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Summary
Background Cytokine storm syndromes are life-threatening complications that can occur in children with rheumatic 
conditions (macrophage activation syndrome [MAS]), inherited cytotoxicity defects (ie, primary haemophagocytic 
lymphohistiocytosis [HLH]), or as a result of infection or malignancies (ie, secondary HLH). To adequately steer 
treatment, an early and clear discrimination of these entities is essential. We aimed to define and validate serum 
biomarker profiles that can differentiate between primary HLH, secondary HLH (predominantly infection-associated), 
and MAS associated with systemic juvenile idiopathic arthritis (systemic JIA-MAS).

Methods In this multicentre, retrospective, cohort study, serum samples from patients (0–18 years) with a clinical 
diagnosis of primary HLH, secondary HLH, or systemic JIA-MAS were analysed by immunoassays for 55 cytokines 
and chemokines. Serum samples were collected from patients treated at seven clinical centres in Europe and North 
America. 15 serum biomarkers were validated using an independent commercial assay, and the diagnostic accuracy 
of the best performing biomarkers was tested in an independent validation cohort.

Findings Serum samples were collected between Dec 7, 2010, and Jan 26, 2018. In the discovery cohort of 43 patients 
(24 girls and 19 boys) multi-marker analyses revealed distinct serum biomarker profiles associated with primary or 
secondary HLH versus systemic JIA-MAS. Ten biomarkers were identified that were differentially elevated in either 
HLH or systemic JIA-MAS and distinguished between these clinical entities, six of which were tested in an 
independent validation cohort of 79 patients (34 girls and 45 boys). Serum concentrations of S100A12 and 
interleukin-18, as well as ratios of both S100A12 and IL-18 with chemokine (C-X-C motif) ligand (CXCL)9 and CXCL10 
were identified as the most promising candidates for differential diagnostics.

Interpretation At initial presentation, when it is unclear whether a patient with excessive hyperferritinaemic 
inflammation has primary HLH, infection-associated secondary HLH, or MAS, high serum concentrations of 
S100A12 indicate an initial differential diagnosis of systemic JIA-MAS, thus helping to guide subsequent treatment 
decisions. We therefore suggest the inclusion of serum S100A12 and IL-18 in the diagnostic investigations for 
hyperferritinaemic syndromes; however, the definition and introduction of universially applicable cutoff values are 
still required.

Funding German Research Foundation, the Center for Interdisciplinary Clinical Research at University Hospital 
Muenster, the EU’s Horizon 2020 research and innovation programme, and the Deutsche Kinderkrebsstiftung.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Introduction
Hyperinflammatory conditions are life-threatening com-
pli ca tions resulting from a systemic proinflammatory 
response triggered by infection, injury, or chronic inflam-
mation.1 They can occur at any age, but children are 
especially susceptible. Current data suggest a substantial 
immunophenotypic overlap among conditions char-
acterised by hyperferritinaemia, including macro phage 
activation syndrome (MAS) associated with rheumatic 
diseases, and haemophagocytic lympho histio cytosis 
(HLH).2,3 Primary HLH results from mutations that affect 
the lytic function of cytotoxic T and NK cells and thus 
impair clearance of infections and activated T cells.3,4 

Before the introduction of aggressive chemotherapy and 
immunosuppressive treatment protocols (eg, the 
HLH-2004 protocol), including etoposide, only about 
5% of patients with primary HLH survived the first year 
after diagnosis. Therefore, the prompt initiation of the 
HLH-2004 protocol is highly recommended.5 However, 
most patients with primary HLH still require haemato-
poietic cell transplantation as a definitive treatment.6

Secondary HLH is triggered by infection, trauma, meta-
bolic disease, malignancy, or autoimmunity and auto-
inflammation.7 The term MAS is frequently used when 
secondary HLH presents in the context of rheumatic 
diseases,3 including systemic juvenile idiopathic arthritis 
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(systemic JIA), systemic lupus erythematosus, Kawasaki 
disease, and juvenile dermatomyositis.3 Therapy for 
patients with MAS and other forms of secondary HLH 
consists of suppression of hyper inflammation and 
treatment of the underlying disease.

Importantly, MAS shows substantial clinical and 
immuno phenotypic overlap with other forms of secondary 
HLH and with primary HLH; overlapping clinical sym-
ptoms include persistent fever, organomegaly, cytopenia, 
hyperferritinaemia, and coagulation disorders. Because 
HLH and MAS arise most often in individuals with 
infection, autoimmune diseases, and malignancy, these 
underlying conditions can easily obscure the evolving 
cytokine storm.2,3,8 MAS can also occur as the first symptom 
of as-yet undiagnosed autoimmune or autoinflammatory 
diseases.9 Therefore, the identification of biomarkers that 
can distinguish HLH from MAS as early as possible is 
important to decide whether a cell-directed therapy 
(etoposide or alemtuzumab) and a rapid donor search is 
required (ie, for primary HLH), or whether steroids, 
cyclosporin, or cytokine-directed therapies are sufficient to 
control disease (ie, for secondary HLH or MAS).

