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ABSTRACT 

Background: A wide spectrum of inflammatory responses, with overlapping characteristics, is 

encountered in critically ill patients in intensive care. At one extreme, critically ill patients may develop 

the potentially fatal condition secondary hemophagocytic lymphohistiocytosis (sHLH), characterized 

by excessive inflammation (hyperinflammation), driven by a ‘cytokine storm’, and multiple organ 

failure. Infections, malignancies and autoimmune diseases are the most common conditions associated 

with the development of sHLH. Prompt diagnosis and early appropriate intervention is crucial to 

improve survival in sHLH. Corticosteroids are a cornerstone of HLH therapy. The addition of the 

cytotoxic drug etoposide has been instrumental in the successful treatment of primary HLH, and may 

reduce morbidity and mortality also in selected cases of sHLH. While it is established that defective 

lymphocyte cytotoxicity causes primary HLH , the cause of sHLH remains incompletely understood. 

Aims: The overall aim of the thesis was to broaden our knowledge of hyperinflammation and HLH in 

critically ill, with a focus on intensive care, to better identify the critically ill patients with 

hyperinflammation that could benefit from anti-inflammatory therapy, in order to reduce morbidity and 

improve survival. We also aimed to investigate the role of cytotoxic lymphocytes, and possible genetic 

correlations, in the pathogenesis of hyperinflammation and sHLH in critically ill. 

Methods: The studies included several critically ill patient cohorts in intensive care, some with 

extracorporeal membrane oxygenation (ECMO) support, with various underlying conditions. 

Results: Secondary HLH was encountered in critically ill patients in intensive care with a high 

proportion of malignancies and immunosuppression, in influenza AH1N1 infected patients, in severe 

dengue, and in systemic autoimmune conditions. The mortality in sHLH in critically ill is high. HLH 

patients were generally younger, with fewer comorbidities and predominantly male. Hyperferritinemia, 

which correlated with elevated soluble IL-2R and CRP, and thrombocytopenia were identified in 

critically ill in ICU, and were more prominent in inflammatory responses such as sepsis. However, the 

highest median levels of ferritin, and soluble IL-2R, were observed in HLH patients, who also 

demonstrated other common manifestations of sHLH such as cytopenias, elevated liver function tests 

and triglycerides, hemophagocytosis in the bone marrow and splenomegaly. In global diseases, such as 

severe dengue and pandemic influenza AH1N1, we found that a proportion of patients do develop 

hyperinflammation, albeit not always recognized which therefore limits appropriate treatment. A subset 

of critically ill patients not meeting HLH criteria (i.e. with <5 of 8 diagnostic HLH-2004 criteria and a 

median HScore of 138), but with high SOFA score (median 16.5) and fatal outcome, had similar levels 

of ferritin to HLH patients and highly elevated liver tests, but HLH patients had a significantly higher 

ferritin/ALT ratio, a possible novel diagnostic aid for the diagnosis of HLH. A faster rate of increase of 

ferritin was associated with a higher risk of death. In critically ill in ICU and severe dengue, elevated 

AST and SOFA score were independent risk factors of mortality. Reduced absolute numbers of NK 

cells and CTLs, and reduced lymphocyte cytotoxicity, were observed in critically ill, more prominent 

in sHLH patients with hyperferritinemia, probably contributing to the development of sHLH. Rare 

variants in HLH-causing genes were identified in a few patients. With regard to specific treatment, a 

number of children with severe MAS-HLH despite conventional therapy responded promptly to the 

addition of moderately dosed etoposide. 

Conclusions: Secondary HLH can be identified in various conditions in critically ill patients, who 

should be monitored for signs of hyperinflammation and progressive organ failure for prompt HLH 

evaluation using currently available diagnostic tools, including ferritin and soluble IL-2R, and additional 

helpful parameters. Early diagnosis and appropriate HLH-directed therapy, including etoposide in 

selected cases, is likely beneficial to reduce morbidity and improve survival in sHLH 
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1 INTRODUCTION 

1.1 INFLAMMATION 

1.1.1 Calor, dolor, rubor et tumor to hyperinflammation 

Little did we know about inflammation back in the 1st century A.D. when Roman scholar Aulus 

Cornelius Celsus simply defined inflammation by its four classical signs: calor, dolor, rubor 

et tumor (heat, pain, redness and swelling). Since then, two millennia of medicine and science 

have vastly expanded our knowledge of inflammation past this simple, yet correct, definition. 

The acute inflammatory response is the body´s primary reaction to eliminate an unwanted 

harmful pathogen. Optimally, it is a carefully orchestrated response where it’s termination is 

just as important as it’s induction to maintain homeostasis. On the other hand, uncontrolled 

inflammation has been found to be the pathophysiological basis of many of our common global 

diseases and health issues today1. In some cases, the immune system will run amok, and this 

initially protective inflammatory response will develop into a rampant destructive cytokine 

storm and hyperinflammation2,3.  

1.2 HEMOPHAGOCYTIC LYMPHOHISTIOCYTOSIS (HLH) 

In 1952, physicians Farquhar and Claireaux described two siblings, born to the same parents, 

who both died in infancy in a similar clinical condition, characterized by persistent fever, 

cytopenias, hepatosplenomegaly with lymphocyte infiltration and hemophagocytosis in the 

spleen and lymph nodes4. They named it hemophagocytic reticulosis, now called 

hemophagocytic lymphohistiocytosis (HLH). 

Hemophagocytic lymphohistiocytosis (HLH) is a highly fatal clinical condition of extreme 

hyperinflammation, driven by a cytokine storm caused by immune dysregulation and 

overactivation of the immune response5-9. HLH can be likened to a violently erupting volcano 

after massive pressure build-up. HLH occurs in a primary (genetic) form and a secondary 

(acquired) form, with a similar clinical presentation but with differences in their etiology, 

treatment and outcome. Primary HLH predominantly occurs in infancy or early childhood, 

while secondary HLH can present at any age, but is more common in adulthood.  

The diagnosis of HLH relies on a set of criteria that are based on the clinical symptoms and 

laboratory findings of HLH, which are a direct reflection of the cytokine turmoil and 

inflammatory cell infiltration of involved organs6:  

 Fever is caused by elevated levels of inflammatory cytokines such as interleukin-1 (IL-

1), IL-6 and tumor necrosis factor-alpha (TNF-α). 

 Cytopenias are predominantly a consequence of hematopoietic suppression from 

elevated levels of TNF-α and interferon-gamma (IFN-γ), and additionally, from 

hemophagocytosis. 

 Ferritin is secreted by highly activated macrophages and upregulated transcription of 

ferritin by pro-inflammatory cytokines, such as IL-6, IL-8 and TNF-α. 
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 High levels of TNF-α and IFN-γ reduce the activity of lipoprotein lipase necessary for 

the degradation of triglycerides, causing elevated triglyceride levels. 

 Activated macrophages secrete plasminogen activator, converting plasminogen to 

plasmin, that cleaves fibrin, which in turn stimulates conversion of fibrinogen to fibrin, 

causing hypofibrinogenemia. 

 The α-chain of the soluble IL-2 receptor (sIL-2R, also known as sCD25) is secreted by 

activated lymphocytes. 

 Infiltration of organs by activated lymphocytes causes splenomegaly and 

hepatomegaly. In the liver, infiltration of the portal tract results in obstructive jaundice 

with commonly observed elevated transaminases and bilirubin. Lymphocyte 

infiltration of the central nervous system (CNS) gives rise to neurological signs and 

symptoms. 

 The cytokine storm leads to macrophage activation, causing hemophagocytosis, most 

typically  observed in bone marrow, spleen, liver and lymph nodes.10 It is frequently 

absent at diagnosis but may appear during the course of illness. Importantly, 

hemophagocytosis is not obligatory for the diagnosis of HLH. Furthermore, 

hemophagocytosis also occurs in a number of other critical and inflammation-driven 

conditions. 

Table 1. HLH-2004 diagnostic criteria and HScore criteriaa 

HLH-2004 diagnostic criteria 
 

The HScore 
    

1. A molecular diagnosis consistent with HLH    

OR  Parameter Criteria scoringe 

2. Diagnostic criteria for HLH fulfilled  

(≥5 of 8 criteria): 

   

- Fever  - Temperature (°C) 0 (<38.4), 33 (38.4–39.4), or  

49 (>39.4) 

- Splenomegaly  - Organomegaly  0 (no), 23 (hepato- or 

splenomegaly), or 38 (both)                                                  

- Cytopenias ( 2 of 3 lineages)b   - No. of cytopeniasc  0 (1 lineage), 24 (2 lineages), or 

34 (3 lineages)               

- Ferritin 500 µg/L  - Ferritin (ng/ml) 0 (<2,000), 35 (2,000–6,000), or 

50 (>6,000) 

- Hypertriglyceridemia 3.0 mmol/L and/or     

hypofibrinogenemia 1.5 g/L 

 - Triglyceride (mmol/L) 

- Fibrinogen (g/L)  

0 (<1.5), 44 (1.5–4), or 64 (>4) 

0 (>2.5) or 30 (≤2.5)  
    

- Hemophagocytosis  - Hemophagocytosis 0 (no) or 35 (yes) 
    

- Soluble CD25 (soluble IL-2R) 2400 U/mL  - AST (IU/L)  0 (<30) or 19 (>30)  
    

- Low or absent NK cell activity  - Known immunosuppressiond 0 (no) or 18 (yes)            
    

    

HLH, hemophagocytic lymphohistiocytosis; AST, aspartate aminotransferase; NK cell, natural killer cell 

a) Adapted from Henter et al (2007)11 and Fardet et al (2014)12. 

b) Defined as hemoglobin <90 g/L; platelets <100 x10
9
/L, neutrophils <1.0 x10

9
/L. 

c) Defined as a hemoglobin level of ≤92 g/L and/or a leukocyte count ≤5 x10
9
/L and/or a platelet count of ≤110 x10

9
/L. 

d) Human immunodeficiency virus positive or long-term immunosuppression (i.e. glucocorticoids, cyclosporine, azathioprine). 

e) The total HScore estimates an individual’s probability of having HLH. The best cut off value for HScore was 169 (sensitivity 93%  

and specificity 86%, and accurate classification of 90% of the patients). 

Altogether, the described criteria have formed the current HLH-2004 diagnostic criteria (Table 

1), developed from the initial diagnostic criteria by the Histiocyte Society from 1991 and based 

on observations in children with mainly primary HLH11,13. Importantly, all criteria may not, 
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and do not have to be present at diagnosis, but commonly add up as the HLH aggravates. 

Although none of the criteria are specific for HLH, it is their combination, particularly of 

persistent fever, hepatosplenomegaly and cytopenias, and the unexpected disproportionate 

inflammation response and progress of these characteristics that should alert the physician with 

suspicion of HLH. 

1.3 CLASSIFICATION OF HLH 

A revised classification of histiocytoses and neoplasms of the macrophage-dendritic cell 

lineages has been proposed by Emile et al (Table 2)14. 

Table 2. Revised classification of histiocytoses and neoplasms of the macrophage-dendritic lineage 
Langerhans histiocytoses (L group) 

Langerhans cell histiocytosis (LCH) 
Erdheim-Chester disease (ECD) 
Mixed Erdheim-Chester disease and Langerhans cell histiocytosis 

Cutaneous and mucocutaneous histiocytoses (C group) 
Xanthogranuloma family 
Non-Xanthogranuloma family 

Rosai-Dorfman Disease (RDD) (R group) 
Malignant histiocytoses (M group) 

Primary malignant histicytoses 
Secondary malignant histiocytoses 

Hemophagocytic lymphohistiocytosis (HLH) and macrophage activation syndrome (H group) 
Primary HLH: Mendelian inherited conditions leading to HLH 

HLH associated with lymphocyte cytotoxicity defects 
HLH associated with defect inflammasome activation 
HLH associated with defined Mendelian disorders affecting inflammation 
Familial (apparently Mendelian) HLH of unknown origin 

Secondary HLH: apparently non-Mendelian HLH 
Infection-associated HLH 

Virus-associated HLH 
Bacteria-associated HLH 
Parasite-associated HLH 
Fungal-associated HLH 

Malignancy-associated HLH 
Malignancy-triggered HLH 
HLH occuring during chemotherapy 

HLH associated with defined rheumatologic conditions (MAS or MAS-HLH) 
Transplant-related HLH 
HLH associated with iatrogenic immune activation 
HLH associated with iatrogenic immune suppression 
HLH associated with other apparently non-Mendelian condition 

HLH of unknown/uncertain origin 

Adapted from Emile et al, Blood, 201614. 

1.4 PRIMARY HLH 

In a Swedish population-based incidence study in 1991, FHL was reported to occur in 1 of 

50,000 live born, or 1.2/1,000,000 children per year15. Primary HLH was initially believed to 

occur only in children, predominantly during infancy and early childhood, but as time and 

research have revealed the mysteries of HLH, a substantial number of patients with late-onset 

primary HLH caused by mutations in HLH-associated genes have been reported16-18.  
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1.4.1 Genetic HLH 

Primary HLH may be divided into familial HLH (FHL) and other primary immunodeficiency 

syndromes associated with development of HLH. FHL is an autosomal recessive disorder, with 

disease-causing mutations in genes involved in the granule-exocytosis pathway of cytotoxic 

lymphocytes, and where HLH is the main manifestation of the disease; four types (FHL 2-5) 

have been described, whereas FHL 1 has no defined mutation6. A number of primary immune 

deficiencies (PID) have been associated with HLH, but where HLH is only part of the clinical 

scenario of the syndrome, such as: Griscelli syndrome type 2 (GS-2), Chédiak-Higashi 

syndrome (CHS), Hermansky-Pudlak syndrome type 2 (HPS-2), X-linked lymphoproliferative 

syndromes (XLP1 and XLP2), severe combined immunodeficiency, ITK-deficiency, CD27-

deficiency and chronic granulomatous disease19,20. HLH has also been associated with inborn 

errors of metabolism, such as lysinuric protein intolerance, Gaucher disease and Wolman 

disease6,21. Lymphocyte cytotoxicity function assays and genetic testing should be a part of the 

evaluation of a suspected primary HLH, along with searching for infectious triggers, but should 

not delay start of HLH-directed treatment. 

1.4.2 Treatment of primary HLH 

Without treatment primary HLH is almost invariably fatal. The immune dysregulation and 

hypercytokinemia with massive inflammation rapidly leads to a multiple organ dysfunction 

syndrome (MODS), turning the patient into a ticking time bomb. The purpose with all HLH-

directed treatment is to calm the cytokine storm and minimize organ damage. In primary HLH 

it is a bridge-treatment to curative treatment with hematopoietic stem cell transplantation 

(HSCT)22-33.  

Successful treatment-induced remission of HLH was first seen with corticosteroids combined 

with chemotherapy (epipodophyllotoxin derivates) or anti-thymocyte globulin, but all FHL 

patients reactivated in their HLH until HSCT was added34-37. Prednisolone, teniposide and 

intrathecal methotrexate became the treatment backbone of the first Swedish treatment protocol 

(HLH-91)38. In 1994, the first international HLH protocol was developed (HLH-94) based on 

and resembling HLH-9139. A schematic overview of the HLH-94 treatment protocol is 

presented in Figure 1.  
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Figure 1. HLH-94 protocol schematic overview  

 

This research was originally published in Blood. Henter et al. HLH-94: a treatment protocol for hemophagocytic 

lymphohistiocytosis. HLH study Group of the Histiocyte Society. Blood. 1997;28: 342-7. © the American Society 

of Hematology39.  

The Initial Therapy to achieve remission consists of high-dose corticosteroids, preferably 

dexamethasone for better CNS penetration, starting at 10 mg/body surface area(m2)/day, 

tapered during the first 8 weeks, and etoposide 150 mg/m2/dose, biweekly the first 2 weeks 

and then weekly. Intrathecal therapy with methotrexate is administered to patients with CNS 

symptoms. Subsequently, Continuation Therapy continues with the same drugs at 2-week 

intervals, and cyclosporine A (CSA), added to maintain remission by suppression of 

overactivated T-lymphocytes and reduction of elevated IFN-gamma levels, as a bridge to 

HSCT5,40. Similar to other conditions treated by HSCT, the survival in HLH is better for 

patients with non-active disease at HSCT41. With this protocol, 5-year overall survival of 

primary HLH successfully improved to 52%. In an attempt to reduce observed early mortality 

and neurological late-effects, a new international protocol HLH-2004 was established, where 

Initial Therapy was intensified with CSA already upfront, after its reported good effects on 

HLH, and corticosteroids were added to the intrathecal therapy11,42. However, early addition of 

CSA and addition of corticosteroids to intrathecal therapy did not significantly improve 

outcome in patients with HLH, nor significantly improve neurological late-effects43. Therefore, 

current recommendations are treatment according to the HLH-94 protocol, but using HLH-

2004 diagnostic criteria11,44.  

HLH patients must be closely monitored since HLH can have an unexpected and aggressive 

course if unresponsive to therapy. Improvement of inflammatory markers, such as ferritin and 

sIL-2R, other HLH-associated parameters, and resolution of symptoms should be observed 

within 2-3 weeks from initiation of treatment for an acceptable therapy response45. A less than 

50% decline in ferritin and persistent thrombocytopenia are poor prognostic indicators46,47. 

Recurrence of fever, increase of inflammatory markers and liver function tests should prompt 
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search for an HLH reactivation, that would require treatment intensification or corticosteroids 

and salvage therapy, or a secondary infection requiring other intervention45. 

Successful treatment of primary HLH has also been reported with a single-center French 

protocol, including corticosteroids and anti-thymocyte globulin, with similar survival rates48. 

Alemtuzumab (CD52 monoclonal antibody), followed by allogeneic HSCT, has proven 

successful as salvage therapy for refractory HLH49. Subsequently, Alemtuzumab, associated 

with corticosteroids and CSA, has become a promising first-line therapy for primary HLH50. 

Allogeneic HSCT with reduced-intensity conditioning (RIC) shows reduced transplant-related 

mortality compared to myeloablative conditioning (MAC) in children51-54. Donor chimerism 

levels as low as 10% without HLH recurrence have been reported, but a lowest donor 

chimerism level of >20-30% is recommended to protect against late reactivations55. 

1.4.3 CNS-HLH 

Although the definition of central nervous system (CNS) involvement in HLH is not clearly 

defined, abnormal findings in cerebrospinal fluid (CSF) and on brain magnetic resonance 

imaging (MRI), and neurological symptoms are frequent in primary and secondary HLH56-61. 

HLH may even present as isolated CNS-HLH62-64. Patients can present with either 

abnormalities in CSF or MRI, or neurological symptoms, or with any combination of the 

mentioned parameters. In a large pediatric cohort of 193 patients with HLH (predominantly 

primary HLH), 63% of the children presented with either abnormalities in CSF (52%) or 

neurological symptoms (37%) or both56. Similar results were observed in a smaller cohort of 

children with only primary HLH58. In an adult sHLH cohort as many as 90% of patients 

presented CNS symptoms or signs, with CSF findnings in 39% and MRI changes in 52%65. 

Seizures, irritability, dizziness, impaired consciousness and meningismus are common 

neurological symptoms, but cranial nerve palsy, motor impairment and ataxia may also occur. 

CSF findings are commonly mild to moderate pleocytosis together with elevated protein, but 

either alone is observed in approximately 20% of cases56,58,60. Similar neurological symptoms 

and CSF findings are reported in sHLH, but at a lower frequency in a Chinese cohort compared 

to primary HLH59,61. MRI findings in primary HLH typically show bilateral, symmetric and 

periventricular white matter hyperintensities as fuzzy lesions in large areas, often sparing basal 

ganglia and brainstem. Secondary HLH appears to show more focal lesions and hyposignal 

intensities on T1-weighted sequences, and in adults with sHLH white mater and basal ganglia 

were most frequently involved60,61,65. Treatment recommendations are systemic treatment with 

corticosteroids (preferably dexamethasone with better CNS penetrance) and etoposide (HLH-

94/HLH-2004) with intrathecal methotrexate and steroid therapy64. Although complete 

recovery is not uncommon, many suffer from permanent motor and cognitive deficits41,43,56. 

1.4.4 Biology of primary HLH 

Natural killer cells and cytotoxic T lymphocytes 

Natural killer (NK, CD3-CD56+) cells and cytotoxic T-lymphocytes (CTL, CD8+), known as 

cytotoxic lymphocytes, play a key role in maintaining immune homeostasis66. They recognize 



 

 15 

and eliminate cells infected by viruses and other intracellular pathogens, tumor cells, and 

terminate the immune response, by elimination of antigen-presenting dendritic cells (DCs), 

once the immunological stimulus has been cleared. NK cells, part of the innate immune system, 

recognize the diseased cells in the absence of major histocompatibility complex (MHC) surface 

markers, through specific antigen receptors. Target cell contact activates the NK cell, releasing 

its preformed cytotoxic granule content to the target cell, allowing for early, rapid killing. CTLs 

are activated by specific antigen recognition through MHC on the target cell surface. The T-

cell receptor activation causes cytokine-induced (eg by IL-2, IL-6) expression of cytotoxic 

granules, released at the next antigen encounter, and proliferation of antigen-specific CTLs, 

allowing for late, massive target cell killing66. Cytotoxic lymphocytes have secretory granules 

that contain proteases, such as granzyme A and B, that cause apoptosis when released into the 

target cell through a perforin-mediated immunological synapse formed upon cell contact9.  

Genetics of primary HLH 

Disease-causing mutations in genes involved in the trafficking or exocytosis of granules, or 

perforin-formation in the perforin-dependent granule exocytosis pathway, have been identified 

for FHL 2-5 and in GS-2, CHS and HPS-26,9,67. The specific gene involved for FHL-1 remains 

unknown. Mutations in the PRF1-gene encoding the pore-forming protein perforin cause FHL-

2, whilst FHL 3-5 are caused by mutations in genes UNC13-D, STX-11 and STXBP2, encoding 

for the proteins Munc13-4, Syntaxin 11 and Munc 18-2, respectively68-72. The PID syndromes 

GS-2, CHS and HPS-2 have disease-causing mutations in RAB27A, LYST and AP3B119,73. XLP 

1 and XLP 2 on the other hand are caused by mutations in SH2D1A (encoding SAP) and BIRC4 

(encoding XIAP) involved in the normal immune function of T cells, predisposing affected 

individuals to severe Epstein-Barr Virus (EBV) infections with associated HLH, but also to a 

variety of conditions including hypogammaglobulinemia, lymphoma (XLP1) and chronic 

hemorrhagic colitis (XLP2)74-78. The importance of perforin and lymphocyte cytotoxicity in 

tumor surveillance has been demonstrated in perforin-deficient mice, and also seems supported 

in human studies reporting increased occurrence of malignancies in patients carrying 

heterozygous mutations in HLH-associated genes79-82.  

The genetic defects in perforin or in the granule exocytosis pathway in NK cells and CTLs 

cause decreased intracellular protein expression or defect degranulation and cytolytic activity, 

which is measured with lymphocyte function assays and used as a diagnostic tool for primary 

HLH. These methods are described further in the Patients, Methods and Materials section.   

Hypercytokinemia in HLH 

In an immune competent individual activated NK-cells and CTLs will secrete pro-

inflammatory cytokines such as IL-2 and IFN-γ, promoting activation and proliferation of 

CTLs, but also activation of macrophages for phagocytosis and lysis. Activated macrophages, 

in turn, secrete multiple pro- and anti-inflammatory cytokines such as IL-1β, IL-6, IL-8, IL-10, 

IL-12, IL-18 and TNF-α to maintain the inflammatory response with immune cell activation 

and proliferation for pathogen elimination. When the pathogen has been cleared CTLs will 
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eliminate antigen-presenting DCs and NK cells, and T regulatory cells will limit CTL 

activation, altogether to re-establish immune homeostasis7.  

Defects in NK-cell and CTL cytotoxicity, as in HLH, result in an ineffective clearance of the 

pathogen and prolonged antigen presentation, overstimulating NK cells and CTLs to secrete 

excessive amounts of IFN-γ, leading to overactivated CTLs and macrophages, producing a 

cytokine storm with characteristic HLH manifestations; schematically illustrated in Figure 

25,6,11. 

The hypercytokinemia has been linked to delayed detachment of the defective cytotoxic 

lymphocyte from the target cell with prolonged synapse time causing hypersecretion of 

cytokines83. The role of overactivated CTLs and IFN-γ in the pathogenesis of HLH has been 

elucidated by several murine models, and HLH manifestations have also been inhibited by anti-

CD8+-antibodies and IFN-γ-neutralization84-86. Most animal models require a viral trigger to 

develop HLH and show a wide spectrum of disease severity, which seems related to the degree 

of residual cytotoxic function87,88. Interestingly, in a study on PID, patients with T- and NK-

cell deficiency were able to manifest typical symptoms of an HLH syndrome. In these T- and 

NK-deficient patients with HLH syndrome perhaps activated macrophages and the associated 

cytokine storm are the main drivers of hyperinflammation.20. The extent to which IFN-γ plays 

a role in the pathogenesis of primary HLH in humans and in the heterogeneity of HLH 

phenotypes, remains to be elucidated. However, elevated levels of IFN-γ in patients with 

primary HLH have been reported, and remission of HLH activity in selected cases of primary 

HLH with anti-IFN-γ therapy (emapalumab), suggests IFN-γ as an important mediator of HLH 

pathogenesis5,89,90. Etoposide, the mainstay of treatment for HLH, has been shown to 

selectively deplete activated CTLs and efficiently inhibit cytokine production in a murine 

model of HLH, further supported in vivo by resolution of HLH with etoposide-containing 

therapy91. Importantly, NK cell cytotoxicity has been shown to reduce tissue infiltration by 

activated macrophages and limit CTL responses and activation, thereby, reducing HLH 

manifestations and fatal outcome in a murine model92. 
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Figure 2. Hypothesized pathogenesis of primary HLH.  
Brisse et al, 2016, Br J Hematology, with permission from John Wiley and Sons7. 
(A) Normal situation: 1. CTLs and NK cells eliminate tumour cells and/or infected cells via apoptosis. 2. When 
the immunological stimulus is cleared, the CTLs will inhibit further antigen presentation by removing antigen-
presenting DCs. 3. Tregs compete with the activated CTLs for the available IL2 and thus limit the proliferation of 
CTLs. They may also directly eliminate activated CTLs. 4. NK cells likewise control the size of the activated CTL 
pool via induction of apoptosis. 5. This limits the amount of CTL-derived IFN-c and consequently the extent of 
macrophage activation and additional cytokine production. (B) In the setting of primary HLH: 1. CTLs and NK 
cells fail to eliminate tumour cells and/or infected cells, which continue to replicate, resulting in persistent 
antigenaemia. 2. CTLs no longer remove the antigen-presenting DCs, leading to prolonged and heightened antigen 
presentation, stimulating antigen-specific T cells. 1+2. The inability of CTLs and NK cells to eliminate target cells 
causes an increase in synapse time, stimulating the effector cells to produce more cytokines. 3. Tregs can no longer 
outcompete the hyperactivated CTLs for the lower amount of available IL2 because the expression of CD25 is 
more highly upregulated in the latter. Treg numbers drop and CTLs continue to proliferate. 4. Similarly, lacking 
their cytotoxic capacity, NK cells no longer control the size of the activated CTL pool. 5. The activated CTLs 
produce massive amounts of IFN-c inducing excessive macrophage activation and directly provoking 
haemophagocytosis. In turn, the activated macrophages produce enormous amounts of pro-inflammatory 
cytokines, creating a cytokine storm. 6. As cells can no longer be eliminated via immunologically silent apoptosis, 
necrosis and/or pyroptosis will occur, resulting in the release of DAMPs that instigate further inflammation. Solid 
black arrows indicate the effective function of the processes as described by the numbers written above them (A), 
dotted black arrows indicate impaired function of these processes (B). Red arrows refer to the competition for 
available IL2 consumption (A+B). HLH, haemophagocytic lymphohistiocytosis; CTL, cytotoxic T lymphocyte; 
DAMP, danger-associated molecular pattern; DC, dendritic cell; Mφ, macrophage; MHC, major 
histocompatibility complex; NK, natural killer; RBC, red blood cell; Treg, regulatory T cell. 
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1.5 SECONDARY HLH 

Secondary (acquired) HLH (sHLH) is by far more common than primary (genetic) HLH, and 

can occur in all age groups, but is more common in adults93,94. A quick search on PubMed 

reveals that prior to 1990 there were barely 200 publications on HLH, which by year 2000 had 

increased to about 800 publications, but today, we find over 6000 publications on HLH. There 

has been an explosive rise in awareness of HLH in the last decades, in particular secondary 

HLH, and even so, it is reported to be underdiagnosed95. The incidence of sHLH is unknown 

and varies greatly between study populations. A nationwide survey on HLH in Japan, with 799 

reported HLH cases, revealed an annual incidence of 1 in 800,000, where the absolute majority 

were sHLH96. Even mortality in HLH shows heterogeneity depending on underlying disease 

and trigger, and length of follow up, but is overall high, reported between 20 - 88% in a scoping 

review on adult HLH, with the highest mortality in malignancy-associated HLH compared to 

other secondary forms of HLH97.  

Secondary HLH is most commonly associated with infections, malignancies, autoimmune and 

autoinflammatory diseases, and less commonly with solid and hematological transplantation, 

immune activating therapies such as BiTEs (bi-specific T-cell engagers) and CAR-T (chimeric 

antigen receptor T-cells), and other less frequent associations such as pregnancy and 

pharmaceutical drugs6,93. Immunosuppression in patients with sHLH is not unusual 12,98,99. 

Globally, there is geographical asymmetry of the reported predominant trigger factors in sHLH, 

with an overrepresentation of malignancy-associated HLH (mal-HLH) in Asia, predominance 

of EBV-associated HLH (EBV-HLH) in USA and Asia, and human immunodeficiency virus 

(HIV)-associated HLH in Europe, suggesting a possible heterogeneity in population genetic 

predisposition or variety in triggering factors93. However, mal-HLH is proportionately high 

even in large European adult HLH studies98,99.  

1.5.1 Similar but not the same 

Much of today’s knowledge, diagnostic tools and management of sHLH originates from 

primary HLH, a genetic immune deficiency predominantly found in children that requires 

prolonged therapy with immunosuppressive drugs to survive to allogeneic HSCT. Although 

genetic and acquired HLH have similar clinical presentation and hyperinflammatory backbone, 

they have their dissimilarities that require a different diagnostic and therapeutic approach. 

Hypomorphic mutations with a more indolent clinical course have been identified in adults 

with HLH, but these are a minority16-18. Secondary HLH has a more complex scenario than just 

a genetic etiology driving the hyperinflammation. In a setting of temporary immune 

dysregulation, underlying diseases or conditions that predispose to HLH, such as malignancy 

or immune suppression, and external factors that trigger hyperinflammation, such as infections, 

play a vital role in the etiopathogenesis of sHLH.  

The HLH-2004 diagnostic criteria, based on the first diagnostic guidelines in 1991, are founded 

on observations from a pediatric population with predominantly primary HLH, but are still 

valid and widely used for evaluation of sHLH, despite certain limitations11. Based on an adult 
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population, Fardet et al created a criterion-weighted probability score for hemophagocytic 

syndrome in adults (HScore), in 2011 (Table 1)12. The HScore ranges from a score of 90 with 

<1% probability of HLH to a score >250 with 99% probability of HLH. The best cut-off score 

was 169 with a sensitivity of 93% and specificity of 86%, and correct classification of 90% of 

the patients with HLH. Other described common manifestation, not included in the criteria, in 

secondary and adult HLH (and frequently also seen in primary HLH) are coagulopathy, 

elevated lactate dehydrogenase (LDH), bilirubin, D-dimers and C-reactive protein (CRP), 

hyponatremia, hypoalbuminemia, rash and CNS involvement98,100-103.  

1.5.2 Diagnostic evaluation of secondary HLH 

Today, it is suggested that the HLH-2004 criteria be used in the evaluation of adult HLH, with 

HScore also considered a useful diagnostic tool103,104. In certain settings, where HLH is highly 

suspected, diagnosis and treatment may be started without fulfillment of 5 HLH-2004 

criteria; such as in patients with an unexpected rapid progress and severity of symptoms and 

laboratory abnormalities or in patients with CNS involvement. In the author’s experience 

these former patients commonly fulfill 4/8 HLH-2004 criteria and frequently also have a high 

Hscore. Repeated evaluations are necessary due to the rapid course an evolving HLH may 

take. A recent study on the reliability of HLH-2004 criteria and HScore in an adult intensive 

care setting found the best prediction accuracy of HLH diagnosis to be ≥4/8 fulfilled HLH-

2004 criteria and HScore ≥168104. The particular cytokine pattern of highly elevated IFN-γ 

and IL-10 with lower IL-6 may also support the diagnosis of HLH89. Separate pieces of a 

puzzle will not give you the diagnosis of HLH, but it’s the picture you see when they are all 

put together; combining HLH criteria, underlying disease and risk factors, and the clinical 

progression for the evaluation of HLH.  

The search for a trigger in sHLH is imperative! Extensive microbial testing, including all types 

of pathogens, is essential. If possible, a bone marrow examination should be performed, not 

only to identify hemophagocytosis, but more importantly to exclude any malignancy; 

preferably prior to administration of corticosteroids or cytotoxic drug, although it should not 

delay vital treatment. Extensive imaging, including positron emission tomography/computer 

tomography (PET/CT) imaging, and generous tissue sampling (biopsies) are required to 

identify even occult malignancies that may be triggering the hyperinflammation103,105. Reports 

on CNS involvement in sHLH are limited but has been reported ranging from 21 to 89% in 

adult HLH patients, with potentially devastating consequences, why lumbar puncture and MRI 

should always be considered64,65,106. Functional lymphocyte cytotoxicity and genetic testing are 

not essential in sHLH since HLH-causing mutations are rarely found as the source of 

hyperinflammation. However, it may be explanatory, and recommended, in cases of relapsing 

or refractory HLH, young age, family history of consanguinity, severe EBV infection in a 

young male, other manifestations (e.g. albinism) indicating a possible PID and HLH with an 

unknown trigger103.  
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1.5.3 Treatment of secondary HLH 

Treatment of sHLH must be tailored with several considerations in mind, such as different 

etiologies and triggering factors, varying degrees of immune dysregulation and 

immunosuppression, and comorbidities with lower tolerance to cytotoxic drugs with increasing 

age103,107-109. Decision to start HLH-directed therapy should always be based on the underlying 

condition, clinical progress and organ function110. HLH is a life-threatening and rapidly 

progressive condition, which requires prompt diagnosis and timely tailored treatment, of the 

right kind and intensity103,111. Not surprisingly, treatment for the different forms of sHLH 

varies. Treatment recommendations for sHLH have previously mainly been based on 

experiences from primary HLH, case-series studies, case reports and expert consensus, but 

more recently there is also data from retrospective and prospective studies, not least from East 

Asia.  

For all forms of sHLH, it is imperative to treat the triggering factor, i.e. to remove a main 

elicitor of the cytokine storm. In moderately active HLH, that does not respond to trigger-

directed therapy or appropriate empirical treatment and supportive care, addition of 

corticosteroids is recommended, such as dexamethasone or pulsed corticosteroids45,103,110. The 

benefit of adding intravenous immunoglobulins (IVIG) is debated, but has been shown 

beneficial in some studies on infection-associated HLH and autoimmunity/autoinflammatory-

associated HLH (also known as macrophage activation syndrome-HLH, MAS-HLH), with 

doses such as 0.5g/kg/day for 3 days, while other studies suggest IVIG to be removed in MAS-

HLH treatment102,112-115. The addition of IL-1 receptor antagonist (anakinra) is proving 

beneficial in several forms of sHLH, and other cytokine-inhibitors, such as anti-IFN-γ are also 

being trialed115-119. In cases of severe HLH with imminent organ failure, not uncommonly mal-

HLH or EBV-HLH, addition of dose-adjusted etoposide is recommended44,103,120-122. The 

HLH-94 protocol prescribes etoposide 150 mg/m2 body surface area (BSA)/dose, initially 

biweekly. However, reduced age-adjusted etoposide doses of 50-100 mg/m2 BSA/dose, further 

reduced in the presence of renal insufficiency, on a weekly basis, is frequently sufficient in 

sHLH, as suggested by Henter et al for severe influenza-associated HLH (Figure 3).  

Furthermore, aggressive supportive care and broad antimicrobial and antiviral prophylaxis, 

against opportunistic diseases including aspergillosis in these immunocompromised patients, 

is of uttermost importance to prevent further organ damage. HLH-directed treatment with 

weekly etoposide must be re-evaluated after every dose to determine tapering of treatment and 

cessation, since length of treatment should be guided by remaining disease activity, and not a 

predetermined protocol. The risk of treatment-related AML lies no higher than 1% with 

accumulated etoposide dose below 1500 mg/m2 BSA, and hence, the risk of morbidity and 

mortality from severe HLH is higher44. Useful markers to monitor disease activity and therapy 

response are ferritin and sIL-2R, as well as platelets, fibrinogen and liver transaminases46,120,123.  
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Figure 3 Schematic overview of modified etoposide treatment of severe sHLH 

 

Adapted from Henter et al, Cytotoxic therapy for severe avian influenza A (H5N1) Infection. Lancet, 2006124. 

The continued administration of weekly etoposide should be reevaluated before each dose. For treatment option 

details, see text. 

