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A U T O I M M U N I T Y

UNC93B1 variants underlie 
TLR7-dependent autoimmunity
Christine Wolf1, Ee Lyn Lim2, Mohammad Mokhtari3, Barbara Kind1, Alexandru Odainic4,5,  
Eusebia Lara-Villacanas6, Sarah Koss1, Simon Mages3, Katharina Menzel1, Kerstin Engel1,  
Gregor Dückers7, Benedikt Bernbeck6, Dominik T. Schneider6, Kathrin Siepermann7, Tim Niehues7, 
Carl Christoph Goetzke8,9,10, Pawel Durek9, Kirsten Minden8,9, Thomas Dörner9,11, Anna Stittrich12, 
Franziska Szelinski9,11, Gabriela Maria Guerra9, Mona Massoud9, Markus Bieringer13,  
Carina C. de Oliveira Mann14, Eduardo Beltrán15, Tilmann Kallinich8,9,10, Mir-Farzin Mashreghi9, 
Susanne V. Schmidt4, Eicke Latz4,16, Johanna Klughammer3, Olivia Majer2, Min Ae Lee-Kirsch1,17*

UNC93B1 is critical for trafficking and function of nucleic acid–sensing Toll-like receptors (TLRs) TLR3, TLR7, TLR8, and 
TLR9, which are essential for antiviral immunity. Overactive TLR7 signaling induced by recognition of self–nucleic acids 
has been implicated in systemic lupus erythematosus (SLE). Here, we report UNC93B1 variants (E92G and R336L) in four 
patients with early-onset SLE. Patient cells or mouse macrophages carrying the UNC93B1 variants produced high 
amounts of TNF-α and IL-6 and upon stimulation with TLR7/TLR8 agonist, but not with TLR3 or TLR9 agonists. E92G 
causes UNC93B1 protein instability and reduced interaction with TLR7, leading to selective TLR7 hyperactivation with 
constitutive type I IFN signaling. Thus, UNC93B1 regulates TLR subtype–specific mechanisms of ligand recognition. Our 
findings establish a pivotal role for UNC93B1 in TLR7-dependent autoimmunity and highlight the therapeutic potential 
of targeting TLR7 in SLE.

INTRODUCTION
Endosomal Toll-like receptors (TLRs) play a fundamental role in 
detecting pathogen-derived nucleic acids. Single-stranded RNA 
(ssRNA) is recognized by TLR7 and TLR8, double-stranded RNA 
by TLR3, and single-stranded DNA by TLR9 (1, 2). TLRs consist of 
a single-transmembrane α helix with a luminal ectodomain containing 
a leucine-rich repeat (LRR-CT motif) and a cytoplasmic Toll/inter-
leukin-1 (IL-1) receptor (TIR) domain (3). Upon ligand recognition 
through the LRR-CT motif, the TIR domains of the TLR homodimer 
assemble to form signaling complexes. Activation of TLR7, TLR8, and 
TLR9 initiates recruitment of the adaptor protein myeloid differentia-
tion primary–response protein 88 (MyD88), whereas engagement of 
TLR3 induces recruitment of TIR domain–containing adaptor protein 
(TRIF)–inducing interferon-β (IFN-β) (1, 2). Both pathways lead to 
activation of IFN-regulatory factor 7 (IRF7), IRF3, and nuclear factor 

κB (NF-κB), resulting in induction of type I IFN and proinflammatory 
cytokines that mobilize host immune responses (1, 2).

The multipass transmembrane chaperone UNC93 homolog B1 
(UNC93B1) is required for the trafficking of TLRs from the endoplas-
mic reticulum to the endosome and acts as a scaffold for proper con-
figuration of the TLR dimer within the endosomal membrane, which 
is critical for TLR signaling (4–7). 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). Consistently, patients with loss-of-
function mutations in UNC93B1 are highly susceptible to herpes en-
cephalitis because of absent endosomal TLR function (9). In addition 
to its trafficking role, UNC93B1 has also been shown to be important 
for TLR5 function on the cell surface (10), maintenance of endosomal 
TLR expression and protein stability (5, 6), and termination of TLR7 
signaling via syntenin-1 (11).