Studies from the past 5 years suggest that elevated serum 
concentrations of IFNγ and chemokine (C-X-C motif) 
ligand (CXCL)910 and increased activity of adenosine 
deaminase 2 (ADA2)11 are biomarkers of MAS and that 
elevated serum titres of interleukin (IL)-18 (formerly 
known as IFNγ-inducing factor) reflect MAS disease 
activity and development12 and discriminate MAS from 
primary HLH.13 Further, high concentrations of IL-18 and 
an increased ratio of soluble tumour necrosis factor (TNF) 
receptor II to soluble TNF receptor I have been suggested 
to distinguish MAS from Epstein-Barr virus 
infection-associated secondary HLH.14

In contrast to previous reports that focused on a 
restricted panel of biomarkers,13,14 in the present study, we 
analysed a broad spectrum of serum biomarkers in 
patients with primary and infection-associated secondary 
HLH compared with systemic JIA-associated MAS 
(systemic JIA-MAS), inactive and active systemic JIA, and 

healthy controls, with the aim to identify a set of biomarkers 
that can clearly distinguish primary and secondary HLH 
from systemic JIA-MAS. For discovery analyses, we built a 
custom multiplex bead array assay based on published 
MAS and HLH biomarker data, and we quantified S100A12 
by ELISA. For validation, we first assessed the discrimina-
tory performance of biomarkers selected from discovery 
analyses using a commercially available bead array 
platform; we then used this commercial assay, along with 
S100A12 measurements, to test candidate biomarkers in 
an independent validation cohort.

Methods
Study design and participants
In this multicentre, retrospective, cohort study, serum 
samples of patients (aged 0–18 years) with a clinical 
diagnosis of primary HLH (n=28), secondary HLH (n=44), 
or systemic JIA-MAS (n=40) based on established clinical 
criteria5,15 were collected from patients treated at seven 
different centres in Europe and North America 
(University Hospital Freiburg, Freiburg, Germany; 
University Medical Center Utrecht, Utrecht, Netherlands; 
Cincinnati Children’s Hospital Medical Center, 
Cincinnati, OH, USA; Istituto di Ricovero e Cura a 
Carattere Scientifico Ospedale Pediatrico Bambino Gesù, 
Rome, Italy; Karolinska Institute, Stockholm, Sweden; 
University Children’s Hospital Muenster, Muenster, 
Germany; and University Hospital Leuven, Leuven, 
Belgium). Samples from patients with primary HLH, 
secondary HLH, or systemic JIA-MAS were split into a 
discovery cohort (primary HLH [n=10]; secondary 
HLH [n=12], systemic JIA-MAS [n=11]) and a validation 
cohort (primary HLH [n=18]; secondary HLH [n=32]; 
systemic JIA-MAS [n=29]). The discovery cohort also 
included ten healthy controls (appendix p 7). Details on 
the number of samples collected in the various patient 
groups from different centres are detailed in the 
appendix (p 1).

Disease activity in patients with HLH was defined 
according to the HLH-2004 diagnostic guidelines.5 In 

Research in context

Evidence before this study
Before analysing discovery cohort samples (Jan 1, 2015), we 
searched PubMed using the search terms “macrophage activation 
syndrome”, “sJIA MAS”, “hemophagocytic lymphohistiocytosis”, 
“hyperferritin”, and “biomarker” OR “serum marker” OR 
“differential diagnosis” in publication titles and abstracts. 
This search for articles in English was run on a regular basis. 
Macrophage activation syndrome (MAS) and haemophagocytic 
lymphohistiocytosis (HLH) are life-threatening cytokine storm 
conditions with substantial immunophenotypic overlap. 
Elevated concentrations of interleukin (IL)-18 have already been 
suggested to differentiate MAS from HLH based on inherited 
cytotoxicity defects (primary HLH).

Added value of this study
In samples collected from children at multiple centres, 
using separate discovery and validation assay platforms, 
we identified and validated serum biomarkers differentiating 
MAS from both infection-associated secondary HLH and 
primary HLH. From an initial panel of 55 serum markers, 
we identified granulocytic S100A12 to best discriminate MAS 
from either primary or secondary HLH.

Implications of all the available evidence
In excessive hyperferritinaemic inflammation, quantification 
of serum S100A12 and IL-18 can both support early 
differential diagnosis and guide treatment decisions.