Remaining HLH activity after 8-12 weeks of treatment should prompt further search for other 

underlying triggers or possible genetic predisposition, and may respond to maintenance therapy 

such as that in the HLH-94 protocol. Salvage therapy for refractory or relapsing HLH includes 

treatment intensification with chemotherapy, such as intensification of the HLH-94/2004 

protocol, other chemotherapy, such as the DEP (liposomal doxorubicin, etoposide, 

methylprednisolone) regimen, alemtuzumab, and possibly allogeneic HSCT125-127. JAK1/2 

inhibitor ruxolitinib has been successfully used upfront and for refractory disease in HLH128-

130. Prognostic markers of poor survival in sHLH reported in several larger studies are 

lymphoma, high age, highly elevated ferritin, thrombocytopenia, multiple infection triggers 

and lack of etoposide treatment99,100,122,131,132.  

Immunotherapies, such as CAR-T, BiTEs and checkpoint inhibitors, may induce a cytokine 

release syndrome similar to HLH. Successful inhibition of the cytokine release storm is seen 

with treatment interruption or corticosteroids and inhibitors of IL-6 (tocilizumab)133-135. 

1.5.4 Infection-associated HLH 

The first report on infection-associated HLH (IA-HLH) was in 1979 in a case series of 19 

children. In fourteen of nineteen patients there was immunosuppression and infection by herpes 

virus documented. Therapy consisted of supportive care and withdrawal of immunosuppressive 

treatment; thirteen children survived136. However, mortality of IA-HLH, reported at 17-67%, 

varies greatly with etiology and age of the patient93,96,98,99. It is important to stress that infections 

also are a common trigger of primary HLH, and hence, cannot distinguish between the primary 

and secondary form of HLH 43,137.  

Viruses are the most common cause of IA-HLH, predominantly EBV, but also HIV, 

cytomegalovirus (CMV) and influenza virus. However, HLH has also been associated with 

bacteria, fungi and protozoa infections93,138. Diagnostics should include viral polymerase chain 

reaction (PCR) wherever possible to identify disseminated infections139.  A large study of 151 
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adults with sHLH identified two or more infectious triggers as the only independent prognostic 

factor associated with death99. Aggressive disease-specific therapy to eliminate the infectious 

trigger is vital, with addition of corticosteroids and IVIG when necessary. Occasionally, it may 

suffice with specific trigger-directed treatment to resolve the HLH if it is mild136. HLH 

associated with intracellular pathogens, such as leishmaniasis, rickettsia, and tuberculosis, also 

generally respond well to solely disease-specific treatment140. Prognosis of HIV-associated 

HLH, mostly caused by opportunistic infections and lymphoma, has improved with 

antiretroviral treatment, but still has a mortality of about 30%, despite treatment with 

corticosteroids, IVIG and in more severe cases etoposide141. 

Epstein-Barr virus-associated HLH 

A nationwide survey on HLH in Japan, with 567 patients included for further analysis, revealed 

EBV-associated HLH (EBV-HLH) in 29% of cases, a majority under 15 years old, and 24% 

with other forms of IA-HLH96. Furthermore, 5-year overall survival exceeded 80% in EBV-

HLH, but older patients and those with severe EBV-HLH did worse. EBV-HLH primarily 

occurs in primary EBV infections, determined by serology, but it also occurs in EBV 

reactivations, with a worse prognosis96,142. Besides fulfillment of HLH-criteria, diagnosis of 

EBV-HLH requires an active EBV infection, determined by EBV-DNA copies and EBER-ISH 

(EBV-encoded RNA in situ hybridization), or demonstration of clonality143,144. Importantly, 

the presence of an EBV infection does not rule out mal-HLH, which must be excluded for 

correct therapeutic approach. EBV is commonly known to infect B-cells in infectious 

mononucleosis, but in EBV-HLH infection of T cells, as well as NK cells, is observed, and 

frequently EBV/T-cell receptor clonality144-147. Higher EBV genome copies are found in EBV-

HLH compared to infectious mononucleosis, and a viral load >103 copies/mL is commonly 

found in EBV-HLH96,148. A higher viral load has been correlated with increased mortality149.  

An early report from 1998 on virus-associated HLH (VA-HLH) reported the survival of only 

27 of 99 patients with EBV-HLH150. Treatment of EBV-HLH with the HLH-94 protocol, 

containing corticosteroids and etoposide, greatly improved survival to >80%, without 

HSCT151. Importantly, early administration of etoposide, within 4 weeks of diagnosis, 

significantly improves survival in severe EBV-HLH121. Addition of rituximab (anti-CD20 

monoclonal antibody) may further reduce EBV load and improve therapeutic efficacy152. This 

treatment approach has shown a sustained long-term survival of patients with EBV-HLH close 

to 80%, including 19% HLH reactivations153. On the other hand, a step-wise approach starting 

with corticosteroids and CSA, with treatment intensification with the addition of chemotherapy 

if there is an insufficient response has also been shown successful, with 54% remitting without 

chemotherapy147. A 3-year survival of above 90% in pediatric EBV-HLH has been reported, 

with most children (60%) treated with corticosteroids, etoposide and CSA154. A recent report 

on ruxolitinib, a Janus kinase (JAK)1/2 inhibitor, as upfront treatment of EBV-HLH gave 75% 

complete remission at 6 months follow-up155. Fever, plasma levels of ferritin, sIL-2R, LDH 

and EBV-DNA copies are useful markers to monitor therapy response and course of 

disease143,147. Highly elevated sIL-2R at diagnosis is associated with worse outcome156.  
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Reactivations of EBV-HLH may respond to treatment intensification, but a minority of patients 

with refractory EBV-HLH may be candidates for HSCT, with an overall good outcome in 

EBV-HLH, somewhat better in children than adults126,153,157. Patients with refractory EBV-

HLH and sustained high (>103-104 copies) or increasing EBV-DNA copies should be evaluated 

for chronic active EBV (CAEBV), a EBV-positive T/NK lymphoproliferative disease, since 

these patients have a dismal prognosis with only chemotherapy and require allogeneic HSCT 

for better outcome158-161. Salvage therapy for EBV-HLH with DEP-regimen showed 73% 

overall response, but a 50% mortality due to HLH recurrence or infections162. Recently, 

escalating doses of ruxolitinib as a bridge to allogeneic HSCT in an EBV-HLH patient was 

reported successful163. 

Influenza AH1N1-associated HLH 

The “Spanish flu” of 1918-1919, caused by influenza AH1N1 virus, was the worst pandemic 

recorded in recent history with 25-50 million estimated deaths164. A distinct feature of the 1918 

pandemic was the “W-shaped” age-mortality curve, with almost half of the influenza deaths 

occurring in the age group 20-40 years165. A review on the more recent ‘avian’ influenza 

AH5N1 found 907 (94.6% confirmed) human cases reported between 1997 and 2015, more 

than half (53%) fatal with a mortality peak in the age group 24-35 years166. Although the 2009 

pandemic ‘swine’ influenza AH1N1 was milder with an estimated infection fatality risk of 1-

10 per 100,000 infections, young adults were still at 2-4 times higher risk of fatal outcome 

compared to seasonal influenza167,168. Hospitalized influenza AH1N1 patients had an 

overrepresentation of previously healthy, young adults, and pregnant women, with median age 

30-50 years, that were likely to be admitted to the intensive care unit (ICU) with complications 

of hypoxemia, septic shock and organ failure, with frequent use of rescue therapies and a high 

mortality169-171. A significant proportion (20-30%) of critically ill 2009 influenza AH1N1-

infected patients required further support with extracorporeal membrane oxygenation (ECMO) 

mainly due to acute respiratory distress syndrome (ARDS), with mortality reports varying 

between 8-65%172,173.   

Fatal pandemic influenza A may share many characteristics with HLH, such as high levels of 

proinflammatory cytokines and hemophagocytosis, and a similar sepsis-like inflammatory 

condition with multiple organ failure171,174,175. There are several reports on influenza AH1N1-

associated HLH (AH1N1-HLH), describing similar characteristics to other well-recognized 

virus-associated HLH types, such as EBV-HLH150,176-181. These reports describe both 

successful and unsuccessful treatment of AH1N1-HLH with steroids, IVIG and/or cytotoxic 

drugs.  

Why so many previously healthy young adults succumb to severe illness in influenza AH1N1, 

with a high mortality rate, remains incompletely understood. It has been postulated that the 

highly virulent influenza A virus elicits an excessive inflammatory immune response in the 

young, robust, AH1N1-naïve immune system of these young adults182,183. 
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Dengue-associated HLH 

Dengue is a mosquito-borne viral infection with a wide disease spectrum, from asymptomatic 

infection to severe life-threatening illness. Globally, the incidence is estimated at 390 million 

dengue virus infections per year of which about 96 million manifest clinically184. According to 

the World Health Organization (WHO) about 500,000 cases with severe dengue require 

hospitalization yearly. There are four serotypes of dengue virus (DENV 1-4), and whilst 

infection by one serotype is believed to cause life-long immunity, subsequent infections by 

other serotypes increase the risk of severe dengue. The confirmation of dengue virus infection 

is by viral isolation, detection of viral RNA by PCR, antigen (namely NS1) or antibodies185.  

Symptomatic dengue causes flu-like symptoms that typically last for 2-7 days. WHO has 

classified dengue in to two major types: dengue, with and without warning signs, and severe 

dengue (SD). Dengue should be suspected in patients with high fever (40°C) and at least 2 

other flu-like symptoms, such as headache, myalgia and arthralgia, vomiting, 

lymphadenopathy and rash. About 3-7 days after illness onset, in the so-called critical phase, 

manifestation of warning signs associated with SD, such as severe abdominal pain and 

vomiting, tachypnea, fatigue and bleeding, should lead to close observation and intervention. 

WHO 2009 classification for dengue has further defined criteria for SD as: 1) severe plasma 

leakage, leading to shock and/or fluid accumulation with ARDS, 2) severe bleeding, as 

evaluated by clinician, and 3) severe organ impairment of liver (with elevated liver 

transaminases ≥1000 U/L) and/or CNS (with impaired unconsciousness), and/or heart and 

other organs185. Treatment of dengue mainly consists of antipyretics and fluid balance control, 

where increasing severity of dengue requires more extensive fluid management. Patients with 

SD may also require additional supportive care and adjuvant therapy, as recommended by 

WHO guidelines. Dengue is one of the most common reasons for ICU admission in endemic 

countries. Deaths in dengue have been estimated to between ~10,000-20,000 per year with a 

rising trend in both incidence, severity and mortality in the last decade 186,187. 

Patients with SD, irrespective of serotype, are at increased risk of developing HLH (dengue-

HLH). Dengue-HLH affects children and adults, with most reports originating from India, 

Puerto Rico, Thailand and Malaysia, with a case fatality report of 14.6%188. Persistent fever, 

splenomegaly, hepatomegaly, cytopenias, hyperferritinemia, elevated liver enzymes and 

multiple organ dysfunction in a deteriorating severe dengue patient should raise suspicion of 

HLH188,189. Ferritin has been proposed as a biomarker for disease severity in dengue, and 

hyperferritinemia should prompt physicians to evaluate for SD and HLH. One study showed 

good prediction sensitivity and specificity of ferritin for disease severity particularly at the time 

of defervesence, when manifestations of SD are commonly observed190. Hyperferritinemia in 

dengue has also been associated with viremia, thrombocytopenia, elevated liver enzymes, 

coagulopathy and sIL-2R, all common in states of hyperinflamation191. Current treatment 

recommendations for SD with fluid management and supportive care may be successful to treat 

patients with milder forms of dengue-HLH, but several reports demonstrate the need for 

additional HLH-directed therapy, predominantly corticosteroids and IVIG, but in selected 

cases also cytotoxic drugs, preferentially etoposide189,192-194.  
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1.5.5 Malignancy-associated HLH 

Malignancy-associated HLH (Mal-HLH) occurs in both children and adults, but the likelihood 

of an underlying malignancy increases with age. In several large cohorts mal-HLH account for 

around half of the cases of HLH in adults93,98,100,132. A Swedish population-based study reported 

the incidence of HLH in adults with hematological malignancies to be 1%195. Mal-HLH occurs 

in the setting of a neoplasms in two different situations: as a presenting feature at diagnosis or 

relapse of a malignancy (“malignancy-triggered HLH”, MT-HLH), or as a manifestation 

during or after chemotherapy (“HLH during chemotherapy”, Chemo-HLH)108.  

The pathobiology of MT-HLH is still unclear, but besides the persistent antigen stimulation by 

the malignant cells, they possess other characteristics that can co-trigger hyperinflammation in 

MT-HLH. Non-Hodgkin lymphomas (NHL), in particular, secrete numerous inflammatory 

mediators and growth factors, such as IL-6, IFN-γ and TNF-R1196,197. EBV is a well-known 

trigger of HLH and of EBV-associated lymphomas, especially Hodgkin lymphomas198. In a 

Japanese study on lymphoma-associated HLH (LA-HLH), EBV genome was detected in 83% 

of T/NK-cell LA-HLH and only in 13% of B-cell LA-HLH199. MT-HLH predominantly occurs 

with hematological malignancies, and most frequently T- and NK-cell lymphomas and 

leukemias, as well as B-cell lymphomas, particularly diffuse large B-cell lymphoma (DLBCL) 

and Hodgkin lymphoma93,94,108. T-cell malignancies are the most common mal-HLH trigger in 

children200. Importantly, mal-HLH can occur even at young age when primary HLH could be 

suspected, and with a concurrent infection a true mal-HLH could be masked201. 

Chemo-HLH occurs most frequently during or after chemotherapy of leukemias and 

lymphomas, with the highest risk in malignancies treated with an aggressive chemotherapy 

regimen, such as acute leukemias, and commonly but not exclusively, during the more chemo-

intensive induction and consolidation phases. The cytotoxic drugs cause or enhance immune 

dysregulation, including T and NK cells, and predispose the immunocompromised patient to 

infections and HLH109. Chemo-HLH is almost always associated with infectious triggers, and 

due to the immune compromised milieu, infections by bacteria, viruses (frequently 

herpesviridae and adenovirus) and fungi are all common200,202. 

The age-dependency of mal-HLH demands a more thorough search for neoplasms with 

increasing age. Not uncommon, the perseverant search for the trigger of an HLH of unknown 

etiology finally detects an occult lymphoma108. Splenectomy in a study of 22 patients with 

refractory HLH of unknown etiology revealed 7 patients with occult lymphoma in the spleen, 

why splenectomy may be appropriate in selected patients203. There are no specific criteria for 

the definition of MT-HLH and chemo-HLH, and currently, despite their limitations, HLH-2004 

criteria are recommended, frequently used with support of the HScore11,12,108. In an attempt to 

improve diagnostic criteria for mal-HLH, variations of the current criteria have been suggested; 

one such being an extended 18-point HLH criteria set, including additional parameters 

associated with mal-HLH and readily available in clinical practice, which detected a higher 

number of mal-HLH patients with poor survival, than with HLH-2004 criteria alone, that could 

have benefited from timely HLH-directed therapy199,204. Soluble IL-2R is a sensitive marker of 
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HLH, as well as a marker associated with tumor burden in NHL205,206. An elevated sIL-

2R/ferritin ratio may further support diagnosis of LA-HLH compared to non-malignancy-

associated sHLH207,208.  

It is important to distinguish between MT-HLH and chemo-HLH, since they have different 

therapeutic approaches. As with other forms of sHLH, treatment must be adjusted to the 

underlying disease, clinical progress and organ function in the patient. Timely and adequate 

neoplasm-directed therapy is of uttermost importance in MT-HLH, but whether HLH-directed 

therapy or malignancy-directed therapy should be given first or in combination is still 

uncertain. Daver et al suggest a 2-step approach (that the author personally finds in favor) with 

first, HLH-directed therapy to reduce and halt the frequently aggressive cytokine- and 

hyperinflammation-induced organ dysfunction, which may not allow for adequate neoplasm-

specific therapy, and second, malignancy-directed therapy when organ function and condition 

of the patient is acceptable for appropriate neoplastic treatment109. If HLH-directed therapy 

with a modified age-adjusted HLH-94 protocol, including etoposide and corticosteroids as 

previously suggested is insufficient, chemotherapy intensification or salvage therapy may be 

successful103,108,109,162. Since many lymphoma protocols, such as the CHO(E)P-protocol 

commonly used for LA-HLH, include corticosteroids and etoposide (or allow for its addition), 

they can target both the malignancy and to some extent the T-cell promoted 

hyperinflammation, however, it is not seldom insufficient in more severe mal-HLH100,102,110,209. 

Addition of rituximab in malignancies with high EBV genome copies should be considered. 

Furthermore, treatment of any concurrent infections, which may contribute to the 

hyperinflammation, and wide antimicrobial prophylaxis and screening surveillance for 

secondary infections is strongly recommended108. Despite aggressive HLH- and malignancy-

directed therapies, mortality in mal-HLH still remains high, many with active HLH at death, 

and LA-HLH is a persistent prognostic factor of poor outcome in adult 

HLH100,122,131,132,200,210,211. T/NK-cell lymphomas show a particularly poor survival199,210,212. 

There are few reports on allogeneic HSCT in sHLH, but it may be indicated in selected 

malignancies97,103. 

The immunocompromised state of the patient with chemo-HLH and concurrent infection 

demands immediate withdrawal of immunosuppressive therapy and aggressive infection-

specific treatment, along with adequate supportive care. Addition of corticosteroids, with or 

without IVIG, is frequently required, whilst etoposide should be used sparingly to avoid further 

immune dysregulation108. In the author’s experience, anakinra may also be beneficial, in 

particular as an alternative to etoposide in case of severe neutropenia. Clinical severity should 

guide the extent of HLH-directed therapy necessary. Although rare, relapse of malignancy as 

a contributing trigger to chemo-HLH should be excluded. Despite succeeding to eliminate the 

HLH, mortality in chemo-HLH remains high, and in one study 6-month survival was reported 

at 63%200,202. Therefore, to decrease risk of chemo-HLH broad anti-microbial prophylaxis and 

regular surveillance is strongly recommended108. 
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1.5.6 Macrophage activation syndrome-HLH (MAS-HLH) 

Macrophage activation syndrome is a form of sHLH in the context of rheumatologic disorders, 

i.e. systemic autoimmune or autoinflammatory diseases, such as systemic juvenile idiopathic 

arthritis (sJIA) and systemic lupus erythematosus (SLE) in children, and adult-onset Still’s 

disease (AOSD) and SLE in adults213-215. In a 2016 revised classification of histiocytic 

disorders, the term MAS-HLH was used to classify HLH associated with systemic juvenile 

idiopathic arthritis (sJIA), adult onset Still’s disease (AOSD), systemic lupus erythematosus 

(SLE), vasculitis, and other defined autoimmune conditions14. Similar to other forms of sHLH, 

MAS-HLH is a product of immune dysregulation and cytokine storm216. The frequency of overt 

MAS-HLH complicating sJIA is ~10%213,217. However, up to 30-40% may present with occult 

MAS-HLH218,219. MAS-HLH is reported to occur in ~10-15% of adults with AOSD and ~4% 

in SLE. Infections and onset of disease are common triggers of MAS-HLH214,215,220,221. The 

mortality in MAS-HLH remains high, reported at ~4-15%222.   

Several guidelines and criteria for the diagnosis of MAS-HLH have been suggested throughout 

the years. The initial HLH-2004 criteria and preliminary diagnostic guidelines for MAS-HLH 

had limitations for the diagnosis of MAS-HLH11,223-225. Through international collaboration a 

set of diagnostic criteria complicating sJIA was developed, but primarily for use in clinical 

trials and research226. Thereafter, a weighted MAS-HLH score (MS score) for identification of 

MAS in sJIA was developed, as well as an MH score to help clinicians distinguish MAS-HLH 

from primary HLH227,228. While MAS-HLH has many similarities with other forms of sHLH, 

there are differences in clinical presentation that must be considered, such as frequently normal 

but decreasing levels of platelets, neutrophils and fibrinogen at presentation, with rising ferritin 

and aspartate aminotransferase (AST). Consequently, the importance of the dynamics of 

laboratory tests at diagnosis and during development of MAS-HLH has been highlighted229,230. 

Typical manifestations of MAS-HLH include prolonged fever, hepatosplenomegaly, 

lymphadenopathy, CNS involvement, hemorrhagic manifestations, falling blood cell line 

values and fibrinogen, and increasing ferritin, triglycerides and LDH217. Diagnostic 

inflammation markers, such as ferritin and s-IL2R, have been associated with disease activity 

in systemic rheumatologic diseases and MAS-HLH219,231. In MAS-HLH, CNS involvement 

has been reported in ~30-40% of the patients and there are also increasing reports of severe 

pulmonary involvement, causing high morbidity and mortality222,232,233.  

The treatment of MAS-HLH is targeted at reducing inflammation, preferably without too much 

immunosuppression to fight infections, primarily including therapies such as corticosteroids, 

IVIG, IL-1 receptor antagonist (anakinra), CSA and plasma exchange, making the approach 

somewhat different to other forms of sHLH103,113,217. It has also been observed that therapeutic 

choice may differ with the specialty of the treating physician222. Addition of cyclophosphamide 

and tacrolimus in corticosteroid-resistant MAS-HLH may be efficient215. However, both 

children and adults with MAS-HLH have shown excellent response to the addition of anakinra, 

with few side-effects and with long-lasting remission115,116. Severe forms of MAS-HLH, 

particularly with CNS and pulmonary involvement, require a prompt and likely more 
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aggressive therapeutic management, but further studies are required for improved management 

of these patients44,103,234.  

1.5.7 The pathogenesis of secondary HLH 

The pathogenesis of secondary HLH remains incompletely understood, but growing evidence 

suggests it is multifactorial, and consequently, sHLH has been described as a “threshold” 

syndrome7. Secondary HLH is “classically” characterized by the absence of underlying genetic 

mutations. However, some cases of adult HLH, may be explained by hypomorphic mutations 

and sequence variants, in homozygous and heterozygous state, identified in HLH-causing 

genes, some associated with decreased NK cell function16-18. Some variants are also common 

in the healthy population, such as A91V-PRF1 found in up to 10% of the healthy caucasian 

population, implying they may contribute with a risk but not a certainty of HLH235,236. Similar 

findings have been made in known HLH-associated genes in MAS-HLH, as well as sequence 

variants in other genes potentially involved in the cytolytic pathway237-239. However, 

polymorphisms in genes involved in other pathways than the cytotoxicity pathway, such as 

genes in cytokine production and signaling or inflammasome activation (e.g. IRF5, NLRC4, 

IFNGR1/2) have been associated to an increased susceptibility to HLH240-242. Interestingly, 

heterozygous mutations in known HLH-causing genes have also been identified in cases of 

fatal influenza AH1N1243. Combination of heterozygous mutations in two genes involved in 

the degranulation pathway has shown synergistic effect on cytotoxicity in patients with sHLH, 

and a mouse model could further show that accumulation of monoallelic mutations impaired 

lymphocyte cytotoxicity and increased the risk of developing HLH244,245. Repeated TLR9 

stimulation with CpG (oligodeoxynucleotides that stimulate immune response) in a wildtype 

murine model gave rise to a MAS-like manifestation, independent of IFN-γ, illustrating 

development of HLH without genetic mutations246,247.  

Defects in cytolytic activity of cytotoxic lymphocytes and decreased numbers of NK cells have 

been observed in patients with sJIA and MAS-HLH248,249. In AOSD, NK cell deficiency and 

associated decreased cytotoxic activity have been correlated with elevated levels of IL-18 and 

IL-18BP (binding protein), markers of disease activity. Furthermore, NK cell proportions and 

cytotoxic dysfunction were improved on treatment250. High levels of free-circulating IL-18, 

due to disproportionate increase in IL-18 and IL-18BP, has also been reported in other forms 

of sHLH with associated impaired NK cell cytotoxicity and decreased NK cell numbers251. 

Decreased NK cell cytotoxicity associated with decreased frequency of NK cells has also been 

observed in children with sepsis, and low frequency of NK cells and CTLs observed in critically 

ill adults, associated with increased mortality252,253. On the other hand, reduced NK cell 

cytotoxicity has been observed in septic patients despite the presence of CD56+CD16+ NK 

cells254. The excessive cytokines in sHLH, alike the cytokine storm in primary HLH, may also 

directly impact NK cell and CTL function. The MAS-HLH cytokine storm includes cytokines 

such as IL-1, IL-6, IL-18 and IL-3310. Overstimulation of NK cells and CTLs by cytokines, 

such as IL-12 and IL-18, can induce exhaustion and apoptosis255. Overexposure of IL-6 has 

shown reduced expression of cytotoxic proteins with defective NK cell cytotoxicity, reversed 
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with anti-IL6 antibody (tocilizumab)256. Elevated levels of anti-inflammatory IL-10 are also 

found in HLH, and have been shown to play a protective role in a murine model of sHLH89,246. 

The observed defects in lymphocyte cytotoxicity and reduced frequency of cytotoxic 

lymphocytes observed in sHLH, and in critically ill, is likely to be transient, but nevertheless 

can cause hyperinflammation, akin that seen in primary HLH, and hence, result in sHLH. 

In addition to continuous cytokine overstimulation, infection pathogens themselves may affect 

NK and CTL function. Latent-membrane-protein-1 in EBV can reduce CTL cytotoxicity by 

inhibition of SAP gene expression257. Influenza AH1N1 has been shown to infect NK cells and 

induce apoptosis, reducing NK cell numbers258. Lipopolysaccharide (LPS), a component of the 

bacterial cell membrane and potent inducer of immune responses, can directly induce 

production of IFN-γ in NK cells but simultaneously decreases NK cell degranulation259. Tumor 

cells often have increased resistance to apoptosis, prolonging exposure and synapse time with 

cytotoxic lymphocytes, and hence, hypersecretion of cytokines83. 

There are several factors that may contribute to the pathogenesis of sHLH, unlike familial HLH, 

where the genetic defect alone is enough for the development of HLH. The accumulation of 

factors and defects amplify the immune dysfunction, which at some point becomes an 

uncontrolled hypercytokinemia and hyperinflammation, leading to development of HLH, and 

to the theory of HLH as a ‘threshold’ syndrome (Figure 4)7,260. 
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Figure 4. Threshold model of the HLH spectrum.  
Brisse et al, 2016, Br J Hematology, with permission from John Wiley and Sons7.  
Genetic factors, underlying inflammatory condition, underlying immunosuppression and different strengths of 
infectious triggers are superimposed until a certain threshold point is reached, beyond which inflammation is no 
longer controlled and fulminant HLH develops. Diverse pathways and etiologies can thus result in the same 
common end stage of HLH. EBV, Epstein-Barr virus; HIV, human immunodeficiency virus; HLH, hae- 
mophagocytic lymphohistiocytosis; IBD, inflammatory bowel disease; MAS, macrophage activation syndrome; 
RA, rheumatoid arthritis; sJIA, systemic juvenile idiopathic arthritis; SLE, systemic lupus erythematosus. 

1.6 MARKERS OF INFLAMMATION IN HLH 

1.6.1 Ferritin 

Ferritin is a ubiquitous, highly preserved protein, its main function being to maintain iron 

homeostasis. However, time and evolving research has also shown ferritin to be involved in 

many inflammatory processes. Ferritin is a predominantly intracellular iron-binding protein 

providing iron for incorporation into heme in red blood cells and other essential cellular 

processes, at the same time preventing potential toxic effects of free-iron, such as generation 

of tissue-damaging reactive oxygen species. Besides free iron, ferritin expression is also 

regulated by hormones, oxidative stress and inflammation261,262. Ferritin is described as having 
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both pro- and anti-inflammatory properties, interacting with immune cells and immune 

responses, and stimulating pro- and anti-inflammatory cytokine production263,264. On the other 

hand, proinflammatory cytokines, such as TNF-α, IL-1β and IL-6, induce ferritin transcription 

and secretion in macrophages and mesenchymal cells, enhancing further production of 

proinflammatory cytokines, as illustrated by the hyperferritinemic cytokine-storm in 

HLH261,265.  

The normal range of serum ferritin is gender and age specific with a maximum level of 

approximately 300 μg/L for adults. Elevated ferritin levels have been described in many 

conditions, such as infections, shock, iron overload, hemolytic anemia, liver disease, renal 

failure, malignancies, autoimmune diseases and stem cell transplantation, as well as in HLH266-

269. Ferritin was described as a marker of hyperinflammation in HLH in 1988, and is used as a 

diagnostic criterion of HLH11,270. In children, ferritin levels >10,000 μg/L are reported specific 

and sensitive for primary HLH in children, whereas its specificity in sHLH and adults is 

debated266,271.  The highest levels of ferritin, i.e. extreme hyperferritinemia (>10,000 μg/L), are 

observed in HLH, liver failure, renal failure, hematological malignancies, infections, iron 

overload (chronic transfusion and hemochromatosis), MAS-HLH and rheumatological 

diseases271-273. Some studies report the highest median and peak ferritin values in patients with 

HLH268,269,273, while others report higher ferritin values in other conditions271,272. The current 

HLH-2004 criteria require a ferritin level >500 μg/L for HLH diagnosis, a level determined 

from a pediatric FHL cohort (in the HLH-94 study) where 26/31 patients had ferritin >500 

µg/L, which by many is considered too low a level11. Several new ferritin cut-off levels for 

HLH diagnosis have been suggested, ranging from 2,000-10,000 μg/L, while a larger adult 

study did not even find ferritin >50,000 μg/L to be predictive for HLH271,273-276. Low 

glycosylated ferritin has been proposed as a good and possibly more sensitive marker for HLH, 

but has not been widely recognized, most likely due to restricted availability277,278. 

Hyperferritinemia has also been associated with increased risk of ICU admission and mortality 

in children and adults276,279-281. 

Despite the controversies, there seems to be a general agreement that extremely elevated levels 

of ferritin should raise suspicion of HLH, and hence, ferritin may be considered a good marker 

for HLH, even if not fully predictive, and is readily available at an affordable cost282. This is 

particularly important since an undetected evolving HLH can progress rapidly with deadly 

consequences. Ferritin may also readily be used to monitor disease course and therapy 

response45,46. 

1.6.2 Soluble IL-2 receptor 

Soluble IL-2R (sIL-2R, also known as sCD25) is a marker of T-cell activation and of disease 

activity in inflammatory conditions, such as HLH, and where T-cell activation is prominent. 

Soluble IL-2R ≥2,400 U/mL is a criterion for HLH diagnosis in the current HLH-2004 

criteria11, a level defined from previous observation of elevated sIL-2R in children with HLH, 

were a majority of children in a German FHL cohort of 65 patients had sIL-2R >2,400 

U/mL156,283,284. In HLH reports, sIL-2R levels may exceed 200,000 U/ml, but medians fall 



 

 32 

around 3,000-21,500 U/ml285. A review on the clinical utility of sIL-2R in HLH reported two 

studies showing good sensitivity for sIL-2R ≥2,400 U/mL in the diagnosis of HLH and MAS-

HLH123. Several studies have reported sIL-2R to be a good marker of disease activity and for 

monitoring response to therapy in HLH and in sJRA and MAS-HLH156,219,284,286,287. Initial 

levels of sIL-2R >10,000 U/mL have been associated with a worse prognosis, and higher levels 

observed in EBV-HLH and mal-HLH156,287. Few comparative studies have been done in adults, 

but two recent studies showed varying results on the sensitivity of sIL-2R for HLH diagnosis. 

Hayden et al reported a good sensitivity, whilst Naymagon et al reported poor discrimination 

between HLH and other diagnoses (hematological malignancies, sepsis and rheumatologic 

disease).  However, both studies reported a high prevalence of HLH (93% and 67%, 

respectively) for sIL-2R levels >10,000 U/mL205,288.  

Highly elevated levels of sIL-2R can also be found in T-cell malignancies, such as hairy cell 

leukemia, T-cell leukemia and anaplastic large cell lymphoma, for which sIL-2R is a marker 

of tumor burden and for monitoring response to therapy206,289. Immune activation in HIV 

patients can be monitored with sIL-2R in combination with other parameters290. Acute and 

chronic liver failure, associated with T-cell activation, also display elevated levels of sIL-2R, 

making it a less specific marker for HLH activity when combined with liver failure291,292.  

1.7 CRITICALLY ILL IN THE INTENSIVE CARE UNIT (ICU) 

1.7.1 Inflammatory responses in critically ill in the ICU 

Every year in Sweden there are approximately 45,000 admissions to intensive care, and the 30-

day mortality rate lies around 6-8%, with a decreasing trend in the last few years, according to 

the Swedish Intensive Care registry (SIR). The standardized mortality ratio (SMR), the ratio of 

expected and observed 30-day mortality after admission to ICU, in Sweden is slightly below 

1.0, and stable over the years, meaning survival is better than that expected from ICU scoring 

systems, such as SAPSII (Simplified Acute Physiology Score), measuring disease severity and 

predicted mortality.  

Increasing incidence of hospitalization and ICU admission due to sepsis is reported in the last 

two decades293-295. Despite a decreasing trend in mortality rate for sepsis, it still remains high 

and the is main cause of morbidity and mortality in patients treated in ICU296,297. The initial 

definition of sepsis in 1991 was based on the view that sepsis resulted from a host’s systemic 

inflammatory response syndrome (SIRS) to infection (Table 3)298.  

Table 3. SIRS (Systemic Inflammatory Response Syndrome) 

Two or more criteria fulfilled: 

Temperature >38°C or <36°C 

Heart rate >90/min 

Respiratory rate >20/min or PaCO2 <32 mm Hg (4.3 kPa) 

White blood cell count >12,000 x109/L or <4,000 x109/L or 

>10% immature bands 

Criteria from Bone et al.298 
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A review of the definitions in 2001 resulted in mostly unchanged definitions for sepsis, severe 

sepsis and septic shock299. In 2016, a new (third) international consensus definition for sepsis 

and septic shock was published. Sepsis was then defined as a life-threatening organ dysfunction 

caused by a dysregulated host response to infection, in practice represented by an increase in 

sequential organ failure assessment (SOFA) score of 2 points or more, which is associated with 

an in-hospital mortality greater than 10%. Septic shock is defined as a subset of sepsis in which 

profound circulatory, cellular and metabolic abnormalities are associated with a greater risk of 

mortality300. Acute, refractory multiple organ dysfunction syndrome (MODS) is a main cause 

of death at tertiary intensive care units with a reported mortality rate of 44-76%, similar to that 

reported for septic shock300,301. MODS can be defined as an acute and potentially reversible 

dysfunction of 2 or more organ systems caused by multiple factors, and a consequence of a 

dysregulated inflammatory and immune response301. Besides SIRS, sepsis and MODS, 

critically ill patients may have other underlying inflammatory conditions, such as autoimmune 

diseases and malignancies. 

Thrombocytopenia, clinically defined as platelets <150 x109/L, is a common occurrence at ICU 

and is associated with an increased mortality, in particular in patients with sepsis. 

Thrombocytopenia is frequent in sepsis, up to 47% in a study in ICU patients with sepsis, and 

is associated with a higher incidence of organ dysfunction, including acute kidney injury with 

elevated creatinine, use of vasopressors, hyperbilirubinemia, as well as hypoalbuminemia and 

elevated LDH302,303. An absent or blunted resolution of thrombocytopenia in critically ill and 

septic patients may indicate continuing critical illness and is associated with a worse 

outcome303,304. Hypoalbuminemia is also a well-known independent predictor of poor outcome 

associated with increased mortality, morbidity and length of ICU care, in particular in patients 

with sepsis, who benefit from albumin replacement305-307. Hemophagocytosis is neither 

mandatory nor unique to HLH, and found in critically ill patients with for example sepsis. 

However, the presence of hemophagocytosis in the bone marrow of thrombocytopenic patients 

has been noted to be particularly high in critically ill patients with sepsis and septic shock, 

frequently in association with other signs of critical illness and MODS281,308,309. Although 

hemophagocytosis should trigger suspicion and evaluation of HLH, it is a common occurrence 

in other conditions such as infections and malignancies without HLH diagnosis309-313.  

Ferritin levels >3,000 µg/L in children have been associated with an increased risk of ICU 

admission and death. Furthermore, a stepwise increasing ferritin level was positively correlated 

with hazard ratio of death279. Children in ICU with sepsis and septic shock displayed higher 

ferritin levels, >500 µg/L (overall range 21-2210 ng/ml), and an increased risk of death than 

other critically ill children. Interestingly, the children with a moderate rise in ferritin (200-500 

ng/ml) showed the lowest mortality (9%), suggesting that a limited hyperferritinemic response 

in sepsis may be protective280. Similarly, in adults in surgical ICU, higher ferritin levels were 

observed in patients who developed sepsis (mean ferritin 1,585 µg/L), and consequently, 

associated with more severe illness, with the highest ferritin levels and fatal outcome in patients 

who developed MODS314. These earlier studies reported lower levels of ferritin in critically ill 

patients than the ferritin levels observed in a majority of patients with HLH. A recent large 
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retrospective ICU study of 2,623 critically ill adults with ferritin >500 µg/L reported maximum 

ferritin levels of 1,545 µg/L (range 964-4,175), 1,448 µg/L (range 836-2,803) and 974 µg/L 

(range 696-1,795) for patients with septic shock, sepsis and other conditions (e.g. liver disease, 

renal disease, autoimmune disease, infections and malignancies), respectively. Ferritin levels 

in septic shock and sepsis patients were significantly higher than for other diagnoses. 

Nevertheless, the highest ferritin levels were observed in patients with HLH (31,674 µg/L, 

range 15,121-87,975). Even in this study, maximum ferritin levels were associated with 

increased in-hospital mortality276. Notably, ferritin studies in critically ill in ICU generally 

report lower ferritin levels for other conditions than HLH compared with ferritin levels 

observed in patients with hyperinflammation and HLH. 