Abnormally enhanced TLR7 signaling induced by aberrant immune 
recognition of self–nucleic acids has been shown to cause systemic 
autoimmunity in mice and humans (11–17). Notably, two distinct 
Unc93b1 mutations (D34A and PKP530-532) that lead to TLR7 hyper-
activation cause lupus-like features in mice (11, 15), suggesting a role of 
UNC93B1 in selectively restraining aberrant TLR7 activation. Structural 
data on the UNC93B1/TLR7 complex suggest that UNC93B1 pre-
vents TLR7 activation by inhibiting ligand-induced dimerization (7, 
18). However, the mechanisms that restrict premature or accidental 
activation of TLR7 remain unclear. Here, we describe missense 
UNC93B1 variants that underlie uncontrolled TLR7 hyperactivation 
in patients with early-onset systemic lupus erythematosus (SLE).

RESULTS
UNC93B1 variants in patients with early-onset SLE
We investigated two siblings from a consanguineous family of Madeiran 
ancestry (family A; Fig.  1A). Patient 1 developed first symp-
toms of SLE at 4 months of age, including refractory autoimmune 
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thrombocytopenia, autoimmune anemia, and erythematous rash, 
followed by hepatosplenomegaly, glomerulonephritis, arthritis, 
and panniculitis over the following 6 years; patient 2 presented with 
anemia, malar rash, renal disease, vasculitis, and seizures beginning 
at 2 years of age (tables S1 and S2). Both children exhibited mul-
tiple autoantibodies, including antinuclear antibodies (ANAs) and 

anti–double-stranded DNA (dsDNA), as well as strongly elevated 
IFN scores in peripheral blood mononuclear cells (PBMCs), as shown 
by increased expression of IFN-stimulated genes (Fig.  1B and 
tables S1 and S2). Levels of proinflammatory cytokines, IL-6, IL-8, 
and tumor necrosis factor–α (TNF-α), in sera and in media of cul-
tured lymphoblastoid cells (LCLs) were markedly increased in both 
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Fig. 1. Identification of UNC93B1 mutations in two families with early-onset SLE. (A) Pedigrees of families with UNC93B1 mutations. (B) IFN scores in PBMCs of patients (P1 
to P4) based on quantitative RT-PCR. An IFN score of 12.49 (dashed green line) indicates the median IFN score of 10 healthy controls + 2 SD. (C) Levels of proinflammatory cytokines 
(IL-6 and IL-8) in patient sera, collected at different time points, compared with four healthy controls (Co1 to Co4). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 versus mean 
of wild-type (WT) controls, Kruskal-Wallis test (Dunn’s multiple comparison test) for IL-6 and one-way ANOVA (Dunnett’s multiple comparison test) for IL-8. (D) Levels of IL-6 
and TNF-α secreted by LCLs from two patients (P1 and P2), four wild-type controls (Co1 to Co4), and an UNC93B1-deficient individual (UNC−). Means ± SD of at least four in-
dependent experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001 versus mean of wild-type controls, Kruskal-Wallis test (Dunn’s multiple comparison test). (E and F) Electrophe-
rograms showing UNC93B1 mutations and multiple sequence alignment indicate high conservation of E92 (E) and R336 (F) of the UNC93B1 protein. (G) Schematic of 
UNC93B1 topology depicting human mutations (E92G and R336L) and mouse mutations D34A (gain of function) and H412R (loss of function). ER, endoplasmic reticulum.
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patients (Fig. 1, C and D), compared with wild-type controls and a 
previously reported UNC93B1-deficient control (9). Whole-exome 
sequencing revealed a homozygous variant in UNC93B1 (c.275A>G, 
p.E92G; NM_030930.4) in both children affecting a highly con-
served amino acid residue located within the first luminal loop 
(Fig. 1, E to G). Both healthy parents were heterozygous carriers of 
the E92G variant that was reported once in the gnomAD database 
and predicted to impair function (Fig. 1E and table S3).

The second family (family B) is of European German ancestry 
(Fig. 1A). The son, patient 3, presented first signs of SLE at 18 months 
of age, including dermatitis, positive ANAs, and hypocomplementemia. 
At 16 years, he developed hepatomegaly, progressive generalized 
lymphadenopathy, and arthralgia. At 19 years, he was noted to 
have proteinuria, hyperglobulinemia, anti–β2-glycoprotein, and 
anti-dsDNA antibodies (tables  S1 and S2). His father, patient 4, 
presented first symptoms at 5 years of age, including malar rash, 
photosensitivity, arthralgia, and positive ANAs. At 30 years, he 
developed lupus nephritis (Fig. 1A and tables S1 and S2). Similar to 
the patients of family A, both affected members of family B exhibited 
strong IFN signatures and elevated proinflammatory serum cytokines 
(Fig. 1B and fig. S1). Whole-exome sequencing led to the identification 
of a heterozygous previously undescribed UNC93B1 variant 
(c.1007G>T, p.R336L), which is highly conserved and predicted to 
be damaging (Fig. 1, E to G, and table S3). In both families, no other 
mutations, including variants of unknown importance, or copy number 
variants in genes previously implicated in autoimmune lymphopro-
liferative syndrome or other monogenic forms of lupus were found.