See Online for appendix
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this study, the primary HLH cohort included patients 
with genetically proven defects in cytotoxicity 
(FHL2 [n=12]; FHL3 [n=5], FHL4 [n=1]; FHL5 [n=8]), and 
Griscelli syndrome (n=2), and all samples were collected 
during active disease and before patients commenced 
treatment with specific cell-directed or cytokine-directed 
therapies (some patients had received steroids or 
intravenous immuno globulin). The secondary HLH 
cohort included 44 patients with infections (Epstein-Barr 
virus [n=15]; cytomegalovirus [n=5]; or other [n=17; 
appendix p 4), metabolic syndrome (n=1), or unknown 
cause (n=6). In the 38 patients with secondary HLH 
enrolled at University Hospital Freiburg, primary HLH 
was excluded according to a previously reported 
algorithm.16

MAS was defined according to the 2016 ACR/EULAR 
criteria,15 and only patients with MAS secondary to 
systemic JIA were included in this study. Inactive disease 
in systemic JIA was defined as the absence of fever, rash, 
and arthritis, and a C-reactive protein concentration or 
ESR in the normal range.17

All parents or care givers of the study participants  
provided written informed consent. The study was 
approved by the respective local ethics committees 
(Cincinnati [P01 and P60]; Freiburg [610/15]; Leuven 
[S58814]; Muenster [2015-670-f-S]; Rome [494_11]; 
Stockholm [Dnr 2009/1139-31/4 and Dnr 2010/165-31/2]; 
and Utrecht [11-499]).

Procedures
Discovery cohort samples were tested on a custom-made 
multiplexed immunoassay for quantification of 54 serum 
analytes, and concentrations of S100A12 were measured 
separately by in-house ELISA. We also analysed serum 
samples from separate patients with active (n=11) and 
inactive (n=11) systemic JIA-MAS, and from patients with 
active (n=10) and inactive (n=11) systemic JIA compared 
with healthy controls, as a means of internal assay 
validation. All biomarkers quantified in discovery cohort 
samples were individually analysed for their ability to 
distinguish between systemic JIA-MAS and primary HLH 
or secondary HLH, or both using multiple comparison 
statistics.

Biomarkers that were able to distinguish between these 
clinical entities were re-tested using a commercially 
available multiplex bead array assay (ProcartaPlex multi-
plex immunoassay platform, Thermo Fisher Scientific, 
Waltham, MA, USA), and correlation between data 
generated from the custom multiplex assay and the 
commercially available multiplex assay was assessed. 
Biomarkers with a between-assay Spearman’s correlation 
coefficient of r>0·7 were selected for testing in the 
validation cohort (along with S100A12), with cutoff values 
determined according to the Youden index. Validation 
cohort samples were analysed in a blinded manner using 
the commercial multiplex assay and S100A12 ELISA, and 
samples were designated as either HLH or systemic 

JIA-MAS based on the previously determined cutoff 
values. Following unblinding, the performance of 
biomarkers in distinguishing systemic JIA-MAS from 
primary HLH, or secondary HLH, or both, was evaluated 
by receiver operating characteristic analyses. The study 
complied with the Standards for Reporting of Diagnostic 
Accuracy guidelines (appendix pp 2–3).18

Detailed methods for serum biomarker quantification 
and sample distribution over discovery and validation 
cohorts are detailed in the appendix (p1).

Statistical analysis
Serum biomarker data were analysed for unsupervised 
clustering using correlation distance and ward.D2 
linkage by the pheatmap R package and RStudio, 2015. 
Principle component analyses were done using the 
ggfortify and autoplot R packages and RStudio. Multiple 
Spearman’s rank correlation analyses of serum analytes 
were done and plotted using the corrplot R package and 
RStudio or Graphpad Prism software, version 8.0.

Data for individual serum markers were analysed for 
normality distribution by D’Agostino and Pearson norm-
ality test using Graphpad Prism software. Most data did 
not pass this test and were therefore subjected to non-
parametric multiple comparison analyses by Kruskal 
Wallis followed by Dunn’s multiple comparison test 
(Graphpad Prism). Receiver operating characteristic curve 
analyses were also done using Graphpad Prism software. 
p<0·05 was considered to indicate a statistically significant 
difference.

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
Serum samples analysed in the study were collected 
between Dec 7, 2010, and Jan 26, 2018 (table 1). In the 
discovery phase, we analysed serum samples of 43 children 
(24 girls and 19 boys), including patients with active 
primary HLH (n=10), secondary HLH (n=12), systemic 
JIA-MAS (n=11), and healthy controls (n=10). Biomarkers 
were analysed using a custom-made multiplexed bead 
array assay comprising 54 analytes, including those with a 
general role in inflammation (eg, IL-6 or TNF), those 
previously identified in MAS or HLH (eg, soluble IL-2R, 
CXCL10, IL-18, or soluble Fas ligand [FASL]), and those 
anecdotally reported in case studies or murine models. 
S100A12 serum concentrations were established separately 
using an in-house ELISA.

Among discovery cohort samples, unsupervised 
hierarchical clustering of biomarker expression profiles 
identified three distinct clusters (figure 1A). Biomarkers 
selectively increased in serum from patients with 
secondary HLH and primary HLH constituted cluster 1. 
Biomarkers with elevated concentrations in both healthy 

