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Abstract
Biallelic mutations in SLC29A3 cause histiocytosis-lymphadenopathy plus syndrome, also known as H syndrome (HS).
HS is a complex disorder, with ~ 25% of patients developing autoinflammatory complications consisting of unexplained
fevers, persistently elevated inflammatory markers, and unusual lymphadenopathies, with infiltrating CD68+, S100+, and
CD1a− histiocytes, resembling the immunophenotype found in Rosai-Dorfman disease (RDD). We investigated the
transcriptomic profiles of monocytes, non-activated (M0), classically activated (M1), and alternatively activated macrophages (M2) in two patients with HS, one without autoinflammatory (HS1) and one with autoinflammatory complications (HS2). RNA sequencing revealed a dysregulated transcriptomic profile in both HS patients compared to healthy
controls (HC). HS2, when compared to HS1, had several differentially expressed genes, including genes associated with
lymphocytic-histiocytic predominance (e.g. NINL) and chronic immune activation (e.g. B2M). The transcriptomic and
cytokine profiles of HS patients were comparable to patients with SAID with high levels of TNF. SERPINA1 gene
expression was found to be upregulated in all patients studied. Moreover, higher levels of IFNγ were found in the serum
of both HS patients when compared to HC. Gene ontology (GO) enrichment analysis of the DEGs in HS patients
revealed the terms “type I IFN,” “IFNγ signaling pathway,” and “immune responses” as the top 3 most significant
terms for monocytes. Gene expression analysis of lymph node biopsies from sporadic and H syndrome-associated RDD
suggests common underlying pathological process. In conclusion, monocytes and macrophages from both HS patients
showed transcriptomic profiles similar to SAIDs and also uniquely upregulated IFNγ signature. These findings may help
find better therapeutic options for this rare disorder.
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Key Points
• Regulome analysis of monocytes and macrophage subsets in H
syndrome patients shows an autoinflammatory phenotype.
• Gene expression analysis of lymph node biopsies from sporadic and H
syndrome-associated Rosai-Dorfman disease suggests a common underlying pathological process
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Introduction
Biallelic mutations in SLC29A3, encoding the intracellular
equilibrate nucleoside transporter 3 (ENT3), cause a range of
related genetic disorders, collectively known as histiocytosislymphadenopathy plus (OMM #602782) or H syndrome (HS)
[1–3]. The spectrum of clinical features associated with HS
includes dermatological (hyperpigmentation and
hypertrichosis) and systemic manifestations, such as
hepatosplenomegaly, hearing loss, hypogonadism, heart
anomalies, short stature, hyperglycemia (non-autoimmune
insulin-dependent diabetes mellitus (IDDM)) and
camptodactyly [2, 4]. The histiocytosis, when present, most
closely resembles Rosai-Dorfman disease (RDD), which is
characterized by infiltrating CD68+, S100+, and CD1a− histiocytes [5]. To date, no correlation between mutation type, or
genomic location, and severity of the phenotype has been
demonstrated [2].
Recently, HS has been described as a systemic
autoinflammatory disease (SAID), since up to 25% of HS
patients develop typical complications including unexplained
fevers, seronegative arthritis, and persistently elevated inflammatory markers [2, 4, 6, 7]. The term “autoinflammation” was
coined in 1999 to describe a non-infectious inflammatory
state, which was due to disturbance of the innate immune
system with monocytes, macrophages, and neutrophils being
critical cellular mediators of this process [8]. The wide range
of clinical manifestations in HS is probably due to the fact that
ENT3 plays an essential role in several biochemical reactions,
which include the regulation of nucleic acids, lysosomal homeostasis, mitochondrial function, and cellular migration
[9–11]. Considering that mitochondrial dysfunction and oxidative stress are closely linked with several critical innateimmune inflammatory pathways, including NLRP3
inflammasome activation, and the fact that macrophages show
the highest expression of this transporter [9], this might explain why some patients develop SAID-like complications.
Murine studies have shown that macrophages have a critical role in the disease pathogenesis. Similar to the clinical
features observed in patients, Ent3−/− mice also develop spontaneous splenomegaly and lymphadenopathy early in life,
with a significantly higher number of macrophages in the
spleen but typical numbers of T and B cells [9].
Furthermore, in these mice, splenic macrophages show increased M-CSFR expression with increased levels of M-CSF
in the sera of these mice [9]. While blocking M-CSF resulted
in a partial reduction of the number of splenic macrophages, it
did not change the mortality rate seen in Ent3−/− mice or
completely rescue the phenotype, indicating that other mechanisms must be responsible for this phenotype.
To investigate which biochemical processes and inflammatory pathways are most relevant to the pathogenesis of inflammatory complications in HS, we performed transcriptomic
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analyses in monocytes, non-activated macrophages (M0),
classically activated macrophages (M1), and alternatively activated macrophages (M2) from two HS patients, one without
and one with inflammatory complications. We compared the
findings to a similar analysis performed in two patients with
SAID. Moreover, we compared our transcriptomic data to
other published cases of classical SAIDs. Finally, we compared the transcriptomic profile of the HS patient with
autoinflammatory complications, with tissue biopsies (RDD)
obtained from sporadic cases and genetically confirmed HS
patients. This study provides the first transcriptomic insights
into the dysregulated cellular mechanisms in monocytes and
macrophages from HS patients. We show that monocytes and
macrophages share similar transcriptomic and cytokine profiles as SAIDs.

Methods
Patients’ Characteristics and Study Design
Patient blood samples used for this study were obtained with
ethics approval (REC 10/H1306/88, National Research Ethics
Committee Yorkshire and Humber–Leeds East), and all the
studies involving human samples from healthy control (HC)
volunteers were approved by the Health Research Authority
(REC reference 17/YH/0084). Patients were recruited from
the Department of Clinical Immunology and Allergy, St
James’s University Hospitals, Leeds, UK. Informed written
consent was obtained from all participants at the time of the
sample collection. Age- and sex-matched HC were recruited
from the St James’s University Hospitals, Leeds, UK. Details
for the tissue biopsies can be found in Supplementary Table 1.

Preparation of Human Blood and Isolation of Immune
Cells
Blood samples were collected in EDTA precoated tubes and
processed within the next 4 h. Peripheral blood mononuclear
cells (PBMCs) were isolated from whole blood using a standard density gradient centrifugation method. Blood was
mixed with an equal volume of DPBS (without Ca2+ and
Mg2+, containing 2% heat-inactivated fetal bovine serum
(FBS)) and carefully layered onto Lymphoprep (StemCell)
and centrifuged at 1100×g for 20 min without brakes. The
white buffy layer was collected and washed twice in DPBS
(2% FBS) by centrifuging at 150×g for 10 min without brakes,
to remove platelets. After PBMCs were obtained, CD14+
monocytes were isolated by immunomagnetic negative selection, using the EasySep Human Monocyte Isolation Kit
(StemCell). Isolated monocytes were immediately lysed with
TRIzol or differentiated to macrophages as described in the
next sections. Table 1
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Table 1 Patients’ and HC
demographics
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Subject

Age

Sex

Mutation

H syndrome 1 (HS1)

18

F

SLC29A3

H syndrome 2 (HS2)

26

F

NM_018344.5:c.182G > T, p.(Gly61Val)
SLC29A3

Undefined SAID (uSAID)