SLE-associated transcriptional signatures in patient cells
To study the transcriptional changes related to UNC93B1E92G in a 
cell type–resolved manner, we performed single-cell RNA (scRNA) 
sequencing in PBMCs from patient 1 and a sex- and age-matched 
healthy control. A total of 3354 and 5906 cells for patient 1 and control, 
respectively, were retained for analysis after filtering out doublets 
and low-quality cells. We annotated nine distinct cell types covering 
all expected cell types (Fig. 2, A to C). Consistent with migration of 
plasmacytoid dendritic cells (pDCs) into tissues upon activation by 
self–nucleic acid–containing immune complexes (19, 20), pDCs 
were underrepresented in the patient sample (Fig. 2B). In line with 
clinical data (table S4) and previous single-cell data from patients 
with SLE (21), there was a reduction of CD4+ helper T cells and an 
expansion of cytotoxic CD8+ T cells (Fig.  2B). Likewise, CD8+ T 
cells exhibited a cytotoxic signature (PRF1, GZMH, and GZMB) and 
an exhaustion signature (PDCD1, CTLA4, LAG3, CD160, TIGIT, 
HAVCR2, and CD244), in addition to a generally increased IFN sig-
nature (Fig. 2, D and E). Patient cells exhibited elevated expression 
of IFN-stimulated genes (ISGs) across all cell types but most promi-
nently in monocytes and dendritic cells (Fig. 2D). Differential gene 
expression analysis and gene ontology (GO) term enrichment analysis 
revealed cell type–specific transcriptional responses in patient cells 
compared with the control, including activation of B cells in terms 
of cell cycle regulation (GO:0051726), up-regulation of IL-12 signaling 
(GO:0071349) in CD4+ T cells, and induction of IFN-γ (GO:0032729) 
and TNF-α (GO:0010803) in CD8+ T cells, indicative of T cell activation 
(Fig. 2F). Similar to children with complex SLE (19), CD8+ T cells, 
natural killer (NK) cells, and CD16+ monocytes exhibited a distinct 
IL-1β signature (GO:0050718), whereas CD14+ and CD16+ monocytes 
featured a response to lipopolysaccharide (LPS) (GO:0032496), with 
up-regulation of NF-κB in CD16+ monocytes (GO:0051092) (Fig. 2F).

To assess the general validity of the transcriptional cellular phe-
notypes observed in patient 1 and to gain further insight into rare 
cell subtypes, we assessed fluorescence-activated cell sorting (FACS)–
sorted PBMCs (enriched for T cells, B cells, monocytes, and pDCs) 
of patient 3 who carries the UNC93B1R336L mutation (fig. S2, A to 
D). These orthogonal data largely confirmed the cell type–specific 
transcriptional phenotypes described for patient 1, in particular, the 
IFN signature and cytotoxic phenotype in CD8+ T cells (fig. S2, 
B and C). Furthermore, peripheral B cells from patient 3 showed an 
increase in CD27highCD38high plasmablasts compared with healthy 
controls (fig. S3), consistent with enhanced B cell hyperreactivity, and 
an increase in double-negative CD27−IgD− B cells (fig. S3), a distinct 
memory B cell subset commonly expanded in SLE (16, 22). Collect
ively, these findings indicate that cell type–specific transcriptional 
signatures and B cell phenotypes of the patients carrying UNC93B1 
mutations are highly similar to those observed in complex SLE.

