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Abstract
Systemic lupus erythematosus (SLE) is an autoimmune disorder characterized by the loss of tolerance to
nuclear antigens. Activation of type I interferon (IFN) induced by immune recognition of self-nucleic acids
by endosomal Toll-like receptors (TLR) is central to SLE pathogenesis. In two siblings with early-onset
SLE, we identi�ed a homozygous mutation in UNC93B1, encoding a multi-transmembrane protein
required for tra�cking and maturation of endosomal nucleic acid-sensing TLRs. The mutation alters the
interaction of UNC93B1 with TLR7 leading to TLR7 hyperactivation with constitutive type I IFN signaling.
Moreover, we demonstrate that treatment with the Janus kinase inhibitor ruxolitinib is of therapeutic
value. 

Full Text
Systemic lupus erythematosus (SLE) is a complex autoimmune disease with a multifactorial etiology in
which the interaction of multiple genes with environmental factors determines disease susceptibility [1].
However, these molecularly different conditions converge onto a shared phenotype characterized by a
chronic overproduction of type I interferon (IFN), indicating that inappropriate activation of antiviral
immunity is key to SLE pathogenesis [2,3]. Type I IFNs (IFN-α, IFN-β), induced by activation of nucleic
acid-sensing Toll-like receptors (TLR), have pronounced immune-stimulatory effects that promote the loss
of B cell self-tolerance and the formation of autoantibodies, which frequently target nuclear self-antigens.
These antinuclear antibodies form immune complexes with antigens released from dying cells [3,4].
Immune complex deposition in the capillary bed leads to local complement and leukocyte activation,
resulting in destructive tissue in�ammation. In addition, these immune complexes represent a potent
stimulus for more type I IFN production by dendritic cells, further fueling the autoimmune response [1].
Despite the central role of nucleic acid-sensing TLRs in SLE pathogenesis, monogenic forms of SLE due
to mutations in components of the TLR pathway have not yet been described. Here, we report an
homozygous mutation in UNC93B1, encoding an essential regulator of nucleic acid-sensing TLR function
[5,6], in two children with early-onset SLE.

Methods
Genetic and functional studies

Genetic and functional investigations were performed as described in the Supplementary Information.

Results

Clinical �ndings and laboratory analysis
Both affected children were born after uncomplicated pregnancy to healthy consanguineous parents of ---
----------------------- (Fig. 1A). The boy, patient 1, developed �rst symptoms of SLE at -------------------------- of age,
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including thrombocytopenia, anemia, hepatosplenomegaly, glomerulonephritis, arthritis and panniculitis
(Fig. S1); his sister, patient 2, presented with anemia, renal disease, vasculitis, and seizures beginning at
the age of --------------------------. Both children exhibited multiple autoantibodies, including antinuclear
antibodies (ANA) and anti-dsDNA, as well as strongly elevated IFN signatures in peripheral blood
mononuclear cells (PBMC) (Fig. 1B), and ful�lled the 2019 EULAR/ACR classi�cation criteria for SLE [7]
(Table S1). Consistent with systemic in�ammation, the levels of pro-in�ammatory cytokines, IL-8, IL-6,
and TNF-α in serum and medium of cultured lymphoblastoid cells (LCLs) were markedly increased in
both patients (Fig. 1C, Fig. S2). Additional clinical details are provided in the Supplementary Information.