55

M

NM_018344.5:c.300 + 1G > A
TNFRSF1A

TRAPS

31

F

c.1328G > T, p(Gly443Val)
TNFRSF1A

HC1
HC2
HC3
HC4
HC5
HC6
HC7
HC8
HC9

36
45
26
18
35
36
27
22
44

F
M
F
F
F
F
F
M
F

c.236C > T (p.Thr79Met)
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

M1/M2 Macrophage Differentiation and Polarization

RNA Preparation and Analysis

Isolated human monocytes were cultured in complete
RPMI medium (10% FBS, 50 U/ml penicillin,
50 μg/ml streptomycin and 1% L-glutamine) (Merck)
s up p l em e nt e d w i t h 2 0 n g / m L hu m an G M - C S F
(PeproTech) for macrophage differentiation and incubated for 6 days, adding fresh media on day 3. On day 6,
M0 macrophages were activated with 100 ng/mL human
IFN-γ (PeproTech) and 50 ng/mL LPS, for M1 macrophage polarization, or 20 ng/mL IL-13 (PeproTech) and
IL-4 (PeproTech), for M2 macrophage polarization, and
incubated for 24 h. Monocytes were initially seeded at a
density of 0.5 × 106 and cultured in tissue culture-treated
12 well plates.

Total RNA was obtained by using TRIzol and Phasemaker
Tubes (Thermo Fisher Scientific) according to the manufacturers’ protocol. RNA quality and quantity were further determined by NanoDrop spectrophotometer and with the Agilent
TapeStation (Agilent Technologies).

Flow Cytometry
Characterization of the macrophages was done through flow
cytometry. On day 7, cells were washed twice with DBPS and
detached using DPBS with EDTA 10 mM. Cells were washed
with DPBS and resuspended in brilliant stain buffer (BSB)
with human and mouse serum for 20 min on ice. Cells were
stained with the surface markers for M1 (CD64+, CD80+, and
CD86+) and M2 (CD64+, CD206+, and CD209+) for 30 min
on ice. Finally, cells were resuspended in BSB in FACS
collection tubes, and samples were run in the
CytoFLEX-LS (Beckman Coulter). All antibodies used
are listed in detail in the table of regents.

RNA Sequencing
Library preparation and RNA sequencing (RNA-seq) were
performed on an Illumina Novaseq and generating 150 bp
paired-ended reads (Novogene Bioinformatics Technology
Co., LTD). An average of 55.0 million raw reads were generated per sample (effective rate average 97.6% and Q30 average of 94.5%). RNA-seq raw reads were trimmed using
TrimGalore [12] to remove library adaptors sequences and
low-quality reads (QV ≤ 30). High-quality reads were mapped
to the reference genome (GRCh38/hg38) using STAR [13],
and then the Cufflinks-Cuffdiff (v2.2.1) pipeline [14] was
employed to perform transcriptome assembly, normalization,
and differential expression (DE) analyses. Monocytes and
macrophages showed an average of 89.3% uniquely mapped
reads, whereas tissue samples showed an average of 48.5%.
Processed and raw RNA-seq data have been deposited to the
NCBI Gene Expression Omnibus (GEO) database (accession
number: GSE155697). Gene-ontology (GO) enrichment analysis of the DEGs was performed using the DAVID (v6.8)
functional annotation analysis tool [15].
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Cytokine Detection
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Table of Reagents

of the patient’s clinical features and treatment history
has been published previously [16]. Briefly, the patient
first came to medical attention at the age of 2 years
after presenting with a self-limiting, well-delineated telangiectatic rash. Over the ensuing decade, the patient
developed arthralgia, fatigue and dactylitis, and at the
age of 9, the patient was found to have RDD causing
non-tender submandibular lymphadenopathy.
Subsequently, she was diagnosed with HS due to the
identification of a homozygous splice-site mutation in
SLC29A3 (NM_018344.5:c.300+1G>A). The patient’s
other clinical features are consistent with this diagnosis,
including short stature, IDDM, and pancreatic insufficiency. In the ensuing years, she has developed numerous inflammatory complications, which continue to be
problematic, including sporadic fevers, transient synovitis, persistently elevated CRP, and progressive RDD,
which now also involves her skin. She was treated with
numerous disease-modifying antirheumatic (DMARD)
medications, including biological therapies such as rituximab and tocilizumab, which have not been effective.

Details of all reagents can be found in the Supplementary
Table 2.

SAID

The supernatant from cultured macrophages and patients’ serum were frozen and stored at − 80 °C. TNF, IL-12, IL-6, IL1β, IFNγ, and IL-2 (R+D Systems Fluorokinemap) cytokines
were measured by using the multiplex Luminex analyzer
(Bio-Plex, Bio-Rad, UK). Serum was collected immediately
after the sample collection, and supernatants from macrophages were collected before processing the cells.

Quantification and Statistical Analysis
Flow cytometry and cytokine analysis were analyzed by multiple independent t tests, and statistical significance determined by the Holm-Sidak method. Each parameter was analyzed individually without assuming a consistent SD.
GraphPad Prism 8 software was used to do all analyses. P
values of < 0.05 were statistically significant. Nonparametric
tests were used to compare the medians between groups.

Results
Patients’ Characteristics
H Syndrome
The first H syndrome patient (HS1) is an 18-year-old female
of Pakistani consanguineous descent. The patient initially presented at the age of 12 with IDDM associated with positive
anti-islet cell antibodies. Within a year of initial presentation,
the patient developed camptodactyly and fleeting pain and
swelling in other joints, including the right knee, wrist, elbow,
and temporomandibular joint. Further investigations in pediatric rheumatology did not show any evidence of active inflammatory arthritis, and the joint symptoms settled spontaneously within the following 6 to 9 months. Subsequent genetic
analysis revealed a rare, previously unreported, homozygous
variant in SLC29A3 (NM_018344.5:c.182G>T,
p.(Gly61Val)) as the likely cause of disease. The patient’s
younger sister, who, in addition to camptodactyly and
IDDM, also had short stature (9th centile) and
hypertrichosis was later found to share the same genetic
variant. HS1 has remained otherwise well, apart from
IDDM and camptodactyly, and has not developed any
inflammatory complications.
The second patient (HS2) is a 26-year-old female of
consanguineous Pakistani descent. A detailed description