Constitutive activation of ssRNA-sensing TLRs in 
patient cells
Given the essential role of UNC93B1 for endosomal TLR function 
and the observed chronic type I IFN activation in the patients, we 
hypothesized that the identified UNC93B1 mutations might underlie 
hyperactivation of TLR-dependent nucleic acid–sensing pathways. 
To investigate the signaling properties of UNC93B1-dependent 
TLRs in patient cells, we measured cytokine responses using specific 
agonists. After stimulation with R848, an imidazoquinoline compound 
with TLR7/TLR8 agonist activity, patient PBMCs (P1 and P2) produced 
markedly higher levels of TNF-α compared with wild-type controls 
(Fig. 3A). In contrast, IFN-γ–inducible protein 10 (IP-10) secretion by 
PBMCs in response to the TLR9 agonist ODN2006 and IL-8 secretion 
by primary fibroblasts in response to the TLR3 agonist polyinosinic-
polycytidylic acid [poly(I:C)] did not differ between patients and 
controls (Fig.  3A). 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 UNC93B1 mutation (9), whereas patient LCLs showed 
normal responses to ODN2006 (Fig. 1D and fig. S4, A and B). Stimu-
lation of UNC93B1-independent TLR2 (Pam2CSK4) in LCLs or 
TLR4 (LPS) in fibroblasts did not reveal any differences in cytokine 
secretion between patients and controls (fig. S4, C and D). To further 
assess TLR7-specific hyperactivation, we stimulated whole blood of 
patients carrying either the UNC93B1E92G or the UNC93B1R336L muta-
tion with selective agonists. Treatment with the TLR7 agonist R837 
resulted in a strong IL-6 production by patient cells compared with 
wild-type controls (fig.  S5), corroborating TLR7 hyperactivation. 
Although patient cells also displayed hyperresponsiveness to the 
TLR8 agonist TL8-506, their cytokine response to the TLR9 agonist 
ODN2216 did not differ from wild-type controls (fig. S5).

Similar to R848, endosomal delivery of RNA40, a well-established 
20-nucleotide oligomer ssRNA ligand specific for TLR7/TLR8 (23), 
resulted in a much higher TNF-α secretion in patient PBMCs than 
in controls (fig. S6). The presence of hydroxychloroquine (HCQ), an 
antimalarial drug that impedes nucleic acid recognition by endosomal 
TLRs (24), reduced signaling in both wild-type and mutant cells 
(fig. S6), consistent with hyperactivation of TLR7/8 in endosomes. 
Moreover, we observed similar ratios of full-length and cleaved 
TLR7 in LCLs from both patients carrying the UNC93B1E92G muta-
tion and wild-type controls (Fig. 3B). Because cleavage of full-length 
TLR7 occurs within the acid environment of the endosome, this further 
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demonstrates that TLR trafficking as such is not affected by the 
UNC93B1E92G mutation.

IFN-α up-regulates TLR7 expression in B cells, promotes cell 
death and release of self–nucleic acids, and primes pDCs to respond 
more effectively to immune complexes (25, 26). Accordingly, TLR7 
expression in patient 1 was slightly up-regulated only in B cells but 
not in any of the other assessed PBMC cell types, whereas in patient 

3, TLR7 was slightly up-regulated in B cells, monocytes, and pDCs 
but not correlated with IFNA1 or ISG15 gene expression (fig. S7, A 
to D). We also confirmed that pDCs, the main IFN-α–producing 
cells able to secrete up to 1000 times more type I IFNs than any 
other white blood cell, did not substantially express TLR8 (27, 28) in 
either patient (fig. S7, A and C). Together, these findings suggest that 
type I IFN activation in patients carrying the UNC93B1E92G or 

A B

C
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D

E

Fig. 2. scRNA sequencing of PBMCs of patient 1 and control. (A) Integrated uniform manifold approximation and projection (UMAP) of data from patient 1 and one 
age- and sex-matched control, assigned to nine cell subtypes: B, B cells; mono (CD16+ and CD14+), monocytes; T (CD8+ and CD4+), T cells; NK cells; cDC, conventional 
dendritic cells; pDCs; platelets. (B) Bar graph displaying the individual cell type proportions in patient 1 and control, with corresponding absolute cell numbers. 
(C) Heatmap displaying relative marker gene expression across cell types. (D) Dot plot showing cell type–specific ISG expression. (E) Violin plots depicting cytotoxic, 
exhaustion, and IFN signatures in CD8+ T cells, comparing patient and control cells. Two-sided Wilcoxon rank sum test. (F) Dot plot showing the GO terms that are 
enriched in genes overexpressed in the patient cells compared with control cells for each of the indicated cell types. Two-sided Fisher’s exact test corrected for 
multiple testing (false discovery rate). GTPase, guanosine triphosphatase; poly(A), polyadenylate; TF, transcription factor.
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UNC93B1R336L mutation is likely caused by hyperactivation of the 
TLR7 signaling pathway that is not due to an increased expression 
of TLR7.

