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Neurological involvement in secondary hemophagocytic lymphohistiocytosis in children
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Objectives: To describe neurological characteristics and CNS involvement on MRI in secondary hemophagocytic lymphohistiocytosis (sHLH) and differentiate it from primary hemophagocytic lymphohistiocytosis (pHLH) and acute disseminated encephalomyelitis (ADEM). Methods: Nine children with sHLH who had neurological symptoms were retrospectively included. Characteristics of brain MRI were compared to those of 15 children with pHLH and neurological involvement and 44 children with ADEM. Results: Three children (33%) presented with isolated neurological symptoms. Neurological signs occurred within one month following Epstein-Barr virus primary infection or systemic juvenile arthritis exacerbation in 8 patients (89%). Eight children (89%) had MRI lesions. sHLH MRI lesions were distinct of those of pHLH by morphology and signal with more frequent hyposignal intensities on T1-weighted sequences (p=0.01) and well-defined and less fuzzy lesions (p=0.03). All patients survived and one patient presented severe motor and cognitive disability. Conclusion: Neurological symptoms of sHLH are non-specific and their outcome is favorable in most of the children. MRI at onset may help to differentiate this condition from pHLH.

Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a clinical syndrome of hyperinflammation related to an infiltration of tissues by overactivated lymphocytes.

Etiological classification distinguishes primary HLH (pHLH) caused by a genetic defect from secondary HLH (sHLH) associated with acquired conditions such as infections, auto-immune diseases and neoplasia [START_REF] Esteban | An Overview of Hemophagocytic Lymphohistiocytosis[END_REF] . The HLH-2004 diagnostic criteria include fever, splenomegaly, cytopenia, hypertriglyceridemia/hypofibrinogenemia, and hyperferritinemia [START_REF] Henter | HLH-2004: Diagnostic and therapeutic guidelines for hemophagocytic lymphohistiocytosis[END_REF] . Yet, the North America Consortium for Histiocytosis has recently revised the weight of these criteria for the diagnosis of atypical forms and noticeably has included inflammation of the central nervous system (CNS) to the pattern of HLH [START_REF] Jordan | Challenges in the diagnosis of hemophagocytic lymphohistiocytosis: Recommendations from the North American Consortium for Histiocytosis (NACHO)[END_REF] . Although these criteria do not include neurological manifestations, 30% to 73% of all patients develop neurological symptoms, CSF abnormalities and/or MRI lesions during the course of disease [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] . As neurological involvement is associated with poor prognosis, early diagnosis of HLH is critical to initiate appropriate treatment without delay [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] .

Neurological presentation of HLH in children is challenging because it mimics more common neuro-inflammatory diseases such as Acute Disseminated Encephalomyelitis (ADEM), multiple sclerosis or vasculitis [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] . Besides, isolated CNS involvement may be the unique manifestation of HLH [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF][START_REF] Moshous | Primary necrotizing lymphocytic central nervous system vasculitis due to perforin deficiency in a four-year-old girl[END_REF][START_REF] Rostasy | CNS disease as the main manifestation of hemophagocytic lymphohistiocytosis in two children[END_REF][START_REF] Weisfeld-Adams | Diagnostic challenges in a child with familial hemophagocytic lymphohistiocytosis type 3 (FHLH3) presenting with fulminant neurological disease[END_REF][START_REF] Benson | Pediatric CNS-isolated hemophagocytic lymphohistiocytosis[END_REF][START_REF] Li | Central nervous system-restricted familial hemophagocytic lymphohistiocytosis responds to hematopoietic cell transplantation[END_REF][START_REF] Imashuku | Isolated central nervous system hemophagocytic lymphohistiocytosis: case report[END_REF] . Thus, even few systemic HLH symptoms should raise the physician's awareness on a potential diagnostic of HLH when confronted to neurological signs. Large cohorts did not distinguish sHLH from pHLH [START_REF] Horne | Frequency and spectrum of central nervous system involvement in 193 children with haemophagocytic lymphohistiocytosis[END_REF][START_REF] Jovanovic | Central nervous system involvement in hemophagocytic lymphohistiocytosis: a single-center experience[END_REF] . However, we previously showed that primary cases have a distinct radiological semiology of neurological involvement that is useful for diagnosis purposes. Indeed, the most frequent pattern of pHLH brain lesion MRI depicts a symmetric pattern of periventricular lesion with fewer brainstem and cerebellum involvement and infrequent hyposignal intensities on T1 [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] . By contrast, reports on neurological involvement in sHLH are scarce [START_REF] Zhao | Central Nervous System Involvement in 179 Chinese Children with Hemophagocytic Lymphohistiocytosis[END_REF] . This study aims to describe the clinical and radiological characteristics of childhood sHLH with neurological involvement and to determine if MRI features could allow distinguishing sHLH from pHLH and ADEM.