The first undefined SAID patient (uSAID) is a 55-year-old
male who has a life-long history of unexplained fevers associated with flu-like symptoms lasting anywhere between a few
days to weeks. The patient’s clinical picture is complicated by
recurrent episodes of cellulitis as a result of complex trauma in
his left knee. Sequencing revealed a previously unreported
heterozygous single nucleotide variant of unknown significance c.1328G>T, p(Gly443Val), in exon 10 of the
TNFRSF1A gene. The patient is receiving on-demand treatment with prednisolone, which he infrequently takes for the
autoinflammatory complications, similar to those presented
by patients with TNF-Receptor Associated Periodic
Syndrome (TRAPS).
Fig. 1 Transcriptomic sample analysis in both monocytes and
macrophages. (a) CD14+ monocytes obtained by negative selection
were differentiated into macrophages for 6 days, and then M1
macrophage polarization was accomplished by stimulating with
100 ng/ml human IFNγ and 50 ng/ml LPS. M2 macrophage polarization
was accomplished by stimulating with 20 ng/ml IL-13 and 20 ng/ml IL-4.
M0 macrophages were cultured for 7 days. (b) Multidimensional scaling
(MDS) plot showing the global transcriptomic profile of all the HC (1–5)
and patients’ samples, where all the different cell types are shown. (c and
d) MDS plot showing the global transcriptomic profile in monocytes and
M1 of all the HC and patients’ samples. (e–g) The number of differentially expressed genes (DEGs) in pairwise comparisons of the different
cell types are given, where monocytes (top) and M0 (bottom) are compared to each other cell type. The Venn diagrams show shared and unique
DEGs for each cell type in (e) HC, (f) HS1, and (g) HS2 samples
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The second patient (TRAPS) is a 31-year-old female who
has been symptomatic since her early teens with episodic fevers and serositis. She carries a c.236C>T (p.Thr79Met)
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mutation in TNFRSF1A, previously described as
p.Thr50Met [17]. At present, she is treated effectively with
anakinra (synthetic IL-1 receptor antagonist).
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Transcriptomic Differences of Monocytes and
Macrophages
To study the transcriptomic profile of monocytes, M0,
M1, and M2 macrophages, we obtained CD14+ monocytes from 2 HS, 2 SAID patients, and 5 HC and differentiated the cells according to the protocol summarized in Fig. 1a. To determine whether the macrophage
differentiation was successful, the global transcriptomic
differences between the different cell types, in each
group, were assessed and visualized using multidimensional scaling (MDS) plots (Fig. 1b–d). Monocytes, M0,
and M1 macrophages were clearly separated, by at least
three units on the MDS plot, for each sample (Fig. 1b).
Although the M2 and M0 macrophages did not show a
distinct global transcriptomic difference by MDS, we
found this to be consistent with another published
dataset available of M2 differentiated from M0 macrophages [18]. Moreover, expression of the surface
markers CD80/CD86 and CD206/CD209 showed high
expression in M1 and M2 macrophages, respectively.
To further corroborate the differences between the cell
types, pairwise comparisons were made between the different cell types in each group (Fig. 1e–g). As shown in
the Venn diagrams, a large number of transcripts were
found to be differentially expressed in M0, M1, and
M2, when compared to monocytes; for example, HC
(n = 5) and HS1 showed 2210 and 2045 DEGs in M1
macrophages, respectively, and M1 macrophages from
patient HS2 presented 905 DEGs (Fig. 1e–g top).
When compared to M0 macrophages, the transcriptomic
differences of monocytes were more evident, with 2714
(HC), 2337 (HS1), and 1273 (HS2) DEGs (Fig. 1e–g
bottom). Similarly, when comparing to monocytes, M2
macrophages showed 344 (HC), 440 (HS1), and 128
(HS2) DEGs in each respective group (Fig. 1e–g top).
The number of DEGs was reduced in the different cell
types from the uSAID and TRAPS patients. We observed 80
and 149 unique DEGs in M2 and M1 macrophages from
uSAID patient and 102 and 93 in M2 and M1 macrophages
from the patient with TRAPS (Supplemental Fig. 1C-D). The
remaining comparisons of all the DEGs in each cell type from
each sample group are shown in Supplemental Fig. 1E-G.

Transcriptomic Profile of Two Different H Syndrome
Patients
To determine which cellular processes might be responsible
for the differences in the inflammatory phenotypes observed
between the two HS patients, we first compared the global
transcriptomic profile of cells derived from HS patients.
While heterogeneity is an important factor that influences
the transcriptomic profiles of cell subset in different
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individuals [19], we still observed a clear degree of separation
in the monocytes from the two HS patients when compared to
the HC samples (Fig. 1c) and to a lesser degree in the other cell
subsets (Fig. 1d; Supplemental Fig. 1A-B).
We next conducted pairwise comparisons of the DEGs between both HS patients, as well as independently against the HC
samples, for each cell type. Monocytes from HS patients shared a
cluster of upregulated genes when compared to the HC controls
(Fig. 2a), and a total of 73 and 70 DEGs were shown in patients
HS1 and HS2, respectively (Supplement Table 4). The shared
upregulated DEGs in both HS patients included SERPINA1,
TNFAIP6, and SLC39A8 (Fig. 2b). When monocytes from patients HS1 and HS2 were compared, we found 77 DEGs with
several HLA genes being overexpressed in patient HS2, as well
as B2M, which encodes β2-Microglobulin, a component of
MHC class I molecules (Fig. 2b).
When comparing transcriptomic profiles of M0 macrophages,
patient HS1 showed a profile resembling the HC samples rather
than HS2 (Fig. 2c). The number of DEGs in M0 macrophages
was 58 in HS1 and 154 in HS2, when compared to HC samples.
Similarly, when the two HS patients were compared to each
other, we observed 71 DEGs, including B2M and HLA genes,
upregulated and lysosomal-associated membrane protein 3
(LAMP3) downregulated in patient HS2 (Fig. 2d).
A cluster of overexpressed genes was found in M1 macrophages from the two HS patients when compared to HC samples
(Fig. 2e). In M1 macrophages, several inflammatory genes such
as IFN-responsive genes, TNF, IL-1α and IL-1β were upregulated in both HS patients (Fig. 2f). In M2 macrophages, we still
observed a different transcriptomic profile in the two HS patients
(Fig. 2g). A total of 653 and 422 DEGs were found in M2
macrophages from HS1 and HS2 patients when compared to
HC samples, several of the genes shown in Fig. 2h. The full list
of DEGs can be found in Supplemental Table 4.

H Syndrome as an Autoinflammatory Disease
To classify genes with the most significant differences in the
patients, the top 15 upregulated and 15 downregulated DEGs
(ranked by fold change) in each cell type were identified
(Fig. 3a–d). Additionally, to determine whether the gene expression profile of H syndrome patients resembles that
of patients with SAID, we included the data from two
SAID patients, which were also characterized by
transcriptomic profiling alongside the HS patients (Fig.
1b–d; Supplemental Fig. 1A-D).
The SERPINA1 gene, which encodes alpha1antitrypsin (AAT), was found to be the most or second
most upregulated gene in all cell types from both HS
and SAID patients compared to HC (Fig. 3a–d). M0
macrophages from HS and SAID patients exhibited a
comparable gene expression profile with similar levels
of SERPINA1, LOC105376781, F13A1, CD1A, ASGR2,
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Fig. 2 Different transcriptomic profile in HS patients. Pairwise
differential expression comparison between HC (1–5) and patients’
samples, as well as between the HS1 and HS2 patients in all different
cell types. (a, c, e, and g) Heatmaps show only the DEGs (q < 0.05)
between the 3 different groups, HC, HS1, and HS2, monocytes, M0,
M1, and M2, accordingly. The expression was standardized, and the
color shading scale represents Log2(FPKM) values. Genes (rows) were

hierarchically clustered (Euclidean). (b, d, f, and h) Volcano plots showing the DEGs in Log2 (fold change) and p value for the comparisons of
HC vs HS1 (left), HC vs HS2 (middle), and HS1 vs HS2 (right) in
monocytes, M0, M1, and M2, accordingly. Differentially expressed
genes in volcano plots (FC ≥ 1, p < 0.05 with FDR) are depicted in red.
The purple boxes show a cluster of genes similarly expressed in the two
HS patients