Recapitulation of TLR7 hyperactivation in human embryonic 
kidney–293 cells and mouse macrophages
To further exclude that hyperactivation of ssRNA-sensing TLRs 
observed in UNC93B1E92G patient cells was caused by up-regulation 
of TLR7/TLR8 due to systemic type I IFN activation, we studied 
human embryonic kidney (HEK) 293 cells with stable expression of 
endosomal TLRs. To facilitate endosomal targeting and signaling of 
TLRs (4), we coexpressed UNC93B1. TLR-expressing HEK293 cells 
were transduced with citrine-tagged UNC93B1 variants and sorted 
by flow cytometry to ensure equal expression (fig. S8). In HEK293 

cells expressing either TLR7 or TLR8 (HEK293-hTLR7 and HEK293-
hTLR8), stimulation with R848 markedly increased IL-8 secretion 
in the presence of the E92G mutant compared with cells expressing 
wild-type UNC93B1 (Fig.  3C). Similarly, endosomal delivery of 
RNA40 to HEK293-hTLR7 led to higher IL-8 production in the 
presence of mutant UNC93B1 compared with wild-type UNC93B1, 
which was reduced by HCQ (fig. S9A). In contrast, stimulation of 
HEK293-hTLR9 or HEK293-hTLR3 with their cognate ligands, 
ODN2006 or poly(I:C), respectively, or endosomal delivery of 
ODN2006 to HEK293-hTLR9 led to comparable IL-8 production, 
irrespective of the presence of mutant or wild-type UNC93B1 
(Fig. 3C and fig. S9B).

We next investigated TLR signaling in transgenic RAW 264.7 
Unc93b1−/− murine macrophages stably expressing equal levels of 

Fig. 3. Functional consequences of the UNC93B1E92G mutation on TLR signaling. (A) Secretion of TNF-α and IP-10 by PBMCs after stimulation with the TLR7/8 agonist 
R848 (1 μg/ml) or the TLR9 agonist ODN2006 (0.5 μM) and secretion of IL-8 by fibroblasts after stimulation with the TLR3 agonist poly(I:C) (10 μg/ml). Controls (Co1 to Co4), 
UNC93B1-deficient control (UNC−). Means ± SD of at least three technical replicates. One-way ANOVA (Dunnett’s multiple comparison test). ****P < 0.0001 versus controls. 
(B) Expression of full-length and cleaved TLR7 in LCLs. β-Actin was probed as loading control. (C) Secretion of IL-8 by TLR-expressing HEK293 cells transduced with mutant 
(UNC_E92G) or wild-type (UNC_WT) UNC93B1 using the indicated agonists. Means ± SD of three technical replicates. Two-way ANOVA (Bonferroni’s multiple comparison 
test). *P < 0.05; ***P < 0.001; ****P < 0.0001 versus UNC_WT. (D) Production of TNF-α in Unc93b1−/− mouse RAW264.7 macrophages reconstituted with Unc93b1 variants 
stimulated with the indicated TLR agonists. (E) Myddosome formation assayed by coimmunoprecipitation (IP) of whole-cell lysates (WCL) from Unc93b1-reconstituted 
Unc93b1−/− RAW264.7 cells using anti-Myd88 antibody, followed by Western blot analysis using anti-Irak2 antibody. Gapdh was immune-stained as loading control. 
(F) Proportion of TNF-α–positive cells in Unc93b1-reconstituted Unc93b1−/− RAW264.7 cells after stimulation with polyU-ssRNA. Means ± SD of four technical replicates. 
Data are representative of at least three (A to C) or two (D to F) independent experiments. (G) Heatmap of inflammatory cytokines after stimulation of whole blood from 
Co1 to Co4 and P1 and his parents (mother and father) with R848 and ADU-S100.
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mouse Unc93b1 variants (E92G, D34A, and H412R; fig. S10A). No dif-
ference in Tlr7 expression was observed in Unc93b1−/− murine macro-
phages reconstituted with Unc93b1 variants (fig. S10A). In response to 
R848 stimulation, TNF-α production in cells carrying the E92G muta-
tion was significantly stronger compared with cells expressing wild-type 
Unc93b1 (Fig. 3D). This was accompanied by enhanced Myddosome 
formation, the most proximal signaling step downstream of TLR7 ac-
tivation, as shown by recruitment and posttranslational modification 
of IL-1 receptor–associated kinase (Irak2) (Fig. 3E). In contrast, no 
differences were observed when cells were stimulated with the TLR9 
ligand ODN1668 (Fig. 3D), confirming a TLR7-specific activating ef-
fect conferred by the Unc93b1E92G variant. As expected, in presence of 
the loss-of-function mutant Unc93b1H412R, which abrogates function 
of all endosomal TLRs (8), no immunostimulatory response was 
observed (Fig.  3D). Notably, cells expressing the known activating 
Unc93b1D34A mutation identified in the mouse (15) also showed an 
enhanced TNF-α secretion in response to R848, whereas TNF-α se-
cretion in response to ODN1668 was reduced (Fig. 3D), consistent 
with the previously reported inverse effect of D34A on TLR7 and 
TLR9 signaling (15, 29). Enhanced TLR7 signaling in Unc93b1E92G-
expressing mouse macrophages was confirmed using the ssRNA-
analog polyuridine (Fig. 3F). Collectively, these findings demonstrate 
that Unc93b1E92G confers a gain of function, selectively leading to 
TLR7/8, but not TLR3 or TLR9, hyperactivation.