Methods

Patients

This national French retrospective observational study enrolled children diagnosed as sHLH with neurological symptoms between 1999 and 2017. Diagnostic criteria of sHLH were based on the presence of elevated blood or CSF activated T lymphocytes, or hemophagocytosis on histopathological examination (bone marrow, CNS, CSF), or biopsies of the CNS compatible with HLH lesions as previously described [START_REF] Henter | Neuropathologic findings and neurologic symptoms in twenty-three children with hemophagocytic lymphohistiocytosis[END_REF] , and a diagnosis of Systemic Juvenile Idiopathic Arthritis (SJIA) or other compatible underlying etiologies of sHLH. All patients were genetically screened for known genetic forms of HLH at the Centre d'Etude des Deficits Immunitaires (CEDI) of Necker hospital for Sick Children, Paris, France. Patients carrying mutations or variants compatible with the diagnosis of pHLH were excluded. Patients with a family history of inflammatory CNS disease or primary immune deficiency or HLH were also excluded. Diagnoses were reviewed by experts from the French national referral center for primary immunodeficiencies and the French national referral center for rare inflammatory brain and spinal diseases. Children were followed jointly by both referral centers. Both ADEM and pHLH cohorts have been previously reported by Deiva et al [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] .

MRI

A cerebral MRI performed within six months after first neurological symptoms or diagnosis of sHLH was available in all children. CNS MR images were acquired, processed and analysed as previously described [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] . Briefly, spin-echo T1-and T2weighted, T2-fluid-attenuated inversion recovery (FLAIR) and Gadolinium postcontrast sequences were performed on a 1.5-T machine and analysed. MR images were reviewed independently, blinded to diagnosis and clinical features by a neuroradiologist (BH) and 2 pediatric neurologists including an expert in neuroinflammatory diseases (NB, KD). Discrepancies on MRI-scan analyses were solved by discussion until a consensus was reached. Distribution and morphology of lesions were assessed using the methodology defined by the KIDMUS study group in previous MRI studies of white matter inflammatory disorders [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF][START_REF] Mikaeloff | MRI prognostic factors for relapse after acute CNS inflammatory demyelination in childhood[END_REF] . To identify suggestive MRI features of sHLH, MRIs were compared to those of historical cohorts of 15 children diagnosed as pHLH and 44 children diagnosed as ADEM from the same center, reported by Deiva et al. [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] .

Standard protocol approval, registrations, and patient consents. This study was performed according to French regulations and ethical standard and authorized by both referral centers. Consent forms were signed by parents of each enrolled child.

The "Commission National de l'Informatique et des Libertés" authorized the national registry for primary immunodeficiencies (n°908256) and the national cohort of first demyelinating episode Kidbiosep 2004 (n°910506).

Statistics. Statistical analysis was performed using R and the "Rcompanion" and

RVAideMemoire" R packages. Fisher's exact test was used to compare each parameter between the two or three groups, then post-hoc pairwise Fisher's exact test was used to compare each pair of groups and to adjust p-value for multiple analyses (significance p≤0.05).

Data Availability Statement.

The authors confirm that the data supporting the findings of this study are available within the article.