CCL17, MMP12, and CLDN1 when compared to controls (Fig. 3b). Moreover, in M1 macrophages, 12 genes
were found to be similarly expressed among the two HS
and SAID patients, with SERPINA1 being the top upregulated gene (Fig. 3c).
To further elucidate the unique DEGs, in monocytes
and macrophages, which may be responsible for the
autoinflammatory phenotype presented by HS2 patient,
we compared the transcriptomic profile HS2 against
HS1 and ranked the DEGs by fold change (Fig. 3e–h).
Corroborating our previous findings, SERPINA1 was not
found in the list of DEGs, when comparing the two HS
patients, suggesting that this gene is a shared marker in
SAIDs. Remarkably, B2M was the top upregulated gene
in all cell types from HS2 patient (Fig. 3e–h). M1 macrophages from HS2 patient showed increased levels of
NINL and SNHG5, which have been associated with
Hodgkin’s lymphoma lymphocytic-histiocytic

predominance (Fig. 3g). In the M0 macrophages from
the HS2 patient, we observed downregulation of
LAMP3, which is related to lysosomal function.
We next performed gene ontology (GO) analysis of the
DEGs in HS and SAIDs, when compared to HC.
Macrophages from HS patients revealed a significant enrichment of GO terms related to immune responses, IFN signaling, and MHC class I (Fig. 4) (Supplemental Fig. 2A). For
instance, the biological process (BP) GO term “Interferongamma-mediated signaling pathway” (GO:0060333)
displayed a fold enrichment of 27.4 in monocytes, 14.1 in
M0, 15.2 in M1, and 5.6 in M2, in both HS patients with
FDR < 0.001 (Supplemental Table 5). Several of the top 15
GO terms in HS patients were also shown in uSAID and
TRAPS patients (Fig. 4). For example, the GO term
“Immune response” (GO:0006955) was in the top 4 terms
from all cell types in HS and SAID patients (Fig. 4)
(Supp leme ntal Fig . 2A). A lthough the G O term
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Fig. 2 (continued)

“Inflammatory response” (GO:0006954) was significantly
enriched in all the patients, this term was more enriched in
M2 macrophages from all the patients, fold enrichment of 3.0
(HS) and 2.5 (uSAID and TRAPS) with a FDR < 0.0001 (Fig.
4d–e) (Supplemental Table 5).
Furthermore, to compare gene expression profiles between
HS patients and other defined SAID patients, we obtained and
analyzed published transcriptome data from individuals diagnosed with either neonatal onset multisystem inflammatory
disease (NOMID), NLRC4 macrophage activation syndrome
(NLRC4-MAS) or A20 haploinsufficiency (due to mutation
of TNFAIP3) [20, 21] (GSE57253 and GSE95078). DEGs
were identified for each disorder, compared to the matched
controls present in the same dataset and then compared to
the DEGs identified in HS patients (Fig. 5). Consistent with
our previous findings, the upregulation of SERPINA1 was
found to be shared in all SAID and HS patients’ samples
(Fig. 5a–d). Moreover, the inflammatory markers CXCL8,
TNFAIP6, and IL-1β were also shared between the conditions
(Fig. 5a–d).
GO analysis of shared DEGs between HS and SAID
patients revealed significant enrichment of GO terms,
such as “type I interferon signaling pathway”

(GO:0060337), “MHC class I protein complex”
(GO:0042612) and “Immune response” (GO:0006955)
(Fig. 5e–h) (Supplementary Table 3). Altogether, these
data suggest a similar transcriptomic profile in HS and
SAID patients.

Sporadic and H Syndrome-Associated RDD
To determine if similar biological processes are involved in
the pathogenesis of RDD related to H syndrome and in idiopathic cases, we compared transcriptomic profiles of tissue lymph node biopsies obtained from five sporadic cases
of RDD and the HS2 patient. Pairwise comparison of
Fig. 3 Signature DEGs in monocytes and macrophages from HS and
SAID patients. Pairwise comparison of HS1, HS2, uSAID, and TRAPS
patients vs HC (1–5) samples, in monocytes, M0, M1, and M2. (a–d) The
top 15 upregulated and 15 downregulated DEGs, in each cell type, are
shown in Log2 (fold change) based on the expression profile of the HS
patients and matching the TRAPS patients to those DEGs. (e–h) Pairwise
comparison of HS1 vs HS2, in monocytes, M0, M1, and M2. The top 10
upregulated and 10 downregulated DEGs, in each cell type, are shown in
Log2 (fold change)
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biopsies from the five sporadic RDD cases against the HS2
failed to detect any DEGs suggesting that irrespective of the
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cause, there is a common pathological mechanism underpinning the development of RDD. To identify signaling
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Fig. 4 GO-based gene enrichment analyses on DEGs from HS and SAID
patients. (a–e) Gene ontology (GO) enrichment analysis of all the DEGs
in the HS and SAID patients, when compared to the HC (1–5) samples for
each different cell type. The GO annotations correspond to the three
major categories: biological process (BP), cellular compartment (CC),
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and molecular function (MF). The top 15 most significant GO terms
(p < 0.01) are shown in descending order. Enrichment for GO terms
was calculated using DAVID bioinformatics web source tools. The full
list with all the terms can be found in Supplementary Table 2
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Fig. 5 Shared DEGs and GO-based enrichment analyses in HS and
SAIDs patients. (a–d) The number of DEGs in monocytes and M1 macrophages from HS1 (left) and HS2 (right) patients, NOMID Active (a–b),
and NLRC4-MAS (c–d). The Venn diagrams show shared and unique
DEGs for each group, when compared with their respective controls. The
box on the right hand of each Venn diagram shows the shared DEGs in
the groups. (e–h) List of GO enrichment terms in HS and SAIDs patients.

DEGs were identified for NOMID active (active disease), NOMID inactive (after treatment), NLRC4-MAS, A20 stimulated (stimulated with
TNF) and A20 unstimulated compared to the matched controls present
in the same dataset and then compared to the DEGs identified in HS
patients for each cell subtype. The top 5 terms for each HS patient are
shown. GO terms were considered significant if p < 0.01. Further details
of the SAIDs samples can be found in their respective studies [22, 23]

pathways that might be associated with the pathogenesis of
RDD, we filtered all the genes with fold change less than
two and greater than − 2 and took the top 3000 genes with
the highest expression. Panther pathway analysis revealed
27 significantly enriched pathways including
“Inflammation mediated by chemokine and cytokine signaling pathway,” “JAK/STAT signaling pathway,” and “p38
MAPK pathway” (please see supplementary Tables 7 and 8
for full details).

