogenesis of ET in childhood is not fully aligned with its adult counterpart. Fewer children than adults with ET are JAK2-mutant positive. One small study showed that 3 of 6 pediatric ET patients harbored a JAK2V617F mutation, but all had increased PRV-1 expression.62 A larger study showed a significantly decreased frequency of JAK2V617F mutation in pediatric patients compared to adults. It also showed a significantly lower degree of clonality in the pediatric patients.59 Another study in childhood ET showed rare JAK2V617F erythroid colonies with no detectable mutation in peripheral blood cells implying rare clones in these patients, making the role of JAK2V617F unclear.63
In view of the significant number of JAK2V617F-negative children with ET, a recent study out of Japan looked for alternative causative mutations in pediatric patients.66 TET2, ASXL1, IDH1, and IDH2 have recently been identified as mutated in adult MPN patients.7371 Another gene, CBL, is mutated in many patients with juvenile myelomonocytic leukemia, a form of MPN unique to children.74 Ismael and colleagues performed direct sequencing on a small gene panel, which included JAK2, cMPL, TET2, ASXL1, IDH1, IDH2, and CBL in 13 patients including 9 with ET and 4 with PV.66 Two patients with ET were found to have JAK2V617F, and one was found to have a mutation in ASXL1 that was also found in some controls. The majority of patients did not have a clearly pathogenic mutation identified in the screen.66 A recent report showed a novel cMPL mutation, MPLY252H, in a young child with essential thrombocytosis.75
ET and hereditary forms of thrombocytosis seem to differ in their pathogenesis as well in pediatric patients. Among a group of 29 pediatric primary thrombocytosis patients, those with a hereditary form of thrombocytosis showed a lower percentage of JAK2V617F mutation, and PRV-1 expression.61 Alternatively, these children had more MPL mutations compared to the ET cohort.
Management of thrombocytosis
The bulk of available data on the management of primary thrombocytosis comes from treatment of adult patients with ET. The hallmark of treatment for ET in adults is based on risk stratification for thrombosis. Classically, high-risk features are age over 60 years and having had a prior thrombus. Conversely, low-risk patients are those under 60 years of age who have no thrombosis history. Extreme thrombocytosis also affects treatment decisions.76 Most treatment strategies utilize these risk groups. In 2012, a study was published demonstrating a new international prognostic score that was developed for ET patients (WHO-defined). This score included low-, intermediate-, and high-risk groups. The study utilized risk factors such as age and previous thrombosis history, as well as cardiovascular risk factors and JAK2V617F status, and may play a role in future treatment algorithms.77
Patients without extreme thrombocytosis who are low-risk are generally treated with low-dose aspirin therapy. One concern in patients with extreme thrombocytosis is acquired von Willebrand disease (vWD).76 One study suggested that anti-platelet therapy is not needed in all low-risk patients but may be best for JAK2-positive patients or those with associated cardiovascular risk factors.78 Testing for ristocetin co-factor activity is important in this group, as their risk of bleeding with acquired vWD when on aspirin can be significant.78
In addition to low-dose aspirin, cytoreductive therapy is indicated in high-risk patients. Hydroxyurea is often the first-line agent chosen.793076 A randomized control trial comparing hydroxyurea to no cytoreductive treatment showed significantly fewer patients experiencing thrombosis in the hydroxyurea group.80 Concerns regarding leukemic transformation in patients on hydroxyurea have not been substantiated, and reports are conflicting.
Interferon-α (IFN-α) also significantly reduces the platelet count and has no increased risk of leukemogenesis or teratogenicity. It does, however, have a number of persistent, common side effects that limit its use. Younger high-risk patients or pregnant women may benefit from IFN-α use. Low-dose busulfan has been shown to improve hematologic parameters and is sometimes used as a second-line therapy in elderly patients.7976 Anagrelide, a potent anti-platelet drug, can successfully lower platelet counts and is still used by some as second-line therapy for those who cannot tolerate hydroxyurea.30 A large study using the PVSG criteria for ET showed higher rates of arterial thrombosis, hemorrhage, and transformation to myelofibrosis in patients on anagrelide with aspirin, compared to those on hydroxyurea with aspirin. Only rates of venous thromboembolism were lower.81 Due to these more frequent hematologic side effects, anagrelide is not favored by some practitioners,79 or its use may lead to additional monitoring.81 A recent study in adults looking specifically at anagrelide versus hydroxyurea in ET patients diagnosed using the WHO criteria showed non-inferiority of anagrelide when compared with hydroxyurea.82 This may lead to additional study of anagrelide in the future.
In the past several years, targeted therapy with JAK2 inhibitors has attracted great interest. Ruxolitinib, a JAK1/2 inhibitor, is the most advanced compound, and has been looked at in various phases of study in patients with MF, as well as with ET and PV; it is FDA-approved for certain patients with myelofibrosis. Symptomatic improvement was seen; however, long-term benefit was less clear. Other JAK inhibitors are also being tested, but their roles in treatment, along with safety aspects, are still not clear.84837976
Treatment approaches adopted for primary thrombocytosis in children have been reported but there are no consensus guidelines. A recent article by Barbui described his recommendations for treatment of children and young adults with ET or PV. He appropriately points out that there is little information on management in children and it is challenging to plan a treatment protocol for children with ET.85 The European Leukemia Network (ELN) recommended using cytoreductive therapy as a last resort and expressed caution regarding use of aspirin in children under 12 years of age.86 Giona and colleagues made recommendations for children with primary thrombocytosis, suggesting cytoreductive therapy when ET patients fail aspirin therapy or have worsening organomegaly, and less aggressive management for children with hereditary thrombocytosis.65
Our suggested algorithm, which requires validation, selects treatments based on clinical symptoms and risk of thrombotic complications, and tailors therapy as appropriate (Figure 2). While these should be taken with caution, the rarity of Reye syndrome has allowed aspirin to be successfully used in younger children.