For RStudio see http://www.
rstudio.com/
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controls and systemic JIA-MAS were assigned to cluster 2; 
this cluster included several biomarkers that were not 
differentially expressed between patients with systemic 
JIA-MAS and those with HLH. Cluster 3 comprised 
markers selectively elevated in systemic JIA-MAS or 
healthy controls (figure 1A). Corresponding principal 
compo nent analyses separated samples from patients with 
HLH from those with systemic JIA-MAS, despite some 
overlap with healthy controls (figure 1B). When analysing 
all markers quantified in discovery cohort samples 
individually for their ability to discriminate between HLH 
and systemic JIA-MAS using multiple-comparison 
statistics, we identified a set of serum proteins that were 
selectively elevated in secondary HLH, primary HLH, or 
systemic JIA-MAS (figure 2A, appendix pp 5–6, 8). A 
subset of serum proteins was selectively elevated in 
patients with HLH compared with systemic JIA-MAS (ie, 
monocyte chemotactic protein [MCP]-2 [also known as 
CCL8], macrophage colony stimu lating factor [MCSF], 
cathepsin B, and soluble FASL; figure 2B); others were 
overexpressed during episodes of systemic JIA-MAS 
compared with HLH (eg, IL-18 and S100A12; figure 2C). 
Ratios of IL-18 to CXCL9, and IL-18 to CXCL10—considered 

to be surrogates of IFNγ signalling—were significantly 
elevated in samples from patients with systemic JIA-MAS 
compared to those with primary or secondary HLH and 
could distinguish between disease entities (figure 2C). 
Ratios of S100A12 to CXCL9 and of S100A12 to CXCL10 
were also higher in samples from patients with systemic 
JIA-MAS and distinguished between these disease entities 
(figure 2C). Multiple correla tion analyses of markers that 
showed significantly different expression in HLH or 
systemic JIA-MAS compared with concentrations of 
C-reactive protein, ferritin, fibrinogen, or thrombocyte 
counts showed distinct patterns in systemic JIA-MAS 
compared with secondary HLH or primary HLH 
(appendix p 9). For example, although we observed a 
significant positive correlation between ferritin 
concentration and IL-18 (p=0·020) and between ferritin 
and S100A12 (p=0·0058) in systemic JIA-MAS, these 
associations were weak or absent in secondary HLH and 
were inversely correlated in primary HLH (appendix p 9). 
Similarly, thrombocyte counts were inversely correlated 
with both S100A12 (p=0·0003) and IL-18 (p=0·031) in 
systemic JIA-MAS, whereas this association was weaker or 
absent in primary and secondary HLH.

Healthy controls 
(n=10)

Inactive systemic 
JIA (n=11)

Active systemic 
JIA (n=10)

Inactive systemic 
JIA-MAS (n=11)

Active systemic 
JIA-MAS (n=40)

Primary HLH  
(n=28)

Secondary HLH 
(n=44)

Demographics

Age, years 11·0 (6·0–18·0) 2·6 (0·1–14·2) 6·7 (2·6–12·9) 4·7 (2·8–15·7) 10·7 (2·3–17·8) 1·0 (0·1–4·2) 8·9 (0·7–17·8)

Sex

Girls 6 (60%) 8 (73%) 8 (80%) 2 (18%) 15 (38%) 14 (50%) 23 (52%)

Boys 4 (40%) 3 (27%) 2 (20%) 9 (82%) 25 (63%) 14 (50%) 21 (48%)

Clinical manifestations

Fever 0 0 9 (90%) 0 39 (98%) 22 (79%) 39 (89%)

Hepatomegaly 0 0 2 (20%) 0 17 (43%) 26 (93%) 34 (77%)

Splenomegaly 0 0 2 (20%) 1 (9%) 23 (58%) 24 (86%) 28 (64%)

Neurological symptoms 0 ND ND 0 3 (8%);  
ND in 10 (25%)

9 (32%) 10 (23%)

Rash 0 0 5 (50%) 0 20 (50%) 6 (21%) 7 (16%)

Arthritis 0 0 9 (90%) 4 (36%) 18 (45%) 0 ND in 5 (18%) 2 (5%)

Serositis 0 0 0 0 11 (28%) 1 (4%) 10 (23%)

Laboratory parameters

Haemoglobin, g/dL ND 12·6 (10·7–14·1) 10·5 (9·0–12·3) 12·8 (11·7–15·4) 10·1 (6·5–12·8) 6·6 (3·0–9·0) 7·6 (5·6–10·9)

Neutrophil count, ×10³/mL ND 3·5 (1·8–6·2) 9·0 (6·0–13·1) 3·0 (1·9–5·5) 2·3 (0·4–13·9) 0·8 (0·0–23·0) 0·7 (0·0–15·3)

Platelet count, ×10³/mL ND 288 (175–324) 437 (310–550) 288 (122–371) 124 (65–446) 65 (18–402) 78 (35–362)

Aspartate aminotransferase, 
units per L

ND 20 (15–30) 75 (40–95) 29 (15–116) 98 (29–873) 120 (12–3699) 100 (20–8078)

Triglycerides, mg/dL ND 110 (90–165);  
ND in 7 (64%)

112 (100–125);  
ND in 8 (80%)

122 (115–169);  
ND in 8 (73%)

175 (45–785) 229 (2–330) 272 (93–803)

Fibrinogen, mg/dL ND 290 (220–320);  
ND in 7 (64%)

300 (270–410);  
ND in 7 (70%)

220 (170–355);  
ND in 7 (64%)

228 (50–711) 76 (40–294) 153 (50–771)

Ferritin, ng/mL ND 95 (50–170) 386 (104–4237) 36 (12–477) 2985 (562–121937) 6046 (550–65000) 1500 (223–30406)

C-reactive protein, mg/dL ND <0·5 9·3 (4·0–30·0) <0·5 7·2 (2·7–21·1) 5·4 (0·9–22·8) 5·6 (0·9–35·3)

Haemophagocytosis, present/
absent/ND

0/0/10 0/0/11 0/0/10 0/0/11 6/4/30 21/7/0 28/11/5

Data are n (%), or median (range) unless specified. ND=not determined. MAS=macrophage activation syndrome. HLH=haemophagocytic lymphohistiocytosis. JIA=juvenile idiopathic arthritis.