Soluble sIL-2R is also a good biomarker of sepsis, irrespective of severity of illness, in 

patients admitted to intensive care315. Non-survivors at ICU display higher levels of sIL-2R, 

IL-10 and SOFA score compared to survivors316. Adults with sepsis in HLH studies have 

shown sIL-2R values generally up to about ~4,000-8,000 U/mL, with only a few higher 

values up to ~30,000 U/mL205,288. Elevated plasma levels of soluble IL-2R in sepsis are 

associated with increased percentages of CD4+CD25+ regulatory T cells, which together with 

elevated IL-10 characterize the compensatory anti-inflammatory response syndrome after the 

initial proinflammatory response in sepsis, and are thought to play a role in sepsis-induced 

organ injury, such as acute kidney injury (AKI)317-319. Accordingly, elevated levels of sIL-

2R and IL-10 are associated with septic AKI, with reported sIL-2R levels up to 50ng/mL320. 

Soluble IL-2R is excreted and catabolized in the kidneys, and therefore, decreased renal 

clearance may augment elevated plasma sIL-2R levels, but apparently less than the increase 

observed in sepsis320-322. 

1.7.2 Hyperinflammation and HLH in the ICU 

Even though the last decade has shown heightened awareness of HLH in critically ill in 

intensive care, its diagnosis still remains challenging due to the substantial clinical similarities 

with commonly encountered hyperinflammatory responses encountered in ICU, such as sepsis, 

SIRS, MODS and autoimmune disorders, rendering HLH still likely underdiagnosed at ICU; 

incidence recently reported at 1.5%95,285,323,324. However, critically ill patients with HLH 

generally have an unexpected and disproportionate inflammatory response with imminent or 

rapidly evolving MODS despite appropriate empirical treatment and aggressive supportive 

care. Early recognition and prompt HLH-directed therapy is crucial for improved 

survival107,111. A recent systemic review on HLH in critically ill reported a mortality of 57.8%, 

with infections being the most common trigger, but the highest mortality seen in HLH of 

unknown etiology and mal-HLH325.  

The reliability of the HLH-2004 criteria and HScore in ICU have been questioned, but in a 

large ICU cohort a cut-off of 4 fulfilled HLH-2004 criteria and HScore of 168 predicted HLH 

with 95% and 100% sensitivity, respectively, and 94% specificity. Furthermore, sensitivity and 

specificity of the HLH-2004 criteria were reported improved by adjusting ferritin level to 

>3,000 µg/L. Not surprisingly both higher number of HLH-2004 criteria and HScore were 
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associated with increased mortality in this study104. Based on these findings, 4 or more HLH-

2004 criteria may be enough to consider initiation of HLH-directed therapy. Although none of 

the criteria used for HLH diagnosis are specific for HLH, and each single criterion can be 

observed in other inflammatory conditions, it is the combination of criteria in the unexpected 

galloping scenario of hyperinflammation that should make us suspicious of HLH. Typically, 

critically ill with HLH have more marked hyperferritinemia and severe cytopenias, in particular 

thrombocytopenia, and higher SOFA score requiring more life-supporting treatments, than 

other inflammatory conditions in critically ill. Splenomegaly is rare in critically ill outside of 

HLH diagnosis131,285,324,326. Older age, higher SOFA score, shock on admission and lymphoma 

have been associated with increased risk of mortality in critically ill with HLH131,324,326. A 

recent systemic review of HLH in critically ill reported IVIG treatment in IA-HLH to be 

associated with improved survival325. 

Many critically ill patients with MODS and signs of extreme inflammation do not, at least 

initially, fulfill 5/8 HLH-2004 criteria, but may still require a different treatment approach to 

other patients with MODS in ICU. Carcillo et al have suggested 3 inflammation phenotypes in 

sepsis-induced multiple organ failure, including multiple organ failure associated with 1) 

immunoparalysis, 2) thrombotic microangiopathy-driven thrombocytopenia, and 3) sequential 

liver failure327. They observed a higher mortality, and increased presence of sHLH, in pediatric 

ICU patients with an inflammation phenotype associated multiple organ failure than in the 

children with multiple organ failure without inflammation, suggesting they are a subset of 

patients with a different pathophysiology and underlying immune dysregulation, including a 

deficiency of NK cells and CTLs328-330. The presence of MAS-HLH or hepatobiliary 

dysfunction and coagulopathy syndrome (HDB/DIC), a MAS-like syndrome, is reported as an 

independent risk factor of 10-day mortality in patients with infection and SIRS, with ferritin 

levels >4,420 µg/L associated with increased levels of IL-6, IL-18, IFN-γ and soluble CD163 

and a 66% mortality. The patients with MAS-HLH and HBD/DIC had significantly more 

ARDS, AKI, shock and higher levels of ferritin and triglycerides. Furthermore, a poor decline 

in ferritin was predictive of adverse outcome, as seen in patients with primary HLH46,331. 

In 1994, a study on the effect of recombinant human IL-1 receptor antagonist in adults with 

sepsis showed no increased survival, however, secondary analyses found an increased survival 

in septic patients with organ dysfunction and with a predicted mortality >24%332. A post-hoc 

analysis showed significant improvement in 28-day survival with IL-1 receptor antagonist 

treatment (anakinra) (65.4% anakinra vs 35.3% placebo) in the patients with sepsis and 

concurrent HBD/DIC, who also displayed higher predicted mortality scores, shock and AKI. 

The high and similar survival seen in non-HBD/DIC patients treated with anakinra or with 

placebo, around 71% for both groups, suggests the HBD/DIC patients to be a subset of critically 

ill patients with more inflammatory pathophysiology and severity of illness, that benefit from 

additional anti-inflammatory therapy117. There are now several successful reports on the 

efficacy of anakinra in infection/sepsis and MODS associated hyperinflammation/sHLH, as an 

addition to the recommended anti-inflammatory therapy with corticosteroids and IVIG, besides 
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the crucial aggressive supportive care113,118,119,329,333,334. Selected patients may also benefit from 

the addition of plasmapheresis113,335,336. 

In the last few years, many studies including some larger ones have enriched our understanding 

of HLH in critically ill in intensive care. HLH in critically ill patients at the extreme of the 

severity scale of the ladder of hyperinflammation observed in the ICU scenario. Challenges 

remain to identify the subset of patients who would benefit from hyperinflammation-specific 

therapy, and the question is: are we still missing some and, if so, how do we identify them for 

early appropriate intervention? 
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2 RESEARCH AIMS 

The overall aim of the thesis was to, with our previous knowledge in primary HLH, study 

hyperinflammation and the development of HLH in critically ill in different settings, to 

distinguish these patients for future early identification and appropriate therapeutic 

intervention. A second aim was to investigate if we, by our knowledge gained in the biology 

of primary HLH, could contribute to a better understanding of the biology of secondary HLH. 

The specific aims were: 

Paper I: 

 to study the value of ferritin and sCD25 (sIL-2R) as parameters of hyperinflammation 

in critically and their association with other parameters of critical illness, as potential 

parameters to identify hyperinflammatory patients on admission to ICU.  

 to study the association of ferritin and sCD25 (sIL-2R) with NK cell proportions and 

NK cell cytotoxicity/degranulation in critically ill with signs of hyperinflammation.  

 to identify any HLH-associated genetic mutations/variants in critically ill. 

Paper II: 

 to study the frequency, characteristics and outcome of HLH associated with pandemic 

influenza AH1N1 infection in a selected cohort of critically ill requiring ECMO, to 

assess if these patients can be distinguished for early appropriate intervention. 

 to study NK cell proportions and NK cell cytotoxicity/degranulation in critically ill with 

pandemic influenza AH1N1 infection on ECMO support, and possible associations 

with HLH and mutations/variants in HLH-associated genes. 

Paper III: 

 to evaluate possible benefits of additional HLH-directed therapy with moderately dosed 

etoposide in patients with severe MAS-HLH. 

Paper IV: 

 to study the frequency, clinical features, risk factors and mortality of dengue-associated 

HLH in a large population of critically ill with severe dengue, for future intervention 

studies. 
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Paper V: 

 to identify and characterize patients with HLH in a selected cohort of critically ill in 

ICU with higher risk of hyperinflammation and adverse outcome, and furthermore, 

compare them with critically ill with fatal outcome who did not fulfil the diagnosis of 

HLH; a future aim being earlier diagnosis and appropriate intervention. 

 to study lymphocyte proportions and lymphocyte cytotoxicity/degranulation in 

critically ill and those who develop HLH, for improved understanding of the 

pathogenesis of hyperinflammation in critically ill. 
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3 PATIENTS AND METHODS 

Below is a summary of Patients and Methods. Details of the patient cohorts and methods 

used in each study are presented in the methods section of each individual papers.  

3.1 STUDY POPULATION 

The study populations in Paper I-V are all different, although study I and II were carried out 

under the same ethics approval. 

Paper I was a prospective observational study in adult patients (≥18 years) admitted to the 

Intensive Care Unit at Karolinska Huddinge Hospital, Stockholm, Sweden during a period of 

11 months. Patients observed by the intensivist to have a serum ferritin >500 µg/L in routine 

blood tests on admission to ICU were included in the study on patient consent. Thirty-nine 

patients were included in the study. In two patients with multiple ICU admissions, only the 

admission with the highest ferritin value was included in the study. Patients admitted for post-

operational care after liver transplantation (n=7), with expected hyperferritinemia from surgical 

hepatocellular injury, and patients on ECMO support (n=13) were excluded. Thirty-two 

eligible patients were further analyzed in the study.  

In Paper II we included the patients on ECMO support, excluded in Paper I, with PCR-

confirmed 2009 pandemic influenza AH1N1 infection. Of the 13 enrolled patients, informed 

consent was missing for two patients, who were excluded. The remaining 11 patients in the 

study were all treated at the ECMO Centre at Karolinska University Hospital, Stockholm, 

Sweden, during the period July 2009 to February 2010, when the influenza AH1N1 pandemic 

was current. During the study period a total of 16 patients were treated at the ECMO Center at 

Karolinska University Hospital for pandemic influenza AH1N1 infection, whereof 11 were 

included in our study (69%). 

Paper III is a case-series report of seven children with MAS-HLH treated with etoposide. The 

underlying systemic autoimmune disease of the children were: 3 with systemic juvenile 

idiopathic arthritis (sJIA), 2 with atypical sJIA and 2 with systemic lupus erythematosus (SLE). 

The children were in the ages 0.4 to 16 years (median 9 years) at the onset of MAS-HLH and 

were treated with etoposide during 2010-2017. Four children were cared for at Karolinska 

University Hospital, Stockholm, two children at Sahlgrenska University Hospital, Gothenburg, 

and one patient at Umeå University Hospital, all in Sweden. The last three patients were treated 

in close collaboration with Karolinska University Hospital.  

In Paper IV, all patients ≥18 years with severe dengue (SD) and a positive NS1 antigen test, 

and/or positive IgM or IgG by enzyme linked immunosorbent assay (ELISA), admitted to the 

multidisciplinary ICU at Hospital Sultanah Aminah in Johor Bahru, Malaysia, during 2010-

2014, were included in the study. 180 patients with severe dengue were studied in Paper IV.  

Paper V is a prospective observational study at four intensive care units (ICU) in Stockholm 

and Norrtälje, in Sweden, including the ICU at Karolinska University Hospital Solna and 
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Huddinge, Danderyd Hospital and Norrtälje Hospital. Adults (≥18 years) admitted to the ICU, 

between January 9, 2012, and December 31, 2014, were included in the study if: 1) informed 

consent from patient or next of kin was obtained, 2) the patient fulfilled criteria for SIRS, and 

3) had persistent inappropriate thrombocytopenia with platelets <70 x109/L, or platelets <100 

x109/L with serum ferritin >2,000 µg/L, or simply serum ferritin >5,000 µg/L. Patients could 

be re-evaluated for study inclusion at any time during ICU care if inclusion criteria were not 

fulfilled. Inclusion criteria with hyperferritinemia, a marker of inflammation, and 

thrombocytopenia, associated with poorer outcome in critically ill, were used to select a study 

population of critically ill with more severe illness and more likely to develop 

hyperinflammation. Finally, 50 eligible patients were studied in Paper V. Patients in ECMO 

(n=12) were excluded and will be studied separately due to the complexity of ECMO treatment.   

3.2 ETHICS 

The Ethics Committee at Karolinska Institutet, Stockholm, Sweden, approved the studies in 

Paper I and II (protocol nr 2009/248-31/4, March 4, 2009), as well as Paper III (2006/228-

31/3, March 22, 2006; 2010/1596-31/4, November 3, 2010; and 2013/1723-31/4, November 

27, 2013) and Paper V (protocol nr 2011/802-31/3, June 15, 2011; and 2012/861-32, May 11, 

2012). The study for Paper IV was approved by the Medical Research and Ethics Committee 

in Malaysia (NMRR-15-1476-26640, October 20, 2015). Informed consent was obtained for 

all patients in Papers I-III and V. 

3.3 METHODS 

3.3.1 Clinical definitions 

The current HLH-2004 and HScore diagnostic criteria for HLH have been described elsewhere 

(please refer to Table 1in section 1.2)11,12.  

Retrospective evaluation of HLH, using adapted HLH-2004 criteria, was done for all the 

patients included in Paper II, even if they had received a diagnosis of HLH during the time on 

ECMO support (n=2). Due to ECMO treatment the diagnostic criteria of fever and hemoglobin 

<90 g/L could not be used, since ECMO regulates body temperature and hemoglobin is 

maintained >100 g/L by regular blood transfusions for optimal oxygenation. Consequently, 

patients were classified as having HLH if they fulfilled 4/7 HLH-2004 criteria (fever excluded 

and cytopenia evaluated only on platelet and neutrophil values). Additionally, patients were 

subsequently evaluated with the HScore, an HLH probability score validated in adults with best 

cut-off score for HLH diagnosis at 169, accurately classifying 90% of patients12. Number of 

fulfilled HLH-2004 criteria and score of the HScore were determined from available 

parameters for every day during ECMO care.  

Paper III included children with sJIA, atypical sJIA and SLE. The diagnosis of sJIA was made 

according to the International League of Associations for Rheumatology criteria337. The two 

patients with ‘atypical’ sJIA did not present with arthritis at diagnosis. The diagnosis of SLE 

was made according to the 1997 American College of Rheumatology revised SLE 
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criteria338,339. All patients fulfilled the criteria for macrophage activation syndrome 

complicating sJIA or SLE, respectively, that have been previously described (please refer to 

the section on MAS-HLH in Introduction). 

In Paper IV, HLH diagnosis was retrospectively evaluated and defined by two different 

approaches, using 1) HLH-2004 criteria and 2) the HScore. An HLH diagnosis with HLH-2004 

criteria was given if ≥4/8 HLH-2004 criteria were fulfilled (information on HLH genetics, NK 

cell cytotoxic activity and sIL-2R were not available), and with the HScore if the patient had a 

probability of HLH ≥70% (score ≥180). Severe Dengue (SD) was defined according to the 

WHO 2009 classification previously described (please refer to section 1.5.4, Dengue-

associated HLH). 

The definition of systemic inflammatory response syndrome (SIRS) used for inclusion of 

patients in Paper V has been defined elsewhere (please refer to Table 3 in section 1.7.1)298. All 

patients were retrospectively evaluated for HLH using both HLH-2004 criteria and the HScore. 

A patient was classified as having HLH if 1) a diagnosis of HLH had been established during 

ICU care, or 2) ≥5/8 HLH-2004 criteria were fulfilled AND HScore was ≥169. For each patient 

an HLH evaluation was performed for every day during ICU care.  

Patients in Paper I and V were classified as having sepsis, sever sepsis or septic shock as 

recorded in the medical files by the treating physician. At the time of the studies, sepsis was 

defined according to the 2001 International Sepsis Definitions Conference, which were very 

similar to the original definitions 1991298,299. 

3.3.2 Collection of clinical data 

For all papers clinical and laboratory data was retrieved from the patients’ medical files, except 

for lymphocyte cytotoxicity, cell counts and genetic sequencing, that were performed 

separately as research assays at Karolinska Intitutet (see below). Assay of sIL-2R (sCD25) was 

performed by the regular hospital laboratory by a chemiluminescence assay (Immulite 1000, 

Siemens, Germany) with a detection range of 5-7,500 U/mL, with all values above 7,500 

reported as >7,500 U7mL. In Paper I, routine blood tests and additional study tests taken on 

admission to ICU only were analyzed in the study, as well as survival at time of ICU discharge. 

In Paper II, all patients were followed until ICU discharge, but blood samples for lymphocyte 

cytotoxicity function were obtained from 2 patients after recovery (~3 years after discharge), 

and included in the study. In Paper III, data was retrieved by treating physician in each 

respective hospital where the child was treated. The follow-up time of the children was 2 to 9 

years (median 6 years) after MAS-HLH onset. Data for Paper IV was retrieved from the ICU 

Registry, case report forms and medical files at the hospital Sultanah Aminah in Johor Bahru, 

Malaysia. Patients were followed until ICU discharge or death, whichever occurred first. In 

Paper V, additional relevant data was retrieved from the Swedish ICU registry. Follow-up time 

was until hospital discharge or death, whichever occurred first.  
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For details on data collected for each study please refer to the individual papers. Since all 

studies were observational, patient care, clinical examinations and treatments were all done 

according to local routines and at the discretion of the treating physicians.  

3.4 LYMPHOCYTE CYTOTOXICITY ASSAYS AND CELL COUNTS  

Assessment of cell percentages, NK cell cytotoxicity and degranulation was performed in the 

same manner for Papers I, II, III and V. For Paper V absolute cell counts were also assessed. 

Collected whole blood samples, in EDTA-containing vials, were processed within 24 hours 

from venous puncture. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll 

gradient centrifugation and resuspended in complete medium. Percentages and absolute counts 

of white blood cells (total leukocytes, granulocytes, lymphocytes and monocytes) and 

lymphocyte subpopulations (B-lymphocytes, T-lymphocytes and NK cells) were determined 

by flow cytometry before and after Ficoll separation. Furthermore, in Paper V, subgroups of 

T- and NK cells were also counted, including CD56dim and CD56bright NK cells, CTLs 

(CD3+CD8+), activated CTLs (CD8+HLA-DR+), exhausted CTLs (CD8+-PD1+), CD4 T cells 

(CD3+CD4+), activated CD4+ (CD4+HLA-DR+), exhausted CD4+ (CD4+-PD1+). For 

cytotoxicity assays, CD3-CD56dim NK cells, and CD3+CD8+ T cell subsets for Paper V, were 

isolated from PBMCs by negative selection using magnetic beads, and resuspended in 

complete medium for cytotoxicity and degranulation assays.  

NK cell cytotoxicity was assessed by a standard 4 h 51Cr-release assay, as previously 

described283,340. Briefly, isolated effector NK cells, either fresh or after IL-2 stimulation, were 

co-incubated for 4 h with 51Cr-labeled K562 (human erythroleukemia cell line) target cells at 

different effector-to-target cell ratios. Lymphocyte cytotoxicity was calculated as lytic units 

(LU25) at 25% target cell lysis. LU <10 was considered pathologically low in all papers 

mentioned. 

CD107a (lysosomal-associated membrane protein 1, LAMP-1) is a transmembrane protein in 

secretory lysosomes. Cell surface expression of CD107a increases upon exocytosis of secretory 

vesicles in NK cells and CTLs, and can be measured to assess degranulation capacity of the 

lymphocytes. Natural cytotoxicity and antibody-dependent cell-mediated cytotoxicity (ADCC) 

were assessed by stimulation of PBMC with K562 cells or with P815 cells supplemented with 

either anti-CD16 (for NK cells) or anti-CD3 (for CTLs), respectively. After incubation, 

centrifugation and resuspension, cells were labeled with antibodies and analyzed by flow 

cytometry, with quantification of CD107a surface expression on gated NK cell and CTLs. 

Lymphocyte degranulation assays were considered pathological if K562 NK cell degranulation 

was <5% (absent) or 5-10% (defective), anti-CD16 NK cell degranulation was <13%341, and 

anti-CD3 CTL degranulation was <23%340. Assessment of secretory vesicle proteases, such as 

perforin and granzyme A and B, was achieved be intracellular staining. All lymphocyte 

cytotoxicity assays were performed at the Center for Infectious Medicine, Karolinska Institutet, 

Huddinge, Sweden. 
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3.5 GENETICS 

In Paper I, genetic sequencing was performed in patients with abnormal or defective NK cell 

degranulation, low NK cell “killing” and/or low percentage of NK cells as defined above; n=11. 

In Paper II and III, genetic sequencing was performed in the patients with available DNA 

sample, n=5 and n=6, respectively. Similar for all studies, genomic DNA was isolated from 

peripheral blood according to standard procedures and sequenced for mutations in known 

HLH-causing genes. Specific primers, available upon request, were used to amplify exons and 

exon/intron boundaries of PRF1, STX11, UNC13D and STXBP2 by PCR. Subsequently, PCR 

products were sequenced by direct sequencing and data was analyzed using SeqScape software, 

and in silico predictions performed using SIFT and PolyPhen-2. Rare variants (minor allele 

frequency, MAF, <1%) were reported. All sequencing was performed at the Center of 

Molecular Medicine, Karolinska Institutet, Stockholm, Sweden.  

3.6 STATISTICS 

Please refer to the individual papers for details on the statistical analyses used in the study. 

Paper III was a case-series report without statistical analysis. Therefore, this section refers to 

remaining papers. For descriptive analysis, frequencies, percentages, medians, interquartile 

range and minimum-maximum range was used. Comparison of categorical variables was 

analyzed with chi(X2)-squared test, or Fisher’s exact test for smaller-sized samples, whilst 

Mann-Whitney U test was used for continuous variables. Spearman’s rank correlation test and 

Fisher’s exact test were used to analyze associations between variables. The distribution of 

continuous variables was assessed by histograms, and where appropriate, continuous variables 

were log-transformed using the natural logarithm. In paper IV and V, univariable and 

multivariable logistic regression were used to evaluate risk factors of death. Subsequently, in 

Paper V, the selected multivariable model was evaluated using a receiver operating curve 

(ROC) and assessing area under the curve (AUC). Furthermore, survival of patients in ICU 

with severe dengue was assessed with a Kaplan-Meier survival curve. Soluble IL-2R (also 

sCD25) has a detection range of 5 to >7,500 U/mL in the laboratory. Therefore, values reported 

as >7,500 U/mL were assigned the exact value of 7,500 in relevant statistical analysis in papers 

I, II and V. Throughout the papers, p-values <0.05 were considered statistically significant.  
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4 RESULTS AND DISCUSSION 

Secondary HLH (sHLH) is a condition of hyperinflammation associated with immune 

dysregulation and an inappropriate response to triggers, such as infections, malignancies and 

autoimmune or autoinflammatory diseases, resulting in a highly fatal cytokine storm with 

multiple organ dysfunction7,19,93. It is, nevertheless, a treatable condition if promptly 

recognized for timely and appropriate HLH-directed therapy. However, the diagnosis in 

critically ill is challenging due to the clinical overlap with other common systemic 

inflammatory responses, and consequently, underdiagnosed95,103,107. There are no clinical 

manifestations or laboratory tests that are specific to HLH, yet some markers of inflammation, 

such as elevated ferritin and sIL-2R, and routine laboratory tests, such as low platelets and 

elevated AST, may be indicative of HLH and useful to identify patients with 

hyperinflammation, in particular if concurrent with other typical manifestations of HLH and in 

the setting of progressive uncontrolled inflammation and organ dysfunction107,110,111,120. The 

pathogenesis of this eruptive phenomenon is not fully understood, but is generally viewed as a 

multifactorial ‘threshold’ syndrome with additive factors increasing the hyperinflammation 

and susceptibility to HLH, until a break point of uncontrolled inflammation is reached and 

HLH develops. Cytotoxic lymphocytes and defect cytotoxicity, causing primary HLH, are 

suggested contributors in the pathogenesis of sHLH7,260. 

The main purpose of this thesis was to study if we could use our knowledge gained in primary 

HLH to better characterize and understand hyperinflammation and HLH in critically ill, for 

earlier diagnosis and intervention, and improved treatment of these patients. Additionally, with 

our knowledge of the biology of primary HLH, we wanted to investigate the biology in 

critically ill with hyperinflammation for a better understanding of the pathogenesis of 

secondary HLH. This was achieved by first studying the inflammatory markers ferritin and 

sIL-2R in critically ill patients in ICU, and then, moving on to hyperinflammation and HLH in 

critically ill in different scenarios, and all along, studying cytotoxic lymphocytes and possible 

associated genetic variations when possible.  

4.1 AGE, GENDER AND COMORBIDITIES  

We studied 32 critically ill patients in ICU in Paper I, 11 patients with influenza AH1N1 in 

ECMO support in Paper II, seven children with MAS-HLH in Paper III, 180 patients with 

severe dengue in Paper IV, and 50 critically ill patients in ICU in Paper V. The study 

populations in Paper I, II, IV and V were adults >18 years, whilst the patients in Paper III 

were children <18 years. There was a male predominance throughout the studies and the 

median overall age in Paper I and V was 63 and 62 years, respectively, in line with previous 

findings in studies on critically ill patients with sepsis, a largely represented patient category in 

our studies296,297. The median ages of our study populations in ECMO with severe pandemic 

AH1N1 infection (Paper II) and with severe dengue (Paper IV) were lower, 31 and 35 years, 

respectively. The increased risk of hospitalization with complications and fatal outcome in 

young adults, and pregnant women, during the influenza AH1N1 pandemic likely explains the 

observed younger, largely previously healthy, study population in Paper II168-171. Although, 
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children are at increased risk of developing severe dengue (SD), the incidence in adults shows 

geographical heterogeneity. However, the younger study population observed in Paper IV, is 

similar to the incidence peak of SD observed in young adults aged ~20-40 years in Southeast 

Asia and Saudi Arabia; an age group with more secondary and tertiary dengue infections that 

tend to be more severe185,342-344.  

Overall in our ICU studies (Paper I, II and V), 54-68% of critically ill had one or more 

comorbidities at ICU admission, with similar proportions in patients with sepsis as in a previous 

Swedish nationwide study297. In our studies comparing patients with HLH (“HLH”) and 

without HLH (“non-HLH”), we observed patients with HLH to be younger, predominantly 

male and with fewer comorbidities. HLH studies in literature show a generally young age in 

patients with HLH, with a mean of 49 years in a review with 775 adult HLH cases93. Most 

HLH studies compare HLH survivors and HLH non-survivors, where non survivors are 

predominantly older, and increasing age is an independent risk factor of mortality in a few 

reports122,131,181. However, few studies compare HLH and non-HLH patients, but in those 

studies, similar to our study, HLH patients have been found to be younger than non-HLH 

patients98,276. In line with our findings, reports in the literature show HLH patients to be 

predominantly male, and male gender has also been identified as a risk factor of mortality in 

HLH93,102. Three of four HLH patients with influenza AH1N1 infection, in Paper II, were 

previously healthy without comorbidities. In our larger ICU study (Paper V), 44% of HLH 

patients had comorbidities as opposed to 81% of non-HLH patients. Why are healthy young 

adults succumbing to severe illness and hyperinflammation or HLH? The answer to this 

question is not completely understood and likely multifactorial, and will be discussed further 

in later sections of the thesis. 

4.2 REASONS FOR ICU ADMISSION, ASSOCIATED DISEASES AND SEPSIS 

Secondary HLH is typically associated with malignancy, systemic autoimmune and 

autoinflammatory diseases and infections, with a predominance of viral infections, especially 

herpes viruses, but also others, such as pandemic influenza93. Among our 11 patients with 

pandemic influenza AH1N1 infection on ECMO support, one patient had stable inflammatory 

bowel disease at the time of AH1N1 infection and HLH, suggesting the AH1N1-infection as 

the main trigger. Another patient with stable chronic lymphatic leukemia did not develop HLH, 

but showed manifestations of hyperinflammation, and a HScore of 136, most likely triggered 

by his severe AH1N1 infection. Clinically significant co-infections were few in the AH1N1-

infected ECMO patients and mostly found in bronchoalveolar lavage, a finding also reported 

in previous ECMO studies on AH1N1 infection, and with opportunistic pathogens (coagulase-

negative staphylococci and Candida species) in our study patients172,345. All 11 patients were 

on empiric antimicrobial therapy including broad-spectrum antibiotics since or prior to ECMO 

admission. Beutel et al describe a similar scenario without uncontrolled bacterial co-infections 

in their HLH patients with AH1N1 infection on ECMO support, indicating the influenza 

AH1N1 infection to be the main trigger of HLH in these cases181. However, it cannot be 
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excluded that low-virulence co-infections contributed to the development of HLH in our two 

patients with co-infection.  

Sepsis is an increasing and leading reason for admission to ICU worldwide293,296. Sepsis or 

septic shock were predominant diagnoses at ICU admission in our studies as well. In Paper I, 

75% had sepsis, according to the international consensus definition of sepsis and septic shock 

at the time, where reason for ICU admission was defined as septic shock (n=11), respiratory 

failure (n=9), coma (n=3) or acute renal failure (n=1). In Paper V, 66% of patients were 

admitted to the ICU due to sepsis (30%) or septic shock (36%) and 24% with respiratory failure 

(whereof 7/12 had bacteremia), similar to another large ICU study on HLH where these 

diagnoses were evaluated324. Furthermore, 37 (74%) patients had a clinically significant 

infection (defined as positive blood culture or significant deep infection and /or significant 

positive virus PCR in blood, tracheal secretion or CSF): bacterial infection n=32 (64%), EBV 

n=3 (6%), HIV n=1 (2%), other viruses n=7 (14%, such as adenovirus, HHV6, CMV and 

influenza AH1N1) and aspergillosis n=4 (8%), with a statistically similar proportion in HLH 

and non-HLH patients. Viral infections were more prominent in HLH patients than non-HLH 

patients in Paper V, but bacterial infections remained predominant. Furthermore, simultaneous 

infection with bacteria and virus was encountered in 7/50 patients, whereof 5 were in HLH 

patients, both pathogens likely contributing to development of HLH. In other ICU-HLH studies 

viral infections are commonly reported, but rarely bacterial, making a comparison difficult, but 

in a systematic HLH review bacterial and viral triggers were almost equal131,324-326. However, 

overall in adult HLH studies, viruses are a more commonly reported infectious trigger, contrary 

to our findings in critically ill in ICU. The high number of patients with sepsis or septic shock 

and bacterial infections in Paper V may be due to a selected cohort of more severely ill ICU 

patients, or different ethnical and geographical background compared to some other studies. 

Infection rates were similar in Paper I with a less selected cohort. In line with other studies, 

we observed a similar high proportion of previous immunosuppression (42-44% overall in 

Paper I and V), more marked in patients with HLH (66.7%)98-100,102,132. Two patients in Paper 

III had a viral infection (EBV and varicella-zoster virus) and one an E.coli urinary tract 

infection as possible co-triggers of MAS-HLH. Infections are common triggers of MAS-HLH, 

along with onset of disease214,215,217.  

In line with previous studies we observed a high number of malignancies, and in Paper V 

almost all were hematological malignancies (n=12, 24%), with a significant predominance in 

patients with HLH (50% vs 9.4% in non- HLH, p=0.004). Associated diseases in HLH were 

not considered mutually exclusive. Whether infections or malignancies predominate in 

previously studied HLH cohort varies98,100,102,131,132,324,326. There was a surprisingly large 

number of leukemia-associated HLH (n=7) in Paper V, whereof many had HLH during 

chemotherapy with severe immunosuppression and concurrent infection. Systemic 

autoimmune diseases were prevalent in <19% of patients in Paper I and V. MAS-HLH only 

comprised 5.6% (n=1) of our HLH cases in Paper V, but one other patient with systemic 

autoimmune disease, who did not fulfill the study definition for HLH, was clinically a MAS-
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HLH on examination of the medical files. Other HLH studies also report low proportions of 

MAS-HLH, generally below 20%98,100,102,131,132,324,326.  

4.3 MARKERS OF HYPERINFLAMMATION IN CRITICALLY ILL 

Hyperferritinemia has been associated with many conditions and defined as a marker of 

inflammation. Markedly elevated serum ferritin levels were associated with HLH already in 

1988270. Ferritin >500 µg/L is a diagnostic criterion for HLH in the HLH-2004 diagnostic 

criteria11. However, several studies thereafter have suggested a higher cut-off level for better 

specificity, and the weighted HScore for probability of HLH in adults has the lowest scoring-

level for ferritin at >2,000 µg/L273-276. Although ferritin >10,000 µg/L is reported as 

considerably specific for pediatric and primary HLH, the scenario in adults appears 

substantially different, with heterogeneity in different study populations and reported marked 

hyperferritinemia in several other conditions than sHLH266,271,276. Despite the controversy, 

ferritin is nevertheless considered a good marker to suspect HLH, when highly elevated, and 

to follow therapy response and disease activity46,103,268,273,276. Our knowledge of 

hyperferritinemia in critically ill in intensive care has expanded greatly only in the last few 

years, and generally lower ferritin levels are reported in other conditions than HLH. A recent 

large ICU study of 2,623 adults with ferritin measurements observed a maximum ferritin 

median of 1,314 µg/L (interquartile range, IQR, 788-2,576), all patients included, whereof 40 

identified HLH patients had a median of 31,674 µg/L (IQR 15,121-87,975)276.  

In Paper I, our earliest study, the low ferritin level >500 µg/L was chosen as an inclusion 

criterion following the HLH-2004 diagnostic criterion for ferritin, and when the ferritin 

scenario in ICU was still fairly unexplored. Thirty-two patients were included in the study, 

75% with sepsis, and their admission parameters were studied. The overall median serum 

ferritin level was 2,095 µg/L (range 545-49,078), with sepsis patients having a higher median 

ferritin than non-sepsis patients, 2,394 µg/L (range 545-49,078) and 1,419 µg/L (range 624-

5110), respectively, at ICU admission. Ferritin levels >5,000 µg/L (n=10) were observed in 

nine patients with sepsis, whereof eight had ferritin levels >10,000 µg/L, and the remaining 

ferritin value >5,000 µg/L was found in a patient with an undiagnosed lymphoma, a disease 

associated with hyperinflammation93,108. Hyperferritinemia has been associated with an 

increased risk of admission to ICU, development of MODS and mortality, particularly in 

patients with sepsis276,279,280,314. Ferritin levels >10,000 may not be specific for HLH in adults, 

but on the other hand, a majority of patients in ICU have ferritin levels <3,000 µg/L269,276,314. 

Forty-two percent of our patients had ferritin levels <2,000 µg/L. Therefore, ferritin levels 

>5,000 µg/L, and even more so >10,000 µg/L, should prompt physicians to evaluate for 

hyperinflammation, clearly associated with hyperferritinemia.  

In Paper V, HLH patients had a significantly higher ferritin level on admission to ICU (median 

20, 682 and 5,492 µg/L, p=0.032, respectively) and developed higher maximum ferritin levels 

(median 41,564 and 10,924 µg/L, p=0.016, respectively) compared with patients without HLH, 

supporting previous findings of higher ferritin levels in patients with hyperinflammation, 

including critically ill in ICU98,276. Similar to Lachmann et al, even sepsis and septic shock 
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patients in Paper V had significantly lower maximum ferritin levels than HLH patients, with 

5,492 µg/L, 12,487 µg/L and 41,564 µg/L, respectively (p=0.014)276. Furthermore, maximum 

ferritin levels were positively correlated to HScore (rs=0.504, p<0.001), an HLH scoring 

system with increasing probability of HLH with increasing score, and therefore, indirectly 

increasing probability of hyperinflammation. A study on sHLH among SIRS patients, also 

showed ferritin to be the biomarker strongest correlated to both HLH-2004 and the Hscore346. 

Influenza AH1N1-infected patients in ECMO similarly showed higher maximum ferritin levels 

in the patients who developed HLH (10,735 µg/L vs non-HLH 1,204 µg/L, p=0.024). Patients 

with MAS-HLH are characterized by hypercytokinemia and hyperinflammation, and all seven 

MAS-HLH patients in Paper III had ferritin >5,000 µg/L (median of 20,778 µg/L, range 

5,025-121,937) prior to starting etoposide treatment, when their MAS-HLH was still active216. 

Ferritin has been positively associated with disease activity in sJIA and MAS-HLH, and ferritin 

levels in our patients decreased with resolution of MAS-HLH230,231,347,348. Also in dengue, 

ferritin has been associated to disease severity190. The median peak ferritin level of the 180 

patients with severe dengue in Paper IV was 22,236 µg/L (range 565 to >100,000), and even 

higher in those who developed dengue-HLH (26,603 µg/L with HLH-2004 criteria and 29,531 

µg/L with HScore criteria), and lower in those who did not. Furthermore, hyperferritinemia 

was associated with the development of HLH in SD (OR 1.7, p=0.048). Altogether, our 

findings support the presence of hyperferritinemia in critically ill patients, it’s correlation with 

inflammation, starting at sepsis and increasing to the hyperinflammatory condition HLH, as 

well as the importance of ferritin as a marker of inflammation and a diagnostic tool to identify 

patients with potentially life-threatening hyperinflammation.  

Compared to ferritin, sIL-2R has been less extensively studied. As a marker of T-cell 

activation, highly elevated levels of sIL-2R can be observed in all forms of HLH, and 

associated with disease activity, therapy response and prognosis156,205,219,284,286,287. Soluble IL-

2R ≥2400 U/mL is a criterion in the HLH-2004 diagnostic criteria for HLH11. The sensitivity 

and specificity of sIL-2R appears as controversial as for ferritin, but commonly sIL-2R levels 

>10,000 U/mL are reported to have a high specificity for HLH205,288. Soluble IL-2R levels in 

patients with sepsis in other studies are rarely higher than ~4,000 and ~8,000 U/mL. 

Nonetheless, sIL-2R is suggested as a marker for diagnosis of sepsis, and reported higher in 

non-survivors than survivors315,316. Elevated sIL-2R is also associated with acute kidney injury, 

frequently present in patients with sepsis, potentially further elevating serum sIL-2R levels320. 