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Figure 2.Proposed treatment stratification for pediatric ET showing details of our group’s proposed treatment stratification for children with ET. Asymptomatic patients are observed with monitoring of blood counts. Patients with lower-risk symptoms such as organomegaly, erythromelalgia, or headache, or those with additional cardiovascular or thrombophilia risk factors (such as elevated cholesterol or Factor V Leiden mutation) are treated with aspirin and are monitored for change in symptoms. High-risk patients, including those with thrombosis or severe bleeding, those who failed aspirin therapy, or those who have persistent extreme thrombocytosis, are treated with cytoreductive therapy. Our current first line is hydroxyurea, followed by Interferon-alpha or anagrelide in certain patients. Ruxolitinib is not currently first-line therapy but is being studied in clinical trial for children with MPN and targeted inhibitors may some day become an important component of therapy for children with MPN.
Unanswered questions that require evaluation
We know that children with persistently elevated platelet counts may turn out to have primary thrombocytosis. As described above, the diagnosis of ET in adults is made after demonstration of a persistently elevated platelet count, in combination with having associated bone marrow findings, failure to meet diagnostic criteria for other MPN, and presence of a clonal marker such as JAK2V617F (or absence of a cause for reactive thrombocytosis.) Is this the same criteria we should utilize in diagnosing children with primary thrombocytosis? Given the lower frequency of JAK2 and MPL mutations in children, this set of diagnostic criteria probably needs to be modified for childhood ET and this concept has been supported by other groups.87 Similarly, absence of a causative mutation in a child with a positive family history does not preclude the diagnosis of a hereditary thrombocytosis.
Since children have rapid growth and hormonal changes, more frequent marrow evaluations may be needed. Alternatively, if primary thrombocytosis in children is discovered to be generally more benign, in addition to the lower risk of thrombosis, with decreased risk of fibrotic or leukemic transformation, then perhaps marrows could be evaluated less often.
The underlying pathogenesis is not nearly as clear in children. If children with ET do not present with JAK2 or MPL mutation, can they develop JAK2V61F or MPLW515L at some point during the course of their illness? If so, does it change the clinical course of their disease¿ JAK2-mutant adults with MPN may transform to JAK2-WT leukemias.89 Can reversion to normal occur spontaneously in certain children if they are/become JAK2-mutant? While in JAK2 and MPL negative pediatric ET patients it is likely that there is another causative mutation, the genetic landscape of ET in children is unknown. Are there situations in which children may have persistently elevated platelet counts that are not reactive, but also not truly ET¿ Absence of JAK or MPL mutations does not eliminate upregulation of the JAK/STAT or other relevant pathways as the causative mechanism of disease. To find the driver mutation in these patients, should further genetic evaluation be carried out in additional genes of the relevant pathways, as was done by Ismael and colleagues? We believe the answer is “yes”, and we are currently initiating a broader, targeted analysis in our patients.
The clinical course for adults with ET has established thrombosis, bleeding, and the possibility of progression to myelofibrosis or AML as being the major end points of concern. More is being learned about clinical outcomes of patients with hereditary thrombocytosis as well. Since we do not know enough about the natural course of primary thrombocytosis in childhood, is it possible that a number of young adult patients developed disease earlier and went undetected for many years¿ Thrombocytosis on its own, if platelet function is not normal, may lead to thrombosis even without progression of disease. The only way to answer these questions concerning disease course is to systematically follow well-characterized young ET patients so we can learn the natural history of the disease in children.
Treatment of primary thrombocytosis in children is also unclear. These patients should be at lower risk of vascular damage and thrombosis, due to decreased likelihood of associated risk factors (such as diabetes and atherosclerosis) and a healthier vasculature. Alternatively, diagnosis of primary thrombocytosis in childhood may mean they will be thrombocythemic for 50 or 60 years instead of 20 or 30 years. Does a more prolonged exposure to endothelial damage and activation and/or platelet dysfunction worsen the later risk of long-term complications¿
Should episodes of thrombosis or hemorrhage be used as treatment criteria in pediatric patients or should the focus be on prevention of long-term vascular and organ damage? A number of patients are treated with low-dose aspirin, as for low-risk adults, and this is generally well tolerated. While there is concern of development of Reye syndrome in younger children on aspirin, fortunately this is very rare and aspirin can be stopped when an infection occurs or patients can be temporarily changed to ibuprofen. One report recommends aspirin in young adult patients with erythromelalgia or cardiovascular risk factors.85 In addition, one study in adults suggested that aspirin should be given twice daily in these patients because of enhanced platelet turnover.90
A case report of hydroxyurea use in 2 children with ET and platelet counts over 1,000×10/L has shown a good response64 and it is recommended by Barbui in young ET patients with major thrombotic events.85 Since there is good evidence for the safety of hydroxyurea in even young children with sickle cell disease,9291 is this something that should be considered first line for pediatric patients with ET? And should cytoreductive therapy be considered for children with HT who show more progressive signs of disease¿
Currently a phase I Children’s Oncology Group study of ruxolitinib is underway for pediatric patients with MPN and certain malignancies. This will likely provide valuable treatment-related data for children with ET even if they are not JAK2-mutated. It may be of particular interest in the future to see the role JAK inhibition plays in JAK2V617F-negative patients, especially as more insight is gained regarding new driver mutations, extent of involvement of the JAK/STAT pathway, and pathogenic mechanisms. This highlights the need for cooperative trials for pediatric primary thrombocytosis, so that biological understanding of the disease can be expanded, treatment strategies standardized, and counseling families of affected pediatric patients improved.
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