Table 1: Study population characteristics
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Figure 1: Serum biomarker 
profiles in HLH and systemic 
JIA-MAS among discovery 
cohort samples
(A) Discovery cohort serum 
samples of patients with active 
primary HLH (n=10), 
secondary HLH (n=12), 
systemic JIA-MAS (n=11), 
and healthy controls (n=10) 
were analysed in a custom-
made multiplexed bead array 
assay comprising 54 analytes. 
Serum S100A12 
concentrations were 
determined by in-house ELISA. 
Data including ratios for IL-18 
or S100A12 with CXCL9 or 
CXCL10 are presented as a 
heat map after unsupervised 
hierarchical clustering of 
biomarker expression profiles 
according to correlation 
distance and ward.D2 linkage. 
Colours indicate column 
Z score. (B) Principal 
component analysis of serum 
biomarkers as presented in A. 
IFN=interferon. IL=interleukin. 
HLH=haemophagocytic 
lymphohistiocytosis. 
JIA=juvenile idiopathic 
arthritis. MAS=macrophage 
activation syndrome. 
MCP=monocyte chemotactic 
protein. FAS=Fas cell surface 
death receptor. 
MIF=macrophage inhibitory 
factor. CTACK=cutaneous 
T cell-attracting chemokine. 
MIP1b=macrophage 
inflammatory protein 1 β.
BDCA3=thrombomodulin. 
MCSF=macrophage colony 
stimulating factor. 
GMCSF=granulocyte 
macrophage colony 
stimulating factor.
FGF=fibroblast growth factor.
GCSF=granulocyte colony 
stimulating factor.
NGF=nerve growth factor.
EPOR=erythropoietin receptor.
TWEAK=tumour necrosis 
factor-like weak inducer of 
apoptosis. SCFR=stem cell 
growth factor receptor. 
TNF=tumour necrosis factor. 
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To internally validate the initial biomarker quantifi-
cation, we analysed serum biomarker profiles in samples 
from patients with active systemic JIA-MAS (n=11 from 

the discovery cohort; appendix p 7), inactive systemic 
JIA-MAS (n=11), active systemic JIA (n=10), inactive 
systemic JIA (n=11), and healthy controls (n=10). 

Figure 2: Serum biomarkers with differential expression in HLH and systemic JIA-MAS among discovery cohort samples
(A) Radar plot depicts median serum marker concentrations and related ratios with significant or almost significant (p≥0·05-0·08) differences between healthy 
controls, primary HLH or secondary HLH, and systemic JIA-MAS discovery cohort samples. Serum biomarkers that discriminated between systemic JIA-MAS and HLH 
and were elevated in HLH (B) or systemic JIA-MAS (C) were analysed by multiple comparison statistics. Data points represent individual patient samples, bars 
represent medians. IL=interleukin. HLH=haemophagocytic lymphohistiocytosis. JIA=juvenile idiopathic arthritis. MAS=macrophage activation syndrome. 
MCP=monocyte chemotactic protein. MIF=macrophage inhibitory factor. FASL=Fas ligand. TNF=tumour necrosis factor. MCSF=macrophage colony stimulating 
factor. CXCL=chemokine (C-X-C motif) ligand. 
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Although unsupervised hierarchical clustering showed 
some differential expression related to underlying 
disease activity, we did not detect distinct clusters 
(appendix p 10). However, using multiple comparison 
analyses of individual biomarkers, we identified specific 
biomarkers that were significantly elevated in samples 
from patients with active systemic JIA compared to 
inactive systemic JIA-MAS (appendix p 11), and 
biomarkers that were selectively elevated during active 
compared with inactive systemic JIA (appendix p 11). 
Although expression of most biomarkers was higher in 
samples from patients with active disease, expression of 
some biomarkers was elevated in samples from patients 
with inactivate disease and in healthy controls (ie, soluble 
stem cell factor receptor and the TNF family member 
TWEAK; appendix p 11).