A limitation of our studies (Paper I, II, III and V) was the capped detection range of the sIL-

2R assay with all levels above 7,500 U/mL reported as >7,500 U/mL rather than an exact value. 

In Paper I, sIL-2R showed a similar distribution pattern to ferritin, with the highest sIL-2R 

levels observed in patients with sepsis, having a median of 3,366 U/mL (range 1,085 to >7,500) 

compared to 1,439 U/mL (range 833-3,287) in non-sepsis patients. Our findings are in line with 

previous studies indicating elevated levels of sIL-2R in sepsis and inflammation315,316,320. Using 

the HLH criterion level sIL-2R ≥2,400 U/mL, we could observe in Paper I that overall, half 

of the patients had sIL-2R levels over 2,400 U/mL, whereof all but two had sepsis. The two 

non-sepsis patients with sIL-2R >2,400 U/mL were a patient with newly relapsed diffuse large 



 

 49 

cell B-lymphoma, and a patient newly treated for a mantle cell lymphoma with high-dose 

chemotherapy and autologous SCT, both conditions that can be associated with T-cell 

activation and elevated levels of sIL-2R108,349. The positive correlation we observed with sIL-

2R and creatinine is likely related to the reported sepsis-induced AKI, associated with elevated 

CD4+CD25+ T-regulatory cells and accompanying sIL-2R increase, and decreased sIL-2R 

excretion due to renal dysfunction319,320,322.  

In Paper V, patients with HLH, characterized by T-cell activation and hyperinflammation, 

showed significantly higher maximum sIL-2R levels (median 7,500 U/mL, IQR 2,796-7,500) 

than non-HLH patients (median 2,992 U/mL, IQR 1,832-4,125) (p=0.005), despite the capped 

sIL-2R levels giving false low levels in HLH patients. Of the 10 patients with sIL-2R >7,500 

U/mL, nine were HLH patients (7/9 with sepsis or septic shock), and the remaining patient 

without HLH was a man with rheumatic disease admitted to ICU with an E.coli septic shock 

and a ferritin of 4,587 µg/L with fatal outcome. On the other hand, patients with sepsis and 

septic shock who did not develop HLH had a maximum sIL-2R median of 2,250 U/mL (IQR 

985-5,865) and 3,358 U/mL (IQR 2,920-4,683), compared with a median of 7,500 U/mL in the 

HLH patients (p=0.030). These findings are in line with previous studies where sIL-2R levels 

>10,000 U/mL show high specificity for HLH diagnosis, and lower levels are generally 

reported in sepsis, rarely >7,500 U/mL, as we observed in our study205,288. No correlation 

between sIL-2R and creatinine was found in Paper V, but kidney dysfunction was as expected 

common, with an overall median maximum creatinine of 228 µmol/L (IQR 128-370), similar 

for HLH and non-HLH patients, possibly affecting sIL-2R levels in general. Two of 3 assayed 

HLH patients with AH1N1 infection in ECMO (Paper II) had sIL2R >7,500 U/mL compared 

with none in the non-HLH group. In Paper III, sIL-2R was assayed in 5/7 MAS-HLH patients 

with a median of 3,460 U/mL (IQR 2,741 to >7,500) and 2/5 showing levels >7,500 U/mL. 

Altogether, our findings show an association of elevated sIL-2R with sepsis and further with 

hyperinflammation in critically ill, with significantly higher levels in HLH.   

In our first study, Paper I, we looked at correlations between ICU admission parameters of 

inflammation and critical illness. Perhaps not surprisingly, ferritin and sIL-2R, both markers of 

inflammation, were positively associated with each other and with CRP, another inflammation 

marker, in the entire cohort and in the sepsis subgroup. Furthermore, hyperferritinemia and 

elevated sIL-2R were associated with thrombocytopenia (Table III, Paper I). 

Thrombocytopenia (platelets <150 x109/L) is a common occurrence in critically ill, comprising 

about half of the patients with sepsis, and is associated with a higher risk of adverse outcome, 

including organ dysfunction, hypoalbuminemia and increased mortality, not the least if 

resolution of the thrombocytopenia is absent302-304. Thrombocytopenia is also a prominent 

feature of hyperinflammation and HLH, and frequently an early manifestation in the author’s 

experience93,99,102,122,131,324,326. In Paper V, with more severe critical illness, the entire cohort 

displayed a marked thrombocytopenia at nadir (median 30 x109/L, IQR 12-63), significantly 

lower in HLH patients already on admission to ICU compared with non-HLH (30 vs 85 x109/L, 

respectively, p=0.001), with the caveat that platelets <70 x109/L was one of the inclusion 

criteria of the study. Additionally, hypoalbuminemia is an independent predictor of adverse 
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outcome in critically ill, and in our study (Paper I) it was associated with elevated sIL-2R and 

with a similar trend for hyperferritinemia (p=0.059) (Table III)305,307. Hypoalbuminemia is also 

commonly found in HLH but not included in the diagnostic criteria100,285. Paper V showed an 

overall marked hypoalbuminemia at nadir, median 18 g/L (IQR 15-20), already marked on 

admission (median 21 g/L), with no apparent difference between HLH and non-HLH patients, 

indicating a generally critically ill study population. Overall, we show a correlation between 

markers of inflammation, hyperferritinemia and elevated sIL-2R, and other indicators of 

adverse outcome in critically ill, such as thrombocytopenia and hypoalbuminemia; all factors 

commonly observed in HLH.  

4.4 HLH IN CRITICALLY ILL WITH INFECTIONS 

4.4.1 HLH associated with pandemic influenza 

Severe pandemic influenza A infection may develop many features similar to those found in 

HLH, such as hypercytokinemia, multiple organ failure, infiltration of organs with reactive 

histiocytes and lymphocytes with hemophagocytosis171,174,175,350. During the study for Paper I, 

a large proportion of patients with severe influenza AH1N1 and ARDS were noted to require 

ECMO support at the ECMO center in Karolinska University Hospital in Stockholm, Sweden. 

This observation was later confirmed by reports in literature, such as a systemic review, 

revealing that 20% of patients admitted to ICU with severe influenza AH1N1 required ECMO 

support172,173. Following the 2009 pandemic, manifest HLH in association with severe 

influenza AH1N1 infection was described in case reports176-178,180. In 2011, Beutel et al 

reported HLH in nine of 25 critically ill patients with influenza AH1N1, several on ECMO 

support181.  

In Paper II we describe a well-defined cohort of 11 critically ill patients with severe pandemic 

influenza AH1N1 infection on ECMO support, with the aim to characterize and distinguish the 

patients that developed HLH. Four of the eleven ECMO-treated patients with severe AHN1 

infection developed HLH, and they could be distinguished from the patients who did not, 

despite an existing grey zone of inflammatory states in between. CRP was increasingly high in 

all patients, indicating inflammation in general. All patients required vasopressor support and 

continuous renal replacement therapy (CRRT), and the overall median duration on ECMO was 

16 days, without a significant difference between HLH and non-HLH patients (31 and 13 days, 

respectively, P=0.23). Three of 4 HLH patients, compared to 1/7 non-HLH, required veno-

arterial ECMO due to additional circulatory failure, suggesting these patients to be more 

severely ill with more organ failure.  

The patients who developed HLH showed characteristic features such as fever prior to ECMO 

start, organomegaly, bicytopenia, hyperferritinemia, hemophagocytosis in bone marrow, 

elevated sIL-2R, elevated liver tests, hypoalbuminemia and abnormal lymphocyte cytotoxicity. 

HLH patients fulfilled a higher number of HLH-2004 criteria and had significantly higher 

maximum HScore of 226 (range 213-240) compared to non-HLH patients, maximum HScore 

86 (range 19-136) (p<0.01). The lowest HScore among HLH patients was 213, corresponding 
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to >93% probability of HLH, as opposed to the highest HScore of 136 in the non-HLH group, 

corresponding to a probability of HLH of almost 16%12. There was an overall marked 

thrombocytopenia in the study cohort. Five of 11 patients, whereof 3 with HLH, had 

bicytopenia (hemoglobin excluded as explained in the Methods section) according to HScore 

criteria, but not by HLH-2004 diagnostic criteria. As previously mentioned, HLH patients 

showed higher peak ferritin levels than non-HLH patients (10,735 and 1,204 µg/L, 

respectively, p=0.024), a difference that was not significant for ferritin values at admission to 

ECMO, suggesting HLH patients may have had a larger ferritin increase due to more 

hyperinflammation. Only one non-HLH patient had a peak ferritin >2,000 µg/L (12,933 µg/L), 

which was a patient with chronic lymphocytic leukemia and invasive candidiasis, who had the 

highest HScore of all the non-HLH patients. Higher sIL-2R levels and more marked 

hypoalbuminemia in HLH patients has also been previously mentioned.  

On abdominal radiology, all four HLH patients had organomegaly, whereof 3 had 

hepatosplenomegaly (p=0.048). Organomegaly, in particular splenomegaly, is supportive of 

the diagnosis of HLH and present in ~70%, commonly in association with malignancy and 

infection93,102,208,285. The HLH patients in our study also developed higher peak levels of 

alkaline phosphatase (ALP) (p=0.012) and gamma-glutamyl transferase (GGT) (p=0.024), 

signs of obstructive hepatitis, which may be suggestive of characteristic periportal lymphocytic 

infiltration in HLH6. Congestive hepatopathy from right ventricular failure due to ARDS, 

particularly in patients on veno-arterial ECMO, could also explain the signs of obstructive 

hepatitis and hepatomegaly, but splenomegaly is generally absent, and was found in three of 

our HLH patients351. Our patients show characteristics similar to those described by Beutel et 

al in their patients with severe influenza AH1N1 that developed HLH, and in case reports in 

the literature177-179,181,352. Whether ECMO-related SIRS, an inflammatory response observed at 

initiation of ECMO, could contribute to triggering HLH remains uncertain. However, similar 

to Beutel et al, we found HLH to develop later in the course of ECMO treatment (median 15 

days), suggesting them to be separate entities181,353. 

All eleven patients in our study (Paper II) survived compared to other reported fatality rates 

of 8-65% for patients with severe AH1N1 infection on ECMO support and in sHLH97,173. 

Beutel et al reported the very high mortality of 84% in patients with AH1N1-associated HLH 

(n=9, all on ECMO support), despite HLH-directed treatment in six patients (all corticosteroids 

and 4 with additional etoposide), compared to 25% in the group without HLH181. Two of our 

4 HLH patients in Paper II received anti-inflammatory treatment: one patient diagnosed with 

HLH at ECMO (day 32) with unremitting inflammation and multiple organ failure was 

administered high dose dexamethasone (10 mg/m2 BSA/day), a single dose etoposide (75 

mg/m2 BSA) and 5 days IVIG, and rapidly improved180, and the other patient, improved after 

5 days IVIG. Another patient with HLH improved with a slow recovery after optimized 

antimicrobial treatment. Case reports of AH1N1-HLH in the literature report successful and 

unsuccessful treatment with corticosteroids ± IVIG176-179. In 2006, Henter et al suggested 

cytotoxic therapy for patients with influenza AH5N1-associated hyperinflammation, and 

subsequently, in 2010 our group described the first case of AH1N1-HLH successfully treated 
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with etoposide (the above mentioned patient)124,180. The value of corticosteroids in the 

treatment of virus-associated hyperinflammation has been debated. However, a large 

randomized trial on dexamethasone in the treatment of Covid-19 resulted in lower 28-day 

mortality for patients with severe Covid-19 on respiratory support354. 

Overall, our findings support that young, previously healthy patients can develop influenza 

AH1N1-HLH. Even on ECMO support patients with HLH can be distinguished from other 

critically ill with varying degrees of hyperinflammation, using currently available HLH 

diagnostic tools (HLH-2004 criteria and HScore) combined with the clinical picture of 

persistence and progress of an inappropriate inflammatory response. Consequently, monitoring 

for signs of hyperinflammation and progressive organ dysfunction is recommended, since 

prompt HLH diagnosis and timely HLH-directed treatment, of adequate intensity, is of the 

essence. Cytotoxic therapy, such as etoposide, may be beneficial in a few selected cases of 

severe AH1N1-HLH.  

4.4.2 HLH associated with severe dengue 

Dengue is a global disease with a high incidence and high mortality in its severe form, severe 

dengue (SD)184,187. HLH associated with SD has been reported in case reports or smaller 

cohorts in adults and children188,189,192-194. In Paper IV, we report, to our knowledge, the largest 

study, except a recent meta-analysis, on dengue-associated HLH (dengue-HLH) in adults, with 

a comprehensive report on characteristics, clinical symptoms and laboratory findings, 

treatment and outcome188. Of 8,802 ICU admissions to Hospital Sultanah Aminah during the 

defined 5-year period, 287 had dengue infection, 9 with missing medical records. Of these 278 

dengue patients 71% (197) had SD, whereof 17 aged <18 years were excluded, and remaining 

180 patients (57% males) with SD were studied in Paper IV. As per WHO criteria for SD, our 

study population suffered from severe plasma leakage (n=108), and/or severe organ 

involvement (n=99) with predominantly liver involvement, and/or severe bleeding (n=99)185. 

Of the 180 SD patients 75 patients had two or more of these SD criteria. Eighty-seven of 180 

patients (48%) had severe involvement of liver and/or CNS, a clinical presentation with 

characteristics similar to HLH19. Not surprisingly, altogether liver tests were elevated: alanine 

aminotransferase (ALT) and LDH about 5 times the upper limit of normal (ULN) and AST 

about 10 times the ULN. Overall there was a marked thrombocytopenia with median platelet 

nadir 15.5 x109/L, as previously mentioned, a finding frequently observed in critically ill 

patients. Life support treatments (LST), such as mechanical ventilation, inotropic support and 

CRRT were required in 39%, 31% and 18%, respectively.   

Seventy-seven of the 180 SD patients had 4 or more HLH-2004 diagnostic parameters available 

for evaluation of HLH, whereof 31 (40%) were evaluated as having HLH, fulfilling ≥4/8 HLH-

2004 criteria (group named “HLH-2004 ≥4”). For evaluation by HScore, 89 of 180 SD patients 

had enough parameters available to evaluate for a probability of HLH of 70% or greater (≥180 

points), whereof 21 (24%) were evaluated as having HLH with HScore probability of ≥70% 

(HLH group named “HSprobability ≥70”). Seventeen of the aforementioned patients had both 

≥4/8 HLH-2004 criteria and HScore probability of ≥70%. Only four SD patients had previously 
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known immunosuppression, whereof one was evaluated as an HLH patient. This is a very low 

proportion of previous immunosuppression in critically ill and HLH compared with Papers I 

and V. However, similar to Paper II, the study population is comprised of a younger (median 

age 34.9 years), healthy population, like other dengue studies, which may explain the 

difference131,324,342-344. In Paper IV, clinical and laboratory findings in SD that were associated 

with developing HLH, by either definition of HLH, included hepatomegaly, peak AST and 

ALT, peak LDH, peak ferritin, lowest fibrinogen, and negatively associated was increasing age 

at ICU admission. These findings are similar to the another study on risk factors associated 

with dengue-HLH reported by Ellis et al194. In Paper IV, patients with HLH had AST levels 

50-60 times the ULN and ALT and LDH 10-17 times the ULN, which is about 3 (or more) 

times higher than the SD patients without HLH. Liver involvement is a common feature in SD, 

and was also predominant in our study population, with elevated AST more prevalent than 

ALT, and 10-fold increase or more observed in a smaller percentage of more severe cases355-

357. Liver involvement is also a common feature of HLH with elevated liver transaminases and 

LDH93,99,102. In both severe dengue and HLH, AST is commonly more prominent than ALT, 

compared with other viral infections, and hypercytokinemia and activated infiltrative 

lymphocytes are involved in the pathogenesis6,355. Patients with dengue-HLH were also 

observed to have higher peak ferritin levels, in line with other patients with HLH, as previously 

discussed.  

Altogether 39/180 (22%) patients with SD died, including 12/31 (39%) “HLH-2004 ≥4” HLH 

patients and 9/21 (43%) in the “HSprobability ≥70” group. Case fatality rates reported in severe 

dengue, for adults and children, vary in the range of 1-29%, the highest case fatality rate from 

Malaysia, the origin of our study185,187,188,344. Case fatality rates reported for dengue-HLH in 

children and adults vary around 4.5-14.6%, numbers much lower than those observed in our 

adult study188,194. Our study population was much larger than other studies, but with the 

limitation that only 77/180 severe dengue patients could be evaluated for HLH, leaving a large 

margin for the possibility of higher incidence and both higher or lower mortality in dengue-

HLH. Our study showed a 47% mortality in patients with severe liver involvement, and 

increasing levels of ferritin and AST were associated with an incremental risk of death. Severe 

organ involvement, hepatomegaly, peak AST, ALT, LDH, ferritin and creatinine, 

thrombocytopenia and higher ICU mortality scores were all mortality-associated risk factors, 

but in multivariable regression, peak AST (log, OR 2.8, p=0.0019), peak creatinine (OR 7.3, 

p=0.0065) and SOFA score (OR 1.4, p=0.0051) were the only independent risk factors of death. 

Median duration from ICU admission to death was only 2 days (IQR 1-5), with 64% of deaths 

occurring during the first 3 days of ICU admission, indicating the need for fast and effective 

therapies.  

The basis of SD treatment is antipyretics and fluid replacement therapy, and appropriate 

additional supportive therapy. Several case series studies have reported successful treatment of 

dengue-HLH with addition of corticosteroids, such as methylprednisolone pulses or 

dexamethasone, a few with addition of IVIG as well, and one pediatric study had good survival 

with IVIG only189,192-194,358,359. In our study cohort, 25 patients, all with at least severe organ 
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involvement (24 with liver involvement) and highly elevated AST, ALT and ferritin, were 

administered corticosteroids, whereof 13 (52%) survived, of which 8 had been administered 

dexamethasone. Of HLH patients, 15 and 14 patients in “HLH-2004 ≥4” and “HSprobability 

≥70”, respectively, received corticosteroids, of which 7 and 6, respectively survived. Clearly, 

a portion of patients die in dengue-HLH despite corticosteroids therapy, suggesting the need 

for additional therapy. Ellis et al report on 8 of 22 pediatric dengue-HLH cases treated with 

additional etoposide, and only one dengue-HLH related death in the study194. There are no other 

studies, to the author’s knowledge, reporting the use and outcome of etoposide for severe 

dengue-HLH. Etoposide is an important component of HLH-directed therapy in selected cases 

of sHLH, such as in severe EBV-HLH, where early administration of etoposide shows a drastic 

improvement in survival121. Etoposide has been shown to selectively ablate activated T cells, 

and together with corticosteroids, achieve a reduction of lymphocytes and cytokine secretion91. 

T cells are infected in both EBV-HLH and in acute dengue, where they support viral 

replication145,360. Altogether, this could provide a rationale for the use of etoposide in selected 

cases of severe dengue-HLH where corticosteroids are not sufficient.  

Our study (Paper IV), and others, support that dengue-HLH should be considered in 

deteriorating severe dengue patients with increasing organ dysfunction and inflammation, with 

markedly elevated liver enzymes (particularly AST) and ferritin. Furthermore, there is a need 

for future studies on dengue-HLH and evaluation of HLH-directed therapy with corticosteroids 

and IVIG, and the addition of cytotoxic therapy, such as etoposide, in selected cases of severe 

dengue-HLH. 

4.5 HLH IN CRITICALLY ILL IN THE ICU 

A diversity of inflammatory responses is frequently encountered in critically ill in intensive 

care, where a subset of these patients are likely to develop hyperinflammation and sHLH; a 

condition likely underdiagnosed in critically ill at ICU but crucial to identify for appropriate 

antiinflammatory therapy and improved survival107,285,323,361. Paper V studied 50 critically ill 

patients in intensive care, included on criteria of SIRS, hyperferritinemia and cytopenia 

(thrombocytopenia), indicators of inflammation and critical illness that could be part of a 

developing HLH or some other inflammatory response in critically ill. Overall, there was a 

high degree of inflammation observed in the study population in Paper V, with 66% admitted 

for sepsis and septic shock and an overall median CRP of 335 mg/L (IQR 166-424). They 

exhibited extensive organ failure (MODS) and high risk of mortality, with a median SOFA 

score on admission of 11 (IQR 8.0-13.5) and highest SOFA score 13 (IQR 10.0-16.0). Initial 

and highest SOFA scores >11 have been shown to correspond to a mortality >80%, with highest 

SOFA score having the strongest correlation with mortality362. The need for LST in Paper V 

was high, with 70% requiring mechanical ventilation, 90% vasopressor/inotropic support and 

52% CRRT. 28-day mortality (from ICU admission) and hospital mortality was 46% and 56%, 

respectively. HLH and similar hyperinflammatory conditions, such as MAS-like MODS, 

should be suspected in the critically ill patient with an unexplained or disproportionate 

inflammatory response (e.g. fever, cytopenias, hyperferritinemia, organomegaly, 
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hemophagocytosis), in particular with concomitant progressive MODS and inadequate 

response to appropriate empiric therapy and supportive care107. The high proportion of 

inflammatory responses and MODS in our study population was a breeding ground for 

hyperinflammatory conditions.  

Evaluation for HLH in the 50 critically ill patients in Paper V resulted in 18 patients 

categorized as HLH (termed “HLH”) and 32 without HLH (termed “non-HLH”). HLH-2004 

criteria and HScore have demonstrated a high diagnostic accuracy for HLH in critically ill ICU 

patients, with the best prediction accuracy at a cutoff of 168 for HScore and 4 fulfilled criteria 

of eight for the HLH-2004 criteria in a large ICU study, and cutoff at 144 for HScore in another 

smaller ICU study104,363. Improved accuracy of HLH-2004 criteria could be achieved by 

adjusting ferritin cutoff to 3000 µg/L (instead of 500 µg/L)104. To reduce the risk of 

overdiagnosing HLH, the patients in Paper V defined as HLH had to have ≥5/8 HLH-2004 

criteria and HScore ≥169 (n=14) and/or have been diagnosed with HLH during ICU care 

(n=12). In the latter group, four patients didn’t fulfill ≥5/8 HLH-2004 criteria, but fulfilled 4/8 

criteria, whereof two had HScore ≥190 and the other two had HScore of 144 and 166, 

respectively. On review of medical files of the latter two patients, one patient developed HLH 

during chemotherapy and another had AH1N1-associated HLH. There is no test or finding that 

is specific for HLH, but it is the magnitude and combination of findings together with the 

overall clinical presentation in a setting of hyperinflammation that allows for diagnosis of HLH. 

The HLH patients presented with a median of 5/8 fulfilled HLH-2004 criteria (range 4-7, IQR 

5-5.75) and a median HScore of 207 (range 144-289, IQR 189-221), compared with a median 

of 3/8 fulfilled HLH-2004 criteria (range 2-5, IQR 2.75-4) and a median HScore of 138 (range 

35-238, IQR 112-154) for non-HLH patients. Seventy-eight percent of the HLH patients 

fulfilled ≥5 HLH-2004 criteria and 89% had HScore >169, compared to 9% and 22%, 

respectively, in non-HLH. Six patients fulfilled 4/8 HLH-2004 criteria and had a HScore >169, 

which according to Knaak et al would be highly suggestive of HLH104. Our study (Paper V) 

shows a high incidence of sHLH (36%) compared with 0.63-2.2% in other larger ICU studies, 

which include all critically ill patients in ICU with a ferritin measurement >500 µg/L or 

critically ill with ≥2 SIRS criteria324,346,363. Compared with the latter studies, we have a selected 

cohort of more critically ill and hyperinflammatory patients as reflected by our many high 

HScores and ferritin levels, which in the aforementioned studies were parameters associated 

with increased mortality, and hence, with disease severity.  

Eighty-one percent of the HLH patients fulfilled the criteria of fever >38.4°C, compared to 

58% in non-HLH. Of note, infections rates were generally high, with 83% in HLH and 69% in 

non-HLH. Cytopenias were significantly more severe (p=<0.005) and organomegaly more 

prominent in HLH patients, with splenomegaly found in 50% and 5% of HLH and non-HLH 

patients, respectively (p=0.008). Peak triglyceride levels were higher in HLH than in non-HLH 

(p=0.005), but there was no significant difference for fibrinogen, which was rarely below the 

HLH criterion of 1.5g/L, possibly due to use of plasma in the supportive care of critically ill 

patients. As previously discussed (please refer to section 4.3), HLH patients exhibited extreme 

hyperferritinemia at admission and at the maximum level (41,564 µg/L) compared with non-
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HLH patients, even when comparing with maximum ferritin levels in non-HLH patients with 

sepsis (5,492 µg/L) and septic shock (12,487 µg/L) (p=0.014). These findings are in line with 

a recent large study on hyperferritinemia in critically ill at ICU (peak ferritin sepsis 1,448 µg/L, 

septic shock 1,545 µg/L and HLH 31,374 µg/L), but where our patients with sepsis and septic 

shock display higher ferritin levels, likely affected by our smaller cohort selected for elevated 

ferritin and some variation in the definition of HLH276. Maximum sIL-2R, also previously 

discussed (please refer to section 4.3), was higher and more frequently >7,500 U/mL in HLH 

patients, with a lower sIL-2R median even in septic non-HLH patients (3,306 U/mL). 

Hemophagocytosis, not mandatory for the diagnosis of HLH and prevalent in critically ill, was 

found in more HLH than non-HLH patients, but the data is inconclusive due to many missing 

values, especially in the non-HLH subset. 

Altogether, these findings of fever, marked cytopenias, splenomegaly, elevated triglycerides, 

highly elevated sIL-2R and extreme hyperferritinemia, in the setting of disproportionate 

inflammation in critically ill in ICU, are supportive of the diagnosis of HLH and should trigger 

prompt further evaluation and appropriate therapy103,107,111,285. It is imperative to identify and 

treat the underlying trigger of HLH for better management and survival103. In adults, infections 

and malignancies are predominantly associated with HLH, and the likelihood of an underlying 

malignancy increases with age, why sHLH of unknown etiology should include an exhaustive 

search for an occult neoplasm93,103,108. As previously detailed (please refer to section 4.2), 

infections (bacterial and viral) were the most frequent underlying trigger, found in 84% of the 

HLH patients, followed by hematological malignancies found in 50%, causes that were not 

considered mutually exclusive. HLH may occur in the context of immune suppression, and 

even if the pathobiology is not fully understood, immunosuppression, whether acquired or 

inherent, contributes to immune dysregulation and lowering the threshold for development of 

HLH7,361. A high prevalence of immunosuppression can be observed in critically ill with HLH, 

and in our study population 67% of the HLH patients were previously immunosuppressed 

compared with 28% in non-HLH patients (p=0.019).  

Mortality in sHLH is high and in critically ill it is reported to be around 58% overall, with 

variations by underlying trigger, in a recent review325. We observed a similar 28-day mortality 

for HLH (50%) and non-HLH (44%) patients, but HLH patients tended to have a higher 

hospital mortality (73% and 47%, p=0.159), likely due to patients with malignancy-HLH who 

finally succumbed to their disease at the ward after ICU. Altogether, 23 patients died within 28 

days of ICU admission (“non-survivors (NS)”), whereof 9 had HLH (“HLH-NS”) and 14 did 

not (“non-HLH-NS”). Twenty-seven patients survived past 28 days from ICU admission 

(“survivors (S)”), of which 9 were HLH patients (“HLH-S”) and 18 were non-HLH patients 

(“non-HLH-S”). The minimal difference in SOFA scores and similar requirement of LST 

between HLH and non HLH patients, suggest a somewhat homogenous severity of illness, 

albeit overall high, in the study population. However, further analyses of SOFA score and LST 

between S and NS within the HLH and non-HLH subsets identified a significant difference 

between survivors and non-survivors in the non-HLH cohort, not observed within the HLH 

subset. Non-HLH-NS demonstrated more severity of illness with higher SOFA score on 
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admission (13.5 and 9.0, respectively, p=0.003) and at maximum (16.5 and 10.0, respectively, 

p<0.001) and a trend of needing more LST compared to non-HLH-S. Non-HLH-NS had a 

similar severity of illness on admission to HLH patients, but surprisingly developed more 

severe organ failure than HLH patients (maximum SOFA 16.5 and 13.0, respectively, 

p=0.029), but were also notably older (median 72 and 58 years, p=0.001).  

Overall, non-survivors had significantly higher maximum levels of ferritin than survivors 

(43,943 and 8,148 µg/L, p=0.001), and 5-fold higher ALT (658 vs 150 U/mL) and LDH (1,956 

vs 534 U/mL), and a magnificent 12-fold higher AST (2,102 vs 169 U/mL) (p≤0.001). 

Interestingly, non-survivors also demonstrated an 8 to 9-fold faster daily rate of increase of 

ferritin (10,418 vs 1,382 µg/L, p=0.003) and liver transaminases (p<0.01) compared to 

survivors. This same pattern was evident between non-survivors and survivors in the non-HLH 

cohort, but with 1,5-3 times larger disparity, indicating a more severe liver inflammation or 

hepatocellular damage in the non-HLH-NS. HLH-NS also demonstrated significantly higher 

maximum ferritin levels (44,240 and 14,308 µg/L, p=0.047) and faster rate of increase than 

HLH-S (18,730 and 2,808 µg/L/day, p=0.049). Overall, each successively higher rate of 

increase of ferritin was associated with a higher risk of death. Higher ferritin levels in non-

survivors have been previously described in critically ill in ICU, and hyperferritinemia also 

associated with increased mortality276,279,280,314,346. It has also been observed in survivors and 

non-survivors of HLH in other studies, but not always statistically significant, although with 

an evident overall hyperferritinemia131,324. Even though variables including peak ferritin, AST, 

ALT, LDH and SOFA score, and number of HLH-2004 criteria and HScore, were all 

univariably associated with mortality, it was only peak AST in the whole cohort and SOFA 

score for non-HLH that were independently associated with mortality in Paper V. The HLH 

subset was too small for a meaningful multivariable analysis. Fastest rate of increase of ferritin 

has not, to our knowledge, been previously studied in HLH in the comparison of survivors and 

non-survivors, and we suggest it may be used to help identify the patients at higher risk of 

adverse outcome for earlier appropriate intervention and hopefully improved survival.  

Maximum ferritin and fastest rate of increase of ferritin did however not distinguish our HLH 

and our non-HLH-NS, the latter with maximum ferritin levels similar to those observed in the 

HLH patients (32,781 and 41,564 µg/L, respectively). However, neither splenomegaly nor 

malignancies were identified in non-HLH-NS, who also had significantly lower number of 

fulfilled HLH-2004 criteria and HScore than HLH patients (median HScore 138 and 207, 

respectively, p=0.001), similar to that seen in non-HLH-S (HScore 132), suggesting an overall 

milder inflammatory response in non-HLH patients. This is in contrast to the HLH patients 

who showed all the previously described manifestations of HLH and hyperinflammation. In 

HLH, infiltration of activated lymphocytes and histiocytes cause organomegaly and hepatitis, 

while ferritin is released from activated macrophages6. Hyperferritinemia may also arise from 

ferritin released by hepatocytes in acute hepatocellular damage, with concurrent ALT 

elevation364,365. Non-HLH-NS exhibited severe and rapidly progressive liver damage, with high 

and rapidly increasing ferritin levels, but also a high proportion of elevated ALT. A high 

ferritin/ALT ratio was found to distinguish hyperferritinemic HLH patients from 
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hyperferritinemic non-HLH-NS (ratio 334 and 29, respectively, p=0.004), suggesting that the 

hyperferritinemia in HLH patients is predominantly inflammatory, released from macrophages, 

compared to a larger contribution from hepatocellular damage in the hyperferritinemic non-

HLH-NS patients. Elevated ferritin/ALT ratio has been found in patients with fulminant hepatic 

failure, generated by activated macrophages, compared with acute viral and drug-induced 

hepatitis366. With the best ferritin/ALT ratio cutoff of 127 (sensitivity and specificity 72%, 

AUC 0.78, 95% CI 0.65-0.91), three non-HLH-NS above the cutoff also had HScore >169, 

whereof two showed typical clinical presentation of HLH but only fulfilled 4 HLH-2004 

criteria (of 5 or 6 available parameters for evaluation), recently determined as enough criteria 

for good accuracy of HLH diagnosis in critically ill104. To our knowledge, this is the first HLH 

study to analyze ferritin/ALT ratio, and we suggest it as a useful additional tool to identify 

hyperinflammation-driven hyperferritinemia, that could benefit from anti-inflammatory 

therapy. 

Altogether, our study was able to support hyperferritinemia as a good marker of 

hyperinflammation and HLH in critically ill. However, rapidly rising hyperferritinemia was 

also observed in a subset of patients who manifested fewer signs of hyperinflammation but 

were still at risk of adverse outcome. Fastest rate of increase of ferritin and ferritin/ALT ratio 

may be useful parameters to help identify and distinguish these risk patients, but this requires 

further studies in a larger and more diverse study population of critically ill.  

4.6 MODERATELY DOSED ETOPOSIDE FOR SEVERE MAS-HLH? 

As for other forms of HLH, the last decades have provided an advancement in the pathogenesis, 

diagnosis and treatment of MAS-HLH. Treatment of MAS-HLH has improved significantly 

with the addition of anakinra to the conventional treatment of MAS-HLH including, high dose 

corticosteroids, IVIG and CSA115,116,217. However, mortality and morbidity are still high, 

including CNS complications and increasing reports of severe pulmonary involvement222,232. 

In Paper III we report seven children with sJIA, atypical JIA or SLE, who developed severe 

MAS-HLH with CNS involvement and/or without sufficient response to conventional MAS-

HLH therapy, and they were therefore treated with additional etoposide, administered in 

moderate doses with the aim to provide highly efficient anti-inflammatory therapy with limited 

side-effects. All children, aged 0.4-16 years (median 9) at onset of MAS-HLH, were severely 

ill and fulfilled MAS criteria for sJIA or MAS criteria for SLE, accordingly224,226. The children 

presented with typical MAS-HLH manifestations including persistent fever, splenomegaly, 

falling and low blood counts, and elevated ferritin, sIL-2R and liver transaminases. All but one 

patient fulfilled ≥4/8 HLH-2004 criteria, that may be less appropriate for diagnosis of MAS-

HLH initially, but criteria are successively fulfilled as the MAS-HLH aggravates11. 

Consequently, 6 of 7 patients required care in the ICU. Five children had CNS involvement, 2 

moderate/severe and 3 very severe, where the latter presented with initial disorientation 

followed by rapid deterioration of cerebral function, seizures and finally unconsciousness (one 

patient with progressive brain edema), with gravely pathological EEG and CNS MRI showing 

encephalitis and extensive encephalopathy. Two patients also developed posterior reversible 
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encephalopathy syndrome. Five children had pulmonary involvement, whereof 3 were severe 

with acute respiratory distress requiring mechanical ventilation due to lung disease, including 

pulmonary alveolar proteinosis and pulmonary arterial hypertension, as described in previous 

studies on sJIA-associated lung disease232,233.  

All patients, except for one sJIA patient, were on oral steroids at MAS-HLH onset. 

Furthermore, all sJIA patients were on inhibitor treatment (IL-6 or IL-1 inhibitor), and all SLE 

patients on oral steroids and hydrocychloroquine, at MAS-HLH onset. Previous reports 

demonstrate that IL-6 and IL-1 inhibitors do not offer full protection against MAS-HLH 

development, as observed in our study216. CNS and pulmonary involvement are both reported 

as independent risk factors of a more severe course of MAS-HLH222. Younger age at diagnosis, 

exposure to inhibitors (IL-6 and IL-1) and more adverse reactions, high serum IL-18 levels and 

in particular prior episodes and ongoing MAS-HLH at diagnosis of pulmonary involvement 

have been associated with sJIA-associated lung disease232,233,367. Furthermore, it has been 

hypothesized that exposure to inhibitor therapy may promote lung disease in a few treated 

patients232. All children in our study with pulmonary involvement had exposure to inhibitor 

treatment prior to MAS-HLH onset, and 2 of the patients with severe lung disease were of 

young age (5 months and 5 years). Of the three children with severe pulmonary involvement, 

two had suffered prior MAS-HLH episodes and one patient developed pulmonary involvement 

concurrent with the first MAS-HLH episode.  

In 4 of 7 MAS-HLH patients in our study, etoposide treatment was mainly initiated due to rapid 

progression of severe CNS symptoms and HLH (n=3) or due to absent improvement of CNS 

symptoms (n=1) despite conventional MAS-HLH therapy with high dose methylprednisolone 

pulses. Two of these patients experienced regression of CNS symptoms within 6 days from 

initiation of the moderately dosed etoposide therapy, whilst the other two patients had a slower 

improvement within 2-4 weeks, of which one ended up with severe neurological sequelae. The 

latter patient, already with severe CNS symptoms at admission, was the only patient in our case 

series who did not fully recover. In the remaining 3 of 7 MAS-HLH patients, etoposide 

treatment was primarily initiated due to progression of HLH and/or pulmonary disease despite 

conventional MAS-HLH therapy (high dose methylprednisolone pulses or corticosteroids and 

CSA), and all three patients showed improvement of HLH and/or pulmonary symptoms after 

initiation of etoposide. Two of these patients had reactivation of their MAS-HLH, which also 

responded well to re-introduced moderately dosed etoposide treatment. One patient with 

several recurring MAS-HLH episodes finally underwent allogeneic HSCT and is well without 

MAS-HLH reactivations. In some patients there was a trend of improvement of laboratory 

findings as a response to high dose corticosteroid pulses, but the clinical severity and lack of 

improvement of the patients’ CNS and pulmonary involvement prompted the addition of 

etoposide. Besides one patient with neutropenic septicemia after the first etoposide dose, likely 

etoposide-toxicity related, no serious adverse events were encountered in our case series. 