Results :

Nine children with sHLH were included. Clinical presentations are summarized in Table 1. Median ages were 46 [10-176] months at neurological onset and 39 [10-176] months at systemic onset, respectively. Six patients (67%) had primary Epstein-Barr Virus (EBV) infection and 3 (33%) had SJIA. Neurological symptoms occurred within one month following EBV mononucleosis or SJIA exacerbation in 7 patients (78%). Fever was observed in 6 (67%) children, three of whom had also splenomegaly (33%). The remaining three children (33%) presented with isolated neurological symptoms. Cerebro-spinal fluid (CSF) analysis showed lymphocytosis (≥10/mm3) and hyperproteinorachia (≥0.5 g/L) in 5 cases. Hemophagocytosis was found in the bone marrow of 4 children (44%) and after cytospin in the CSF of 1 child (11%) (Table 1). MRI lesions were found in 8 children (89%) and are described in Table 1, and Figure 1. Lesions had mostly a multilobar and bilateral asymmetric white matter pattern with also frequent cortical involvement. Few lesions were observed in the thalami, basal ganglia (3 children) and brainstem (1 child). Gadolinium enhancement was observed in 3 sHLH patients. Cerebral imaging of children with sHLH showed frequent welldefined lesions and lesions with a fuzzy aspect in half of them.

We then compared our clinical findings with a historical cohort of 29 children with pHLH, and neurological symptoms from the same national reference center [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] .

Overall, neurological symptoms did not differ between HLH entities (Supplementary table 1).

We then compared our MRI findings with the same historical cohort of pHLH and ADEM patients previously reported from the same national reference center.

Compared to pHLH, lesional hyposignal intensities on T1 sequences were more frequent in sHLH children (p=0.009; Table 2). Analysis of lesion morphology revealed that sHLH lesions were mostly well-defined and less fuzzy as compared to pHLH (p=0.03 for both; Table 2). However, the distribution pattern of lesions was not statistically different between the two HLH entities in term of both grey or white matter involvement and spatial distribution within the CNS.

In the historical cohort, ADEM lesions were prominently found in multiple cerebral lobes, with a focal bilateral asymmetric distribution, morphologically fuzzy and infrequently well defined. Although cerebellar lesions were as frequent as in HLH, brainstem, thalami and basal ganglia lesions were common in ADEM without reaching significance. Gadolinium enhancement was rare (Supplementary table 2).

Compared to this historical cohort of ADEM, sHLH lesions were less frequently juxtacortical (p=0.001; Supplementary table 2).

Two children were treated with corticosteroids only and 7 children received oral/intravenous/intrathecal immunosuppressive treatment including intrathecal injections of methotrexate for 5 of them [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] . Duration of follow-up after first neurological symptoms was 10 ±5.34 years. Outcome was favorable in most patients:

survival was 100%, central facial palsy persisted in P9 and psychomotor development was slightly delayed for P4. P2, who experienced multiple episodes of status epilepticus, kept severe cognitive and motor disabilities.

Discussion :

We describe here clinical symptoms and outcome of sHLH followed in 2 national referral centers. We also show that MRI may help to distinguish brain lesions in sHLH from that of pHLH. When compared to pHLH, children with sHLH showed higher rate of hyposignal intensities on T1 sequences and a different lesion shape.

Cerebral imaging showed multilobal bilateral lesions in sHLH as reported for pHLH and ADEM [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] . Supratentorial and infratentorial location of lesions did not differ between HLH entities, except that we observed a trend to a lower frequency of juxtacortical lesions in sHLH images. Lesions have been reported more symmetric in ADEM as compared to pHLH [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] , but we did not observe any statistical difference with sHLH. Our observations contrast with findings in a larger series of 179 children, where authors stated that MRI abnormalities did not differ between pHLH and sHLH children. Although EBV-related sHLH and other sHLH were considered as distinct entities, MRI descriptions did not focus on signal characteristics and morphology of lesions but rather on white matter involvement, cerebral volume, edema and calcifications [START_REF] Zhao | Central Nervous System Involvement in 179 Chinese Children with Hemophagocytic Lymphohistiocytosis[END_REF] , which could explain these discrepancies.