To validate biomarkers that were found in the discovery 
cohort to be significantly elevated in systemic JIA-MAS 
and that distinguished between systemic JIA-MAS and 
primary or secondary HLH, we first tested these markers 
using a commercially available bead array platform 
(Thermo Fisher Scientific, Waltham, MA, USA). The 
commercial platform included biomarkers that 
significantly discriminated between systemic JIA-MAS 
and primary or secondary HLH, as well as those that 
significantly discriminated between systemic JIA-MAS 
and primary HLH only (eg, soluble IL-2R, IL-8, IL-10, 

CCL27, TNF-R1, and E-selectin; appendix pp 5–6). We 
also included biomarkers that discriminated between 
systemic JIA-MAS and primary HLH at near significance 
(p close to 0·05; eg, IL-15 and macrophage migration 
inhibitory factor [MIF]; appendix pp 5–6), and biomarkers 
with a documented role in MAS pathogenesis (eg, IL-6). 
We did not include some biomarkers (eg, cathepsin B), 
because detection reagents for serum quantification of 
cathepsin B were not available at the time of the analyses.

Correlation analyses of biomarker concentrations 
determined by the custom-made discovery panel and 
commercial assay revealed good association between the 
assays; eg, MCP-2 (r=0·72; p<0·0001), soluble FASL 
(r=0·83; p<0·0001), IL-18 (r=0·91; p<0·0001), CXCL9 
(r=0·73; p<0·0001), and CXCL10 (r=0·86; p<0·0001). By 
contrast, concentrations of MCSF quantified by the 
commercial panel correlated poorly with those measured 
by the custom bead array (appendix p 12). Other analytes 
included in the commercial bead array panel (ie, soluble 
IL-2R, IL-6, IL-8, IL-10, CCL27, TNF-R1, IL-15, MIF, and 
E-selectin) revealed spearman correlation coefficients 
between the commercial and custom-made discovery 
assay ranging from 0·47 (TNF-R1) to 0·90 (IL-10) 
(appendix p 12). We further analysed the association of 
serum biomarkers among each other when quantified by 
either assay (appendix p 12). In general, we observed 
lower inter-marker associations when using the 

Figure 3: Validation of selected serum markers in an independent cohort
(A) Indicated serum biomarker concentrations or MH score (B) were quantified in an independent patient cohort (systemic JIA-MAS [n=29]; primary HLH [n=18]; 
secondary HLH [n=32]) in a blinded manner. Based on previously defined cutoffs for serum markers and respective ratios (appendix p 13) and MH score,19 samples 
were assigned to either primary HLH, secondary HLH, or systemic JIA-MAS. Receiver operating characteristic curve analyses and respective AUC indicate performance 
in correctly predicting either primary HLH (blue) or secondary HLH (red) versus systemic JIA-MAS. IL=interleukin. HLH=haemophagocytic lymphohistiocytosis. 
JIA=juvenile idiopathic arthritis. MAS=macrophage activation syndrome. AUC=area under the curve. CXCL=chemokine (C-X-C motif) ligand.  
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commercial compared with the custom-made assay; 
however, except for biomarkers that correlated poorly 
between the two assays (eg, TNF-R1, IL-15, and MCSF), 
the overall pattern between the two platforms was similar. 

We then tested whether MCP-2, soluble FASL, IL-18, 
and S100A12 (by ELISA), as well as ratios of IL-18 to 
CXCL9, IL-18 to CXCL10, S100A12 to CXCL9, and 
S100A12 to CXCL10 distinguished between samples from 
patients with HLH or systemic JIA-MAS in an 
independent patient cohort, using cutoff values defined 
in the discovery cohort according to Youden’s method 
(appendix p 13). Samples in the validation cohort (primary 
HLH [n=18]; secondary HLH [n=32]; systemic 
JIA-MAS [n=29]) were tested in a blinded manner using 
the commercial bead array assay. The biomarkers that 
best distinguished between systemic JIA-MAS and HLH 
were S100A12 (primary HLH vs systemic JIA-MAS: area 
under the curve [AUC]=0·938; secondary HLH vs 
systemic JIA-MAS: AUC=0·847), and IL-18 (primary HLH 
vs systemic JIA-MAS: AUC=0·822; secondary HLH vs 
systemic JIA-MAS: AUC=0·787) (figure 3A, table 2). 
Given that the validation cohort was larger than the 
discovery cohort, we refined respective cutoff values for 
discriminating systemic JIA-MAS from HLH and found 
that, with the exception of the IL-18 to CXCL10 ratio, 
these values were comparable to those determined in the 
discovery cohort analyses (appendix p 14).

S100A12 and IL-18, as well as ratios of S100A12 and 
IL-18 to CXCL9 and CXCL10 out-performed the previously 
described MAS to MH score19 in distinguishing secondary 
HLH from systemic JIA-MAS (AUC=0·691; figure 3B). 
However, the MH score outperformed our biomarker 
analyses in differentiating between primary HLH and 
systemic JIA-MAS (AUC=0·978; figure 3B). In the 
validation analysis, MCP-2 and soluble FASL were poor at 
discriminating systemic JIA-MAS from primary or 
secondary HLH, and these biomarkers were only able to 
differentiate between primary HLH and systemic 
JIA-MAS at a significant level (appendix p 14). Calculating 
ratios of either S100A12 or IL-18 with CXCL9 or CXCL10 
did not result in improved discrimination between 
disease entities compared with S100A12 or IL-18 alone 
(figure 3A, appendix p 14).