The UNC93B1E92G allele confers an additive gain of function
In contrast to the affected members of family B who harbor a domi-
nantly inherited heterozygous UNC93B1R336L variant, both affected 
children of family A carry a homozygous UNC93B1E92G mutation, 
raising the question as to the phenotypic effects conferred by 
UNC93B1E92G. Given that gain-of-function mutations are usually domi-
nant, we sought to investigate whether the parents of patient 1 and 
patient 2 (family A), both of whom are healthy heterozygous carriers 
of the UNC93B1E92G variant, exhibit an intermediate phenotype. To 
this end, we assessed induced cytokine responses in whole blood 
after stimulation with the TLR7/TLR8 agonist R848 and the stimu-
lator of interferon genes (STING) agonist ADU-S100, respectively. 
Stimulation of whole blood with R848 resulted in a strong proinflam-
matory response in both parents compared with healthy controls, 
with increased production of IL-6, IL-1β, and TNF-α (Fig. 3G). This 
inflammatory response, however, was not as pronounced as in their 
affected child (P1; Fig. 3G), despite the fact that he was under treatment 
with a Janus kinase (JAK) inhibitor at the time of blood withdrawal 
and had proinflammatory cytokines within normal range at baseline. 
Notably, similar to patient 1, both his parents were also less responsive 
to stimulation with the STING agonist ADU-S100, compared with 
controls (Fig. 3G), consistent with a negative regulatory role of STING 
signaling on TLR-dependent autoimmunity (30). Thus, UNC93B1E92G 
appears to be semidominant and has a gene dosage effect with large 
phenotypic effects in homozygous individuals and weaker effects in 
heterozygous carriers.

UNC93B1E92G destabilizes the interaction with TLR7
Recent data on the cryo–electron microscopy structures of TLR7 in 
complex with UNC93B1, which assembles as a dimer with a 2:2 stoi-
chiometry, have shown that both TLR monomers interact with the 
UNC93B1 N-terminal six-helix bundle through their transmembrane 
and luminal juxtamembrane regions (7). Notably, the overlay of the 
UNC93B1/TLR7 structure in the absence of ligand onto the TLR7 

ectodomain structure in the ligand-bound state revealed a steric 
clash between the two UNC93B1 molecules because of the tilt angle 
imposed by the ectodomains (7, 18), suggesting that UNC93B1 may 
prevent TLR7 activation by keeping it in an inactive conformation. To 
explore this further, 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 1 (TM1) and TM2 (residues 91 to 97) (Fig. 4A). This region 
was shown to make contact with the two loop regions of the C-
terminal LRR-CT motif of the TLR7 ectodomain and to confer rigidity 
to the orientation of the LRR-CT motif (3, 7). 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 (7) (Fig. 4A). This is 
the most extended luminal loop of UNC93B1, and disruption of 
these stabilizing interactions may lead to an increased flexibility of 
the loop or affect glycosylation of neighboring residues N272 and 
N251 that are also located on the TM5-TM6 loop (Fig. 4A). Thus, 
the mutation E92G could potentially lead to destabilization of the 
UNC93B1 protein.