Dysregulated Cytokine Profile in HS and SAID Patients
Cellular plasticity confers macrophages the capacity to elicit
different immune responses, pro-inflammatory (M1), or antiinflammatory (M2), according to the environmental circumstances [22]. Abnormal proportions of M1 and M2 macrophages have also been reported in several immune disorders
and are associated with disease progression [23]. We evaluated macrophage polarization in HS, uSAID, and TRAPS
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Fig. 5 (continued)
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patients, where macrophages were classified as M1 (CD64+,
CD80+, and CD86+) or M2 (CD64+, CD206+, and CD209+)
according to their surface marker expression (Fig. 6). Prior to
initiating differentiation, the TRAPS patient showed an increased number of M1 macrophages (27.3%); in contrast,
the proportion of M2 macrophages was significantly increased
in the uSAID, TRAPS, and HS1 patients compared to HC
(Fig. 6a). Although proportionally no differences were observed in CD64 expression, the CD64 mean fluorescent intensity (MFI) was raised in all patients (Fig. 6a–b). When macrophages were activated, as described in Fig. 1a, HS patients
showed a decrease in the proportion of M1 macrophages, which
was more pronounced in HS2, and the proportion of M2 was
Fig. 6 Dysregulated macrophage
phenotype and cytokine profile in
HS and SAID patients. M0
macrophages, polarized M1 or
M2 macrophages were analyzed
by flow cytometry; also, the
cytokine profile of the
macrophages was assessed using
Luminex assay. (a and b)
Represent M0 non-activated
macrophages, where (a) show the
percentage of macrophages
(CD64+), M1 (CD64+, CD80+,
CD86+), and M2 (CD64+,
CD206+, CD209+) and (b) show
the MFI of individual markers on
each sample. (c and d) Represent
activated macrophages, where (c)
show the percentage of macrophages (CD64+), M1 (CD64+,
CD80+, CD86+), and M2
(CD64+, CD206+, CD209+) and
(d) show the MFI of individual
markers on each sample. (e–g)
Show the TNF, IL-12, IL-6, and
IL1β cytokine levels of the M0,
M1, and M2 macrophages on
each sample. (h) Show the TNF,
IFNγ, IL-6, and IL-2 cytokine
levels on the serum of the two HS
patients. Each symbol represents
a unique individual sample for
each of the patients and HC (1–9).
In the patient samples, the two
HS1 symbols represent independent experiments, in two different
samples from the same subject.
Statistical significance determined using the Holm-Sidak
method; *p < 0.05, **p < 0.01,
***p < 0.001
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significantly increased in the uSAID, TRAPS, and HS1
patients (Fig. 6c). CD80 MFI was slightly decreased in
the two HS patients, while CD209 MFI was increased
considerably in the two SAID and HS1 patients (Fig.
6d). The M1 and M2 gating strategy can be found in
Supplemental Fig. 3. Cytokine profiles of patients presented some anomalies, showing high TNF in M0 macrophages from the TRAPS patient and significantly increased levels of TNF in M1 macrophages from all patients (Fig. 6e–f). Although M2 macrophages from the
uSAID, TRAPS, and HS1 patients presented odd polarization ratios, no significant differences were observed in
their cytokine levels (Fig. 6g). Moreover, increased serum
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levels of IFNγ, TNF, IL-6, and IL-2 were shown by HS2
patient, consistent with the patient’s inflammatory clinical
features (Fig. 6h). Interestingly, both HS patients showed
increased levels of IFNγ and IL-2 (Fig. 6h).

Discussion
Systemic inflammation and development of RDD are common,
yet unexplained, features in HS patients. Both remain difficult
complications to manage since there are no standards of consistently effective treatment approaches. Our study was focused on
investigating the potential role of monocytes and macrophages in
this disease setting. Using the transcriptional approach, we provide additional data related to differentiation of monocytes into
M0, M1, and M2 macrophages under ex vivo experimental condition. More importantly, this study offers new insights into possible mechanisms leading to autoinflammatory phenotype and
RDD associated with H syndrome.
When we compared HS patients with and without inflammatory complications, there were some apparent differences
at the transcriptomic level between HS1 and HS2, demonstrated by several DEGs, such as ADAM19, CCL17, CCL19,
CXCL5, IL32, MEG3, MMP12, and NINL. Collectively these
genes can control the cell migration in response to inflammatory stimuli [24, 25] and induce an inflammatory response
[26–28]. All of these actions may account for the development
of the autoinflammatory phenotype and RDD. Intriguingly,
B2M was the top transcript upregulated in all cell subtypes
from patient HS2. B2M is usually expressed by all cells in
the human body, where the encoded protein forms complexes
with HLA molecules [29]. Typically, increased levels of B2M
are associated with increased cell turnover, as seen in lymphoproliferative conditions and chronic inflammation [30, 31]. In
these disease states, high levels of B2M are associated with
poor prognosis [31, 32], development of kidney failure [33]
and secondary amyloidosis [34, 35]. B2M has not been routinely measured in patients with HS, so the risk of such complication in this patient group is unknown.
HS and SAID patients showed an overall similar
transcriptomic and cytokine profile, with several GO terms
enriched in both diseases. Transcriptomic analyses from HS
and SAIDs from different datasets revealed overexpression of
SERPINA1, which was shared in all cell subtypes. This finding might indicate a normal biological response towards an
exaggerated inflammation, as ATT is induced upon inflammation and can modulate inflammation by inhibiting IL-8 and
TNF [36–39]. This is consistent with our cytokine data, as we
observed significantly higher levels of TNF in M1 macrophages from all patients. Moreover, H syndrome patients presented increased serum levels of IFNγ and GO enrichment of
IFNγ-mediated signaling pathways. This finding may help to
explain the abnormal activation of histiocytes in this condition
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and the increased levels of HLA genes, as IFNγ is known to
induce HLA-I and HLA-II and inflammatory cytokines
[40–42].
We also noted that the type I IFN pathway was enriched in
both HS and SAID. Enhanced type I IFN signaling is typically
associated with a group of autoinflammatory disorders termed
type I interferonopathies [43–46]. However, it has recently been
argued that the purely cytokine-/pathway-based approach towards classification and understanding of the pathogenesis of
autoinflammatory disorders is probably an oversimplification
[43–46]. There is likely to be an overlap between the biological
processes which play a part in the pathogenesis of these disorders, and this might depend on the type of cell which has been
studied and the stage of disease evolution.
When we compared transcriptomic profiles of tissue biopsies from HS2 and patients with sporadic forms of RDD, there
were no apparent differences to report. This suggests that irrespective of the initial trigger for the development of RDD,
there are common immunopathological abnormalities that
drive this process.
Based on the transcriptomic and cytokine data, there
are several potential treatment targets to consider. IFNγ
has an essential effect on macrophage activation and
clearly a pathogenic role in MAS considering that
Emapalumab, which is an anti-IFNγ monoclonal antibody, has been recently approved for the treatment of
hemophagocytic lymphohistiocytosis [47–49].
Furthermore, IFNγ has a role in MAPK activation [42],
a pathway that has been successfully being targeted using
MEK inhibitors, which have been shown to be efficacious
in patients with histiocytic neoplasms [50].
In addition to IFNγ, we also found IL-1β, a prototypic proinflammatory cytokine associated with SAID, to be to be upregulated in HS patients. This was found in the M1 macrophages of both HS patients at not only the transcriptomic level
but also at protein level. However, the role of IL-1β in the
pathogenesis of autoinflammatory complications is probably
complex. Although only HS2 patient presented with
autoinflammatory complications, our findings suggest that
low-grade chronic inflammation is a persistent feature in these
patients and that other factors play a role in exacerbating this
state leading it to become overtly pathogenic over time.
IL-2 is a pleiotropic cytokine which has been recognized for its role in the regulation and proliferation of
effector T cells and regulatory T cells (Treg) [51, 52].
Studies have shown that low doses of IL-2 promote
Treg development leading to amelioration of some autoimmune disorders [51, 52]. Nevertheless, it has been
shown that systemic IL-2 administration can also lead to
a cytokine storm and activate mononuclear phagocytes
into mature antigen presenting cells [53]. In other studies,
it was shown that after activation with IL-2, a small subset
of innate lymphoid cells, named ILC2, increase their IL-5
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production leading to activation of M2 macrophages [54,
55]. Interestingly, we found that IL-2 levels were increased in the serum of both H syndrome patients with
higher proportions of M2 in HS1. Certainly, this IL-2
imbalance can potentially disturb macrophage activation,
and low doses of IL-2 inhibitors may be efficacious in
controlling sporadic inflammation.
However, the transcriptomic and cytokine data are not always easy to interpret and translate into successful treatment
strategies. For example, although TRAPS is associated with
elevated TNF levels, targeting IL-1beta has been far more
effective and safer strategy than selectively targeting the
TNF [56, 57]. Similarly, despite our data showing that type I
IFN and JAK/STAT pathways are implicated in inflammatory
and RDD pathogenesis, pegylated IFN has been used successfully to treat selected cases [58].
There are several limitations to this study. They include the
limited number of patients who were included and type of the
cells that we studied. Both HS and genetically defined SAIDs
remain rare conditions, and therefore it is not always possible
to exactly match patients according to age, sex, and previous
treatments. Although we included monocytes into our study,
we did not analyze distinct subpopulations, such as classical
(CD14++, CD16−), intermediate (CD14++, CD16+), and nonclassical (CD14+, CD16+) monocytes, which are all capable of
distinctive cytokine production and have different roles in the
pathogenesis of inflammatory responses [59–61]. This analysis should be included in future studies since the non-classical
monocyte subpopulation was previously recognized to be increased in one patient diagnosed with H syndrome who presented with a combination of an autoinflammatory condition
and immunodeficiency [62].
In summary, we provide a novel dataset which can help to
further study monocytes and macrophages in HS and SAID
patients and distinguish several DEGs and GO enrich pathways that are shared in these conditions. Altogether, we show
that HS resembles an autoinflammatory condition with similar
transcriptomic and cytokine landscape with the one observed
in SAIDs.
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10875-020-00932-1.
Acknowledgments The authors would like to thank the patients who
participated in this research and colleagues from the Department of
Clinical Immunology and Allergy, St James’s University Hospital, Leeds.
Authors’ Contributions SL-R and SS conceptualized the study; SL-R,
JAP, EJRV, RT, RD, and SS methodology; SL-R, JAP, EJRV, and SS
performed the formal analysis; SL-R, JAP, EJRV, and SS performed the
investigation; MFM and SS were responsible for the resources; SL-R,
EJRV, MK, MFM, and SS wrote the manuscript; SL-R and SS supervised
the study; MFM and SS were responsible for project administration; MK,
RT, and SS were responsible for the clinical samples; and MFM and SS
acquired the funding.