In this study as well as in other reports of pHLH and sHLH, the HLH-2004 criteria were not fulfilled in all patients with neurological involvement [START_REF] Jordan | Challenges in the diagnosis of hemophagocytic lymphohistiocytosis: Recommendations from the North American Consortium for Histiocytosis (NACHO)[END_REF] . Reports on isolated CNS involvement of HLH were supported by detection of known genetic mutations associated with pHLH but this cannot be applied for sHLH with few or no systemic signs. Still, Macrophage Activation Syndrome, which is the historical term for sHLH in rheumatic diseases, is widely recognized as a major complication of SJIA but does not necessarily meet the HLH-2004 requirements [START_REF] Esteban | An Overview of Hemophagocytic Lymphohistiocytosis[END_REF][START_REF] Jordan | Challenges in the diagnosis of hemophagocytic lymphohistiocytosis: Recommendations from the North American Consortium for Histiocytosis (NACHO)[END_REF] . This highlights the complexity to diagnose HLH when confronted to paucisymptomatic presentations, mainly isolated neurological manifestations, and suggests that HLH could be underdiagnosed [START_REF] Jordan | Challenges in the diagnosis of hemophagocytic lymphohistiocytosis: Recommendations from the North American Consortium for Histiocytosis (NACHO)[END_REF][START_REF] Moshous | Primary necrotizing lymphocytic central nervous system vasculitis due to perforin deficiency in a four-year-old girl[END_REF][START_REF] Rostasy | CNS disease as the main manifestation of hemophagocytic lymphohistiocytosis in two children[END_REF][START_REF] Weisfeld-Adams | Diagnostic challenges in a child with familial hemophagocytic lymphohistiocytosis type 3 (FHLH3) presenting with fulminant neurological disease[END_REF][START_REF] Benson | Pediatric CNS-isolated hemophagocytic lymphohistiocytosis[END_REF][START_REF] Li | Central nervous system-restricted familial hemophagocytic lymphohistiocytosis responds to hematopoietic cell transplantation[END_REF][START_REF] Imashuku | Isolated central nervous system hemophagocytic lymphohistiocytosis: case report[END_REF] . More sensitive diagnostic criteria, as well as more specific biological and radiological markers, are needed to enlarge the spectrum of HLH manifestations.

In this series of sHLH as well as previously reported series of pHLH [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] and mixed cohorts [START_REF] Horne | Frequency and spectrum of central nervous system involvement in 193 children with haemophagocytic lymphohistiocytosis[END_REF][START_REF] Jovanovic | Central nervous system involvement in hemophagocytic lymphohistiocytosis: a single-center experience[END_REF] , neurological symptoms at presentation were non-specific, consisting of meningism, irritability, seizures, impaired consciousness and ataxia [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF][START_REF] Horne | Frequency and spectrum of central nervous system involvement in 193 children with haemophagocytic lymphohistiocytosis[END_REF][START_REF] Jovanovic | Central nervous system involvement in hemophagocytic lymphohistiocytosis: a single-center experience[END_REF] . However, comparing our results with previously reported series of pHLH, we did not observe a distinct clinical neurology pattern between sHLH and pHLH. The fact that all included patients presented neurological symptoms is related to a selection bias based on our inclusion criteria. Given the retrospective nature of our study and the recent growing knowledge about Myelin Oligodendrocyte Glycoprotein (MOG) antibody disease, we were unable to test our patients for MOG antibody within an appropriate timeline. Our MRI findings of a higher frequency of hypoT1 signal intensity and distinct morphology of lesions in sHLH as compared to pHLH raise questions regarding the pathophysiology of these two entities and the magnitude of focal tissue damage. Indeed, T1 hypo-intense lesions have been associated with persistent tissue destruction due to axonal loss [START_REF] Van Walderveen | Histopathologic correlate of hypointense lesions on T1-weighted spin-echo MRI in multiple sclerosis[END_REF] . One could hypothesize that CNS involvement in sHLH might be related to a "hit-and-run" mechanism arising from T cell and macrophage activation leading to focal tissue destruction as compared to a putative more progressive CNS injury development in pHLH caused by immune peripheral or CNS-intrinsic events. However, the pathophysiology of CNS involvement is not well elucidated, and the existence of isolated CNS forms raises the question of tissuespecific, namely antigen-specific, migration, activation and expansion of immune cells within the CNS.