Limited case reports in the literature on additional etoposide treatment for MAS-HLH have 

also shown rapid recovery without serious adverse events368. The risk of secondary leukemia 

associated with etoposide has in particular been with cumulative etoposide doses >1500 mg/m2, 
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which is far beyond the cumulative dose reached with a limited number of moderately dosed 

etoposide doses43,369. 

CNS involvement is frequent in HLH and MAS-HLH, reported at ~35%, and may lead to 

neurological late-effects41,222. In our study, 5/7 (71%) MAS-HLH children had CNS 

involvement, likely a higher proportion due to more severely ill MAS-HLH patients being 

referred to Karolinska University Hospital as a tertiary care reference center. Even so, only one 

patient suffered neurological sequelae, and all of the patients showed improvement after 

etoposide initiation, suggesting etoposide in a moderate dose may be beneficial in the treatment 

of severe MAS-HLH with CNS involvement to reduce long-term CNS damage. Systemic 

etoposide is included in treatment recommendations by experts of CNS involvement in HLH64. 

Mortality in MAS-HLH with pulmonary involvement is high, recently reported at 42% for 5-

year survival. In our study, all patients with MAS-HLH and pulmonary involvement survived 

without sequelae at a follow-up of 2-8 years. Histology of lung tissue from patients with sJIA-

associated lung disease (including MAS-HLH) have shown predominant lymphocyte 

inflammation with lymphoplasmacytic infiltrates, and transcriptional profiling has shown an 

upregulation of T-cell activation networks367. The selectively ablative effect of etoposide on 

activated T lymphocytes could support the hypothesis of efficacy of etoposide on the 

pulmonary disease91. Our positive experience of additional moderately dosed etoposide for the 

treatment of selected cases of severe MAS-HLH including CNS or pulmonary involvement, is 

shared with others. A report of adult MAS-HLH where etoposide was used upfront, due to 

initial severity of MAS-HLH, or as second or third line therapy in combination with 

cyclophosphamide in a subset of patients, showed overall efficacy of 100% and 73%, 

respectively234.  

4.7 BIOLOGY OF SECONDARY HLH 

Familial HLH is caused by mutations in genes involved in the perforin-dependent cytolytic 

pathway of cytotoxic lymphocytes, resulting in a cytokine storm5,8,9. While hypercytokinemia 

is involved in the pathobiology of all forms of HLH, the precise pathogenesis of secondary 

(acquired) HLH is incompletely understood7.  

4.7.1 Lymphocytes and cytotoxic function 

Lymphocyte cytotoxicity function assays were performed on available samples in Papers I-

III and V. In Paper I, 19 of 32 (52%) ICU patients were assayed for NK cell cytotoxicity and 

NK-cell frequency (%). Overall, 11 of 19 critically ill patients had NK cells <5% in PBMCs, 

whereof seven had sepsis. On the other hand, sepsis was also common in patients with normal 

NK cell percentages. Generally, there was a trend that patients with higher ferritin levels had 

low percentages of NK cells (p=0.196). Unfortunately, only four of 10 patients with ferritin 

levels >10,000 µg/L had samples available for lymphocyte assay evaluation. However, in 

Paper V, we had 47 samples from critically ill ICU patients available for cell counts and 

lymphocyte cytotoxicity assays to further investigate our findings in Paper I. Interestingly, we 

encountered a study cohort with a general lymphopenia, with low median absolute counts 
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(cells/µL whole blood) of lymphocytes and subpopulations, including NK cells (CD3-56+), 

CTLs (CD3+CD8+) and CD4 T cells (CD3+CD4+), compared with 200 healthy blood donors 

(all X2-tests p<0.001). Fifty-seven percent of critically ill had NK cells <5%, but when 

analyzing absolute counts 39/47 (83%) had NK cell numbers below the normal 5th percentile 

in our healthy control population (<80 cells/µL whole blood). The result was similar if patients 

with previous chemotherapy were excluded (n=30/37, 81%). Furthermore, 42/46 (91%) had 

CTL counts below the normal 5th percentile (<168 cells/µL whole blood), and similar (89%) 

with previous chemotherapy excluded. Prolonged lymphocyte depletion, including B and CD4 

lymphocytes, in lymphoid tissue has been described in septic patients and associated with 

MODS and sepsis-related death370,371. Additionally, in line with our findings, generalized 

peripheral lymphopenia in critically ill ICU patients has also been reported, with a relative 

reduction of CTLs, and failed restoration of T-cell depletion and lymphopenia observed in non-

survivors, whereas survivors showed higher absolute T lymphocyte counts at ICU 

admission253.  

Notably, HLH patients had significantly lower absolute counts of NK cells, CTLs and CD4 T 

cells compared to non-HLH patients (p=0.016, p=0.036 and p=0.002, respectively). In line with 

Halstead et al, who reported decreased CD56dimCD16+ cytotoxic NK-cells, we also observed 

lower CD56dim NK cells (CD3-CD56dim CD16+) in HLH patients, however, we could not find 

a statistically significant correlation to reduced NK cytotoxicity, but more in-depth analyses 

may be justified252. Non-survivors in our study cohort demonstrated a trend towards higher 

percentage of exhausted CTLs (CD3+CD8+PD1-) compared with survivors (p=0.064), which 

was also significant when comparing non-HLH non-survivors and survivors (42.5% and 9.0%, 

respectively, p=0.043), but not in the HLH cohort. Lymphocytes in critically ill with severe 

sepsis have been reported to upregulate expression of receptors associated with cell activation 

and exhaustion, alongside increased frequency of T regulatory cells, contributing to the 

immune suppressed state described in critically ill with sepsis with increased mortality319,372. 

Cell exhaustion and reduced frequency of lymphocytes, importantly NK cells and CTLs, and 

related cytotoxic dysfunction, have been implicated in the development of immunoparalysis 

and other inflammation phenotypes with immune dysregulation and multi organ failure in 

sepsis, and further with the development of hyperinflammation and HLH-like 

syndromes327,330,373.  

In Paper I, six of 19 patients had pathologically low NK cell cytotoxicity (LU<10) and/or 

abnormal NK cell degranulation (<10%), whereof four also had low NK cells <5% ( p=0.016). 

Furthermore, 5/6 patients with abnormal NK cell cytotoxicity and degranulation had ferritin 

levels >2,000 µg/L, whereof three had ferritin >10,000 µg/L, and sepsis. Hyperferritinemia was 

associated with abnormal NK cell cytotoxicity (rs=-0.462, p=0.047) and degranulation (rs=-

0.504, p=0.030), as was sIL-2R with NK cytotoxicity (rs=-0.483, p=0.042). Our findings in 

Paper I show hyperferritinemia and sIL-2R to be associated with abnormal NK cell 

lymphocyte function, which is associated with a low percentage of circulating NK cells. 

Although a small study population, a statistical correlation between clinical and pathobiological 

markers of (hyper)inflammation had, to our knowledge, not been previously reported. In Paper 
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V, the lymphopenic setting precluded lymphocyte cytotoxicity assays from being performed 

or made results unreliable in cases with severe lymphopenia. Consequently, degranulation 

assays were performed in 40 patients and NK-cell cytotoxicity assays could also be performed 

in 33 of these patients. Overall, 59% of the assays showed abnormal lymphocyte cytotoxic 

function (NK cytotoxicity, NK and CTL degranulation). Interestingly, all assayed HLH-NS 

(n=7) had either abnormal cytotoxicity (LU<10) or defective NK/CTL degranulation, 

compared to about half of the assayed HLH-S (n=2/5). Furthermore, even non-HLH patients 

showed a high proportion of defective lymphocyte cytotoxic function (non-HLH-NS, n=6/10 

and non-HLH-S, n=7/15). Additionally, of unclear clinical significance, we observed overall 

significantly lower, but perhaps not abnormal, levels of lymphocyte cytotoxic function 

compared with the healthy blood donor cohort. Surprisingly, we did not find any significant 

associations with Fisher’s or Spearman’s tests for NK cell or CTL counts with LU or 

degranulation, nor the latter with ferritin. However, the cohort exhibited extensive 

hyperferritinemia with ferritin >5,000 µg/L in 37/50 patients and >10,000 µg/L in 30/50 

patients, making it likely for some association between hyperferritinemia and lymphocyte 

function, and thus, suggests further study.  

Reduced NK cytotoxicity in hyperinflammatory conditions has been previously reported, but 

studies on lymphocyte cytotoxicity in critically ill, and in adults, are few, making the Paper V 

study one of the larger, to our knowledge. As mentioned earlier, reduced NK cytotoxicity, due 

to reduced NK frequency, has been described in sepsis252. On the other hand, reduced NK 

cytotoxicity in sepsis has also been reported in the presence of CD56dim NK cells, suggesting 

there may be other mechanisms than just reduced NK cell numbers254. Compared to healthy 

controls, reduced NK-cell activity can be observed in patients suspected of HLH but not 

fulfilling the criteria374. Defects in NK cytolytic activity and reduced frequency of NK cells 

have been found in sJIA, MAS-HLH, AOSD and other forms of sHLH, further supporting the 

hypothesis of reduced cytotoxic lymphocyte numbers and cytotoxic function contributing to 

the pathogenesis of hyperinflammation238,248-251. In line with these findings, we report, in Paper 

III, NK-cells <5% in 5/7 children with MAS-HLH, whereof three also had low absolute NK-

cell counts, of which two had both low NK cytolytic activity (LU<10) and defective 

degranulation.  

In Paper II, an association between hyperferritinemia and low NK-cell and CTL percentages 

could be demonstrated, however, even here in a very small sample population. Six of 11 

patients with AH1N1 infection in ECMO had samples available for lymphocyte cytotoxicity 

assays, four patients with AH1N1-HLH and two without HLH. Four patients showed abnormal 

NK cell cytotoxicity, of which three had HLH with low NK cell and CTL percentages. 

Lymphopenia with reduced numbers of NK cells, CD4+ and CD8+ T lymphocytes with an 

excessive CTL immune response has been described in severe influenza AH1N1 infections375. 

AH1N1 virus may directly infect NK cells, inducing apoptosis and contributing to reduced NK 

cell numbers and the immune dysregulation leading to hyperinflammation258. Lymphopenia 

has been associated with delayed viral clearance, in severe influenza AH1N1 and AH5N1, and 

further correlated to hypercytokinemia, disease severity and extensive tissue damage350,375-377. 
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Beutel et al also described prolonged viral shedding in patients with AH1N1-HLH compared 

to those who didn’t develop HLH, and hypothesized it contributes to the development of 

hyperinflammation, first in the lungs and then systemic181. We did not have assays of viral 

shedding at HLH diagnosis available, but at least 2/4 HLH patients had negative AH1N1-PCR 

prior to developing HLH, albeit persistent elevated hyperinflammation parameters and low NK 

cells and CTLs, suggesting more than prolonged viral shedding is in play. Notably, lymphocyte 

cytotoxicity assays after recovery in one of the HLH patients and in one of the patients without 

HLH in Paper II showed normalized cytotoxicity and cell percentages, supporting the 

described transient reduction of cytotoxic lymphocytes and defective cytotoxicity in acquired 

hyperinflammation conditions/HLH330. 

4.7.2 Cytokines 

Hypercytokinemia is a cardinal feature of HLH, both primary and secondary, but also dominant 

in other inflammatory responses, such as sepsis, with many of the same cytokines 

involved5,7,378. In Paper V, we found higher levels of IL-18 and IL-10 in HLH patients 

compared with non-HLH patients. Non-survivors overall demonstrated higher levels of 

sCD163 and IL-10, the latter even so in HLH-NS and non-HLH-NS compared with their 

corresponding survivors. In a recent report on biomarkers for HLH diagnosis, elevated IL-18 

was determined one of the most efficient biomarkers for early HLH diagnosis, particularly in 

combination with HScore. Furthermore, sCD163 and IL-10 were also observed elevated in 

HLH, with higher values in malignancy-HLH than infection-associated HLH379. Elevated 

levels of IL-18 and IL-18BP have typically been found elevated in MAS-HLH, besides other 

forms of sHLH, and associated with cell exhaustion, decreased NK cells and defective 

cytotoxicity250,251,255. The anti-inflammatory cytokine IL-10, on the other hand, has been shown 

to play a protective role in a murine model of HLH, and higher levels have been observed in 

HLH than in the less inflammatory state of sepsis, where it however, contributes to sepsis-

related immunoparalysis and further inflammation89,246. 

4.7.3 Genetics 

Along with progress of our understanding of primary HLH, hypomorphic mutations and 

sequence variants in known HLH-causing genes or in genes involved in the cytolytic or related 

pathways, have emerged in patients with apparent secondary HLH. Whilst some of these 

mutations or variants may be associated with decreased lymphocyte cytotoxic function and 

development of adult HLH, others may contribute with a risk but not a certainty of HLH16-

18,235,236. In Paper I, 11 patients with NK cells <5% and/or abnormal lymphocyte cytotoxic 

function were sequenced for mutations in the previously described known HLH-causing genes. 

A rare heterozygous variant in STXBP2 (minor allele frequency, MAF, 0.0001187) was 

identified in a patient with autoimmune disease and reduced NK cell percentage and NK 

cytotoxic activity. Mutations in HLH-related genes, including STXBP2, UNC13D and PRF1, 

associated with defect cytolytic function, have been identified in MAS-HLH patients237-239,348. 

Surprisingly, none of our seven children with severe MAS-HLH in Paper III showed any 
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mutations in HLH-related genes, despite whole genome sequencing being performed for two 

patients.  

We identified two rare heterozygous variants in HLH-related genes in Paper II. One patient 

with AH1N1-HLH with abnormal NK cytotoxicity and reduced NK cell and CTL percentages 

had a rare heterozygous variant in UNC13D. Interestingly, his lymphocyte cytotoxicity assay 

was normalized after recovery. Another rare heterozygous variant was found in STX11 in an 

AH1N1-infected patient who did not develop HLH; no cytotoxicity data was available. The 

difference in the clinical course of the two patients with heterozygous variants and 

normalization of NK cell function after recovery in the patient with HLH, supports the theory 

of mutations and variants having varying penetrance and contribution to the susceptibility of 

HLH. Heterozygous mutations and rare variants in other HLH-causing genes, some with 

associated reduced NK cytolytic function, have been described in fatal AH1N1 infections243. 

Overall, our findings reflect the variety of factors that may contribute to the pathogenesis of 

sHLH, where an accumulation of factors successively lower the threshold to the switch to 

uncontrolled hyperinflammation and development of sHLH.  
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5 GENERAL CONCLUSIONS 

The overall aim of this thesis was to broaden our knowledge of hyperinflammation and HLH 

in critically ill, with a focus on intensive care, to better identify the critically ill patients with 

hyperinflammation that could benefit from anti-inflammatory therapy, to improve morbidity 

and survival of patients with sHLH. We conclude the following: 

 Ferritin and soluble IL-2R, with the highest levels observed in patients with sHLH, are 

good markers of inflammation that are associated with other parameters of 

inflammation and adverse outcome, and should raise suspicion of hyperinflammation 

and prompt evaluation of sHLH diagnosis. 

 

 Patients who developed sHLH were predominantly male, younger and with fewer 

comorbiditites than criticlly ill who didn’t develop sHLH.  

 

 Patients with severe dengue, in particular with severe organ involvement and 

predominantly liver involvement, are at high risk of developing dengue-HLH 

associated with a high mortality, which may be reduced by early diagnosis and 

appropriate treatment. 

 

 Patients with severe influenza AH1N1-infection can develop sHLH, that may benefit 

from anti-inflammatory treatment, and they manifest characteristic features of HLH 

despite ECMO treatment. 

 

 Current diagnostic tools for HLH (HLH-2004 criteria and HScore), in the setting of an 

inappropriate uncontrolled inflammatory response, can be used to identify patients with 

HLH in critically ill in intensive care. 

 

 Hyperferritinemia and elevated soluble IL-2R are observed in sepsis, septic shock and 

sHLH, but levels are significantly higher in patients with sHLH.  

 

 Malignancies, infections and immunosuppression are predominant trigger factors in 

sHLH in critically ill patients. 

 

 Ferritin/ALT ratio may be a useful aid in the diagnosis of sHLH to help distinguish 

hyperinflammation-dominated hyperferritinemia from hyperferritinemia dominated by 

hepatocellular injury. 

 

 Ferritin fastest rate of increase may help identify the patients at higher risk of adverse 

outcome.  
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 Elevated AST and SOFA score are independent risk factors associated with mortality 

in critically ill patients in the ICU and with severe dengue.  

 

 Hyperinflammation in critically ill, especially in intensive care, has a wide spectrum 

with a gradient of inflammatory responses, with HLH at the fatal extremity. 

 

 Secondary HLH in critically ill patients in intensive care is associated with a high 

mortality. 

 

 Overall, critically ill patients should be monitored for signs of hyperinflammation and 

rapidly evolving organ failure for prompt HLH evaluation, using currently available 

diagnostic tools, since appropriate HLH-directed therapy may be beneficial to improve 

survival. 

 

 Moderately dosed etoposide in patients with severe or refractory MAS-HLH may 

improve outcome, with limited adverse events. 

 

 Patients with severe critical illness demonstrate reduced numbers of NK cells and 

CTLs, and a high proportion of defective lymphocyte cytotoxic function. 

 

 Reduced counts of NK cells and CTLs are more prominent in sHLH than in patients 

without HLH, which can be hypothesized to play a role in the pathogenesis of sHLH.  

 

 Hyperferritinemia can be associated with low NK cell and CTL numbers and reduced 

lymphocyte cytotoxicity  

 

 Rare variants in HLH-causing genes can be found in critically ill patients with sHLH, 

and may contribute to an increased susceptibility to develop HLH together with other 

trigger factors of HLH. 
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6 FUTURE PERSPECTIVES 

Potentially fatal hyperinflammation, as in secondary HLH, has been associated with a number 

of different conditions with an inflammatory background, where an excessive immune 

response induces a cytokine storm and hyperinflammation. HLH-directed therapy has been 

shown beneficial in many such conditions. It is therefore crucial to continue increasing the 

awareness and recognition of hyperinflammation and sHLH in critically ill patients for 

appropriate and timely hyperinflammation-directed treatment to improve survival. A current 

example is improved survival in severe Covid-19 with hyperinflammation, not least 

pulmonary, with treatments including corticosteroids and cytokine inhibitors.  

Importantly, not only increased awareness is necessary, but also improved tools to identify and, 

importantly, distinguish the patients with hyperinflammation/HLH that may benefit from anti-

inflammatory therapy from those patients with similar characteristics but with a different 

etiopathology that require another therapeutic approach. Although some recent retrospective 

studies show good diagnostic performance of HLH-2004 criteria and HScore for the diagnosis 

of HLH in adult critically ill patients, these results should preferably be validated in a large 

prospective cohort, together with additional new parameters suggested in previous studies 

including ferritin/ALT ratio and sIL-2R104,363. Such studies will further improve diagnostic 

accuracy in the ocean of overlapping inflammatory and hyperferritinemic responses in 

critically ill populations, since no criterion is pathognomonic of HLH.  

Inflammatory biomarkers such as IFN-γ, IL-10, IL-18, sCD163 and sIL-2R, have been 

implicated in the pathogenesis of sHLH and suggested as biomarkers of HLH diagnosis, also 

in combination with each other in specific patterns7,379,380. However, further studies in adults 

and critically ill are warranted to validate previously suggested biomarkers, but also to identify 

new ones, both for improved diagnostic accuracy and for better understanding of the 

pathobiology of sHLH. For this purpose, there is an ongoing ambitious prospective study on 

“Diagnostic biomarkers for adult hemophagocytic lymphohistiocytosis in critically ill patients 

(HEMICU)” (NCT03510650) that will hopefully bring some more answers and give a strong 

base for further studies. Furthermore, we need additional and more sensitive biomarkers for 

monitoring of HLH disease course and therapy response, as well as identifying reactivations in 

HLH and distinguishing it from secondary infections or other immune responses. Further 

studies on cytotoxic lymphocytes and their cytotoxic function in critically ill with 

hyperinflammation compared with other critically ill patients would also help expand our 

understanding of the pathogenesis of sHLH. 

The introduction of cytokine-specific drugs in HLH has added effective therapeutic 

possibilities to the treatment scenario of sHLH in different settings, including critically ill in 

intensive care. Future studies on different treatment intensities and combinations in critically 

ill are warranted. Optimal would be a randomized study for different treatments and forms of 

hyperinflammation/sHLH, but due to the rarity of sHLH this would require extensive 

international collaboration. A prospective treatment study in severe dengue with HLH-directed 
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therapy, where selected patients are treated with corticosteroids and/or etoposide is currently 

on the way. Our positive experience in moderately dosed etoposide for the treatment of severe 

or refractory MAS-HLH warrants further studies in a larger cohort for validation. Several 

studies evaluating different treatments in sHLH, such as anti-interferon-gamma, Janus kinase 

inhibitors, IL-1 inhibitors and IL-6 inhibitors, are already ongoing.  

There are many aspects of the vast field of hyperinflammation left to explore, and hopefully 

we can continue to be a part of this exciting journey. 

 



 

 69 

7 ACKNOWLEDGEMENTS 

My research and this thesis would not have been possible without support and contribution 

from colleagues, patients, my friends and family. I want to extend my sincerest gratitude to all 

of you who have supported me throughout my research and made this thesis possible.  

A special thanks to Professor Jan-Inge Henter, my supervisor. Thank you for introducing me 

to the world of histiocytosis, both in research and in the clinic. You have shown me the vastness 

and rewards of translational research and international collaboration, and the art of never giving 

up. Thank you for always being available to answer questions and to help, for being so 

supportive and understanding, through ups and downs, and for being a good listener. Your 

energy, enthusiasm, encouragement and belief in me have been important pieces in the “thesis 

puzzle”.  

Professor Hans Hjelmqvist, my co-supervisor, thank you for sharing your knowledge in 

intensive care with me, enrolling patients in our ICU studies and retrieving ICU data. You were 

always happy to help and discuss my intensive care queries.  

All my current and previous colleagues in pediatric oncology/hematology at Karolinska 

University Hospital, thank you for your support and positive energy, and most importantly for 

giving me the time to do this research and thesis. You are all fantastic colleagues and I love 

working with you!  

Thank you to all the colleagues at the participating intensive care units at Karolinska 

University Hospital, Danderyd Hospital and Norrtälje Hospital. A special thanks to Bernhard 

Holzgraefe, ECMO center, for your continued enthusiasm and enrollment of patients 

throughout the studies, for all the interesting discussions about ECMO and hyperinflammation, 

and the friendly chats. Staffan Pålsson, without your efforts at ICU, Norrtälje Hospital, the 

study there would not have been possible, thank you. Anders Oldner, thank you for 

constructive feedback. I also want to thank the research nurses Ola Friman, Elisabeth 

Hellgren and Kristina Kilsand at the ICU Karolinska Solna and Huddinge, for identifying 

patients for the study and making the logistics at the ICUs run smoothly. Enthusiastic research 

nurses like you help make clinical research happen! 

I am very grateful to all the patients, and their families, who agreed to be a part of the studies. 

Without them there wouldn’t be a thesis.  

All co-authors, thank you for fruitful and fun collaboration. Hoping for continued successful 

research work together.  

What would I have done without past and present colleagues in the Jan-Inge Henter Research 

Group? You are all wonderful colleagues and friends. I am lucky to be part of such an 

ambitious, inspiring and joyful research group. You have all supported me through my ups and 

downs in research. Moreover, we have had many laughs together. AnnaCarin, my partner in 

crime at the clinic! Thank you for your friendship, all our talks and for always being so engaged 



 

 70 

and helpful. Désirée, you are the jewel of the group and the unit. Without you we wouldn’t 

function. Thank you for always being there and helping make my PhD studies flow as smoothly 

as possible. Elisabet, thank you for your friendship, for caring and for sharing your skills in 

SPSS with me. Nikolas, you are a gold mine of ideas! Thank you for inspiring talks, our 

collaboration in research and at the clinic, and for introducing your charming daughter to the 

group. Alexandra and Egle, my fellow PhD students; it’s been a long journey together, but we 

are almost there! Thank you for an enlightening experience together. Egle and AnnaCarin, time 

to hit the dance floor! Magda, Marie and Selma, thank you for welcoming me to the group, 

sharing your knowledge with me and making it fun. Chengyun, thank you for introducing me 

to the wonders of China and the world of histiocytosis there. 

I have been fortunate to also have the support and friendship of many at the Childhood Cancer 

Research Unit, my “research home” at KI. Thank you all for creating such as joyful and 

nurturing environment to work in. Linda and Carina, thank you for all the chats and for 

listening. Jenny, thank you for not making me feel like a lonely fool with my jacket and gloves 

on inside. A wise Spanish saying: cold hands, warm heart! Karin, Malin, Lotta, Antonio, 

thank you for all the “fika”, lunches and laughs. 

A special thanks to my colleagues at CIM/HERM at KI for all the hard work with lymphocyte 

cytotoxicity assays. Thank you Yenan for making this collaboration possible and fruitful. A 

special thanks to Sam for your hard work and efficacy, and for patiently answering all my 

questions so fast. Bianca and Yini, at CCM, you are my genetics masters! Thank you for all 

the hours put into sequencing and finding rare variants, and Bianca for also sharing your 

knowledge in genetics with me.  

Ida, thank you for your statistical genius and your patience with those of us who are more 

“statistically challenged”. Your explanations always made it look so easy. Thank you also 

David for your statistical support at the end. Indranil, your graph skills have been much 

appreciated.  

I am very grateful to Marie-Christine Berglund, Maria Östlund and Ingrid Bergström, for 

your help with data extraction from medical files, also to Rita Bexar, at ECMO center, for 

your administrative support. 

I have the Histiocyte Society to thank for much of my gained knowledge in histiocytic 

disorders. There I have had the pleasure to meet many inspiring and knowledgeable researchers 

and clinicians, and have had many fruitful discussions and collaborations. A special mention 

to Drs Paul La Rosée, Gritta Janka, Zhao Wang and Melissa Hines, who have been great 

conversation partners and an inspiration in my studies on HLH in adults and critically ill.  

My family and friends are all close to my heart and an essential part of my life. Without all of 

you I wouldn’t be where I am today. Thank you for making my life complete! Although some 

of us are far away at times, we are always close. 



 

 71 

A warm thank you to my mother and my father for always believing in me and supporting 

me, all the way. Thank you for giving me all the opportunities in life to get to where I am today 

and for your wisdom on the important things in life.   

Miguelito, my brother, eres el mejor hermanito! Thank you for bringing up the humoristic side 

of things in life and always making me laugh. Thank you for your support and care, together 

with your beautiful family Linn, Natalie and Jasmine. 

A warm thank you to my husband Richard for your continuous support and care throughout 

the years, looking after the girls and our home, and putting up with the challenging times, not 

least the last crazy weeks of the thesis. Thank you for being there! 

Natasha and Alexandra, my beautiful girls that give me so much joy. Thank you for giving 

me so many fun moments and allowing me to forget about work for a while to enjoy all in life.  

My family on my mother’s side, thank you for being such a wonderful family and for always 

being there, and for all the fun times together! My family on my father’s side, thank you for 

being a part of my haven out in the countryside, where I can always relax and have fun, together 

with all my relatives. 

My close friends the “ICS-girls”, you know who you are! Thank you for always being there 

all these years, for a beautiful and ever-lasting friendship that defies time and distance, and for 

all the great memories. 

The generosity of the Swedish Childhood Cancer Fund and its donors has funded my “forskar-

ST”, allowing this thesis to be completed. The studies have been further funded by Jan-Inge 

Henter’s grants from the Swedish Research Council, the Swedish Childhood Cancer Fund, the 

Swedish Cancer Society, the Swedish Cancer and Allergy Fund, and Region Stockholm (ALF-

project). 

 



 

 72 

8 REFERENCES 
1. Serhan CN, Ward PA, Gilroy DW. Fundamentals of inflammation. Cambridge; New York: 

Cambridge University Press; 2010. 

2. Janka G. Hemophagocytic lymphohistiocytosis: when the immune system runs amok. Klin 

Padiatr 2009;221:278-85. 

3. Cytokine Storm Syndrome. Eds: Cron R & Behrens E. Switzerland: Springer Nature; 2019. 

4. Farquhar JW, Claireaux AE. Familial haemophagocytic reticulosis. Arch Dis Child 

1952;27:519-25. 

5. Henter JI, Elinder G, Soder O, Hansson M, Andersson B, Andersson U. Hypercytokinemia in 

familial hemophagocytic lymphohistiocytosis. Blood 1991;78:2918-22. 

6. Janka GE. Familial and acquired hemophagocytic lymphohistiocytosis. Eur J Pediatr 

2007;166:95-109. 

7. Brisse E, Wouters CH, Matthys P. Advances in the pathogenesis of primary and secondary 

haemophagocytic lymphohistiocytosis: differences and similarities. Br J Haematol 2016;174:203-17. 

8. de Saint Basile G, Menasche G, Fischer A. Molecular mechanisms of biogenesis and exocytosis 

of cytotoxic granules. Nat Rev Immunol 2010;10:568-79. 

9. Pachlopnik Schmid J, Cote M, Menager MM, Burgess A, Nehme N, Menasche G, Fischer A, 

de Saint Basile G. Inherited defects in lymphocyte cytotoxic activity. Immunol Rev 2010;235:10-23. 

10. Crayne CB, Albeituni S, Nichols KE, Cron RQ. The Immunology of Macrophage Activation 

Syndrome. Front Immunol 2019;10:119. 

11. Henter JI, Horne A, Arico M, Egeler RM, Filipovich AH, Imashuku S, Ladisch S, McClain K, 

Webb D, Winiarski J, Janka G. HLH-2004: Diagnostic and therapeutic guidelines for hemophagocytic 

lymphohistiocytosis. Pediatr Blood Cancer 2007;48:124-31. 

12. Fardet L, Galicier L, Lambotte O, Marzac C, Aumont C, Chahwan D, Coppo P, Hejblum G. 

Development and validation of the HScore, a score for the diagnosis of reactive hemophagocytic 

syndrome. Arthritis Rheumatol 2014;66:2613-20. 

13. Henter JI, Elinder G, Ost A. Diagnostic guidelines for hemophagocytic lymphohistiocytosis. 

The FHL Study Group of the Histiocyte Society. Semin Oncol 1991;18:29-33. 

14. Emile JF, Abla O, Fraitag S, Horne A, Haroche J, Donadieu J, Requena-Caballero L, Jordan 

MB, Abdel-Wahab O, Allen CE, Charlotte F, Diamond EL, Egeler RM, Fischer A, Herrera JG, 

Henter JI, Janku F, Merad M, Picarsic J, Rodriguez-Galindo C, Rollins BJ, Tazi A, Vassallo R, Weiss 

LM. Revised classification of histiocytoses and neoplasms of the macrophage-dendritic cell lineages. 

Blood 2016;127:2672-81. 

15. Henter JI, Elinder G, Soder O, Ost A. Incidence in Sweden and clinical features of familial 

hemophagocytic lymphohistiocytosis. Acta Paediatr Scand 1991;80:428-35. 

16. Zhang K, Jordan MB, Marsh RA, Johnson JA, Kissell D, Meller J, Villanueva J, Risma KA, 

Wei Q, Klein PS, Filipovich AH. Hypomorphic mutations in PRF1, MUNC13-4, and STXBP2 are 

associated with adult-onset familial HLH. Blood 2011;118:5794-8. 

17. Wang Y, Wang Z, Zhang J, Wei Q, Tang R, Qi J, Li L, Ye L, Wang J, Ye L. Genetic features 

of late onset primary hemophagocytic lymphohistiocytosis in adolescence or adulthood. PLoS One 

2014;9:e107386. 

18. Cetica V, Sieni E, Pende D, Danesino C, De Fusco C, Locatelli F, Micalizzi C, Putti MC, 

Biondi A, Fagioli F, Moretta L, Griffiths GM, Luzzatto L, Arico M. Genetic predisposition to 

hemophagocytic lymphohistiocytosis: Report on 500 patients from the Italian registry. J Allergy Clin 

Immunol 2016;137:188-96.e4. 

19. Janka GE. Familial and acquired hemophagocytic lymphohistiocytosis. Annu Rev Med 

2012;63:233-46. 

20. Bode SF, Ammann S, Al-Herz W, Bataneant M, Dvorak CC, Gehring S, Gennery A, Gilmour 

KC, Gonzalez-Granado LI, Gross-Wieltsch U, Ifversen M, Lingman-Framme J, Matthes-Martin S, 



 

 73 

Mesters R, Meyts I, van Montfrans JM, Pachlopnik Schmid J, Pai SY, Soler-Palacin P, Schuermann 

U, Schuster V, Seidel MG, Speckmann C, Stepensky P, Sykora KW, Tesi B, Vraetz T, Waruiru C, 

Bryceson YT, Moshous D, Lehmberg K, Jordan MB, Ehl S. The syndrome of hemophagocytic 

lymphohistiocytosis in primary immunodeficiencies: implications for differential diagnosis and 

pathogenesis. Haematologica 2015;100:978-88. 

21. Taurisano R, Maiorana A, De Benedetti F, Dionisi-Vici C, Boldrini R, Deodato F. Wolman 

disease associated with hemophagocytic lymphohistiocytosis: attempts for an explanation. Eur J 

Pediatr 2014;173:1391-4. 

22. Henter JI, Samuelsson-Horne A, Arico M, Egeler RM, Elinder G, Filipovich AH, Gadner H, 

Imashuku S, Komp D, Ladisch S, Webb D, Janka G, Histocyte S. Treatment of hemophagocytic 

lymphohistiocytosis with HLH-94 immunochemotherapy and bone marrow transplantation. Blood 

2002;100:2367-73. 

23. Fischer A, Cerf-Bensussan N, Blanche S, Le Deist F, Bremard-Oury C, Leverger G, Schaison 

G, Durandy A, Griscelli C. Allogeneic bone marrow transplantation for erythrophagocytic 

lymphohistiocytosis. J Pediatr 1986;108:267-70. 

24. Todo S, Fujiwara F, Ikushima S, Yoshihara T, Kataoka Y, Sakurai-Shimada Y, Sakata K, 

Kasubuchi Y, Morioka Y, Imashuku S. Allogeneic Bone Marrow Transplantation for Familial 

Erythrophagocytic Lymphohistiocytosis, with High Dose VP16-Containing Conditioning Regimen. 

Leuk Lymphoma 1990;1:361-4. 

25. Nespoli L, Locatelli F, Bonetti F, Porta F, Zecca M, Gibardi A, Gambarana D, Vitale V, Burgio 

GR, Severi F. Familial haemophagocytic lymphohistiocytosis treated with allogeneic bone marrow 

transplantation. Bone Marrow Transplant 1991;7 Suppl 3:139-42. 

26. Durken M, Horstmann M, Bieling P, Erttmann R, Kabisch H, Loliger C, Schneider EM, 

Hellwege HH, Kruger W, Kroger N, Zander AR, Janka GE. Improved outcome in haemophagocytic 

lymphohistiocytosis after bone marrow transplantation from related and unrelated donors: a single-

centre experience of 12 patients. Br J Haematol 1999;106:1052-8. 

27. Jabado N, de Graeff-Meeder ER, Cavazzana-Calvo M, Haddad E, Le Deist F, Benkerrou M, 

Dufourcq R, Caillat S, Blanche S, Fischer A. Treatment of familial hemophagocytic 

lymphohistiocytosis with bone marrow transplantation from HLA genetically nonidentical donors. 

Blood 1997;90:4743-8. 

28. Baker KS, DeLaat CA, Steinbuch M, Gross TG, Shapiro RS, Loechelt B, Harris R, Filipovich 

AH. Successful correction of hemophagocytic lymphohistiocytosis with related or unrelated bone 

marrow transplantation. Blood 1997;89:3857-63. 

29. Messina C, Zecca M, Fagioli F, Rovelli A, Giardino S, Merli P, Porta F, Arico M, Sieni E, 

Basso G, Ripaldi M, Favre C, Pillon M, Marzollo A, Rabusin M, Cesaro S, Algeri M, Caniglia M, Di 

Bartolomeo P, Ziino O, Saglio F, Prete A, Locatelli F. Outcomes of Children with Hemophagocytic 

Lymphohistiocytosis Given Allogeneic Hematopoietic Stem Cell Transplantation in Italy. Biol Blood 

Marrow Transplant 2018;24:1223-31. 

30. Ouachee-Chardin M, Elie C, de Saint Basile G, Le Deist F, Mahlaoui N, Picard C, Neven B, 

Casanova JL, Tardieu M, Cavazzana-Calvo M, Blanche S, Fischer A. Hematopoietic stem cell 

transplantation in hemophagocytic lymphohistiocytosis: a single-center report of 48 patients. 

Pediatrics 2006;117:e743-50. 

31. Lehmberg K, Albert MH, Beier R, Beutel K, Gruhn B, Kroger N, Meisel R, Schulz A, Stachel 

D, Woessmann W, Janka G, Muller I. Treosulfan-based conditioning regimen for children and 

adolescents with hemophagocytic lymphohistiocytosis. Haematologica 2014;99:180-4. 

32. Horne A, Janka G, Maarten Egeler R, Gadner H, Imashuku S, Ladisch S, Locatelli F, 

Montgomery SM, Webb D, Winiarski J, Filipovich AH, Henter JI. Haematopoietic stem cell 

transplantation in haemophagocytic lymphohistiocytosis. Br J Haematol 2005;129:622-30. 

33. Bergsten E, Horne A, Hed Myrberg I, Arico M, Astigarraga I, Ishii E, Janka G, Ladisch S, 

Lehmberg K, McClain KL, Minkov M, Nanduri V, Rosso DA, Sieni E, Winiarski J, Henter JI. Stem 

cell transplantation for children with hemophagocytic lymphohistiocytosis: results from the HLH-

2004 study. Blood Adv 2020;4:3754-66. 