455
Funding This study was partially funded by unrestricted research grant
from SOBI pharmaceuticals. SS is supported by EU Horizon 2020 research and innovation program (ImmunAID; grant agreement number
779295).

Compliance with Ethical Standards
Conflict of Interest The authors declare that they have no conflict of
interest.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References
1.

Bolze A, Abhyankar A, Grant AV, Patel B, Yadav R, Byun M,
et al. A mild form of SLC29A3 disorder: a frameshift deletion leads
to the paradoxical translation of an otherwise noncoding mRNA
splice variant. PLoS One. 2012;7(1):e29708. https://doi.org/10.
1371/journal.pone.0029708.
2. Molho-Pessach V, Ramot Y, Camille F, Doviner V, Babay S, Luis
SJ, et al. H syndrome: the first 79 patients. J Am Acad Dermatol.
2014;70(1):80–8. https://doi.org/10.1016/j.jaad.2013.09.019.
3. Molho-Pessach V, Lerer I, Abeliovich D, Agha Z, Abu Libdeh A,
Broshtilova V, et al. The H syndrome is caused by mutations in the
nucleoside transporter hENT3. Am J Hum Genet. 2008;83(4):529–
34. https://doi.org/10.1016/j.ajhg.2008.09.013.
4. Bloom JL, Lin C, Imundo L, Guthery S, Stepenaskie S, Galambos
C, et al. H syndrome: 5 new cases from the United States with novel
features and responses to therapy. Pediatr Rheumatol Online J.
2017;15(1):76. https://doi.org/10.1186/s12969-017-0204-y.
5. Morgan NV, Morris MR, Cangul H, Gleeson D, StraatmanIwanowska A, Davies N, et al. Mutations in SLC29A3, encoding
an equilibrative nucleoside transporter ENT3, cause a familial
histiocytosis syndrome (Faisalabad histiocytosis) and familial
Rosai-Dorfman disease. PLoS Genet. 2010;6(2):e1000833.
https://doi.org/10.1371/journal.pgen.1000833.
6. Melki I, Lambot K, Jonard L, Couloigner V, Quartier P, Neven B,
et al. Mutation in the SLC29A3 gene: a new cause of a monogenic,
autoinflammatory condition. Pediatrics. 2013;131(4):e1308–13.
https://doi.org/10.1542/peds.2012-2255.
7. Senniappan S, Hughes M, Shah P, Shah V, Kaski JP, Brogan P,
et al. Pigmentary hypertrichosis and non-autoimmune insulin-dependent diabetes mellitus (PHID) syndrome is associated with severe chronic inflammation and cardiomyopathy, and represents a
new monogenic autoinflammatory syndrome. J Pediatr Endocrinol
Metab. 2013;26(9–10):877–82. https://doi.org/10.1515/jpem2013-0062.
8. McDermott MF, Aksentijevich I, Galon J, McDermott EM,
Ogunkolade BW, Centola M, et al. Germline mutations in the extracellular domains of the 55 kDa TNF receptor, TNFR1, define a
family of dominantly inherited autoinflammatory syndromes. Cell.