The R336L mutation lies within the intracellular helix H3 formed 
between UNC93B1 TM6 and TM7 at the interface of the UNC93B1 
dimer that keeps the two TLR7 monomers at a distance and pre-
vents dimerization of the TIR domains (Fig. 4B), the initiating step 
of TLR7 signaling. Notably, R336 is in close proximity to K333, 
which was recently shown to undergo ubiquitylation in the context 
of TLR7 signaling termination (11). Accordingly, K63-linked ubiqui-
tylation of UNC93B1 along with syntenin-1 recruitment is critical 
for termination of TLR7 signaling by sorting of UNC93B1/TLR7 
into intraluminal vesicles (11). As such, UNC93B1R336L could either 
interfere with the inhibitory function of UNC93B1 on TLR7 signaling 
or impede TLR7 signaling termination, thereby leading to TLR7 
hyperactivation.

To further investigate UNC93B1E92G protein stability, we measured 
levels of wild-type and mutant citrine-tagged UNC93B1 expressed 
in HEK293 cells after sorting to equal citrine fluorescence intensity 
(t = 0 hours). Compared with wild-type UNC93B1, protein levels of 
the E92G mutant measured at 6 and 24 hours were lower (Fig. 4C), 
indicating reduced protein stability. To assess the impact of E92G on 
the interaction of Unc93b1 with endosomal Tlrs, we transduced 
Flag-tagged Unc93b1-reconstituted Unc93b1−/− RAW264.7 macro-
phages with hemagglutinin (HA)–tagged Tlr3, Tlr9, and Tlr7, respec-
tively. Despite equal Tlr expression levels, Unc93b1E92G interacted 
less with Tlr7 compared with wild-type Unc93b1, as shown by 
coimmunoprecipitation of Flag-tagged Unc93b1, whereas the inter-
action with Tlr3 and Tlr9 was not altered (Fig. 4D). Similarly, Flag-
tagged Unc93b1 interacted less with endogenous Tlr7 (fig. S10B). 
Thus, although Unc93b1E92G was able to interact with Tlr7, this inter-
action was less stable. This is in contrast to the H412R loss-of-
function Unc93b1 mutant, which abolishes interaction with endosomal 
Tlrs (fig. S10B) (5). Given that ligand binding occurs within the con-
cave side of the horseshoe-shaped ectodomain of TLR7, these findings 
suggest that a reduced interaction of UNC93B1 with TLR7 due to 
destabilization of UNC93B1 increases binding site accessibility.