 

 74 

34. Ambruso DR, Hays T, Zwartjes WJ, Tubergen DG, Favara BE. Successful treatment of 

lymphohistiocytic reticulosis with phagocytosis with epipodophyllotoxin VP 16-213. Cancer 

1980;45:2516-20. 

35. Fischer A, Virelizier JL, Arenzana-Seisdedos F, Perez N, Nezelof C, Griscelli C. Treatment of 

four patients with erythrophagocytic lymphohistiocytosis by a combination of epipodophyllotoxin, 

steroids, intrathecal methotrexate, and cranial irradiation. Pediatrics 1985;76:263-8. 

36. Henter JI, Elinder G, Finkel Y, Soder O. Successful induction with chemotherapy including 

teniposide in familial erythrophagocytic lymphohistiocytosis. Lancet 1986;2:1402. 

37. Stephan JL, Donadieu J, Ledeist F, Blanche S, Griscelli C, Fischer A. Treatment of familial 

hemophagocytic lymphohistiocytosis with antithymocyte globulins, steroids, and cyclosporin A. 

Blood 1993;82:2319-23. 

38. Henter JI, Elinder G. Familial hemophagocytic lymphohistiocytosis. Clinical review based on 

the findings in seven children. Acta Paediatr Scand 1991;80:269-77. 

39. Henter JI, Arico M, Egeler RM, Elinder G, Favara BE, Filipovich AH, Gadner H, Imashuku S, 

Janka-Schaub G, Komp D, Ladisch S, Webb D. HLH-94: a treatment protocol for hemophagocytic 

lymphohistiocytosis. Med Pediatr Oncol 1997;28:342-7. 

40. Kalman VK, Klimpel GR. Cyclosporin A inhibits the production of gamma interferon (IFN 

gamma), but does not inhibit production of virus-induced IFN alpha/beta. Cell Immunol 1983;78:122-

9. 

41. Trottestam H, Horne A, Arico M, Egeler RM, Filipovich AH, Gadner H, Imashuku S, Ladisch 

S, Webb D, Janka G, Henter JI. Chemoimmunotherapy for hemophagocytic lymphohistiocytosis: 

long-term results of the HLH-94 treatment protocol. Blood 2011;118:4577-84. 

42. Imashuku S, Hibi S, Kuriyama K, Tabata Y, Hashida T, Iwai A, Kato M, Yamashita N, Oda 

MM, Kinugawa N, Sawada M, Konno M. Management of severe neutropenia with cyclosporin during 

initial treatment of Epstein-Barr virus-related hemophagocytic lymphohistiocytosis. Leuk Lymphoma 

2000;36:339-46. 

43. Bergsten E, Horne A, Arico M, Astigarraga I, Egeler RM, Filipovich AH, Ishii E, Janka G, 

Ladisch S, Lehmberg K, McClain KL, Minkov M, Montgomery S, Nanduri V, Rosso D, Henter JI. 

Confirmed efficacy of etoposide and dexamethasone in HLH treatment: Long term results of the 

cooperative HLH-2004 study. Blood 2017. 

44. Ehl S, Astigarraga I, von Bahr Greenwood T, Hines M, Horne A, Ishii E, Janka G, Jordan MB, 

La Rosee P, Lehmberg K, Machowicz R, Nichols KE, Sieni E, Wang Z, Henter JI. Recommendations 

for the Use of Etoposide-Based Therapy and Bone Marrow Transplantation for the Treatment of 

HLH: Consensus Statements by the HLH Steering Committee of the Histiocyte Society. J Allergy Clin 

Immunol Pract 2018;6:1508-17. 

45. Jordan MB, Allen CE, Weitzman S, Filipovich AH, McClain KL. How I treat hemophagocytic 

lymphohistiocytosis. Blood 2011;118:4041-52. 

46. Lin TF, Ferlic-Stark LL, Allen CE, Kozinetz CA, McClain KL. Rate of decline of ferritin in 

patients with hemophagocytic lymphohistiocytosis as a prognostic variable for mortality. Pediatr 

Blood Cancer 2011;56:154-5. 

47. Trottestam H, Berglof E, Horne A, Onelov E, Beutel K, Lehmberg K, Sieni E, Silfverberg T, 

Arico M, Janka G, Henter JI. Risk factors for early death in children with haemophagocytic 

lymphohistiocytosis. Acta Paediatr 2012;101:313-8. 

48. Mahlaoui N, Ouachee-Chardin M, de Saint Basile G, Neven B, Picard C, Blanche S, Fischer A. 

Immunotherapy of familial hemophagocytic lymphohistiocytosis with antithymocyte globulins: a 

single-center retrospective report of 38 patients. Pediatrics 2007;120:e622-8. 

49. Marsh RA, Allen CE, McClain KL, Weinstein JL, Kanter J, Skiles J, Lee ND, Khan SP, 

Lawrence J, Mo JQ, Bleesing JJ, Filipovich AH, Jordan MB. Salvage therapy of refractory 

hemophagocytic lymphohistiocytosis with alemtuzumab. Pediatr Blood Cancer 2013;60:101-9. 

50. Moshous D, Briand C, Castelle M, Dupic L, Morelle G, Abou Chahla W, Barlogis V, Bertrand 

Y, Bruno B, Jeziorski E, Paillard C, Rohrlich PS, Stephan JL, Thomas C, Chhun S, Pellier I, Marie-



 

 75 

Cardine A, Fusaro M, de Saint Basile G, Picard C, Elie C, Neven B, Blanche S, Fischer A. 

Alemtuzumab as First Line Treatment in Children with Familial Lymphohistiocytosis. Blood 

2019;134. 

51. Cooper N, Rao K, Goulden N, Webb D, Amrolia P, Veys P. The use of reduced-intensity stem 

cell transplantation in haemophagocytic lymphohistiocytosis and Langerhans cell histiocytosis. Bone 

Marrow Transplant 2008;42 Suppl 2:S47-50. 

52. Marsh RA, Vaughn G, Kim MO, Li D, Jodele S, Joshi S, Mehta PA, Davies SM, Jordan MB, 

Bleesing JJ, Filipovich AH. Reduced-intensity conditioning significantly improves survival of patients 

with hemophagocytic lymphohistiocytosis undergoing allogeneic hematopoietic cell transplantation. 

Blood 2010;116:5824-31. 

53. Felber M, Steward CG, Kentouche K, Fasth A, Wynn RF, Zeilhofer U, Haunerdinger V, 

Volkmer B, Prader S, Gruhn B, Ehl S, Lehmberg K, Muller D, Gennery AR, Albert MH, Hauck F, 

Rao K, Veys P, Hassan M, Lankester AC, Schmid JP, Hauri-Hohl MM, Gungor T. Targeted busulfan-

based reduced-intensity conditioning and HLA-matched HSCT cure hemophagocytic 

lymphohistiocytosis. Blood Adv 2020;4:1998-2010. 

54. Sawada A, Ohga S, Ishii E, Inoue M, Okada K, Inagaki J, Goto H, Suzuki N, Koike K, Atsuta 

Y, Suzuki R, Yabe H, Kawa K, Kato K, Yasutomo K. Feasibility of reduced-intensity conditioning 

followed by unrelated cord blood transplantation for primary hemophagocytic lymphohistiocytosis: a 

nationwide retrospective analysis in Japan. Int J Hematol 2013;98:223-30. 

55. Hartz B, Marsh R, Rao K, Henter JI, Jordan M, Filipovich L, Bader P, Beier R, Burkhardt B, 

Meisel R, Schulz A, Winkler B, Albert MH, Greil J, Karasu G, Woessmann W, Corbaciologlu S, 

Gruhn B, Holter W, Kuhl JS, Lang P, Seidel MG, Veys P, Lofstedt A, Ammann S, Ehl S, Janka G, 

Muller I, Lehmberg K. The minimum required level of donor chimerism in hereditary 

hemophagocytic lymphohistiocytosis. Blood 2016. 

56. Horne A, Trottestam H, Arico M, Egeler RM, Filipovich AH, Gadner H, Imashuku S, Ladisch 

S, Webb D, Janka G, Henter JI, Histiocyte S. Frequency and spectrum of central nervous system 

involvement in 193 children with haemophagocytic lymphohistiocytosis. Br J Haematol 

2008;140:327-35. 

57. Haddad E, Sulis ML, Jabado N, Blanche S, Fischer A, Tardieu M. Frequency and severity of 

central nervous system lesions in hemophagocytic lymphohistiocytosis. Blood 1997;89:794-800. 

58. Deiva K, Mahlaoui N, Beaudonnet F, de Saint Basile G, Caridade G, Moshous D, Mikaeloff Y, 

Blanche S, Fischer A, Tardieu M. CNS involvement at the onset of primary hemophagocytic 

lymphohistiocytosis. Neurology 2012;78:1150-6. 

59. Yang S, Zhang L, Jia C, Ma H, Henter JI, Shen K. Frequency and development of CNS 

involvement in Chinese children with hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer 

2010;54:408-15. 

60. Jovanovic A, Kuzmanovic M, Kravljanac R, Micic D, Jovic M, Gazikalovic S, Pasic S. Central 

nervous system involvement in hemophagocytic lymphohistiocytosis: a single-center experience. 

Pediatr Neurol 2014;50:233-7. 

61. Benallegue N, Beaudonnet F, Husson B, Moshous D, Van Bogaert P, Deiva K. Neurological 

involvement in secondary hemophagocytic lymphohistiocytosis in children. Eur J Paediatr Neurol 

2021;34:110-7. 

62. Henter JI, Elinder G. Cerebromeningeal haemophagocytic lymphohistiocytosis. Lancet 

1992;339:104-7. 

63. Blincoe A, Heeg M, Campbell PK, Hines M, Khojah A, Klein-Gitelman M, Talano JA, 

Speckmann C, Touzot F, Lankester A, Legger GE, Riviere JG, Garcia-Prat M, Alonso L, Putti MC, 

Lehmberg K, Maier S, El Chazli Y, Elmaksoud MA, Astigarraga I, Kurjane N, Bulina I, Kenina V, 

Bryceson Y, Rascon J, Lortie A, Goldstein G, Booth C, Worth A, Wassmer E, Schmitt EG, Warren 

JT, Bednarski JJ, Ali S, Chiang KY, Krueger J, Henry MM, Holland SM, Marsh RA, Ehl S, Haddad 

E. Neuroinflammatory Disease as an Isolated Manifestation of Hemophagocytic Lymphohistiocytosis. 

J Clin Immunol 2020;40:901-16. 



 

 76 

64. Horne A, Wickstrom R, Jordan MB, Yeh EA, Naqvi A, Henter JI, Janka G. How to Treat 

Involvement of the Central Nervous System in Hemophagocytic Lymphohistiocytosis? Curr Treat 

Options Neurol 2017;19:3. 

65. Song Y, Pei RJ, Wang YN, Zhang J, Wang Z. Central Nervous System Involvement in 

Hemophagocytic Lymphohistiocytosis in Adults: A Retrospective Analysis of 96 Patients in a Single 

Center. Chin Med J (Engl) 2018;131:776-83. 

66. Russell JH, Ley TJ. Lymphocyte-mediated cytotoxicity. Annu Rev Immunol 2002;20:323-70. 

67. Meeths M, Chiang SC, Lofstedt A, Muller ML, Tesi B, Henter JI, Bryceson YT. 

Pathophysiology and spectrum of diseases caused by defects in lymphocyte cytotoxicity. Exp Cell Res 

2014;325:10-7. 

68. Stepp SE, Dufourcq-Lagelouse R, Le Deist F, Bhawan S, Certain S, Mathew PA, Henter JI, 

Bennett M, Fischer A, de Saint Basile G, Kumar V. Perforin gene defects in familial hemophagocytic 

lymphohistiocytosis. Science 1999;286:1957-9. 

69. Feldmann J, Callebaut I, Raposo G, Certain S, Bacq D, Dumont C, Lambert N, Ouachee-

Chardin M, Chedeville G, Tamary H, Minard-Colin V, Vilmer E, Blanche S, Le Deist F, Fischer A, de 

Saint Basile G. Munc13-4 is essential for cytolytic granules fusion and is mutated in a form of familial 

hemophagocytic lymphohistiocytosis (FHL3). Cell 2003;115:461-73. 

70. zur Stadt U, Schmidt S, Kasper B, Beutel K, Diler AS, Henter JI, Kabisch H, Schneppenheim 

R, Nurnberg P, Janka G, Hennies HC. Linkage of familial hemophagocytic lymphohistiocytosis 

(FHL) type-4 to chromosome 6q24 and identification of mutations in syntaxin 11. Hum Mol Genet 

2005;14:827-34. 

71. zur Stadt U, Rohr J, Seifert W, Koch F, Grieve S, Pagel J, Strauss J, Kasper B, Nurnberg G, 

Becker C, Maul-Pavicic A, Beutel K, Janka G, Griffiths G, Ehl S, Hennies HC. Familial 

hemophagocytic lymphohistiocytosis type 5 (FHL-5) is caused by mutations in Munc18-2 and 

impaired binding to syntaxin 11. Am J Hum Genet 2009;85:482-92. 

72. Cote M, Menager MM, Burgess A, Mahlaoui N, Picard C, Schaffner C, Al-Manjomi F, Al-

Harbi M, Alangari A, Le Deist F, Gennery AR, Prince N, Cariou A, Nitschke P, Blank U, El-Ghazali 

G, Menasche G, Latour S, Fischer A, de Saint Basile G. Munc18-2 deficiency causes familial 

hemophagocytic lymphohistiocytosis type 5 and impairs cytotoxic granule exocytosis in patient NK 

cells. J Clin Invest 2009;119:3765-73. 

73. Sieni E, Cetica V, Hackmann Y, Coniglio ML, Da Ros M, Ciambotti B, Pende D, Griffiths G, 

Arico M. Familial hemophagocytic lymphohistiocytosis: when rare diseases shed light on immune 

system functioning. Front Immunol 2014;5:167. 

74. Coffey AJ, Brooksbank RA, Brandau O, Oohashi T, Howell GR, Bye JM, Cahn AP, Durham J, 

Heath P, Wray P, Pavitt R, Wilkinson J, Leversha M, Huckle E, Shaw-Smith CJ, Dunham A, Rhodes 

S, Schuster V, Porta G, Yin L, Serafini P, Sylla B, Zollo M, Franco B, Bolino A, Seri M, Lanyi A, 

Davis JR, Webster D, Harris A, Lenoir G, de St Basile G, Jones A, Behloradsky BH, Achatz H, 

Murken J, Fassler R, Sumegi J, Romeo G, Vaudin M, Ross MT, Meindl A, Bentley DR. Host 

response to EBV infection in X-linked lymphoproliferative disease results from mutations in an SH2-

domain encoding gene. Nat Genet 1998;20:129-35. 

75. Nichols KE, Harkin DP, Levitz S, Krainer M, Kolquist KA, Genovese C, Bernard A, Ferguson 

M, Zuo L, Snyder E, Buckler AJ, Wise C, Ashley J, Lovett M, Valentine MB, Look AT, Gerald W, 

Housman DE, Haber DA. Inactivating mutations in an SH2 domain-encoding gene in X-linked 

lymphoproliferative syndrome. Proc Natl Acad Sci U S A 1998;95:13765-70. 

76. Rigaud S, Fondaneche MC, Lambert N, Pasquier B, Mateo V, Soulas P, Galicier L, Le Deist F, 

Rieux-Laucat F, Revy P, Fischer A, de Saint Basile G, Latour S. XIAP deficiency in humans causes 

an X-linked lymphoproliferative syndrome. Nature 2006;444:110-4. 

77. Rezaei N, Mahmoudi E, Aghamohammadi A, Das R, Nichols KE. X-linked 

lymphoproliferative syndrome: a genetic condition typified by the triad of infection, 

immunodeficiency and lymphoma. Br J Haematol 2011;152:13-30. 

78. Pachlopnik Schmid J, Canioni D, Moshous D, Touzot F, Mahlaoui N, Hauck F, Kanegane H, 

Lopez-Granados E, Mejstrikova E, Pellier I, Galicier L, Galambrun C, Barlogis V, Bordigoni P, 



 

 77 

Fourmaintraux A, Hamidou M, Dabadie A, Le Deist F, Haerynck F, Ouachee-Chardin M, Rohrlich P, 

Stephan JL, Lenoir C, Rigaud S, Lambert N, Milili M, Schiff C, Chapel H, Picard C, de Saint Basile 

G, Blanche S, Fischer A, Latour S. Clinical similarities and differences of patients with X-linked 

lymphoproliferative syndrome type 1 (XLP-1/SAP deficiency) versus type 2 (XLP-2/XIAP 

deficiency). Blood 2011;117:1522-9. 

79. van den Broek ME, Kagi D, Ossendorp F, Toes R, Vamvakas S, Lutz WK, Melief CJ, 

Zinkernagel RM, Hengartner H. Decreased tumor surveillance in perforin-deficient mice. J Exp Med 

1996;184:1781-90. 

80. Ciambotti B, Mussolin L, d'Amore ES, Pillon M, Sieni E, Coniglio ML, Ros MD, Cetica V, 

Arico M, Rosolen A. Monoallelic mutations of the perforin gene may represent a predisposing factor 

to childhood anaplastic large cell lymphoma. J Pediatr Hematol Oncol 2014;36:e359-65. 

81. Lofstedt A, Chiang SC, Onelov E, Bryceson YT, Meeths M, Henter JI. Cancer risk in relatives 

of patients with a primary disorder of lymphocyte cytotoxicity: a retrospective cohort study. Lancet 

Haematol 2015;2:e536-42. 

82. Lofstedt A, Ahlm C, Tesi B, Bergdahl IA, Nordenskjold M, Bryceson YT, Henter JI, Meeths 

M. Haploinsufficiency of UNC13D increases the risk of lymphoma. Cancer 2019;125:1848-54. 

83. Jenkins MR, Rudd-Schmidt JA, Lopez JA, Ramsbottom KM, Mannering SI, Andrews DM, 

Voskoboinik I, Trapani JA. Failed CTL/NK cell killing and cytokine hypersecretion are directly 

linked through prolonged synapse time. J Exp Med 2015;212:307-17. 

84. Jordan MB, Hildeman D, Kappler J, Marrack P. An animal model of hemophagocytic 

lymphohistiocytosis (HLH): CD8+ T cells and interferon gamma are essential for the disorder. Blood 

2004;104:735-43. 

85. Kogl T, Muller J, Jessen B, Schmitt-Graeff A, Janka G, Ehl S, zur Stadt U, Aichele P. 

Hemophagocytic lymphohistiocytosis in syntaxin-11-deficient mice: T-cell exhaustion limits fatal 

disease. Blood 2013;121:604-13. 

86. Pachlopnik Schmid J, Ho CH, Chretien F, Lefebvre JM, Pivert G, Kosco-Vilbois M, Ferlin W, 

Geissmann F, Fischer A, de Saint Basile G. Neutralization of IFNgamma defeats haemophagocytosis 

in LCMV-infected perforin- and Rab27a-deficient mice. EMBO Mol Med 2009;1:112-24. 

87. Brisse E, Matthys P, Wouters CH. Understanding the spectrum of haemophagocytic 

lymphohistiocytosis: update on diagnostic challenges and therapeutic options. Br J Haematol 

2016;174:175-87. 

88. Terrell CE, Jordan MB. Mixed hematopoietic or T-cell chimerism above a minimal threshold 

restores perforin-dependent immune regulation in perforin-deficient mice. Blood 2013;122:2618-21. 

89. Tang Y, Xu X, Song H, Yang S, Shi S, Wei J, Pan B, Zhao F, Liao C, Luo C. Early diagnostic 

and prognostic significance of a specific Th1/Th2 cytokine pattern in children with haemophagocytic 

syndrome. Br J Haematol 2008;143:84-91. 

90. Locatelli F, Jordan MB, Allen C, Cesaro S, Rizzari C, Rao A, Degar B, Garrington TP, Sevilla 

J, Putti MC, Fagioli F, Ahlmann M, Dapena Diaz JL, Henry M, De Benedetti F, Grom A, Lapeyre G, 

Jacqmin P, Ballabio M, de Min C. Emapalumab in Children with Primary Hemophagocytic 

Lymphohistiocytosis. N Engl J Med 2020;382:1811-22. 

91. Johnson TS, Terrell CE, Millen SH, Katz JD, Hildeman DA, Jordan MB. Etoposide selectively 

ablates activated T cells to control the immunoregulatory disorder hemophagocytic 

lymphohistiocytosis. J Immunol 2014;192:84-91. 

92. Sepulveda FE, Maschalidi S, Vosshenrich CA, Garrigue A, Kurowska M, Menasche G, Fischer 

A, Di Santo JP, de Saint Basile G. A novel immunoregulatory role for NK-cell cytotoxicity in 

protection from HLH-like immunopathology in mice. Blood 2015;125:1427-34. 

93. Ramos-Casals M, Brito-Zeron P, Lopez-Guillermo A, Khamashta MA, Bosch X. Adult 

haemophagocytic syndrome. Lancet 2014;383:1503-16. 

94. Veerakul G, Sanpakit K, Tanphaichitr VS, Mahasandana C, Jirarattanasopa N. Secondary 

hemophagocytic lymphohistiocytosis in children: an analysis of etiology and outcome. J Med Assoc 

Thai 2002;85 Suppl 2:S530-41. 



 

 78 

95. Lachmann G, Spies C, Schenk T, Brunkhorst FM, Balzer F, La Rosee P. Hemophagocytic 

Lymphohistiocytosis: Potentially Underdiagnosed in Intensive Care Units. Shock 2018;50:149-55. 

96. Ishii E, Ohga S, Imashuku S, Yasukawa M, Tsuda H, Miura I, Yamamoto K, Horiuchi H, 

Takada K, Ohshima K, Nakamura S, Kinukawa N, Oshimi K, Kawa K. Nationwide survey of 

hemophagocytic lymphohistiocytosis in Japan. Int J Hematol 2007;86:58-65. 

97. Hayden A, Park S, Giustini D, Lee AY, Chen LY. Hemophagocytic syndromes (HPSs) 

including hemophagocytic lymphohistiocytosis (HLH) in adults: A systematic scoping review. Blood 

Rev 2016;30:411-20. 

98. Riviere S, Galicier L, Coppo P, Marzac C, Aumont C, Lambotte O, Fardet L. Reactive 

hemophagocytic syndrome in adults: a retrospective analysis of 162 patients. Am J Med 

2014;127:1118-25. 

99. Brito-Zeron P, Kostov B, Moral-Moral P, Martinez-Zapico A, Diaz-Pedroche C, Fraile G, 

Perez-Guerrero P, Fonseca E, Robles A, Vaquero-Herrero MP, Calvo MA, Forner MJ, Morcillo C, 

Larranaga J, Rodriguez-Carballeira M, Ruiz-Munoz M, Hurtado-Garcia R, Prieto-Gonzalez S, Aguilar 

AA, Caminal-Montero L, Hernandez-Jimenez P, Fernandez-Viagas CR, Castro P, Masso VM, Flores-

Chavez A, Ramos-Casals M. Prognostic Factors of Death in 151 Adults With Hemophagocytic 

Syndrome: Etiopathogenically Driven Analysis. Mayo Clin Proc Inn Qual Out 2018;2:267-76. 

100. Parikh SA, Kapoor P, Letendre L, Kumar S, Wolanskyj AP. Prognostic factors and outcomes of 

adults with hemophagocytic lymphohistiocytosis. Mayo Clin Proc 2014;89:484-92. 

101. Tsuda H. Hemophagocytic syndrome (HPS) in children and adults. Int J Hematol 1997;65:215-

26. 

102. Li J, Wang Q, Zheng W, Ma J, Zhang W, Wang W, Tian X. Hemophagocytic 

lymphohistiocytosis: clinical analysis of 103 adult patients. Medicine (Baltimore) 2014;93:100-5. 

103. La Rosee P, Horne A, Hines M, von Bahr Greenwood T, Machowicz R, Berliner N, Birndt S, 

Gil-Herrera J, Girschikofsky M, Jordan MB, Kumar A, van Laar JAM, Lachmann G, Nichols KE, 

Ramanan AV, Wang Y, Wang Z, Janka G, Henter JI. Recommendations for the management of 

hemophagocytic lymphohistiocytosis in adults. Blood 2019;133:2465-77. 

104. Knaak C, Nyvlt P, Schuster FS, Spies C, Heeren P, Schenk T, Balzer F, La Rosee P, Janka G, 

Brunkhorst FM, Keh D, Lachmann G. Hemophagocytic lymphohistiocytosis in critically ill patients: 

diagnostic reliability of HLH-2004 criteria and HScore. Crit Care 2020;24:244. 

105. Tudesq JJ, Valade S, Galicier L, Zafrani L, Boutboul D, de Bazelaire C, Munoz-Bongrand N, 

Canet E, Ardisson F, Lemiale V, Darmon M, Azoulay E, Mariotte E. Diagnostic strategy for trigger 

identification in severe reactive hemophagocytic lymphohistiocytosis: A diagnostic accuracy study. 

Hematol Oncol 2021;39:114-22. 

106. Gratton SM, Powell TR, Theeler BJ, Hawley JS, Amjad FS, Tornatore C. Neurological 

involvement and characterization in acquired hemophagocytic lymphohistiocytosis in adulthood. J 

Neurol Sci 2015;357:136-42. 

107. Hines MR, von Bahr Greenwood T, Beutel G, Beutel K, Hays JA, Horne A, Janka G, Jordan 

MB, van Laar JAM, Lachmann G, Lehmberg K, Machowicz R, Miettunen P, La Rosee P, Shakoory 

B, Zinter MS, Henter JI. Consensus-Based Guidelines for the Recognition, Diagnosis, and 

Management of Hemophagocytic Lymphohistiocytosis in Critically Ill Children and Adults. Crit Care 

Med 2021. 

108. Lehmberg K, Nichols KE, Henter JI, Girschikofsky M, Greenwood T, Jordan M, Kumar A, 

Minkov M, La Rosee P, Weitzman S. Consensus recommendations for the diagnosis and management 

of hemophagocytic lymphohistiocytosis associated with malignancies. Haematologica 2015;100:997-

1004. 

109. Daver N, McClain K, Allen CE, Parikh SA, Otrock Z, Rojas-Hernandez C, Blechacz B, Wang 

S, Minkov M, Jordan MB, La Rosee P, Kantarjian HM. A consensus review on malignancy-

associated hemophagocytic lymphohistiocytosis in adults. Cancer 2017;123:3229-40. 

110. La Rosee P. Treatment of hemophagocytic lymphohistiocytosis in adults. Hematology Am Soc 

Hematol Educ Program 2015;2015:190-6. 



 

 79 

111. Tothova Z, Berliner N. Hemophagocytic Syndrome and Critical Illness: New Insights into 

Diagnosis and Management. J Intensive Care Med 2015;30:401-12. 

112. Emmenegger U, Frey U, Reimers A, Fux C, Semela D, Cottagnoud P, Spaeth PJ, Neftel KA. 

Hyperferritinemia as indicator for intravenous immunoglobulin treatment in reactive macrophage 

activation syndromes. Am J Hematol 2001;68:4-10. 

113. Demirkol D, Yildizdas D, Bayrakci B, Karapinar B, Kendirli T, Koroglu TF, Dursun O, Erkek 

N, Gedik H, Citak A, Kesici S, Karabocuoglu M, Carcillo JA.. Hyperferritinemia in the critically ill 

child with secondary hemophagocytic lymphohistiocytosis/sepsis/multiple organ dysfunction 

syndrome/macrophage activation syndrome: what is the treatment? Crit Care 2012;16:R52. 

114. Nair V, Das S, Sharma A, Sharma S, Sharma P, Ray S, Bhattacharya S. A clinicopathological 

analysis of 26 patients with infection-associated haemophagocytic lymphohistiocytosis and the 

importance of bone marrow phagocytosis for the early initiation of immunomodulatory treatment. 

Postgrad Med J 2013;89:185-92. 

115. Neel A, Wahbi A, Tessoulin B, Boileau J, Carpentier D, Decaux O, Fardet L, Geri G, Godmer 

P, Goujard C, Maisonneuve H, Mari A, Pouchot J, Ziza JM, Bretonniere C, Hamidou M. Diagnostic 

and management of life-threatening Adult-Onset Still Disease: a French nationwide multicenter study 

and systematic literature review. Crit Care 2018;22:88. 

116. Miettunen PM, Narendran A, Jayanthan A, Behrens EM, Cron RQ. Successful treatment of 

severe paediatric rheumatic disease-associated macrophage activation syndrome with interleukin-1 

inhibition following conventional immunosuppressive therapy: case series with 12 patients. 

Rheumatology (Oxford) 2011;50:417-9. 

117. Shakoory B, Carcillo JA, Chatham WW, Amdur RL, Zhao H, Dinarello CA, Cron RQ, Opal 

SM. Interleukin-1 Receptor Blockade Is Associated With Reduced Mortality in Sepsis Patients With 

Features of Macrophage Activation Syndrome: Reanalysis of a Prior Phase III Trial. Crit Care Med 

2016;44:275-81. 

118. Rajasekaran S, Kruse K, Kovey K, Davis AT, Hassan NE, Ndika AN, Zuiderveen S, 

Birmingham J. Therapeutic Role of Anakinra, an Interleukin-1 Receptor Antagonist, in the 

Management of Secondary Hemophagocytic Lymphohistiocytosis/Sepsis/Multiple Organ 

Dysfunction/Macrophage Activating Syndrome in Critically III Children. Pediatr Crit Care Med 

2014;15:401-8. 

119. Wohlfarth P, Agis H, Gualdoni GA, Weber J, Staudinger T, Schellongowski P, Robak O. 

Interleukin 1 Receptor Antagonist Anakinra, Intravenous Immunoglobulin, and Corticosteroids in the 

Management of Critically Ill Adult Patients With Hemophagocytic Lymphohistiocytosis. J Intensive 

Care Med 2017:885066617711386. 

120. Schram AM, Berliner N. How I treat hemophagocytic lymphohistiocytosis in the adult patient. 

Blood 2015;125:2908-14. 

121. Imashuku S, Kuriyama K, Sakai R, Nakao Y, Masuda S, Yasuda N, Kawano F, Yakushijin K, 

Miyagawa A, Nakao T, Teramura T, Tabata Y, Morimoto A, Hibi S. Treatment of Epstein-Barr virus-

associated hemophagocytic lymphohistiocytosis (EBV-HLH) in young adults: a report from the HLH 

study center. Med Pediatr Oncol 2003;41:103-9. 

122. Arca M, Fardet L, Galicier L, Riviere S, Marzac C, Aumont C, Lambotte O, Coppo P. 

Prognostic factors of early death in a cohort of 162 adult haemophagocytic syndrome: impact of 

triggering disease and early treatment with etoposide. Br J Haematol 2015;168:63-8. 

123. Lin M, Park S, Hayden A, Giustini D, Trinkaus M, Pudek M, Mattman A, Schneider M, Chen 

LYC. Clinical utility of soluble interleukin-2 receptor in hemophagocytic syndromes: a systematic 

scoping review. Ann Hematol 2017;96:1241-51. 

124. Henter JI, Chow CB, Leung CW, Lau YL. Cytotoxic therapy for severe avian influenza A 

(H5N1) infection. Lancet 2006;367:870-3. 

125. Wang J, Wang Y, Wu L, Zhang J, Lai W, Wang Z. PEG-aspargase and DEP regimen 

combination therapy for refractory Epstein-Barr virus-associated hemophagocytic 

lymphohistiocytosis. J Hematol Oncol 2016;9:84. 



 

 80 

126. Fu L, Wang J, Wei N, Wu L, Wang Y, Huang W, Zhang J, Liu J, Wang Z. Allogeneic 

hematopoietic stem-cell transplantation for adult and adolescent hemophagocytic lymphohistiocytosis: 

a single center analysis. Int J Hematol 2016;104:628-35. 

127. Yildiz H, Bailly S, Van Den Neste E, Yombi JC. Clinical Management of Relapsed/Refractory 

Hemophagocytic Lymphohistiocytosis in Adult Patients: A Review of Current Strategies and 

Emerging Therapies. Ther Clin Risk Manag 2021;17:293-304. 

128. Ahmed A, Merrill SA, Alsawah F, Bockenstedt P, Campagnaro E, Devata S, Gitlin SD, 

Kaminski M, Cusick A, Phillips T, Sood S, Talpaz M, Quiery A, Boonstra PS, Wilcox RA. 

Ruxolitinib in adult patients with secondary haemophagocytic lymphohistiocytosis: an open-label, 

single-centre, pilot trial. Lancet Haematol 2019;6:e630-e7. 

129. Wang J, Wang Y, Wu L, Wang X, Jin Z, Gao Z, Wang Z. Ruxolitinib for refractory/relapsed 

hemophagocytic lymphohistiocytosis. Haematologica 2020;105:e210-e2. 

130. Keenan C, Nichols KE, Albeituni S. Use of the JAK Inhibitor Ruxolitinib in the Treatment of 

Hemophagocytic Lymphohistiocytosis. Front Immunol 2021;12:614704. 

131. Barba T, Maucort-Boulch D, Iwaz J, Bohe J, Ninet J, Hot A, Lega JC, Guerin C, Argaud L, 

Broussolle C, Jamilloux Y, Richard JC, Seve P. Hemophagocytic Lymphohistiocytosis in Intensive 

Care Unit: A 71-Case Strobe-Compliant Retrospective Study. Medicine (Baltimore) 2015;94:e2318. 

132. Otrock ZK, Eby CS. Clinical characteristics, prognostic factors, and outcomes of adult patients 

with hemophagocytic lymphohistiocytosis. Am J Hematol 2015;90:220-4. 

133. Sadaat M, Jang S. Hemophagocytic lymphohistiocytosis with immunotherapy: brief review and 

case report. J Immunother Cancer 2018;6:49. 

134. Shimabukuro-Vornhagen A, Gödel P, Subklewe M, Stemmler HJ, Schlößer HA, Schlaak M, 

Kochanek M, Böll B, von Bergwelt-Baildon MS. Cytokine release syndrome. J Immunother Cancer 

2018;6:56. 

135. Teachey DT, Rheingold SR, Maude SL, Zugmaier G, Barrett DM, Seif AE, Nichols KE, Suppa 

EK, Kalos M, Berg RA, Fitzgerald JC, Aplenc R, Gore L, Grupp SA. Cytokine release syndrome after 

blinatumomab treatment related to abnormal macrophage activation and ameliorated with cytokine-

directed therapy. Blood 2013;121:5154-7. 

136. Risdall RJ, McKenna RW, Nesbit ME, Krivit W, Balfour HH, Jr., Simmons RL, Brunning RD. 

Virus-associated hemophagocytic syndrome: a benign histiocytic proliferation distinct from malignant 

histiocytosis. Cancer 1979;44:993-1002. 

137. Henter JI, Ehrnst A, Andersson J, Elinder G. Familial hemophagocytic lymphohistiocytosis and 

viral infections. Acta Paediatr 1993;82:369-72. 

138. Rouphael NG, Talati NJ, Vaughan C, Cunningham K, Moreira R, Gould C. Infections 

associated with haemophagocytic syndrome. Lancet Infect Dis 2007;7:814-22. 

139. Morimoto A, Teramura T, Asazuma Y, Mukoyama A, Imashuku S. Hemophagocytic syndrome 

associated with severe adenoviral pneumonia: Usefulness of real-time polymerase chain reaction for 

diagnosis. Int J Hematol 2003;77:295-8. 

140. Gagnaire MH, Galambrun C, Stéphan JL. Hemophagocytic syndrome: A misleading 

complication of visceral leishmaniasis in children--a series of 12 cases. Pediatrics 2000;106:E58. 

141. Fardet L, Lambotte O, Meynard JL, Kamouh W, Galicier L, Marzac C, de Labarthe A, Cabane 

J, Lebbe C, Coppo P, Molina JM, Martinez V. Reactive haemophagocytic syndrome in 58 HIV-1-

infected patients: clinical features, underlying diseases and prognosis. AIDS 2010;24:1299-306. 

142. Imashuku S. Clinical features and treatment strategies of Epstein-Barr virus-associated 

hemophagocytic lymphohistiocytosis. Crit Rev Oncol Hematol 2002;44:259-72. 

143. Imashuku S, Tabata Y, Teramura T, Hibi S. Treatment strategies for Epstein-Barr virus-

associated hemophagocytic lymphohistiocytosis (EBV-HLH). Leuk Lymphoma 2000;39:37-49. 

144. Imashuku S, Hibi S, Tabata Y, Itoh E, Hashida T, Tsunamoto K, Ishimoto K, Kawano F. 

Outcome of clonal hemophagocytic lymphohistiocytosis: analysis of 32 cases. Leuk Lymphoma 

2000;37:577-84. 



 

 81 

145. Kasahara Y, Yachie A. Cell type specific infection of Epstein-Barr virus (EBV) in EBV-

associated hemophagocytic lymphohistiocytosis and chronic active EBV infection. Crit Rev Oncol 

Hematol 2002;44:283-94. 

146. Beutel K, Gross-Wieltsch U, Wiesel T, Stadt UZ, Janka G, Wagner HJ. Infection of T 

lymphocytes in Epstein-Barr virus-associated hemophagocytic lymphohistiocytosis in children of non-

Asian origin. Pediatr Blood Cancer 2009;53:184-90. 

147. Shiraishi A, Ohga S, Doi T, Ishimura M, Takimoto T, Takada H, Miyamoto T, Abe Y, Hara T. 

Treatment choice of immunotherapy or further chemotherapy for Epstein-Barr virus-associated 

hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer 2012;59:265-70. 