Identi�cation of a homozygous UNC93B1 mutation
We performed whole-exome sequencing on all family members and identi�ed a homozygous mutation in
UNC931B (c.275A>G, p.E92G) in both children (Fig. 1D). The healthy parents were heterozygous carriers
of the E92G variant (Fig. 1D), which was reported once in the gnomAD database and predicted to impair
function (Fig. S3). Multiple sequence alignment revealed complete conservation of amino acid residue
E92 of the UNC93B1 protein across species (Fig. 1E). UNC93B1 encodes a multi-transmembrane protein
that controls tra�cking and maturation of the Toll-like receptors (TLR), TLR7, TLR8, TLR9 and TLR3 from
the endoplasmic reticulum to the endosome (Fig. 1F) [5,6]. As pattern recognition receptors of the innate
immune system, these TLRs play a fundamental role in detecting pathogen-derived nucleic acids. Single-
stranded RNA (ssRNA) is recognized by TLR7 and TLR8, double-stranded RNA (dsRNA) by TLR3, and
ssDNA by TLR9. Ligand engagement of TLR7, TLR8 and TLR9 initiates recruitment of the adaptor protein
myeloid differentiation primary-response protein 88 (MyD88), while engagement of TLR3 induces
recruitment of TIR domain-containing adaptor protein inducing IFN-β (TRIF) [5,6]. Both pathways lead to
activation of interferon-regulatory factor (IRF) 7, IRF3 and nuclear factor-κB (NF-κB), resulting in
enhanced expression of type I IFN and pro-in�ammatory cytokines [5,6]. The essential role of UNC93B1
for nucleic acid-sensing TLR function was unraveled by studying 3d mice, which harbor a mutation in
Unc93b1 (H412R) that abrogates endosomal TLR signaling [8]. Similarly, biallelic loss-of-function
mutations in human UNC931B are associated with enhanced susceptibility to herpes encephalitis due to
absent endosomal TLR function [9]. Notably, two distinct Unc93b1 mutations (D34A and PKP530-532) in
mice lead to lupus-like features [10,11] that were also observed in our patients. Given chronic type I IFN
activation in the patients, we hypothesized that the UNC931B mutation E92G might underlie
hyperactivation of TLR-dependent nucleic acid-sensing pathways.

Constitutive activation of ssRNA-sensing TLRs in patient
cells
To investigate the signaling properties of UNC93B1-dependent TLRs in patient cells, we measured
cytokine responses using speci�c agonists. Following stimulation with the TLR7/TLR8 agonist R848,
patient PBMCs produced markedly higher levels of TNF-α compared to wild type controls (Fig. 2A). In
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contrast, IP-10 secretion by PBMCs in response to the TLR9 agonist ODN2006 and IL-8 secretion by
primary �broblasts in response to the TLR3 agonist polyinosinic-polycytidylic acid (poly(I:C)) did not
differ between patients and controls (Fig. 2A). Likewise, patient LCLs also produced much higher
amounts of IL-6 and TNF-α, both at basal level and in response to R848, than LCLs from wild type
controls or a patient carrying a loss-of-function UNC931B mutation [9], while patient LCLs showed normal
responses to ODN2006 (Fig. S4A and S4B). Stimulation of UNC93B1-independent TLR2 (Pam2CSK4) in
LCLs or TLR4 (lipopolysaccharide; LPS) in �broblasts did not reveal any differences between patients and
controls (Fig. S4C and S4D). Similar to R848, endosomal delivery of RNA40, a 20-mer ssRNA ligand
speci�c for TLR7/TLR8, resulted in a much higher IL-6 secretion in patient PBMCs than in controls (Fig.
S5A). The presence of hydroxychloroquine (HCQ) reduced signaling in both wild type and mutant cells
(Fig. S5A), consistent with hyperactivation of TLR7 in endosomes. In line with TLR7 hyperactivation,
unstimulated patient LCLs showed an enhanced expression of the cleaved and active form of TLR7 (Fig.
S5B). 

Recapitulation of TLR7 hyperactivation in HEK293 cells and mouse macrophages

To exclude that hyperactivation of ssRNA-sensing TLRs observed in patient cells was caused by up-
regulation of TLR7/TLR8 due to systemic type I IFN activation, we turned to HEK293 cells with stable
expression of endosomal TLRs. To facilitate endosomal targeting and signaling of TLRs [12], we co-
expressed UNC93B1. TLR-expressing HEK293 cells were transduced with citrine-tagged UNC93B1
variants and sorted by �ow cytometry to ensure equal expression (Fig. S6). In HEK293 cells expressing
either TLR7 or TLR8 (HEK293-hTLR7, HEK293-hTLR8), stimulation with R848 markedly increased IL-8
secretion in the presence of the E92G mutant compared to cells expressing wild type UNC931B (Fig. 2B).
Similarly, endosomal delivery of RNA40 to HEK293-hTLR7 led to higher IL-8 production in the presence of
mutant UNC93B1, compared to wild type UNC93B1, which could be blunted by HCQ (Fig. S7). In contrast,
stimulation of HEK293-hTLR9 or HEK293-hTLR3 with their cognate ligands, ODN2006 or poly(I:C),
respectively, led to comparable IL-8 production, irrespective of the presence of mutant or wild type
UNC93B1 (Fig. 2B, Fig. S7). We next investigated TLR signaling in RAW 264.7 murine macrophages
stably expressing equal levels of UNC93B1 variants (Fig. S8). In response to R848 stimulation, TNF-α
production in cells carrying the E92G mutation was signi�cantly stronger compared to cells expressing
wild type UNC93B1 and was accompanied by enhanced Myddosome formation, as shown by recruitment
and post-translational modi�cation of Irak2 (Fig. 2C and 2D), while no differences were observed when
cells were stimulated with the TLR9 ligand ODN1668 (Fig. 2C). Unc93b1 H412R served as negative
control. Notably, cells expressing the known activating D34A Unc93b1mutation identi�ed in the mouse
[10] also showed an enhanced TNF-α secretion in response to R848. In contrast, TNF-α secretion in
response to ODN1668 was reduced (Fig. 2C), consistent with the previously reported inverse effect of D34
on TLR7 and TLR9 signaling [10,13]. Enhanced TLR7 signaling in E92G expressing mouse macrophages
was con�rmed using the ssRNA-analogue poly-uridine (Fig. 2E). Collectively, these �ndings demonstrate
that E92G confers a gain-of-function, selectively leading to TLR7 and TLR8, but not TLR3 or TLR9,
hyperactivation.