456

9.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

J Clin Immunol (2021) 41:441–457
1999;97(1):133–44. https://doi.org/10.1016/s0092-8674(00)
80721-7.
Hsu CL, Lin W, Seshasayee D, Chen YH, Ding X, Lin Z, et al.
Equilibrative nucleoside transporter 3 deficiency perturbs lysosome
function and macrophage homeostasis. Science. 2012;335(6064):
89–92. https://doi.org/10.1126/science.1213682.
Baldwin SA, Yao SY, Hyde RJ, Ng AM, Foppolo S, Barnes K,
et al. Functional characterization of novel human and mouse equilibrative nucleoside transporters (hENT3 and mENT3) located in
intracellular membranes. J Biol Chem. 2005;280(16):15880–7.
https://doi.org/10.1074/jbc.M414337200.
Govindarajan R, Leung GP, Zhou M, Tse CM, Wang J, Unadkat
JD. Facilitated mitochondrial import of antiviral and anticancer nucleoside drugs by human equilibrative nucleoside transporter-3.
Am J Physiol Gastrointest Liver Physiol. 2009;296(4):G910–22.
https://doi.org/10.1152/ajpgi.90672.2008.
Babraham Bioinformatics - Trim Galore! : https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/ (2020).
Accessed.
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S,
et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics.
2013;29(1):15–21. https://doi.org/10.1093/bioinformatics/bts635.
Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al.
Differential gene and transcript expression analysis of RNA-seq
experiments with TopHat and Cufflinks. Nat Protoc. 2012;7(3):
562–78. https://doi.org/10.1038/nprot.2012.016.
DAVID Functional Annotation Bioinformatics Microarray
Analysis. https://david.ncifcrf.gov/ (2020). Accessed.
Mistry A, Parry D, Matthews B, Laws P, Goodfield M, Savic S. A
case of SLC29A3 spectrum disorder-unresponsive to multiple immunomodulatory therapies. J Clin Immunol. 2016;36(5):429–33.
https://doi.org/10.1007/s10875-016-0301-6.
McDermott MF, Aganna E, Hitman GA, Ogunkolade BW, Booth
DR, Hawkins PN. An autosomal dominant periodic fever associated with AA amyloidosis in a north Indian family maps to distal
chromosome 1q. Arthritis Rheum. 2000;43(9):2034–40. https://
doi.org/10.1002/1529-0131(200009)43:9<2034::AID-ANR14>3.
0.CO;2-J.
Liu H, Lorenzini PA, Zhang F, Xu S, Wong MSM, Zheng J, et al.
Alternative splicing analysis in human monocytes and macrophages reveals MBNL1 as major regulator. Nucleic Acids Res.
2018;46(12):6069–86. https://doi.org/10.1093/nar/gky401.
Goncalves ANA, Lever M, Russo PST, Gomes-Correia B,
Urbanski AH, Pollara G, et al. Assessing the impact of sample
heterogeneity on transcriptome analysis of human diseases using
MDP webtool. Front Genet. 2019;10:971. https://doi.org/10.3389/
fgene.2019.00971.
Canna SW, de Jesus AA, Gouni S, Brooks SR, Marrero B, Liu Y,
et al. An activating NLRC4 inflammasome mutation causes
autoinflammation with recurrent macrophage activation syndrome.
Nat Genet. 2014;46(10):1140–6. https://doi.org/10.1038/ng.3089.
Duncan CJA, Dinnigan E, Theobald R, Grainger A, Skelton AJ,
Hussain R, et al. Early-onset autoimmune disease due to a heterozygous loss-of-function mutation in TNFAIP3 (A20). Ann Rheum
Dis. 2018;77(5):783–6. https://doi.org/10.1136/annrheumdis2016-210944.
Wang N, Liang H, Zen K. Molecular mechanisms that influence the
macrophage m1-m2 polarization balance. Front Immunol. 2014;5:
614. https://doi.org/10.3389/fimmu.2014.00614.
Ma WT, Gao F, Gu K, Chen DK. The role of monocytes and
macrophages in autoimmune diseases: a comprehensive review.
Front Immunol. 2019;10:1140. https://doi.org/10.3389/fimmu.
2019.01140.
Hauser MA, Legler DF. Common and biased signaling pathways of
the chemokine receptor CCR7 elicited by its ligands CCL19 and

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

CCL21 in leukocytes. J Leukoc Biol. 2016;99(6):869–82. https://
doi.org/10.1189/jlb.2MR0815-380R.
Sokulsky LA, Garcia-Netto K, Nguyen TH, Girkin JLN, Collison
A, Mattes J, et al. A critical role for the CXCL3/CXCL5/CXCR2
neutrophilic chemotactic axis in the regulation of type 2 responses
in a model of rhinoviral-induced asthma exacerbation. J Immunol.
2020;205:2468–78. https://doi.org/10.4049/jimmunol.1901350.
Cook AD, Lee MC, Saleh R, Khiew HW, Christensen AD,
Achuthan A, et al. TNF and granulocyte macrophage-colony stimulating factor interdependence mediates inflammation via CCL17.
JCI Insight. 2018;3(6):e99249. https://doi.org/10.1172/jci.insight.
99249.
Franze E, Caruso R, Stolfi C, Sarra M, Cupi ML, Ascolani M, et al.
High expression of the “A Disintegrin And Metalloprotease” 19
(ADAM19), a sheddase for TNF-alpha in the mucosa of patients
with inflammatory bowel diseases. Inflamm Bowel Dis.
2013;19(3):501–11. https://doi.org/10.1097/MIB.
0b013e31828028e8.
Aass KR, Kastnes MH, Standal T. Molecular interactions and functions of IL-32. J Leukoc Biol. 2020. https://doi.org/10.1002/JLB.
3MR0620-550R.
Margalit A, Sheikhet HM, Carmi Y, Berko D, Tzehoval E,
Eisenbach L, et al. Induction of antitumor immunity by CTL epitopes genetically linked to membrane-anchored beta2-microglobulin. J Immunol. 2006;176(1):217–24. https://doi.org/10.4049/
jimmunol.176.1.217.
Wakabayashi K, Inokuma S, Matsubara E, Onishi K, Asashima H,
Nakachi S, et al. Serum beta2-microglobulin level is a useful indicator of disease activity and hemophagocytic syndrome complication in systemic lupus erythematosus and adult-onset Still’s disease.
Clin Rheumatol. 2013;32(7):999–1005. https://doi.org/10.1007/
s10067-013-2220-8.
Yoo C, Yoon DH, Suh C. Serum beta-2 microglobulin in malignant
lymphomas: an old but powerful prognostic factor. Blood Res.
2014;49(3):148–53. https://doi.org/10.5045/br.2014.49.3.148.
Seo S, Hong JY, Yoon S, Yoo C, Park JH, Lee JB, et al. Prognostic
significance of serum beta-2 microglobulin in patients with diffuse
large B-cell lymphoma in the rituximab era. Oncotarget.
2016;7(47):76934–43. https://doi.org/10.18632/oncotarget.12734.
Duffles Amarante GB, Zotin MC, Rocha E, Delgado AG, Leite M
Jr, Gomes CP. Renal tubular dysfunction in patients with primary
Sjogren syndrome. Clin Nephrol. 2014;81(3):185–91. https://doi.
org/10.5414/CN108142.
Ohashi K. Pathogenesis of beta2-microglobulin amyloidosis.
Pathol Int. 2001;51(1):1–10. https://doi.org/10.1046/j.1440-1827.
2001.01156.x.
Shi C, Zhu Y, Su Y, Chung LW, Cheng T. Beta2-microglobulin:
emerging as a promising cancer therapeutic target. Drug Discov
Today. 2009;14(1–2):25–30. https://doi.org/10.1016/j.drudis.
2008.11.001.
Knoell DL, Ralston DR, Coulter KR, Wewers MD. Alpha 1antitrypsin and protease complexation is induced by lipopolysaccharide, interleukin-1beta, and tumor necrosis factor-alpha in
monocytes. Am J Respir Crit Care Med. 1998;157(1):246–55.
https://doi.org/10.1164/ajrccm.157.1.9702033.
Janciauskiene S, Larsson S, Larsson P, Virtala R, Jansson L,
Stevens T. Inhibition of lipopolysaccharide-mediated human
monocyte activation, in vitro, by alpha1-antitrypsin. Biochem
Biophys Res Commun. 2004;321(3):592–600. https://doi.org/10.
1016/j.bbrc.2004.06.123.
Bergin DA, Reeves EP, Meleady P, Henry M, McElvaney OJ,
Carroll TP, et al. alpha-1 antitrypsin regulates human neutrophil
chemotaxis induced by soluble immune complexes and IL-8. J
Clin Invest. 2010;120(12):4236–50. https://doi.org/10.1172/
JCI41196.