148. Teramura T, Tabata Y, Yagi T, Morimoto A, Hibi S, Imashuku S. Quantitative analysis of cell-

free Epstein-Barr virus genome copy number in patients with EBV-associated hemophagocytic 

lymphohistiocytosis. Leuk Lymphoma 2002;43:173-9. 

149. Ahn JS, Rew SY, Shin MG, Kim HR, Yang DH, Cho D, Kim SH, Bae SY, Lee SR, Kim YK, 

Kim HJ, Lee JJ. Clinical significance of clonality and Epstein-Barr virus infection in adult patients 

with hemophagocytic lymphohistiocytosis. Am J Hematol 2010;85:719-22. 

150. Janka G, Imashuku S, Elinder G, Schneider M, Henter JI. Infection- and malignancy-associated 

hemophagocytic syndromes - Secondary hemophagocytic lymphohistiocytosis. Hematol Oncol Clin N 

1998;12:435-444. 

151. Imashuku S, Hibi S, Ohara T, Iwai A, Sako M, Kato M, Arakawa H, Sotomatsu M, Kataoka S, 

Asami K, Hasegawa D, Kosaka Y, Sano K, Igarashi N, Maruhashi K, Ichimi R, Kawasaki H, Maeda 

N, Tanizawa A, Arai K, Abe T, Hisakawa H, Miyashita H, Henter JI. Effective control of Epstein-

Barr virus-related hemophagocytic lymphohistiocytosis with immunochemotherapy. Blood 

1999;93:1869-74. 

152. Chellapandian D, Das R, Zelley K, Wiener SJ, Zhao H, Teachey DT, Nichols KE. Treatment of 

Epstein Barr virus-induced haemophagocytic lymphohistiocytosis with rituximab-containing chemo-

immunotherapeutic regimens. Br J Haematol 2013;162:376-82. 

153. Imashuku S, Teramura T, Tauchi H, Ishida Y, Otoh Y, Sawada M, Tanaka H, Watanabe A, 

Tabata Y, Morimoto A, Hibi S, Henter JI. Longitudinal follow-up of patients with Epstein-Barr virus-

associated hemophagocytic lymphohistiocytosis. Haematologica 2004;89:183-8. 

154. Kogawa K, Sato H, Asano T, Ohga S, Kudo K, Morimoto A, Ohta S, Wakiguchi H, Kanegane 

H, Oda M, Ishii E. Prognostic factors of Epstein-Barr virus-associated hemophagocytic 

lymphohistiocytosis in children: Report of the Japan Histiocytosis Study Group. Pediatr Blood 

Cancer 2014;61:1257-62. 

155. Zhang Q, Wei A, Ma HH, Zhang L, Lian HY, Wang D, Zhao YZ, Cui L, Li WJ, Yang Y, 

Wang TY, Li ZG, Zhang R. A pilot study of ruxolitinib as a front-line therapy for 12 children with 

secondary hemophagocytic lymphohistiocytosis. Haematologica 2020. 

156. Imashuku S, Hibi S, Sako M, Ishida Y, Mugishima H, Chen J, Tsunematsu Y. Soluble 

interleukin-2 receptor: a useful prognostic factor for patients with hemophagocytic 

lymphohistiocytosis. Blood 1995;86:4706-7. 

157. Ohga S, Kudo K, Ishii E, Honjo S, Morimoto A, Osugi Y, Sawada A, Inoue M, Tabuchi K, 

Suzuki N, Ishida Y, Imashuku S, Kato S, Hara T. Hematopoietic stem cell transplantation for familial 

hemophagocytic lymphohistiocytosis and Epstein-Barr virus-associated hemophagocytic 

lymphohistiocytosis in Japan. Pediatr Blood Cancer 2010;54:299-306. 

158. Kimura H, Hoshino Y, Kanegane H, Tsuge I, Okamura T, Kawa K, Morishima T. Clinical and 

virologic characteristics of chronic active Epstein-Barr virus infection. Blood 2001;98:280-6. 

159. Kawa K, Sawada A, Sato M, Okamura T, Sakata N, Kondo O, Kimoto T, Yamada K, Tokimasa 

S, Yasui M, Inoue M. Excellent outcome of allogeneic hematopoietic SCT with reduced-intensity 

conditioning for the treatment of chronic active EBV infection. Bone Marrow Transplant 2011;46:77-

83. 

160. Sawada A, Inoue M, Kawa K. How we treat chronic active Epstein-Barr virus infection. Int J 

Hematol 2017;105:406-18. 



 

 82 

161. Fujiwara S, Kimura H, Imadome K, Arai A, Kodama E, Morio T, Shimizu N, Wakiguchi H. 

Current research on chronic active Epstein-Barr virus infection in Japan. Pediatr Int 2014;56:159-66. 

162. Wang Y, Huang W, Hu L, Cen X, Li L, Wang J, Shen J, Wei N, Wang Z. Multicenter study of 

combination DEP regimen as a salvage therapy for adult refractory hemophagocytic 

lymphohistiocytosis. Blood 2015;126:2186-92. 

163. Zhao Y, Shi J, Li X, Wang J, Sun J, Zhou J, Huang H. Salvage therapy with dose-escalating 

ruxolitinib as a bridge to allogeneic stem cell transplantation for refractory hemophagocytic 

lymphohistiocytosis. Bone Marrow Transplant 2020;55:824-6. 

164. Johnson NP, Mueller J. Updating the accounts: global mortality of the 1918-1920 "Spanish" 

influenza pandemic. Bull Hist Med 2002;76:105-15. 

165. Taubenberger JK, Morens DM. 1918 Influenza: the mother of all pandemics. Emerg Infect Dis 

2006;12:15-22. 

166. Lai S, Qin Y, Cowling BJ, Ren X, Wardrop NA, Gilbert M, Tsang TK, Wu P, Feng L, Jiang H, 

Peng Z, Zheng J, Liao Q, Li S, Horby PW, Farrar JJ, Gao GF, Tatem AJ, Yu H. Global epidemiology 

of avian influenza A H5N1 virus infection in humans, 1997-2015: a systematic review of individual 

case data. Lancet Infect Dis 2016;16:e108-e18. 

167. Wong JY, Kelly H, Ip DK, Wu JT, Leung GM, Cowling BJ. Case fatality risk of influenza A 

(H1N1pdm09): a systematic review. Epidemiology 2013;24:830-41. 

168. Reed C, Chaves SS, Perez A, D'Mello T, Kirley PD, Aragon D, Meek JI, Farley MM, Ryan P, 

Lynfield R, Morin CA, Hancock EB, Bennett NM, Zansky SM, Thomas A, Lindegren ML, Schaffner 

W, Finelli L. Complications Among Adults Hospitalized With Influenza: A Comparison of Seasonal 

Influenza and the 2009 H1N1 Pandemic. Clin Infect Dis 2014;59:166-74. 

169. Louie JK, Acosta M, Winter K, Jean C, Gavali S, Schechter R, Vugia D, Harriman K, Matyas 

B, Glaser CA, Samuel MC, Rosenberg J, Talarico J, Hatch D. Factors associated with death or 

hospitalization due to pandemic 2009 influenza A(H1N1) infection in California. JAMA 

2009;302:1896-902. 

170. Nguyen-Van-Tam JS, Openshaw PJ, Hashim A, Gadd EM, Lim WS, Semple MG, Read RC, 

Taylor BL, Brett SJ, McMenamin J, Enstone JE, Armstrong C, Nicholson KG. Risk factors for 

hospitalisation and poor outcome with pandemic A/H1N1 influenza: United Kingdom first wave 

(May-September 2009). Thorax 2010;65:645-51. 

171. Kumar A, Zarychanski R, Pinto R, Cook DJ, Marshall J, Lacroix J, Stelfox T, Bagshaw S, 

Choong K, Lamontagne F, Turgeon AF, Lapinsky S, Ahern SP, Smith O, Siddiqui F, Jouvet P, 

Khwaja K, McIntyre L, Menon K, Hutchison J, Hornstein D, Joffe A, Lauzier F, Singh J, Karachi T, 

Wiebe K, Olafson K, Ramsey C, Sharma S, Dodek P, Meade M, Hall R, Fowler RA. Critically ill 

patients with 2009 influenza A(H1N1) infection in Canada. JAMA 2009;302:1872-9. 

172. Australia, New Zealand Extracorporeal Membrane Oxygenation Influenza I, Davies A, Jones 

D, Bailey M, Beca J, Bellomo R, Blackwell N, Forrest P, Gattas D, Granger E, Herkes R, Jackson A, 

McGuinness S, Nair P, Pellegrino V, Pettila V, Plunkett B, Pye R, Torzillo P, Webb S, Wilson M, 

Ziegenfuss M. Extracorporeal Membrane Oxygenation for 2009 Influenza A(H1N1) Acute 

Respiratory Distress Syndrome. JAMA 2009;302:1888-95. 

173. Zangrillo A, Biondi-Zoccai G, Landoni G, Frati G, Patroniti N, Pesenti A, Pappalardo F. 

Extracorporeal membrane oxygenation (ECMO) in patients with H1N1 influenza infection: a 

systematic review and meta-analysis including 8 studies and 266 patients receiving ECMO. Crit Care 

2013;17:R30. 

174. To KF, Chan PK, Chan KF, Lee WK, Lam WY, Wong KF, Tang NL, Tsang DN, Sung RY, 

Buckley TA, Tam JS, Cheng AF. Pathology of fatal human infection associated with avian influenza 

A H5N1 virus. J Med Virol 2001;63:242-6. 

175. Harms PW, Schmidt LA, Smith LB, Newton DW, Pletneva MA, Walters LL, Tomlins SA, 

Fisher-Hubbard A, Napolitano LM, Park PK, Blaivas M, Fantone J, Myers JL, Jentzen JM. Autopsy 

Findings in Eight Patients With Fatal H1N1 Influenza. Am J Clin Pathol 2010;134:27-35. 



 

 83 

176. Zheng YS, Yang YF, Zhao W, Wang H. Case Report: Novel Swine-Origin Influenza A (H1N1) 

Virus-Associated Hemophagocytic Syndrome-A First Case Report. Am J Trop Med Hyg 2010;82:743-

5. 

177. Zhang XY, Ye XW, Feng DX, Han J, Li D, Zhang C. Hemophagocytic Lymphohistiocytosis 

Induced by Severe Pandemic Influenza A (H1N1) 2009 Virus Infection: A Case Report. Case Rep 

Med 2011;2011:951910. 

178. Willekens C, Cornelius A, Guerry MJ, Wacrenier A, Fourrier F. Fulminant hemophagocytic 

lymphohistiocytosis induced by pandemic A (H1N1) influenza: a case report. J Med Case Rep 

2011;5:280. 

179. Shrestha B, Omran A, Rong P, Wang W. Report of a Fatal Pediatric Case of Hemophagocytic 

Lymphohistiocytosis Associated with Pandemic Influenza A (H1N1) Infection in 2009. Pediatr 

Neonatol 2015;56:189-92. 

180. Henter JI, Palmkvist-Kaijser K, Holzgraefe B, Bryceson YT, Palmer K. Cytotoxic therapy for 

severe swine flu A/H1N1. Lancet 2010;376:2116. 

181. Beutel G, Wiesner O, Eder M, Hafer C, Schneider AS, Kielstein JT, Kuhn C, Heim A, 

Ganzenmuller T, Kreipe HH, Haverich A, Tecklenburg A, Ganser A, Welte T, Hoeper MM. Virus-

associated hemophagocytic syndrome as a major contributor to death in patients with 2009 influenza 

A (H1N1) infection. Crit Care 2011;15:R80. 

182. McAuley JL, Kedzierska K, Brown LE, Shanks GD. Host Immunological Factors Enhancing 

Mortality of Young Adults during the 1918 Influenza Pandemic. Front Immunol 2015;6:419. 

183. Morens DM, Fauci AS. The 1918 influenza pandemic: insights for the 21st century. J Infect Dis 

2007;195:1018-28. 

184. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, Drake JM, Brownstein 

JS, Hoen AG, Sankoh O, Myers MF, George DB, Jaenisch T, Wint GR, Simmons CP, Scott TW, 

Farrar JJ, Hay SI. The global distribution and burden of dengue. Nature 2013;496:504-7. 

185. World Health O. Dengue guidelines for diagnosis, treatment, prevention and control : new 

edition. Geneva: World Health Organization; 2009. 

186. Stanaway JD, Shepard DS, Undurraga EA, Halasa YA, Coffeng LE, Brady OJ, Hay SI, Bedi N, 

Bensenor IM, Castaneda-Orjuela CA, Chuang TW, Gibney KB, Memish ZA, Rafay A, Ukwaja KN, 

Yonemoto N, Murray CJL. The global burden of dengue: an analysis from the Global Burden of 

Disease Study 2013. Lancet Infect Dis 2016;16:712-23. 

187. Mia MS, Begum RA, Er AC, Abidin RD, Pereira JJ. Trends of dengue infections in Malaysia, 

2000-2010. Asian Pac J Trop Med 2013;6:462-6. 

188. Giang HTN, Banno K, Minh LHN, Trinh LT, Loc LT, Eltobgy A, Tai LLT, Khan A, Tuan NH, 

Reda Y, Samsom M, Nam NT, Huy NT, Hirayama K. Dengue hemophagocytic syndrome: A 

systematic review and meta-analysis on epidemiology, clinical signs, outcomes, and risk factors. Rev 

Med Virol 2018;28:e2005. 

189. Jasmine YS, Lee SL, Kan FK. Infection associated haemophagocytic syndrome in severe 

dengue infection - a case series in a district hospital. Med J Malaysia 2017;72:62-4. 

190. Soundravally R, Agieshkumar B, Daisy M, Sherin J, Cleetus CC. Ferritin levels predict severe 

dengue. Infection 2015;43:13-9. 

191. van de Weg CA, Huits RM, Pannuti CS, Brouns RM, van den Berg RW, van den Ham HJ, 

Martina BE, Osterhaus AD, Netea MG, Meijers JC, van Gorp EC, Kallas EG. Hyperferritinaemia in 

dengue virus infected patients is associated with immune activation and coagulation disturbances. 

PLoS Negl Trop Dis 2014;8:e3214. 

192. Wan Jamaludin WF, Periyasamy P, Wan Mat WR, Abdul Wahid SF. Dengue infection 

associated hemophagocytic syndrome: Therapeutic interventions and outcome. J Clin Virol 

2015;69:91-5. 

193. Raju S, Kalyanaraman S, Swaminathan K, Nisha A, Praisid S. Hemophagocytic 

lymphohistiocytosis syndrome in Dengue hemorrhagic fever. Indian J Pediatr 2014;81:1381-3. 



 

 84 

194. Ellis EM, Sharp TM, Perez-Padilla J, Gonzalez L, Poole-Smith BK, Lebo E, Baker C, Delorey 

MJ, Torres-Velasquez B, Ochoa E, Rivera-Garcia B, Diaz-Pinto H, Clavell L, Puig-Ramos A, Janka 

GE, Tomashek KM. Incidence and Risk Factors for Developing Dengue-Associated Hemophagocytic 

Lymphohistiocytosis in Puerto Rico, 2008 - 2013. PLoS Negl Trop Dis 2016;10:e0004939. 

195. Machaczka M, Vaktnas J, Klimkowska M, Hagglund H. Malignancy-associated 

hemophagocytic lymphohistiocytosis in adults: a retrospective population-based analysis from a single 

center. Leuk Lymphoma 2011;52:613-9. 

196. Al-Hashmi I, Decoteau J, Gruss HJ, Zielenska M, Thorner P, Poon A, Reis M, Freedman M, 

Lorenzana A. Establishment of a cytokine-producing anaplastic large-cell lymphoma cell line 

containing the t(2;5) translocation: potential role of cytokines in clinical manifestations. Leuk 

Lymphoma 2001;40:599-611. 

197. Mellgren K, Hedegaard CJ, Schmiegelow K, Muller K. Plasma cytokine profiles at diagnosis in 

pediatric patients with non-hodgkin lymphoma. J Pediatr Hematol Oncol 2012;34:271-5. 

198. Menard F, Besson C, Rince P, Lambotte O, Lazure T, Canioni D, Hermine O, Brousset P, 

Martin A, Gaulard P, Raphael M, Larroche C. Hodgkin lymphoma-associated hemophagocytic 

syndrome: a disorder strongly correlated with Epstein-Barr virus. Clin Infect Dis 2008;47:531-4. 

199. Takahashi N, Chubachi A, Miura I, Nakamura S, Miura AB. [Lymphoma-associated 

hemophagocytic syndrome in Japan]. Rinsho Ketsueki 1999;40:542-9. 

200. Lehmberg K, Sprekels B, Nichols KE, Woessmann W, Muller I, Suttorp M, Bernig T, Beutel 

K, Bode SF, Kentouche K, Kolb R, Langler A, Minkov M, Schilling FH, Schmid I, Vieth S, Ehl S, 

Zur Stadt U, Janka GE. Malignancy-associated haemophagocytic lymphohistiocytosis in children and 

adolescents. Br J Haematol 2015. 

201. Gurunathan A, Boucher AA, Mark M, Prus KM, O'Brien MM, Breese EH, Mizukawa BE, 

Absalon MJ, Nelson AS, Jordan MB, Grimley MS, Lorsbach RB, Rotz SJ, Mathanda R, Kumar AR. 

Limitations of HLH-2004 criteria in distinguishing malignancy-associated hemophagocytic 

lymphohistiocytosis. Pediatr Blood Cancer 2018;65:e27400. 

202. Delavigne K, Berard E, Bertoli S, Corre J, Duchayne E, Demur C, Mansat-De Mas V, Borel C, 

Picard M, Alvarez M, Sarry A, Huguet F, Recher C. Hemophagocytic syndrome in patients with acute 

myeloid leukemia undergoing intensive chemotherapy. Haematologica 2014;99:474-80. 

203. Jing-Shi W, Yi-Ni W, Lin W, Zhao W. Splenectomy as a treatment for adults with relapsed 

hemophagocytic lymphohistiocytosis of unknown cause. Ann Hematol 2015;94:753-60. 

204. Tamamyan GN, Kantarjian HM, Ning J, Jain P, Sasaki K, McClain KL, Allen CE, Pierce SA, 

Cortes JE, Ravandi F, Konopleva MY, Garcia-Manero G, Benton CB, Chihara D, Rytting ME, Wang 

S, Abdelall W, Konoplev SN, Daver NG. Malignancy-associated hemophagocytic 

lymphohistiocytosis in adults: Relation to hemophagocytosis, characteristics, and outcomes. Cancer 

2016;122:2857-66. 

205. Hayden A, Lin M, Park S, Pudek M, Schneider M, Jordan MB, Mattman A, Chen LYC. 

Soluble interleukin-2 receptor is a sensitive diagnostic test in adult HLH. Blood Adv 2017;1:2529-34. 

206. Janik JE, Morris JC, Pittaluga S, McDonald K, Raffeld M, Jaffe ES, Grant N, Gutierrez M, 

Waldmann TA, Wilson WH. Elevated serum-soluble interleukin-2 receptor levels in patients with 

anaplastic large cell lymphoma. Blood 2004;104:3355-7. 

207. Tabata C, Tabata R. Possible prediction of underlying lymphoma by high sIL-2R/ferritin ratio 

in hemophagocytic syndrome. Ann Hematol 2012;91:63-71. 

208. Tsuji T, Hirano T, Yamasaki H, Tsuji M, Tsuda H. A high sIL-2R/ferritin ratio is a useful 

marker for the diagnosis of lymphoma-associated hemophagocytic syndrome. Ann Hematol 

2014;93:821-6. 

209. Shin HJ, Chung JS, Lee JJ, Sohn SK, Choi YJ, Kim YK, Yang DH, Kim HJ, Kim JG, Joo YD, 

Lee WS, Sohn CH, Lee EY, Cho GJ. Treatment outcomes with CHOP chemotherapy in adult patients 

with hemophagocytic lymphohistiocytosis. J Korean Med Sci 2008;23:439-44. 

210. Li F, Li P, Zhang R, Yang G, Ji D, Huang X, Xu Q, Wei Y, Rao J, Huang R, Chen G. 

Identification of clinical features of lymphoma-associated hemophagocytic syndrome (LAHS): an 



 

 85 

analysis of 69 patients with hemophagocytic syndrome from a single-center in central region of China. 

Med Oncol 2014;31:902. 

211. Takahashi N, Chubachi A, Kume M, Hatano Y, Komatsuda A, Kawabata Y, Yanagiya N, 

Ichikawa Y, Miura AB, Miura I. A clinical analysis of 52 adult patients with hemophagocytic 

syndrome: the prognostic significance of the underlying diseases. Int J Hematol 2001;74:209-13. 

212. Han L, Li L, Wu J, Li X, Zhang L, Wang X, Fu X, Ma W, Sun Z, Zhang X, Chang Y, Guo S, 

Zhang M. Clinical features and treatment of natural killer/T cell lymphoma associated with 

hemophagocytic syndrome: comparison with other T cell lymphoma associated with hemophagocytic 

syndrome. Leuk Lymphoma 2014;55:2048-55. 

213. Ravelli A, Davi S, Minoia F, Martini A, Cron RQ. Macrophage Activation Syndrome. Hematol 

Oncol Clin North Am 2015;29:927-41. 

214. Dhote R, Simon J, Papo T, Detournay B, Sailler L, Andre MH, Dupond JL, Larroche C, Piette 

AM, Mechenstock D, Ziza JM, Arlaud J, Labussiere AS, Desvaux A, Baty V, Blanche P, Schaeffer A, 

Piette JC, Guillevin L, Boissonnas A, Christoforov B. Reactive hemophagocytic syndrome in adult 

systemic disease: report of twenty-six cases and literature review. Arthritis Rheum 2003;49:633-9. 

215. Fukaya S, Yasuda S, Hashimoto T, Oku K, Kataoka H, Horita T, Atsumi T, Koike T. Clinical 

features of haemophagocytic syndrome in patients with systemic autoimmune diseases: analysis of 30 

cases. Rheumatology (Oxford) 2008;47:1686-91. 

216. Grom AA, Horne A, De Benedetti F. Macrophage activation syndrome in the era of biologic 

therapy. Nat Rev Rheumatol 2016;12:259-68. 

217. Minoia F, Davi S, Horne A, Demirkaya E, Bovis F, Li C, Lehmberg K, Weitzman S, Insalaco 

A, Wouters C, Shenoi S, Espada G, Ozen S, Anton J, Khubchandani R, Russo R, Pal P, Kasapcopur 

O, Miettunen P, Maritsi D, Merino R, Shakoory B, Alessio M, Chasnyk V, Sanner H, Gao YJ, 

Huasong Z, Kitoh T, Avcin T, Fischbach M, Frosch M, Grom A, Huber A, Jelusic M, Sawhney S, 

Uziel Y, Ruperto N, Martini A, Cron RQ, Ravelli A. Clinical features, treatment, and outcome of 

macrophage activation syndrome complicating systemic juvenile idiopathic arthritis: a multinational, 

multicenter study of 362 patients. Arthritis Rheumatol 2014;66:3160-9. 

218. Behrens EM, Beukelman T, Paessler M, Cron RQ. Occult macrophage activation syndrome in 

patients with systemic juvenile idiopathic arthritis. J Rheumatol 2007;34:1133-8. 

219. Bleesing J, Prada A, Siegel DM, Villanueva J, Olson J, Ilowite NT, Brunner HI, Griffin T, 

Graham TB, Sherry DD, Passo MH, Ramanan AV, Filipovich A, Grom AA. The diagnostic 

significance of soluble CD163 and soluble interleukin-2 receptor alpha-chain in macrophage 

activation syndrome and untreated new-onset systemic juvenile idiopathic arthritis. Arthritis Rheum 

2007;56:965-71. 

220. Lenert A, Yao Q. Macrophage activation syndrome complicating adult onset Still's disease: A 

single center case series and comparison with literature. Semin Arthritis Rheum 2016;45:711-6. 

221. Liu AC, Yang Y, Li MT, Jia Y, Chen S, Ye S, Zeng XZ, Wang Z, Zhao JX, Liu XY, Zhu J, 

Zhao Y, Zeng XF, Li ZG. Macrophage activation syndrome in systemic lupus erythematosus: a 

multicenter, case-control study in China. Clin Rheumatol 2018;37:93-100. 

222. Minoia F, Davi S, Horne A, Bovis F, Demirkaya E, Akikusa J, Ayaz NA, Al-Mayouf SM, 

Barone P, Bica B, Bolt I, Breda L, De Cunto C, Enciso S, Gallizzi R, Griffin T, Hennon T, Horneff G, 

Jeng M, Kapovic AM, Lipton JM, Magni Manzoni S, Rumba-Rozenfelde I, Magalhaes CS, Sewairi 

WM, Stine KC, Vougiouka O, Weaver LK, Davidsone Z, De Inocencio J, Ioseliani M, Lattanzi B, 

Tezer H, Buoncompagni A, Picco P, Ruperto N, Martini A, Cron RQ, Ravelli A. Dissecting the 

heterogeneity of macrophage activation syndrome complicating systemic juvenile idiopathic arthritis. 

J Rheumatol 2015;42:994-1001. 

223. Ravelli A, Magni-Manzoni S, Pistorio A, Besana C, Foti T, Ruperto N, Viola S, Martini A. 

Preliminary diagnostic guidelines for macrophage activation syndrome complicating systemic juvenile 

idiopathic arthritis. J Pediatr 2005;146:598-604. 

224. Parodi A, Davi S, Pringe AB, Pistorio A, Ruperto N, Magni-Manzoni S, Miettunen P, Bader-

Meunier B, Espada G, Sterba G, Ozen S, Wright D, Magalhaes CS, Khubchandani R, Michels H, 

Woo P, Iglesias A, Guseinova D, Bracaglia C, Hayward K, Wouters C, Grom A, Vivarelli M, Fischer 



 

 86 

A, Breda L, Martini A, Ravelli A. Macrophage activation syndrome in juvenile systemic lupus 

erythematosus: a multinational multicenter study of thirty-eight patients. Arthritis Rheum 

2009;60:3388-99. 

225. Davi S, Minoia F, Pistorio A, Horne A, Consolaro A, Rosina S, Bovis F, Cimaz R, Gamir ML, 

Ilowite NT, Kone-Paut I, Feitosa de Oliveira SK, McCurdy D, Silva CA, Sztajnbok F, Tsitsami E, 

Unsal E, Weiss JE, Wulffraat N, Abinun M, Aggarwal A, Apaz MT, Astigarraga I, Corona F, Cuttica 

R, D'Angelo G, Eisenstein EM, Hashad S, Lepore L, Mulaosmanovic V, Nielsen S, Prahalad S, 

Rigante D, Stanevicha V, Sterba G, Susic G, Takei S, Trauzeddel R, Zletni M, Ruperto N, Martini A, 

Cron RQ, Ravelli A. Performance of current guidelines for diagnosis of macrophage activation 

syndrome complicating systemic juvenile idiopathic arthritis. Arthritis Rheumatol 2014;66:2871-80. 

226. Ravelli A, Minoia F, Davi S, Horne A, Bovis F, Pistorio A, Arico M, Avcin T, Behrens EM, De 

Benedetti F, Filipovic L, Grom AA, Henter JI, Ilowite NT, Jordan MB, Khubchandani R, Kitoh T, 

Lehmberg K, Lovell DJ, Miettunen P, Nichols KE, Ozen S, Pachlopnik Schmid J, Ramanan AV, 

Russo R, Schneider R, Sterba G, Uziel Y, Wallace C, Wouters C, Wulffraat N, Demirkaya E, Brunner 

HI, Martini A, Ruperto N, Cron RQ. 2016 Classification Criteria for Macrophage Activation 

Syndrome Complicating Systemic Juvenile Idiopathic Arthritis: A European League Against 

Rheumatism/American College of Rheumatology/Paediatric Rheumatology International Trials 

Organisation Collaborative Initiative. Ann Rheum Dis 2016;75:481-9. 

227. Minoia F, Bovis F, Davi S, Horne A, Fischbach M, Frosch M, Huber A, Jelusic M, Sawhney S, 

McCurdy DK, Silva CA, Rigante D, Unsal E, Ruperto N, Martini A, Cron RQ, Ravelli A. 

Development and initial validation of the MS score for diagnosis of macrophage activation syndrome 

in systemic juvenile idiopathic arthritis. Ann Rheum Dis 2019;78:1357-62. 

228. Minoia F, Bovis F, Davi S, Insalaco A, Lehmberg K, Shenoi S, Weitzman S, Espada G, Gao 

YJ, Anton J, Kitoh T, Kasapcopur O, Sanner H, Merino R, Astigarraga I, Alessio M, Jeng M, 

Chasnyk V, Nichols KE, Huasong Z, Li C, Micalizzi C, Ruperto N, Martini A, Cron RQ, Ravelli A, 

Horne A. Development and Initial Validation of the Macrophage Activation Syndrome/Primary 

Hemophagocytic Lymphohistiocytosis Score, a Diagnostic Tool that Differentiates Primary 

Hemophagocytic Lymphohistiocytosis from Macrophage Activation Syndrome. J Pediatr 2017;189: 

72-78 e3. 

229. Lehmberg K, Pink I, Eulenburg C, Beutel K, Maul-Pavicic A, Janka G. Differentiating 

macrophage activation syndrome in systemic juvenile idiopathic arthritis from other forms of 

hemophagocytic lymphohistiocytosis. J Pediatr 2013;162:1245-51. 

230. Ravelli A, Minoia F, Davi S, Horne A, Bovis F, Pistorio A, Arico M, Avcin T, Behrens EM, De 

Benedetti F, Filipovic A, Grom AA, Henter JI, Ilowite NT, Jordan MB, Khubchandani R, Kitoh T, 

Lehmberg K, Lovell DJ, Miettunen P, Nichols KE, Ozen S, Pachlopnik Schmid J, Ramanan AV, 

Russo R, Schneider R, Sterba G, Uziel Y, Wallace C, Wouters C, Wulffraat N, Demirkaya E, Brunner 

HI, Martini A, Ruperto N, Cron RQ. Expert consensus on dynamics of laboratory tests for diagnosis 

of macrophage activation syndrome complicating systemic juvenile idiopathic arthritis. RMD open 

2016;2:e000161. 

231. Zandman-Goddard G, Orbach H, Agmon-Levin N, Boaz M, Amital H, Szekanecz Z, Szucs G, 

Rovensky J, Kiss E, Corocher N, Doria A, Stojanovich L, Ingegnoli F, Meroni PL, Rozman B, 

Gomez-Arbesu J, Blank M, Shoenfeld Y. Hyperferritinemia is Associated with Serologic 

Antiphospholipid Syndrome in SLE Patients. Clin Rev Allergy Immunol 2013;44:23-30. 

232. Saper VE, Chen G, Deutsch GH, Guillerman RP, Birgmeier J, Jagadeesh K, Canna S, Schulert 

G, Deterding R, Xu J, Leung AN, Bouzoubaa L, Abulaban K, Baszis K, Behrens EM, Birmingham J, 

Casey A, Cidon M, Cron RQ, De A, De Benedetti F, Ferguson I, Fishman MP, Goodman SI, Graham 

TB, Grom AA, Haines K, Hazen M, Henderson LA, Ho A, Ibarra M, Inman CJ, Jerath R, Khawaja K, 

Kingsbury DJ, Klein-Gitelman M, Lai K, Lapidus S, Lin C, Lin J, Liptzin DR, Milojevic D, 

Mombourquette J, Onel K, Ozen S, Perez M, Phillippi K, Prahalad S, Radhakrishna S, Reinhardt A, 

Riskalla M, Rosenwasser N, Roth J, Schneider R, Schonenberg-Meinema D, Shenoi S, Smith JA, 

Sonmez HE, Stoll ML, Towe C, Vargas SO, Vehe RK, Young LR, Yang J, Desai T, Balise R, Lu Y, 

Tian L, Bejerano G, Davis MM, Khatri P, Mellins ED. Emergent high fatality lung disease in systemic 

juvenile arthritis. Ann Rheum Dis 2019;78:1722-31. 



 

 87 

233. Kimura Y, Weiss JE, Haroldson KL, Lee T, Punaro M, Oliveira S, Rabinovich E, Riebschleger 

M, Anton J, Blier PR, Gerloni V, Hazen MM, Kessler E, Onel K, Passo MH, Rennebohm RM, 

Wallace CA, Woo P, Wulffraat N. Pulmonary hypertension and other potentially fatal pulmonary 

complications in systemic juvenile idiopathic arthritis. Arthritis Care Res (Hoboken) 2013;65:745-52. 

234. Gavand PE, Serio I, Arnaud L, Costedoat-Chalumeau N, Carvelli J, Dossier A, Hinschberger O, 

Mouthon L, Le Guern V, Korganow AS, Poindron V, Gourguechon C, Lavigne C, Maurier F, Labro 

G, Heymonet M, Artifoni M, Viau AB, Deligny C, Sene T, Terriou L, Sibilia J, Mathian A, Bloch-

Queyrat C, Larroche C, Amoura Z, Martin T. Clinical spectrum and therapeutic management of 

systemic lupus erythematosus-associated macrophage activation syndrome: A study of 103 episodes 

in 89 adult patients. Autoimmun Rev 2017;16:743-9. 

235. Risma KA, Frayer RW, Filipovich AH, Sumegi J. Aberrant maturation of mutant perforin 

underlies the clinical diversity of hemophagocytic lymphohistiocytosis. J Clin Invest 2006;116:182-

92. 

236. Voskoboinik I, Trapani JA. Perforinopathy: a spectrum of human immune disease caused by 

defective perforin delivery or function. Front Immunol 2013;4:441. 

237. Zhang K, Biroschak J, Glass DN, Thompson SD, Finkel T, Passo MH, Binstadt BA, Filipovich 

A, Grom AA. Macrophage activation syndrome in patients with systemic juvenile idiopathic arthritis 

is associated with MUNC13-4 polymorphisms. Arthritis Rheum 2008;58:2892-6. 

238. Zhang M, Behrens EM, Atkinson TP, Shakoory B, Grom AA, Cron RQ. Genetic defects in 

cytolysis in macrophage activation syndrome. Curr Rheumatol Rep 2014;16:439. 

239. Kaufman KM, Linghu B, Szustakowski JD, Husami A, Yang F, Zhang K, Filipovich AH, Fall 

N, Harley JB, Nirmala NR, Grom AA. Whole-exome sequencing reveals overlap between 

macrophage activation syndrome in systemic juvenile idiopathic arthritis and familial hemophagocytic 

lymphohistiocytosis. Arthritis Rheumatol 2014;66:3486-95. 

240. Yanagimachi M, Naruto T, Miyamae T, Hara T, Kikuchi M, Hara R, Imagawa T, Mori M, Sato 

H, Goto H, Yokota S. Association of IRF5 polymorphisms with susceptibility to macrophage 

activation syndrome in patients with juvenile idiopathic arthritis. J Rheumatol 2011;38:769-74. 

241. Canna SW, de Jesus AA, Gouni S, Brooks SR, Marrero B, Liu Y, DiMattia MA, Zaal KJ, 

Sanchez GA, Kim H, Chapelle D, Plass N, Huang Y, Villarino AV, Biancotto A, Fleisher TA, Duncan 

JA, O'Shea JJ, Benseler S, Grom A, Deng Z, Laxer RM, Goldbach-Mansky R. An activating NLRC4 

inflammasome mutation causes autoinflammation with recurrent macrophage activation syndrome. 

Nat Genet 2014;46:1140-6. 

242. Tesi B, Sieni E, Neves C, Romano F, Cetica V, Cordeiro AI, Chiang S, Schlums H, Galli L, 

Avenali S, Tondo A, Canessa C, Henter JI, Nordenskjold M, Hsu AP, Holland SM, Neves JF, Azzari 

C, Bryceson YT. Hemophagocytic lymphohistiocytosis in 2 patients with underlying IFN-gamma 

receptor deficiency. J Allergy Clin Immunol 2015;135:1638-41. 

243. Schulert GS, Zhang M, Fall N, Husami A, Kissell D, Hanosh A, Zhang K, Davis K, Jentzen 

JM, Napolitano L, Siddiqui J, Smith LB, Harms PW, Grom AA, Cron RQ. Whole-Exome Sequencing 

Reveals Mutations in Genes Linked to Hemophagocytic Lymphohistiocytosis and Macrophage 

Activation Syndrome in Fatal Cases of H1N1 Influenza. J Infect Dis 2015. 

244. Zhang K, Chandrakasan S, Chapman H, Valencia CA, Husami A, Kissell D, Johnson JA, 

Filipovich AH. Synergistic defects of different molecules in the cytotoxic pathway lead to clinical 

familial hemophagocytic lymphohistiocytosis. Blood 2014;124:1331-4. 

245. Sepulveda FE, Garrigue A, Maschalidi S, Garfa-Traore M, Menasche G, Fischer A, de Saint 

Basile G. Polygenic mutations in the cytotoxicity pathway increase susceptibility to develop HLH 

immunopathology in mice. Blood 2016;127:2113-21. 

246. Behrens EM, Canna SW, Slade K, Rao S, Kreiger PA, Paessler M, Kambayashi T, Koretzky 

GA. Repeated TLR9 stimulation results in macrophage activation syndrome-like disease in mice. J 

Clin Invest 2011;121:2264-77. 

247. Canna SW, Wrobel J, Chu N, Kreiger PA, Paessler M, Behrens EM. Interferon-gamma 

mediates anemia but is dispensable for fulminant toll-like receptor 9-induced macrophage activation 

syndrome and hemophagocytosis in mice. Arthritis Rheum 2013;65:1764-75. 