Page 6/12

The E92G UNC93B1 mutation destabilizes the interaction with TLR7

Given the critical role of the interaction between UNC93B1 and TLR7 for TLR signaling [14–17], we
examined the consequences of E92G on UNC93B1 structure. Notably, the E92G mutation lies within the
two-turn helix (H1) formed between UNC93B1 transmembrane domain (TM) 1 and TM2 (residues 91–97)
(Fig. 1F). This region was shown to make contact with the two loop regions of the C-terminal ectodomain
(LRR-CT motif) of TLR3 and to confer rigidity to the orientation of the LRR-CT motif [16]. The LRR-CT
motif is well conserved among TLRs, and the interactions between TLR7 and UNC93B1 are similar to
those observed in the TLR3–UNC93B1 complex [16,18]. Structural analysis revealed that the E92G
mutation on H1 of UNC93B1 may disrupt potential electrostatic interactions of E92 with nearby residues
in the TM5-TM6 loop of UNC93B1, such as K273 [16]. This is the most extended luminal loop of
UNC93B1, and disruption of these stabilizing interactions may lead to an increased �exibility of the loop
or affect glycosylation of neighboring residues N272 and N251 which are also located on the TM5-TM6
loop. Thus, the mutation E92G can potentially lead to destabilization of the UNC93B1 protein. To further
investigate UNC93B1 protein stability, we measured levels of wild type and mutant UNC93B1-citrine
expressed in HEK293 cells after sorting to equal citrine �uorescence intensity (t = 0 h). Compared to wild
type UNC93B1, protein levels of the E92G mutant measured at 6 and 24 h were lower (Fig. 3B). Likewise,
mutant UNC93B1 was less stable in RAW264.7 macrophages compared to wild type UNC93B1 (Fig. 3C),
con�rming instability of mutant UNC92B1. Unlike the H412R loss-of-function Unc93b1 mutant, the E92G
mutant was able to interact with TLR7, as shown by co-immunoprecipitation of Flag-tagged UNC93B1 in
RAW264.7 macrophages (Fig. 3C). Interestingly, despite equal TLR7 expression levels (Fig. S8), mutant
UNC93B1 interacted less with TLR7 compared to wild type UNC93B1 (Fig. 3C). Given that ligand binding
occurs within the concave side of the LRR domain of TLR7, these �ndings suggest that destabilization of
UNC93B1 alters interaction with TLR7, thereby enhancing ligand binding and subsequent TLR7 signaling.