Unlike pHLH, we found that the outcome of sHLH was usually favorable as only one child suffered from severe cognitive and motor disability at long term. These data confirm those of a recently published retrospective monocentric study [START_REF] Zhao | Central Nervous System Involvement in 179 Chinese Children with Hemophagocytic Lymphohistiocytosis[END_REF] which contrasts with pHLH [START_REF] Deiva | CNS involvement at the onset of primary hemophagocytic lymphohistiocytosis[END_REF] in which HSCT is the only curative treatment [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] . In pHLH, management of CNS disease requires immunomodulatory drugs such as intrathecal methotrexate and corticosteroids injections or alemtuzumab [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF][START_REF] Moshous | Alemtuzumab as first line treatment in children with familial lymphohistiocytosis: American Society of Hematology[END_REF] . According to published series and expert guidelines, intrathecal dexamethasone and methotrexate treatment are likely to be beneficial in sHLH too [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] . Thus, all children with a suspected diagnosis of HLH regardless of clinical neurological presentation should have complete CNS investigations, namely CSF analysis and MRI. Recent recommendations by expert HLH groups proposed a different classification of HLH syndromes based on etiology to facilitate integration of blurry or unknown genetic forms and to encompass pauci-symptomatic and fruste entities. This consortium acknowledged the unique features of isolated CNS form of HLH [START_REF] Jordan | Challenges in the diagnosis of hemophagocytic lymphohistiocytosis: Recommendations from the North American Consortium for Histiocytosis (NACHO)[END_REF] . To our knowledge, there is no recommendation dedicated to the treatment of paucisymptomatic and isolated CNS form of sHLH. The diagnostic and therapeutic workup that we propose in Figure 2 is adapted from recommendations of the North American Consortium for Histiocytosis [START_REF] Jordan | Challenges in the diagnosis of hemophagocytic lymphohistiocytosis: Recommendations from the North American Consortium for Histiocytosis (NACHO)[END_REF] , previous guidelines [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] , as well as from our own centers' experience.

In summary, patients affected by sHLH in the CNS have a relatively good long-term outcome and show MRI abnormalities that differ from pHLH with regard to morphology and abundance of hypo T1 lesions. We observed that lesion morphology and T1 signal intensities differ in sHLH and pHLH. This underlines that pathophysiological mechanisms of these two entities as well as prognosis and treatment strategies are not identical. Early expert opinion should be considered when confronted to atypical presentation of inflammatory CNS disorders, even with few signs of HLH, in order to provide timely diagnosis and appropriate treatment. ¥ In case of silvery hair, perform hair microscopy to check for Griscelli Syndrome, Chédiak Higashi syndrome, or Hermanski Pudlak type 2 syndrome. § The presence of an infectious trigger does not rule out primary HLH.

Ŧ

Treatment options include commonly used protocols for systemic HLH like corticosteroids, etoposide, +/-cyclosporine A [START_REF] Henter | HLH-2004: Diagnostic and therapeutic guidelines for hemophagocytic lymphohistiocytosis[END_REF][START_REF] Henter | Treatment of hemophagocytic lymphohistiocytosis with HLH-94 immunochemotherapy and bone marrow transplantation[END_REF] , alemtuzumab [START_REF] Moshous | Alemtuzumab as first line treatment in children with familial lymphohistiocytosis: American Society of Hematology[END_REF] or anti-thymocyte globulin according to center experience. Intrathecal injections with methotrexate and corticosteroids are likely to be beneficial [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] .

Figure 1 :

 1 Figure and tables:

Figure 2 :

 2 Figure 2: Workup proposal for unexplained CNS inflammation with HLH suspicion.

pHLH cohort was followed in the same center and previously published [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] . sHLH and pHLH cohorts were compared using a Fisher's exact test.

5/8 criteria according to the Histiocyte Society: pHLH cohort was followed in the same center and previously published [START_REF] Horne | How to Treat Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis?[END_REF] . sHLH and pHLH cohorts were compared using a Fisher's exact test.