In multiple correlation analyses among validation 
cohort samples, we again observed significant correla-
tions between IL-18 and S100A12 serum concentrations 
with ferritin concentrations in systemic JIA-MAS. 
However, this correlation was not evident in secondary 
HLH or primary HLH, despite markedly elevated 
ferritin concentrations in these patients (table 1, 
appendix p 15). In contrast to the discovery cohort, the 
correlation between circulating thrombocytes and 
serum S100A12 and IL-18 concentrations was weak in 
systemic JIA-MAS samples in the validation cohort 
(appendix p 15).

Discussion
In this study, we report on a broad approach to identify 
serum biomarker profiles in systemic JIA-MAS 
compared with primary and secondary HLH. Of all 
analysed markers, S100A12 followed by IL-18, and 
ratios of IL-18 to CXCL9, IL-18 to CXCL10, S100A12 to 
CXCL9, and S100A12 to CXCL10 proved most powerful 
in differential diagnosis. To our knowledge, this is the 
first study describing and validating granulocytic 
S100A12 as a serum biomarker that best differentiates 
systemic JIA-MAS from both primary and secondary 
HLH.

S100A12 and IL-18 are both well-established biomarkers 
of systemic JIA, and our study supports previous 
findings.12,20,21 Concentrations of these markers are highly 
elevated in patients with JIA and correlate with disease 
activity.12,20,21 Our data validate previous studies showing 
that IL-18 concentrations distinguish MAS from primary 
HLH13 and that the IL-18 to CXCL9 ratio distinguishes 
between MAS and infection-associated secondary HLH.22 
However, in our study, IL-18 concentrations measured by 
the commercial bead array assay were lower than those 
detected using our custom bead array as well as those 
quantified by ELISA in other studies.12 Further, IL-18 
concentrations in the present study do not differentiate 
between free (ie, circulating bioactive IL-18) and total 
IL-18 (ie, free IL-18 and IL-18 complexed with IL-18BP).13 
Serum concentrations of IFNγ and the IFNγ-induced 
chemokines CXCL9 and CXCL10 have also been 
associated with severity of disease in systemic JIA-MAS.10

Systemic JIA-MAS versus primary HLH Systemic JIA-MAS versus secondary HLH

AUC 95% CI Cutoff (sensitivity/specificity) AUC 95% CI Cutoff (sensitivity/specificity)

IL-18 0·822 0·724–0·920 1157 pg/mL (85·7%/67·5%) 0·787 0·687–0·888 1022 pg/mL (73·2%/77·5%)

S100A12 0·938 0·867–1·000 535 ng/mL (96·0%/91·4%) 0·847 0·744–0·949 635 ng/mL (83·8%/91·4%)

IL-18 to CXCL9 ratio 0·794 0·653–0·967 4·5 (82·1%/75·0%) 0·719 0·606–0·832 4·4 (68·3%/77·5%)

IL-18 to CXCL10 ratio 0·745 0·627–0·862 14·8 (78·6%/70·0%) 0·714 0·602–0·826 10·6 (65·9%/72·5%)

S100A12 to CXCL9 ratio 0·907 0·827–0·988 1593·0 (88·0%/91·4%) 0·827 0·723–0·931 2231·0 (81·1%/85·7%)

S100A12 to CXCL10 ratio 0·918 0·842–0·994 9293·0 (92·0%/85·7%) 0·846 0·749–0·943 10 959·0 (81·1%/85·7%)

JIA=juvenile idiopathic arthritis. MAS=macrophage activation syndrome. HLH=haemophagocytic lymphohistiocytosis. AUC=area under the curve. IL=interleukin. 
CXCL=chemokine (C-X-C motif) ligand. 

Table 2: Best performing parameters in the differentiation of systemic JIA-MAS from primary HLH and secondary HLH 
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Our study emphasises the crucial role of the IL-18-IFNγ 
axis in MAS pathophysiology.23 Free IL-18 has been shown 
to be a key driver of hyperinflammation,24 which can be 
controlled by therapeutic application of its natural 
inhibitor, IL-18 binding protein.25,26 Similarly, serum 
concentrations of granulocytic S100A12 strongly correlate 
with systemic JIA disease activity21 and peripheral blood 
neutrophil counts,27 and neutrophils from patients with 
systemic JIA have elevated inflammatory gene expression, 
including S100A12.27,28 Once released from cells, S100A12 
is thought to perpetuate and amplify inflammation as an 
endogenous ligand to Toll-like receptor 4.29

The specific reason for the pronounced overexpression 
of S100A12 and IL-18 in both systemic JIA and JIA-MAS 
remains unclear, but our results in systemic JIA-MAS 
versus primary HLH in particular show that expression 
of these biomarkers is not simply related to elevations in 
blood ferritin. Overexpression of IL-18 and S100A12 
might be partly linked to the prominent role of the IL-1β 
pathway in underlying disease pathophysiology. IL-1β 
and S100 are thought to form a positive feedback loop in 
systemic JIA, and S100 depletion from patient serum was 
shown to abrogate IL-1β expression.30 Similarly, IL-18 
expression can be induced by inflammatory stimuli, but 
recent evidence suggests type I interferon signalling to 
have a prominent role in regulating IL-18 expression.31,32 
Although this finding might be relevant for excessive 
IL-18 expression in MAS, in which viral infections in 
particular are thought to be prominent triggers,23 it does 
not readily explain the overexpression of IL-18 in patients 
with systemic JIA devoid of hyperinflammation.