Therapeutic response to JAK inhibition

JAK1/2 inhibitors such as ruxolitinib dampen type I IFN activity by impeding IFN-α/β receptor signaling
and were shown to be therapeutically effective in patients with type I interferonopathies [19–21]. We,
therefore, investigated the effect of ruxolitinib on type I IFN activation in patient cells in vitro. Stimulation
of whole blood from a healthy control with poly(I:C) led to robust type I IFN activation, which could be
e�ciently suppressed by ruxolitinib (Fig. S9). In contrast, whole blood of both patients exhibited a strong
IFN signature already at baseline that could be substantially reduced by ruxolitinib (Fig. S9). Given
refractory thrombocytopenia, anemia and panniculitis, we next assessed the therapeutic effect
of ruxolitinib (0.4 - 0.5 mg/kg per day) in patient 1. The treatment led to a sustained suppression of
systemic type I IFN activation, as shown by a reduction in IFN scores and decreased levels of IL-8 and IL-6
(Fig. 3E). The patient improved clinically with amelioration of transfusion-dependent anemia, panniculitis,
and renal dysfunction, and steroid pulses were no longer required. One year later, the boy experienced a
�are with systemic in�ammation and posterior reversible encephalopathy syndrome (PRES), which led to
cardiorespiratory and renal failure, requiring multimodal intensive care support. Although an adverse
effect of JAK inhibition cannot be excluded, PRES was attributed to an SLE �are, as the patient´s sister,
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patient 2, experienced a similar PRES episode while not treated with ruxolitinib (Supplementary
Information). Ruxolitinib, which had been discontinued during the �are, was re-introduced after three
months after recovery when in�ammatory markers and IFN scores rose again. In addition, he continues to
receive hydroxychloroquine and prednisolone (5 mg/d), and has remained in a stable clinical condition
since then. 

Discussion
We describe a monogenic form of SLE caused by a mutation in UNC93B1, encoding a chaperone protein
required for tra�cking and maturation of the nucleic acid-sensing TLRs, TLR3, TLR7/8 and TLR9, from
the endoplasmic reticulum to the endosome. Engagement of these TLRs by nucleic acids derived from
endocytosed microbial particles or apoptotic cells initiates downstream signaling pathways resulting in
the production of IFN-α and pro-in�ammatory cytokines [5,6]. In SLE, IFN-α drives a self-perpetuating
feedback loop that promotes the loss of tolerance and autoimmunity in a non-cell autonomous manner
[1]. Our �ndings suggest that the identi�ed UNC93B1 mutation, E92G, confers a gain of function due to
hyperactivation of TLR7 signaling, resulting in constitutive activation of type I IFN. The cellular responses
of the two patients resembled that reported for mice carrying the D34A or PKP/AAA gain-of-function
Unc93b1 mutation, which succumb to TLR7-dependent autoimmunity [10,11]. Our �ndings in patient cells
indicate enhanced activation of ssRNA-sensing TLR7 and TLR8. However, TLR8 gain-of-function
mutations were recently shown to cause increased susceptibility to infections without autoimmunity [22].
Moreover, while TLR8 is predominantly expressed in monocytes, expression of TLR7 is restricted to B
cells and plasmacytoid dendritic cells in humans [23]. Given the pivotal role of B cells and dendritic cells
in SLE pathogenesis, this suggests that autoimmunity in our patients is primarily driven by TLR7.

In addition to its chaperone function, UNC93B1 acts as a scaffold for proper con�guration of the
horseshoe-shaped extracellular domain of the TLR7 dimer within the endosomal membrane, which is
critical for TLR signaling [14–17]. TLR signaling depends on dimer assembly, and ligand binding confers
dimer stability by inducing a conformational change that reorients the toll-interleukin-1 receptor (TIR)
domain to initiate signaling [24]. By demonstrating that E92 is not only important for UNC93B1 stability,
but also for the interaction with TLR7, we provide further insight into the mechanisms by which the
UNC93B1-TLR interaction coordinates TLR signaling. Thus, ligand binding properties of TLRs appear to
be dependent on conformational restraints exerted by UNC93B1 on the receptor. Consistent with this
notion, an Unc93b1 mutant that greatly enhances interaction with TLR9 was recently shown to attenuate
ligand binding, thereby impeding signaling [25]. The inverse logic might apply to the E92G mutant, in
which reduced interaction with TLR7 promotes responsiveness. As such, the association strength of
UNC93B1 might be a general predictor of TLR responsiveness, whereby increased a�nity restricts
receptor activity, while reduced a�nity liberates activity. The differential effects of E92G on endosomal
TLRs may re�ect subtype-speci�c variations in the contact sites/surfaces with UNC93B1 and the
resulting positioning of the ligand-binding sites, suggesting that UNC93B1 may also contribute to TLR
subtype-speci�c mechanisms of ligand recognition.
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Finally, our study suggests that blockade of type I IFN signaling by JAK inhibition is of therapeutic value
in patients with UNC93B1 gain-of-function mutations. However, as JAK inhibition interferes with type I IFN
signaling downstream of TLR7, direct pharmacological targeting of TLR7 would represent a more
appropriate and causal therapeutic avenue. Interestingly, although UNC93B1 has not been implicated in
susceptibility to SLE in humans thus far, a genetic association of an Unc93b1 variant with cutaneous
lupus was recently demonstrated in dogs [26]. In summary, our �ndings delineate the �rst monogenic
form of SLE due to a mutation in a key component of the TLR-dependent nucleic acid-sensing pathway
and suggest that rare variants in UNC93B1 may also contribute to the risk for complex SLE.
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Figures