J Clin Immunol (2021) 41:441–457
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Janciauskiene S, Wrenger S, Immenschuh S, Olejnicka B, Greulich
T, Welte T, et al. The multifaceted effects of alpha1-antitrypsin on
neutrophil functions. Front Pharmacol. 2018;9:341. https://doi.org/
10.3389/fphar.2018.00341.
Keskinen P, Ronni T, Matikainen S, Lehtonen A, Julkunen I.
Regulation of HLA class I and II expression by interferons and
influenza A virus in human peripheral blood mononuclear cells.
Immunology. 1997;91(3):421–9. https://doi.org/10.1046/j.13652567.1997.00258.x.
Pujol-Borrell R, Todd I, Doshi M, Bottazzo GF, Sutton R, Gray D,
et al. HLA class II induction in human islet cells by interferongamma plus tumour necrosis factor or lymphotoxin. Nature.
1987;326(6110):304–6. https://doi.org/10.1038/326304a0.
Matsuzawa T, Kim BH, Shenoy AR, Kamitani S, Miyake M,
Macmicking JD. IFN-gamma elicits macrophage autophagy via
the p38 MAPK signaling pathway. J Immunol. 2012;189(2):813–
8. https://doi.org/10.4049/jimmunol.1102041.
Rodero M, Crow Y. Type I interferon-mediated monogenic
autoinflammation: the type I interferonopathies, a conceptual overview. J Exp Med. 2016;213(12):2527–38. https://doi.org/10.1084/
jem.20161596.
Crow Y. Type I interferonopathies: a novel set of inborn errors of
immunity. Ann N Y Acad Sci. 2011;1238:91–8. https://doi.org/10.
1111/j.1749-6632.2011.06220.x.
Manthiram K, Zhou Q, Aksentijevich I, Kastner DL. The monogenic autoinflammatory diseases define new pathways in human
innate immunity and inflammation. Nat Immunol. 2017;18(8):
832–42. https://doi.org/10.1038/ni.3777.
Savic S, Caseley EA, McDermott MF. Moving towards a systemsbased classification of innate immune-mediated diseases. Nat Rev
Rheumatol. 2020;16(4):222–37. https://doi.org/10.1038/s41584020-0377-5.
Lounder DT, Bin Q, de Min C, Jordan MB. Treatment of refractory
hemophagocytic lymphohistiocytosis with emapalumab despite severe concurrent infections. Blood Adv. 2019;3(1):47–50. https://
doi.org/10.1182/bloodadvances.2018025858.
Vallurupalli M, Berliner N. Emapalumab for the treatment of
relapsed/refractory hemophagocytic lymphohistiocytosis. Blood.
2019;134(21):1783–6. https://doi.org/10.1182/blood.2019002289.
Locatelli F, Jordan MB, Allen C, Cesaro S, Rizzari C, Rao A, et al.
Emapalumab in children with primary hemophagocytic
lymphohistiocytosis. N Engl J Med. 2020;382(19):1811–22.
https://doi.org/10.1056/NEJMoa1911326.
Diamond EL, Durham BH, Ulaner GA, Drill E, Buthorn J, Ki M,
et al. Efficacy of MEK inhibition in patients with histiocytic neoplasms. Nature. 2019;567(7749):521–4. https://doi.org/10.1038/
s41586-019-1012-y.
Ye C, Brand D, Zheng S. Targeting IL-2: an unexpected effect in
treating immunological diseases. Signal Transduction Targeted
Ther. 2018;3:2. https://doi.org/10.1038/s41392-017-0002-5.
Abbas A, Trotta E, Simeonov DR, Marson A, Bluestone J.
Revisiting IL-2: biology and therapeutic prospects. Sci Immunol.
2018;3(25):eaat1482. https://doi.org/10.1126/sciimmunol.aat1482.

457
53.

Panelli M, White R, Foster M, Martin B, Wang E, Smith K, et al.
Forecasting the cytokine storm following systemic interleukin (IL)2 administration. J Transl Med. 2004;2(1):17. https://doi.org/10.
1186/1479-5876-2-17.
54. Molofsky A, Nussbaum J, Liang H, Van Dyken S, Chen GL,
Mohapatra A, et al. Innate lymphoid type 2 cells sustain visceral
adipose tissue eosinophils and alternatively activated macrophages.
J Exp Med. 2013;210(3):535–49. https://doi.org/10.1084/jem.
20121964.
55. Van Gool F, Molofsky A, Morar M, Rosenzwajg M, Liang H,
Klatzmann D, et al. Interleukin-5-producing group 2 innate lymphoid cells control eosinophilia induced by interleukin-2 therapy.
Blood. 2014;124(24):3572–6. https://doi.org/10.1182/blood-201407-587493.
56. Ozen S, Kuemmerle-Deschner JB, Cimaz R, Livneh A, Quartier P,
Kone-Paut I, et al. International retrospective chart review of treatment patterns in severe familial Mediterranean fever, tumor necrosis factor receptor-associated periodic syndrome, and mevalonate
kinase deficiency/hyperimmunoglobulinemia D syndrome.
Arthritis Care Res. 2017;69(4):578–86. https://doi.org/10.1002/
acr.23120.
57. Kuemmerle-Deschner JB, Gautam R, George AT, Raza S, Lomax
KG, Hur P. Systematic literature review of efficacy/effectiveness
and safety of current therapies for the treatment of cryopyrinassociated periodic syndrome, hyperimmunoglobulin D syndrome
and tumour necrosis factor receptor-associated periodic syndrome.
RMD Open. 2020;6(2):e001227. https://doi.org/10.1136/rmdopen2020-001227.
58. Goyal G, Ravindran A, Young JR, Shah MV, Bennani NN, Patnaik
MM, et al. Clinicopathological features, treatment approaches, and
outcomes in Rosai-Dorfman disease. Haematologica. 2020;105(2):
348–57. https://doi.org/10.3324/haematol.2019.219626.
59. Passlick B, Flieger D, Ziegler-Heitbrock H. Identification and characterization of a novel monocyte subpopulation in human peripheral blood. Blood. 1989;74(7):2527–34.
60. Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart D,
et al. Nomenclature of monocytes and dendritic cells in blood.
Blood. 2010;116(16):e74–80. https://doi.org/10.1182/blood-201002-258558.
61. Ziegler-Heitbrock L. Blood monocytes and their subsets:
established features and open questions. Front Immunol. 2015;6:
423. https://doi.org/10.3389/fimmu.2015.00423.
62. Cagdas D, Surucu N, Tan C, Kayaoglu B, Ozgul RK, AkkayaUlum YZ, et al. Autoinflammation in addition to combined immunodeficiency: SLC29A3 gene defect. Mol Immunol. 2020;121:28–
37. https://doi.org/10.1016/j.molimm.2020.02.014.
Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