Expression of MCP-2, MCSF, cathepsin B, and soluble 
FASL was also detected in our discovery cohort samples. 
These markers were elevated in the serum of patients with 
primary HLH and clustered within the primary or 
secondary HLH biomarker profile signature; they were 
not elevated in samples from patients with systemic 
JIA-MAS or healthy controls. As with S100A12 and IL-18, 
differential expression of these biomarkers in secondary 
HLH and systemic JIA-MAS further underscores potential 
differences in the underlying disease pathophysiology, 
despite large or even complete clinical phenotypic overlap 
between these entities.

Nonetheless, the findings of our study need to be 
discussed in view of three main limitations. First, although 
the multiple-marker panel used for discovery cohort 
screening included a wide range of markers with a general 
role in inflammation, as well as those with established 
or anecdotally reported roles in MAS and HLH 
pathophysiology, we might still have missed important 
parameters. In 2019, ADA2 activity was reported as a 
promising indicator of MAS,11 tracking with MAS disease 
intensity and strongly correlating with ferritin, IL-18, and 
CXCL9 concentrations. However, as ADA2 expression can 
be induced by IL-18 and IFNγ,11 it is not yet clear whether 
ADA2 has a unique, previously unknown role in MAS 
pathophysiology or whether it is simply a surrogate for 

dysregulated IL-18 or IFNγ expression. For similar reasons, 
we did not include S100A8/A9 in our study. S100A8/A9 
serum titres are highly elevated in systemic JIA (even more 
so than S100A12),30,33,34 but expression strongly correlates 
with S100A12.35 To reduce redundancy, we decided to 
include only one in our study.

Second, while our initial analyses revealed a wider panel 
of promising molecules, only a few could be successfully 
validated using commercially available detection reagents. 
Candidate biomarkers such as cathepsin B or MCSF could 
not be included in the validation panel either because 
reagents were not available commercially (cathepsin B) or 
showed poor performance (MCSF). Further, the number 
of biomarkers that we found to differentiate between 
disease entities might also have been limited by sample 
quality, particularly among validation cohort samples. 
These samples were collected at different centres through-
out the world, and we cannot completely exclude a centre 
bias. Furthermore, samples were collected under condi-
tions reflecting clinical reality, rather than those meeting 
rigid proteomic study standards such as rapid sample 
processing and prompt storage at –20°C or –80°C. These 
conditions might favour detection of more thermo stable 
analytes such as IL-18 and S100A12.36 However, we consider 
this feature to be an advantage, as the results should be 
reproducible and amendable to further validation at any 
clinical centre with access to detection reagents and 
instrumentation or that is included in HLH registries that 
offer similar functional analyses for initial evaluation.

As a third study limitation, it is important to emphasise 
that in many clinical centres, assays for quantification of 
S100A12, IL-18, CXCL9, and CXCL10 are not yet available 
or are run in differing formats, which limits the 
comparability of results. At the time of writing, the MAS 
working party of the Pediatric Rheumatology European 
Society are developing a project to support wide intro-
duction of respective biomarker analyses in the universal 
diagnostic tests of hyperferritinaemic syndromes.

Identifying evolving MAS in a patient with an underlying 
inflammatory disorder is difficult. The 2016 ACR/EULAR 
criteria15 were designed for classification of MAS in clinical 
trials and were not validated for diagnostic purposes in the 
clinical setting. Therefore, different approaches have been 
used to discriminate MAS from active systemic JIA (eg, the 
MS score37 and ferritin to ESR ratio38) and to discriminate 
between primary HLH and MAS (eg, MH score sensitivity: 
91%, specificity 93%19). However, as also evident from our 
analyses, these criteria and scores are of limited use, 
particularly in discriminating MAS from secondary HLH. 
Thus, we suggest that biomarker analysis be included in 
diagnostic tests in addition to clinical evaluation and 
standard laboratory and functional tests to distinguish 
MAS from secondary HLH at an early stage, and thus to 
enable introduction of the appropriate anti-inflammatory 
treatment.23

Recently, a multidisciplinary approach to HLH and 
MAS management was introduced, in which paediatric 
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rheuma tologists act as gatekeepers charged with 
overseeing the diagnostic evaluation.39 The diagnostic 
algorithm put forward in this approach included IL-18 
and CXCL9 as biomarkers for MAS.39 Our data provide 
additional support for the ability of IL-18, CXCL9, and 
particularly S100A12 in distinguishing between different 
disease entities that are associated with a life-threatening 
cytokine storm. These findings can support an early 
differential diagnosis between systemic JIA-MAS and 
HLH and thus can help to guide treatment decisions.
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