Figure 1

Identi�cation of an UNC93B1 mutation in a family with early-onset SLE. A shows the pedigree of the
consanguineous family with two affected children. The mutation status of each family member is
indicated. B shows strongly increased IFN signatures in PBMCs of patients (P1, P2). An IFN score of
12.49 (dashed green line) indicates the median IFN score of 10 healthy controls plus 2 SD. Levels of pro-
in�ammatory cytokines in patient sera (C). Mean ± SD of three independent experiments run in triplicates.
***, p<0.001 vs. wild type controls (Co1-Co4). Electropherograms showing presence of the E92G
UNC93B1 mutation in each family member (D). Multiple sequence alignment showing high conservation



Page 11/12

of amino acid residue E92 of UNC93B1 protein sequence (E). Schematic of UNC93B1 topology (F) with
the positions of the identi�ed E92G mutation, the murine gain-of-function D34A, and the murine loss-of-
function H412R indicated. Schematic of TLR7 depicting the extracellular ligand-binding domain (ECD),
the transmembrane domain (TMH), and the Toll/IL-1 receptor signaling domain (TIRD).

Figure 2

Functional consequences of the E92G UNC93B1 mutation on TLR signaling. A shows secretion of TNF-α
and IP-10 by PBMCs following stimulation with the TLR7/8 agonist R848 (1 µg) or the TLR9 agonist
ODN2006 (0.5 µM), respectively, and secretion of IL-8 by �broblasts following stimulation with the TLR3
agonist poly(I:C) (10 µg/ml). Patients, P1, P2; controls (Co1-Co4). Mean ± SD of triplicate technical
replicates. ***, p<0.001 vs. controls. B shows IL-8 secretion by TLR-expressing HEK293 cells transduced
with mutant (UNC_E92G) or wild type (UNC_WT) UNC93B1 using the indicated agonists. Mean ± SD of
triplicate technical replicates. *, p<0.05, **, p<0.01 vs. UNC_WT. C shows production of TNF-α in mouse
RAW264.7 macrophages re-constituted with UNC93B1 variants in response to stimulation with the
indicated TLR agonists, as measured by �ow cytometry. D shows Myddosome formation assayed by co-
immunoprecipitation of whole cell lysates (WCL) from RAW264.7 cells re-constituted with UNC93B1
variants using anti-Myd88 antibody, followed by Western blot analysis using anti-Irak2 antibody. Gapdh
was immune-stained as loading control. E shows the proportion of TNF- α-positive cells in UNC93B1-re-
constituted RAW264.7 cells after stimulation with the ssRNA polyU. Data are representative of at least
three (A, B) or two (C-E) independent experiments.

Figure 3

UNC93B1 stability, interaction of UNC93B2 with TLR7, and effect of ruxolitinib treatment on in�ammatory
markers. A shows the structure of TLR7 (grey) bound to UNC93B1 (green) with residue E92 colored in
orange (PDB 7CYN). Close-up view of residue E92 on H1 of UNC93B1 and its close proximity to residue
K273 on the UNC93B1 TM5–TM6 luminal loop (pink). Glycosylation on residues N272 and N251 is
depicted in dark green. Stability of wild type (red) and mutant (blue) UNC93B1-citrine expressing HEK293
cells over time, as measured by �ow cytometry (B). Co-immunoprecipitation of whole cell lysates (WCL)
from RAW264.7 cells re-constituted with Flag-tagged UNC93B1 variants using anti-Flag antibody (IP-
Flag), followed by Western blot analysis using an anti-TLR7 antibody (C). Gapdh was immune-stained as
loading control. Data are representative of at least three (B) or two (C) independent experiments. D shows
the IFN scores and levels of pro-in�ammatory cytokines in the blood of patient 1 during treatment with
ruxolitinib. Day 0 indicates the start of ruxolitinib treatment.
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