 

 88 

248. Grom AA, Villanueva J, Lee S, Goldmuntz EA, Passo MH, Filipovich A. Natural killer cell 

dysfunction in patients with systemic-onset juvenile rheumatoid arthritis and macrophage activation 

syndrome. J Pediatr 2003;142:292-6. 

249. Villanueva J, Lee S, Giannini EH, Graham TB, Passo MH, Filipovich A, Grom AA. Natural 

killer cell dysfunction is a distinguishing feature of systemic onset juvenile rheumatoid arthritis and 

macrophage activation syndrome. Arthritis Res Ther 2005;7:R30-7. 

250. Park JH, Kim HS, Lee JS, Kim JJ, Jung KH, Park YW, Yoo DH. Natural Killer Cell Cytolytic 

Function in Korean Patients with Adult-onset Still's Disease. J Rheumatol 2012;39:2000-7. 

251. Mazodier K, Marin V, Novick D, Farnarier C, Robitail S, Schleinitz N, Veit V, Paul P, 

Rubinstein M, Dinarello CA, Harle JR, Kaplanski G. Severe imbalance of IL-18/IL-18BP in patients 

with secondary hemophagocytic syndrome. Blood 2005;106:3483-9. 

252. Halstead ES, Carcillo JA, Schilling B, Greiner RJ, Whiteside TL. Reduced frequency of CD56 

dim CD16 pos natural killer cells in pediatric systemic inflammatory response syndrome/sepsis 

patients. Pediatr Res 2013;74:427-32. 

253. Hohlstein P, Gussen H, Bartneck M, Warzecha KT, Roderburg C, Buendgens L, Trautwein C, 

Koch A, Tacke F. Prognostic Relevance of Altered Lymphocyte Subpopulations in Critical Illness and 

Sepsis. J Clin Med 2019;8. 

254. von Muller L, Klemm A, Durmus N, Weiss M, Suger-Wiedeck H, Schneider M, Hampl W, 

Mertens T. Cellular immunity and active human cytomegalovirus infection in patients with septic 

shock. J Infect Dis 2007;196:1288-95. 

255. Avau A, Put K, Wouters CH, Matthys P. Cytokine balance and cytokine-driven natural killer 

cell dysfunction in systemic juvenile idiopathic arthritis. Cytokine Growth Factor Rev 2015;26:35-45. 

256. Cifaldi L, Prencipe G, Caiello I, Bracaglia C, Locatelli F, De Benedetti F, Strippoli R. 

Inhibition of natural killer cell cytotoxicity by interleukin-6: implications for the pathogenesis of 

macrophage activation syndrome. Arthritis Rheumatol 2015;67:3037-46. 

257. Chuang HC, Lay JD, Hsieh WC, Wang HC, Chang Y, Chuang SE, Su IJ. Epstein-Barr virus 

LMP1 inhibits the expression of SAP gene and upregulates Th1 cytokines in the pathogenesis of 

hemophagocytic syndrome. Blood 2005;106:3090-6. 

258. Mao H, Tu W, Qin G, Law HK, Sia SF, Chan PL, Liu Y, Lam KT, Zheng J, Peiris M, Lau YL. 

Influenza virus directly infects human natural killer cells and induces cell apoptosis. J Virol 

2009;83:9215-22. 

259. Kanevskiy LM, Telford WG, Sapozhnikov AM, Kovalenko EI. Lipopolysaccharide induces 

IFN-gamma production in human NK cells. Front Immunol 2013;4:11. 

260. Bracaglia C, Prencipe G, De Benedetti F. Macrophage Activation Syndrome: different 

mechanisms leading to a one clinical syndrome. Pediatr Rheumatol Online J 2017;15:5. 

261. Torti FM, Torti SV. Regulation of ferritin genes and protein. Blood 2002;99:3505-16. 

262. Knovich MA, Storey JA, Coffman LG, Torti SV, Torti FM. Ferritin for the clinician. Blood Rev 

2009;23:95-104. 

263. Rosario C, Zandman-Goddard G, Meyron-Holtz EG, D'Cruz DP, Shoenfeld Y. The 

hyperferritinemic syndrome: macrophage activation syndrome, Still's disease, septic shock and 

catastrophic antiphospholipid syndrome. BMC Med 2013;11:185. 

264. Ruddell RG, Hoang-Le D, Barwood JM, Rutherford PS, Piva TJ, Watters DJ, Santambrogio P, 

Arosio P, Ramm GA. Ferritin functions as a proinflammatory cytokine via iron-independent protein 

kinase C zeta/nuclear factor kappaB-regulated signaling in rat hepatic stellate cells. Hepatology 

2009;49:887-900. 

265. Kwak EL, Larochelle DA, Beaumont C, Torti SV, Torti FM. Role for NF-kappa B in the 

regulation of ferritin H by tumor necrosis factor-alpha. J Biol Chem 1995;270:15285-93. 

266. Allen CE, Yu X, Kozinetz CA, McClain KL. Highly elevated ferritin levels and the diagnosis 

of hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer 2008;50:1227-35. 



 

 89 

267. Moore C, Jr., Ormseth M, Fuchs H. Causes and significance of markedly elevated serum 

ferritin levels in an academic medical center. J Clin Rheumatol 2013;19:324-8. 

268. Schaffner M, Rosenstein L, Ballas Z, Suneja M. Significance of Hyperferritinemia in 

Hospitalized Adults. Am J Med Sci 2017;354:152-8. 

269. Wormsbecker AJ, Sweet DD, Mann SL, Wang SY, Pudek MR, Chen LY. Conditions 

associated with extreme hyperferritinaemia (>3000 mug/L) in adults. Intern Med J 2015;45:828-33. 

270. Esumi N, Ikushima S, Hibi S, Todo S, Imashuku S. High serum ferritin level as a marker of 

malignant histiocytosis and virus-associated hemophagocytic syndrome. Cancer 1988;61:2071-6. 

271. Schram AM, Campigotto F, Mullally A, Fogerty A, Massarotti E, Neuberg D, Berliner N. 

Marked hyperferritinemia does not predict for HLH in the adult population. Blood 2015;125: 1548-52. 

272. Sackett K, Cunderlik M, Sahni N, Killeen AA, Olson AP. Extreme Hyperferritinemia: Causes 

and Impact on Diagnostic Reasoning. Am J Clin Pathol 2016;145:646-50. 

273. Otrock ZK, Hock KG, Riley SB, de Witte T, Eby CS, Scott MG. Elevated serum ferritin is not 

specific for hemophagocytic lymphohistiocytosis. Ann Hematol 2017;96:1667-72. 

274. Lehmberg K, McClain KL, Janka GE, Allen CE. Determination of an appropriate cut-off value 

for ferritin in the diagnosis of hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer 2014;61: 

2101-3. 

275. Saeed H, Woods RR, Lester J, Herzig R, Gul Z, Monohan G. Evaluating the optimal serum 

ferritin level to identify hemophagocytic lymphohistiocytosis in the critical care setting. Int J Hematol 

2015;102:195-9. 

276. Lachmann G, Knaak C, Vorderwulbecke G, La Rosee P, Balzer F, Schenk T, Schuster FS, 

Nyvlt P, Janka G, Brunkhorst FM, Keh D, Spies C. Hyperferritinemia in Critically Ill Patients. Crit 

Care Med 2020;48:459-65. 

277. Fardet L, Coppo P, Kettaneh A, Dehoux M, Cabane J, Lambotte O. Low glycosylated ferritin, a 

good marker for the diagnosis of hemophagocytic syndrome. Arthritis Rheum 2008;58:1521-7. 

278. Wang Z, Wang Y, Wang J, Feng C, Tian L, Wu L. Early diagnostic value of low percentage of 

glycosylated ferritin in secondary hemophagocytic lymphohistiocytosis. Int J Hematol 2009;90:501-5. 

279. Bennett TD, Hayward KN, Farris RW, Ringold S, Wallace CA, Brogan TV. Very high serum 

ferritin levels are associated with increased mortality and critical care in pediatric patients. Pediatr 

Crit Care Med 2011;12:e233-6. 

280. Garcia PC, Longhi F, Branco RG, Piva JP, Lacks D, Tasker RC. Ferritin levels in children with 

severe sepsis and septic shock. Acta Paediatr 2007;96:1829-31. 

281. Grange S, Buchonnet G, Besnier E, Artaud-Macari E, Beduneau G, Carpentier D, Dehay J, 

Girault C, Marchalot A, Guerrot D, Tamion F. The Use of Ferritin to Identify Critically Ill Patients 

With Secondary Hemophagocytic Lymphohistiocytosis. Crit Care Med 2016;44:e1045-e53. 

282. Switala JR, Hendricks M, Davidson A. Serum ferritin is a cost-effective laboratory marker for 

hemophagocytic lymphohistiocytosis in the developing world. J Pediatr Hematol Oncol 2012;34:e89-

92. 

283. Schneider EM, Lorenz I, Muller-Rosenberger M, Steinbach G, Kron M, Janka-Schaub GE. 

Hemophagocytic lymphohistiocytosis is associated with deficiencies of cellular cytolysis but normal 

expression of transcripts relevant to killer-cell-induced apoptosis. Blood 2002;100:2891-8. 

284. Komp DM, McNamara J, Buckley P. Elevated soluble interleukin-2 receptor in childhood 

hemophagocytic histiocytic syndromes. Blood 1989;73:2128-32. 

285. Machowicz R, Janka G, Wiktor-Jedrzejczak W. Similar but not the same: Differential diagnosis 

of HLH and sepsis. Crit Rev Oncol Hematol 2017;114:1-12. 

286. Silverman ED, Laxer RM, Nelson DL, Rubin LA. Soluble interleukin-2 receptor in juvenile 

rheumatoid arthritis. J Rheumatol 1991;18:1398-402. 

287. Zhang L, Zhang S, Xu J, Hu Y, Wang L, Zhang X, Xu W, Liu P, Qiu H, Li J. Significance of 

soluble interleukin-2 receptor in patients with hemophagocytic lymphohistiocytosis. Leuk Lymphoma 

2011;52:1360-2. 



 

 90 

288. Naymagon L, Tremblay D, Troy K, Mascarenhas J. Soluble interleukin-2 receptor (sIL-2r) 

level is a limited test for the diagnosis of adult secondary hemophagocytic lymphohistiocytosis. Eur J 

Haematol 2020;105:255-61. 

289. Rubin LA, Nelson DL. The soluble interleukin-2 receptor: biology, function, and clinical 

application. Ann Intern Med 1990;113:619-27. 

290. Kamat A, Misra V, Cassol E, Ancuta P, Yan Z, Li C, Morgello S, Gabuzda D. A plasma 

biomarker signature of immune activation in HIV patients on antiretroviral therapy. PLoS One 

2012;7:e30881. 

291. Bucuvalas J, Filipovich L, Yazigi N, Narkewicz MR, Ng V, Belle SH, Zhang S, Squires RH. 

Immunophenotype predicts outcome in pediatric acute liver failure. J Pediatr Gastroenterol Nutr 

2013;56:311-5. 

292. Seidler S, Zimmermann HW, Weiskirchen R, Trautwein C, Tacke F. Elevated circulating 

soluble interleukin-2 receptor in patients with chronic liver diseases is associated with non-classical 

monocytes. BMC Gastroenterol 2012;12. 

293. Kumar G, Kumar N, Taneja A, Kaleekal T, Tarima S, McGinley E, Jimenez E, Mohan A, Khan 

RA, Whittle J, Jacobs E, Nanchal R. Nationwide trends of severe sepsis in the 21st century (2000-

2007). Chest 2011;140:1223-31. 

294. Rubens M, Saxena A, Ramamoorthy V, Das S, Khera R, Hong J, Armaignac D, Veledar E, 

Nasir K, Gidel L. Increasing Sepsis Rates in the United States: Results From National Inpatient 

Sample, 2005 to 2014. J Intensive Care Med 2020;35:858-68. 

295. Valles J, Fontanals D, Oliva JC, Martinez M, Navas A, Mesquida J, Gruartmoner G, de Haro C, 

Mestre J, Guia C, Rodriguez A, Torrents E, Espinal C, Ochagavia A, Diaz E. Trends in the incidence 

and mortality of patients with community-acquired septic shock 2003-2016. J Crit Care 2019;53:46-

52. 

296. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann P, Angus DC, 

Reinhart K, International Forum of Acute Care T. Assessment of Global Incidence and Mortality of 

Hospital-treated Sepsis. Current Estimates and Limitations. Am J Respir Crit Care Med 

2016;193:259-72. 

297. Lindstrom AC, Eriksson M, Martensson J, Oldner A, Larsson E. Nationwide case-control study 

of risk factors and outcomes for community-acquired sepsis. Sci Rep 2021;11:15118. 

298. Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, Schein RM, Sibbald WJ. 

Definitions for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. 

The ACCP/SCCM Consensus Conference Committee. American College of Chest Physicians/Society 

of Critical Care Medicine. Chest 1992;101:1644-55. 

299. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, Cohen J, Opal SM, Vincent 

JL, Ramsay G, Sccm/Esicm/Accp/Ats/Sis. 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis 

Definitions Conference. Crit Care Med 2003;31:1250-6. 

300. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, Bellomo R, 

Bernard GR, Chiche JD, Coopersmith CM, Hotchkiss RS, Levy MM, Marshall JC, Martin GS, Opal 

SM, Rubenfeld GD, van der Poll T, Vincent JL, Angus DC. The Third International Consensus 

Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016;315:801-10. 

301. Gourd NM, Nikitas N. Multiple Organ Dysfunction Syndrome. J Intensive Care Med 

2020;35:1564-75. 

302. Baughman RP, Lower EE, Flessa HC, Tollerud DJ. Thrombocytopenia in the intensive care 

unit. Chest 1993;104:1243-7. 

303. Venkata C, Kashyap R, Farmer JC, Afessa B. Thrombocytopenia in adult patients with sepsis: 

incidence, risk factors, and its association with clinical outcome. J Intensive Care 2013;1:9. 

304. Thiele T, Selleng K, Selleng S, Greinacher A, Bakchoul T. Thrombocytopenia in the intensive 

care unit-diagnostic approach and management. Semin Hematol 2013;50:239-50. 



 

 91 

305. Vincent JL, Dubois MJ, Navickis RJ, Wilkes MM. Hypoalbuminemia in acute illness: is there a 

rationale for intervention? A meta-analysis of cohort studies and controlled trials. Ann Surg 

2003;237:319-34. 

306. Vincent JL, De Backer D, Wiedermann CJ. Fluid management in sepsis: The potential 

beneficial effects of albumin. J Crit Care 2016;35:161-7. 

307. Reinhardt GF, Myscofski JW, Wilkens DB, Dobrin PB, Mangan JE, Jr., Stannard RT. 

Incidence and mortality of hypoalbuminemic patients in hospitalized veterans. JPEN J Parenter 

Enteral Nutr 1980;4:357-9. 

308. Stephan F, Thioliere B, Verdy E, Tulliez M. Role of hemophagocytic histiocytosis in the 

etiology of thrombocytopenia in patients with sepsis syndrome or septic shock. Clin Infect Dis 

1997;25:1159-64. 

309. Chandra H, Chandra S, Kaushik R, Bhat N, Shrivastava V. Hemophagocytosis on bone marrow 

aspirate cytology: single center experience in north himalayan region of India. Ann Med Health Sci 

Res 2014;4:692-6. 

310. Strauss R, Neureiter D, Westenburger B, Wehler M, Kirchner T, Hahn EG. Multifactorial risk 

analysis of bone marrow histiocytic hyperplasia with hemophagocytosis in critically ill medical 

patients--a postmortem clinicopathologic analysis. Crit Care Med 2004;32:1316-21. 

311. Lao K, Sharma N, Gajra A, Vajpayee N. Hemophagocytic Lymphohistiocytosis and Bone 

Marrow Hemophagocytosis: A 5-Year Institutional Experience at a Tertiary Care Hospital. South Med 

J 2016;109:655-60. 

312. Goel S, Polski JM, Imran H. Sensitivity and specificity of bone marrow hemophagocytosis in 

hemophagocytic lymphohistiocytosis. Ann Clin Lab Sci 2012;42:21-5. 

313. Lim SH, Park S, Jang JH, Kim K, Kim HJ, Kim SH, Kang CI, Chung DR, Peck KR, Lee J, Cha 

HS, Koh EM, Ko YH, Kim WS, Jung CW, Kim SJ. Clinical significance of bone marrow 

hemophagocytosis in adult patients with malignancy and non-malignancy-induced hemophagocytic 

lymphohistiocytosis. Ann Hematol 2016;95:325-35. 

314. Bobbiopallavicini F, Verde G, Spriano P, Losi R, Bosatra MG, Braschi A, Iotti G, Chiaranda 

M, Villa S. Body iron status in critically ill patients - significance of serum ferritin. Intensive Care 

Med 1989;15:171-8. 

315. Llewelyn MJ, Berger M, Gregory M, Ramaiah R, Taylor AL, Curdt I, Lajaunias F, Graf R, 

Blincko SJ, Drage S, Cohen J. Sepsis biomarkers in unselected patients on admission to intensive or 

high-dependency care. Crit Care 2013;17:R60. 

316. Matera G, Puccio R, Giancotti A, Quirino A, Pulicari MC, Zicca E, Caroleo S, Renzulli A, 

Liberto MC, Foca A. Impact of interleukin-10, soluble CD25 and interferon-gamma on the prognosis 

and early diagnosis of bacteremic systemic inflammatory response syndrome: a prospective 

observational study. Crit Care 2013;17:R64. 

317. Saito K, Wagatsuma T, Toyama H, Ejima Y, Hoshi K, Shibusawa M, Kato M, Kurosawa S. 

Sepsis is characterized by the increases in percentages of circulating CD4+CD25+ regulatory T cells 

and plasma levels of soluble CD25. Tohoku J Exp Med 2008;216:61-8. 

318. Lee SY, Lee YS, Choi HM, Ko YS, Lee HY, Jo SK, Cho WY, Kim HK. Distinct 

pathophysiologic mechanisms of septic acute kidney injury: role of immune suppression and renal 

tubular cell apoptosis in murine model of septic acute kidney injury. Crit Care Med 2012;40:2997-

3006. 

319. Monneret G, Debard AL, Venet F, Bohe J, Hequet O, Bienvenu J, Lepape A. Marked elevation 

of human circulating CD4+CD25+ regulatory T cells in sepsis-induced immunoparalysis. Crit Care 

Med 2003;31:2068-71. 

320. Cho E, Lee JH, Lim HJ, Oh SW, Jo SK, Cho WY, Kim HK, Lee SY. Soluble CD25 is 

increased in patients with sepsis-induced acute kidney injury. Nephrology (Carlton, Vic) 2014;19:318-

24. 



 

 92 

321. Junghans RP, Waldmann TA. Metabolism of Tac (IL2Ralpha): physiology of cell surface 

shedding and renal catabolism, and suppression of catabolism by antibody binding. J Exp Med 

1996;183:1587-602. 

322. Nassberger L, Sturfelt G, Thysell H. Serum levels of the soluble interleukin-2 receptor are 

dependent on the kidney function. Am J Nephrol 1992;12:401-5. 

323. Castillo L, Carcillo J. Secondary hemophagocytic lymphohistiocytosis and severe sepsis/ 

systemic inflammatory response syndrome/multiorgan dysfunction syndrome/macrophage activation 

syndrome share common intermediate phenotypes on a spectrum of inflammation. Pediatr Crit Care 

Med 2009;10:387-92. 

324. Knaak C, Schuster FS, Spies C, Vorderwulbecke G, Nyvlt P, Schenk T, Balzer F, La Rosee P, 

Janka G, Brunkhorst FM, Keh D, Lachmann G. Hemophagocytic Lymphohistiocytosis in Critically Ill 

Patients. Shock 2020;53:701-9. 

325. Knaak C, Schuster FS, Nyvlt P, Spies C, Feinkohl I, Beutel G, Schenk T, La Rosee P, Janka G, 

Brunkhorst FM, Keh D, Lachmann G. Treatment and Mortality of Hemophagocytic 

Lymphohistiocytosis in Adult Critically Ill Patients: A Systematic Review With Pooled Analysis. Crit 

Care Med 2020;48:e1137-e46. 

326. Buyse S, Teixeira L, Galicier L, Mariotte E, Lemiale V, Seguin A, Bertheau P, Canet E, de 

Labarthe A, Darmon M, Rybojad M, Schlemmer B, Azoulay E. Critical care management of patients 

with hemophagocytic lymphohistiocytosis. Intensive Care Med 2010;36:1695-702. 

327. Carcillo JA, Halstead ES, Hall MW, Nguyen TC, Reeder R, Aneja R, Shakoory B, Simon D, 

Eunice Kennedy Shriver National Institute of Child H. Three Hypothetical Inflammation 

Pathobiology Phenotypes and Pediatric Sepsis-Induced Multiple Organ Failure Outcome. Pediatr Crit 

Care Med 2017;18:513-23. 

328. Carcillo JA, Berg RA, Wessel D, Pollack M, Meert K, Hall M, Newth C, Lin JC, Doctor A, 

Shanley T, Cornell T, Harrison RE, Zuppa AF, Reeder RW, Banks R, Kellum JA, Holubkov R, 

Notterman DA, Dean JM. A Multicenter Network Assessment of Three Inflammation Phenotypes in 

Pediatric Sepsis-Induced Multiple Organ Failure. Pediatr Crit Care Med 2019. 

329. Carcillo JA, Simon DW, Podd BS. How We Manage Hyperferritinemic Sepsis-Related 

Multiple Organ Dysfunction Syndrome/Macrophage Activation Syndrome/Secondary 

Hemophagocytic Lymphohistiocytosis Histiocytosis. Pediatr Crit Care Med 2015;16:598-600. 

330. Carcillo JA, Podd B, Simon DW. From febrile pancytopenia to hemophagocytic 

lymphohistiocytosis-associated organ dysfunction. Intensive Care Med 2017;43:1853-5. 

331. Kyriazopoulou E, Leventogiannis K, Norrby-Teglund A, Dimopoulos G, Pantazi A, Orfanos 

SE, Rovina N, Tsangaris I, Gkavogianni T, Botsa E, Chassiou E, Kotanidou A, Kontouli C, Chaloulis 

P, Velissaris D, Savva A, Cullberg JS, Akinosoglou K, Gogos C, Armaganidis A, Giamarellos-

Bourboulis EJ. Macrophage activation-like syndrome: an immunological entity associated with rapid 

progression to death in sepsis. BMC Med 2017;15:172. 

332. Fisher CJ, Jr., Dhainaut JF, Opal SM, Pribble JP, Balk RA, Slotman GJ, Iberti TJ, Rackow EC, 

Shapiro MJ, Greenman RL, et al. Recombinant human interleukin 1 receptor antagonist in the 

treatment of patients with sepsis syndrome. Results from a randomized, double-blind, placebo-

controlled trial. JAMA 1994;271:1836-43. 

333. Divithotawela C, Garrett P, Westall G, Bhaskar B, Tol M, Chambers DC. Successful treatment 

of cytomegalovirus associated hemophagocytic lymphohistiocytosis with the interleukin 1 inhibitor - 

anakinra. Respirol Case Rep 2016;4:4-6. 

334. Ocon AJ, Bhatt BD, Miller C, Peredo RA. Safe usage of anakinra and dexamethasone to treat 

refractory hemophagocytic lymphohistiocytosis secondary to acute disseminated histoplasmosis in a 

patient with HIV/AIDS. BMJ Case Rep 2017;2017. 

335. Simon DW, Aneja R, Carcillo JA, Halstead ES. Plasma exchange, methylprednisolone, IV 

immune globulin, and now anakinra support continued PICU equipoise in management of 

hyperferritinemia-associated sepsis/multiple organ dysfunction syndrome/macrophage activation 

syndrome/secondary hemophagocytic lymphohistiocytosis syndrome*. Pediatr Crit Care Med 

2014;15:486-8. 



 

 93 

336. Nguyen TC, Kiss JE, Goldman JR, Carcillo JA. The role of plasmapheresis in critical illness. 

Crit Care Clin 2012;28:453-68, vii. 

337. Petty RE, Southwood TR, Manners P, Baum J, Glass DN, Goldenberg J, He X, Maldonado-

Cocco J, Orozco-Alcala J, Prieur AM, Suarez-Almazor ME, Woo P, International League of 

Associations for R. International League of Associations for Rheumatology classification of juvenile 

idiopathic arthritis: second revision, Edmonton, 2001. J Rheumatol 2004;31:390-2. 

338. Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, Rothfield NF, Schaller JG, Talal N, 

Winchester RJ. The 1982 revised criteria for the classification of systemic lupus erythematosus. 

Arthritis Rheum 1982;25:1271-7. 

339. Hochberg MC. Updating the American College of Rheumatology revised criteria for the 

classification of systemic lupus erythematosus. Arthritis Rheum 1997;40:1725. 

340. Chiang SC, Theorell J, Entesarian M, Meeths M, Mastafa M, Al-Herz W, Frisk P, Gilmour KC, 

Ifversen M, Langenskiold C, Machaczka M, Naqvi A, Payne J, Perez-Martinez A, Sabel M, Unal E, 

Unal S, Winiarski J, Nordenskjold M, Ljunggren HG, Henter JI, Bryceson YT. Comparison of 

primary human cytotoxic T-cell and natural killer cell responses reveal similar molecular requirements 

for lytic granule exocytosis but differences in cytokine production. Blood 2013;121:1345-56. 

341. Bryceson YT, Pende D, Maul-Pavicic A, Gilmour KC, Ufheil H, Vraetz T, Chiang SC, 

Marcenaro S, Meazza R, Bondzio I, Walshe D, Janka G, Lehmberg K, Beutel K, zur Stadt U, Binder 

N, Arico M, Moretta L, Henter JI, Ehl S. A prospective evaluation of degranulation assays in the rapid 

diagnosis of familial hemophagocytic syndromes. Blood 2012;119:2754-63. 

342. Thai KT, Nishiura H, Hoang PL, Tran NT, Phan GT, Le HQ, Tran BQ, Nguyen NV, de Vries 

PJ. Age-specificity of clinical dengue during primary and secondary infections. PLoS Negl Trop Dis 

2011;5:e1180. 

343. Tsai JJ, Liu CK, Tsai WY, Liu LT, Tyson J, Tsai CY, Lin PC, Wang WK. Seroprevalence of 

dengue virus in two districts of Kaohsiung City after the largest dengue outbreak in Taiwan since 

World War II. PLoS Negl Trop Dis 2018;12:e0006879. 

344. Hegazi MA, Bakarman MA, Alahmadi TS, Butt NS, Alqahtani AM, Aljedaani BS, Almajnuni 

AH. Risk Factors and Predictors of Severe Dengue in Saudi Population in Jeddah, Western Saudi 

Arabia: A Retrospective Study. Am J Trop Med Hyg 2020;102:613-21. 

345. De Rosa FG, Corcione S, Pagani N, Stella ML, Urbino R, Di Perri G, Ranieri VM. High rate of 

respiratory MDR gram-negative bacteria in H1N1-ARDS treated with ECMO. Intensive Care Med 

2013;39:1880-1. 

346. Gualdoni GA, Hofmann GA, Wohlfarth P, Winkler HM, Winkler S, Haslacher H, Thalhammer 

R, Makristathis A, Ratzinger F, Burgmann H. Prevalence and Outcome of Secondary 

Hemophagocytic Lymphohistiocytosis Among SIRS Patients: Results from a Prospective Cohort 

Study. J Clin Med 2019;8. 

347. Pelkonen P, Swanljung K, Siimes MA. Ferritinemia as an indicator of systemic disease activity 

in children with systemic juvenile rheumatoid arthritis. Acta Paediatr Scand 1986;75:64-8. 

348. Ravelli A, Grom AA, Behrens EM, Cron RQ. Macrophage activation syndrome as part of 

systemic juvenile idiopathic arthritis: diagnosis, genetics, pathophysiology and treatment. Genes 

Immun 2012;13:289-98. 

349. Tomita N, Sakai R, Fujisawa S, Fujimaki K, Taguchi J, Hashimoto C, Ogawa K, Yamazaki E, 

Ishigatsubo Y. SIL index, comprising stage, soluble interleukin-2 receptor, and lactate dehydrogenase, 

is a useful prognostic predictor in diffuse large B-cell lymphoma. Cancer Sci 2012;103:1518-23. 

350. To KK, Hung IF, Li IW, Lee KL, Koo CK, Yan WW, Liu R, Ho KY, Chu KH, Watt CL, Luk 

WK, Lai KY, Chow FL, Mok T, Buckley T, Chan JF, Wong SS, Zheng B, Chen H, Lau CC, Tse H, 

Cheng VC, Chan KH, Yuen KY. Delayed clearance of viral load and marked cytokine activation in 

severe cases of pandemic H1N1 2009 influenza virus infection. Clin Infect Dis 2010;50:850-9. 

351. Alvarez AM, Mukherjee D. Liver abnormalities in cardiac diseases and heart failure. The 

International journal of angiology : official publication of the International College of Angiology, Inc 

2011;20:135-42. 



 

 94 

352. Mou SS, Nakagawa TA, Riemer EC, McLean TW, Hines MH, Shetty AK. Hemophagocytic 

lymphohistiocytosis complicating influenza A infection. Pediatrics 2006;118:E216-E9. 

353. Millar JE, Fanning JP, McDonald CI, McAuley DF, Fraser JF. The inflammatory response to 

extracorporeal membrane oxygenation (ECMO): a review of the pathophysiology. Crit Care 

2016;20:387. 

354. Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, Linsell L, Staplin N, Brightling C, 

Ustianowski A, Elmahi E, Prudon B, Green C, Felton T, Chadwick D, Rege K, Fegan C, Chappell 

LC, Faust SN, Jaki T, Jeffery K, Montgomery A, Rowan K, Juszczak E, Baillie JK, Haynes R, 

Landray MJ. Dexamethasone in Hospitalized Patients with Covid-19. N Engl J Med 2021;384:693-

704. 

355. Chia PY, Thein TL, Ong SWX, Lye DC, Leo YS. Severe dengue and liver involvement: an 

overview and review of the literature. Expert Rev Anti Infect Ther 2020;18:181-9. 

356. Wang XJ, Wei HX, Jiang SC, He C, Xu XJ, Peng HJ. Evaluation of aminotransferase 

abnormality in dengue patients: A meta analysis. Acta Trop 2016;156:130-6. 

357. Dissanayake HA, Seneviratne SL. Liver involvement in dengue viral infections. Rev Med Virol 

2018;28. 

358. Pal P, Giri PP, Ramanan AV. Dengue associated hemophagocytic lymphohistiocytosis: a case 

series. Indian Pediatr 2014;51:496-7. 

359. Tan LH, Lum LC, Omar SF, Kan FK. Hemophagocytosis in dengue: comprehensive report of 

six cases. J Clin Virol 2012;55:79-82. 

360. Silveira GF, Wowk PF, Cataneo AHD, Dos Santos PF, Delgobo M, Stimamiglio MA, Lo Sarzi 

M, Thomazelli A, Conchon-Costa I, Pavanelli WR, Antonelli LRV, Bafica A, Mansur DS, Dos Santos 

CND, Bordignon J. Human T Lymphocytes Are Permissive for Dengue Virus Replication. J Virol 

2018;92. 

361. Jordan MB, Allen CE, Greenberg J, Henry M, Hermiston ML, Kumar A, Hines M, Eckstein O, 

Ladisch S, Nichols KE, Rodriguez-Galindo C, Wistinghausen B, McClain KL. Challenges in the 

diagnosis of hemophagocytic lymphohistiocytosis: Recommendations from the North American 

Consortium for Histiocytosis (NACHO). Pediatr Blood Cancer 2019;66:e27929. 

362. Ferreira FL, Bota DP, Bross A, Melot C, Vincent JL. Serial evaluation of the SOFA score to 

predict outcome in critically ill patients. JAMA 2001;286:1754-8. 

363. Meena NK, Sinokrot O, Duggal A, Alpat D, Singh ZN, Coviello JM, Li M, Wang X, Mireles-

Cabodevila E. The Performance of Diagnostic Criteria for Hemophagocytic Lymphohistiocytosis in 

Critically Ill Patients. J Intensive Care Med 2020;35:1476-82. 

364. Bhagat CI, Fletcher S, Joseph J, Beilby JP. Plasma ferritin in acute hepatocellular damage. Clin 

Chem 2000;46:885-6. 

365. Kew MC. Serum aminotransferase concentration as evidence of hepatocellular damage. Lancet 

2000;355:591-2. 

366. Ozawa E, Abiru S, Nagaoka S, Yano K, Komori A, Migita K, Yatsuhashi H, Taura N, Ichikawa 

T, Ishibashi H, Nakao K. Ferritin/alanine aminotransferase ratio as a possible marker for predicting 

the prognosis of acute liver injury. J Gastroenterol Hepatol 2011;26:1326-32. 

367. Schulert GS, Yasin S, Carey B, Chalk C, Do T, Schapiro AH, Husami A, Watts A, Brunner HI, 

Huggins J, Mellins ED, Morgan EM, Ting T, Trapnell BC, Wikenheiser-Brokamp KA, Towe C, 

Grom AA. Systemic Juvenile Idiopathic Arthritis-Associated Lung Disease: Characterization and Risk 

Factors. Arthritis Rheumatol 2019;71:1943-54. 

368. Boom V, Anton J, Lahdenne P, Quartier P, Ravelli A, Wulffraat NM, Vastert SJ. Evidence-

based diagnosis and treatment of macrophage activation syndrome in systemic juvenile idiopathic 

arthritis. Pediatr Rheumatol Online J 2015;13:55. 

369. Imashuku S, Teramura T, Kuriyama K, Kitazawa J, Ito E, Morimoto A, Hibi S. Risk of 

etoposide-related acute myeloid leukemia in the treatment of Epstein-Barr virus-associated 

hemophagocytic lymphohistiocytosis. Int J Hematol 2002;75:174-7. 



 

 95 

370. Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg RE, Jr., Hui JJ, Chang KC, Osborne DF, 

Freeman BD, Cobb JP, Buchman TG, Karl IE. Sepsis-induced apoptosis causes progressive profound 

depletion of B and CD4+ T lymphocytes in humans. J Immunol 2001;166:6952-63. 

371. Felmet KA, Hall MW, Clark RS, Jaffe R, Carcillo JA. Prolonged lymphopenia, lymphoid 

depletion, and hypoprolactinemia in children with nosocomial sepsis and multiple organ failure. J 

Immunol 2005;174:3765-72. 

372. Boomer JS, Shuherk-Shaffer J, Hotchkiss RS, Green JM. A prospective analysis of lymphocyte 

phenotype and function over the course of acute sepsis. Crit Care 2012;16:R112. 

373. Hotchkiss RS, Coopersmith CM, McDunn JE, Ferguson TA. The sepsis seesaw: tilting toward 

immunosuppression. Nat Med 2009;15:496-7. 

374. Chung HJ, Park CJ, Lim JH, Jang S, Chi HS, Im HJ, Seo JJ. Establishment of a reference 

interval for natural killer cell activity through flow cytometry and its clinical application in the 

diagnosis of hemophagocytic lymphohistiocytosis. Int J Lab Hematol 2010;32:239-47. 

375. Fox A, Le NM, Horby P, van Doorn HR, Nguyen VT, Nguyen HH, Nguyen TC, Vu DP, 

Nguyen MH, Diep NT, Bich VT, Huong HT, Taylor WR, Farrar J, Wertheim H, Nguyen VK. Severe 

pandemic H1N1 2009 infection is associated with transient NK and T deficiency and aberrant CD8 

responses. PLoS One 2012;7:e31535. 

376. Itoh Y, Shinya K, Kiso M, Watanabe T, Sakoda Y, Hatta M, Muramoto Y, Tamura D, Sakai-

Tagawa Y, Noda T, Sakabe S, Imai M, Hatta Y, Watanabe S, Li C, Yamada S, Fujii K, Murakami S, 

Imai H, Kakugawa S, Ito M, Takano R, Iwatsuki-Horimoto K, Shimojima M, Horimoto T, Goto H, 

Takahashi K, Makino A, Ishigaki H, Nakayama M, Okamatsu M, Takahashi K, Warshauer D, Shult 

PA, Saito R, Suzuki H, Furuta Y, Yamashita M, Mitamura K, Nakano K, Nakamura M, Brockman-

Schneider R, Mitamura H, Yamazaki M, Sugaya N, Suresh M, Ozawa M, Neumann G, Gern J, Kida 

H, Ogasawara K, Kawaoka Y. In vitro and in vivo characterization of new swine-origin H1N1 

influenza viruses. Nature 2009;460:1021-5. 

377. de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, Chau TN, Hoang DM, Chau NV, 

Khanh TH, Dong VC, Qui PT, Cam BV, Ha do Q, Guan Y, Peiris JS, Chinh NT, Hien TT, Farrar J. 

Fatal outcome of human influenza A (H5N1) is associated with high viral load and hypercytokinemia. 

Nat Med 2006;12:1203-7. 

378. Reinhart K, Meisner M, Brunkhorst FM. Markers for sepsis diagnosis: what is useful? Crit 

Care Clin 2006;22:503-19, ix-x. 

379. Debaugnies F, Mahadeb B, Nagant C, Meuleman N, De Bels D, Wolff F, Gottignies P, Salaroli 

A, Borde P, Voue M, Corazza F. Biomarkers for Early Diagnosis of Hemophagocytic 

Lymphohistiocytosis in Critically Ill Patients. J Clin Immunol 2021;41: 658-665. 

380. Xu XJ, Tang YM, Song H, Yang SL, Xu WQ, Zhao N, Shi SW, ShenMd HP, Mao JQ, Zhang 

LY, Pan BH. Diagnostic Accuracy of a Specific Cytokine Pattern in Hemophagocytic 

Lymphohistiocytosis in Children. J Pediatr 2012;160:984-990. 

 