To explore whether disturbed syntenin-1–mediated termination 
of TLR7 signaling (11) could account for TLR7 hyperactivation 
observed in our patients, we examined syntenin-1 recruitment to 
UNC93B1 in response to TLR7 stimulation in HEK293 cells stably 
expressing TLR7 and equal levels of citrine-tagged UNC93B1 variants. 
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Fig. 4. UNC93B1 stability, interaction of UNC93B1 with TLR7 and syntenin-1, and effect of ruxolitinib treatment on inflammatory markers. (A) Structure of TLR7 
(gray) bound to UNC93B1 (blue) 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 of residues N272 and N251 is depicted in dark green. TM, transmembrane. ECD, extracellular domain. 
(B) Structure of TLR7 (gray)–UNC93B1 (blue) dimer. Close-up view of residue R336 and its close proximity to residue K333 on the UNC93B1 TM6-TM7 intracellular loop. 
UNC93B1 monomers are shown in light and dark blue. (C) Stability of wild-type (red) and mutant (blue) citrine-tagged UNC93B1-expressing HEK293 cells over time, as 
measured by flow cytometry (top). Quantification of mean fluorescence intensity (MFI) of citrine-tagged UNC93B1-expressing cells at indicated time points (means ± SD; 
n = 3; bottom). (D) Coimmunoprecipitation of whole-cell lysates from Unc93b1−/− RAW264.7 cells reconstituted with Flag-tagged Unc93b1 variants using anti-Flag anti-
body (IP:Flag), followed by Western blot analysis using anti-HA antibody. Arrow heads indicate active TLR7. Representative data of two independent experiments. 
(E) Coimmunoprecipitation of whole-cell lysates from HEK293 cells stably expressing TLR7 and equal levels of citrine-tagged UNC931 variants stimulated with R848 using 
anti-GFP antibody (IP:GFP), followed by Western blot analysis using anti–syntenin-1 antibody. Representative data of two independent experiments. (F) Model depicting 
how structural changes imposed by UNC93B1 mutations could either modify the ligand-binding properties of TLR7 by enhancing binding site accessibility (E92G) or 
promote signaling initiation by facilitating TIR domain dimerization (R336L), resulting in hyperresponsiveness and hyperactivity of the TLR7 receptor. (G) IFN scores and 
levels of proinflammatory cytokines in blood of patient 1 during treatment with ruxolitinib. Day 0 indicates the start of ruxolitinib treatment.
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Notably, UNC93B1R336L lies on the intracellular side where syntenin-
1–binding takes place, whereas UNC93B1E92G localizes on the luminal 
side of the endosome away from the syntenin-1–binding region 
(Fig. 4A). While wild-type UNC93B1 did not bind to syntenin-1 in 
the absence of TLR7 stimulation, treatment with R848 led to rapid 
syntenin-1 recruitment within 30 min, which further increased over 
60 min, as shown by coimmunoprecipitation of citrine-UNC93B1 
(Fig. 4E), confirming this mechanism of TLR7 signaling termination 
by syntenin-1 also in human cells. Notably, both UNC93B1 mutants 
showed an association with syntenin-1 already in the absence of 
R848 stimulation (Fig. 4E), consistent with constitutive activation of 
TLR7 signaling termination due to TLR7 activation at steady state 
in patient cells. Both UNC mutants, however, exhibited distinct dynam-
ics of syntenin-1 recruitment. Syntenin-1 binding to UNC93B1E92G 
was low at baseline, increased at 30 min upon R848 stimulation, 
and subsided to baseline levels after 60 min (Fig. 4E). In contrast, the 
level of syntenin-1 recruitment to UNC93B1R336L at baseline al-
ready exceeded that of wild-type UNC93B1 at 30 min of R848 stimu-
lation. After R848 stimulation, syntenin-1 binding to UNC93B1R336L 
did not further increase but, instead, was markedly reduced at 30 min 
with only little increment after 60 min (Fig.  4E). These findings 
indicate that chronic TLR7 hyperactivation causes concomitant activa-
tion of syntenin-1–dependent signaling termination, which may result 
in syntenin-1 consumption. Accordingly, TLR7 signaling termination via 
syntenin-1 per se is not impaired by the UNC93B1 mutations, although 
syntenin-1 exhaustion may contribute to TLR7 hyperactivation. Togeth-
er, our findings delineate a pivotal role for UNC93B1 in preventing au-
toimmunity by restraining uncontrolled TLR7 activation (Fig. 4F).

Therapeutic response of patient 1 to JAK1/2 inhibition
JAK1/2 inhibitors such as ruxolitinib dampen type I IFN activity by 
impeding IFN-α/β receptor signaling. Consistently, spontaneous 
type I IFN signaling in whole blood of patient 1 was efficiently sup-
pressed by ruxolitinib in vitro (fig. S11). Given the refractory course 
of the disease and the very high IFN signature, patient 1 was started 
on ruxolitinib, which led to a sustained suppression of systemic type 
I IFN activation with decreased serum levels of IL-8 and IL-6 (Fig. 4G 
and table S1). This was accompanied by amelioration of transfusion-
dependent anemia, panniculitis, and renal disease. However, despite 
significant clinical improvement, the boy continued to experience 
flares with systemic inflammation and renal dysfunction (table S1). 
Several attempts to increase the dose of ruxolitinib to 1 mg/kg to 
achieve more effective type I IFN inhibition were associated with 
cytopenia, a known side effect of JAK1/2 inhibitors. Thus, although 
JAK inhibition is of therapeutic value in patients with TLR7 hyper-
activation due to UNC93B1 mutation, our clinical observations in 
this patient also reveal a limitation of this approach and highlight 
the need for more specific TLR7-targeting therapies.

DISCUSSION
We delineate a monogenic form of SLE caused by mutation in 
UNC93B1 that confers a gain of function due to hyperactivation of 
TLR7 signaling. Engagement of TLR7 by self-RNA derived from 
endocytosed microbial particles or apoptotic cells initiates down-
stream signaling pathways resulting in the production of IFN-α and 
proinflammatory cytokines. In SLE, IFN-α drives a self-perpetuating 
feedback loop that promotes the loss of tolerance and autoimmunity 
in a non–cell-autonomous manner (26). The clinical and cellular 

phenotype of the patients resembled that reported for mice carrying 
the D34A or the PKP530-532 gain-of-function Unc93b1 mutations, 
which succumb to TLR7-dependent autoimmunity (11, 15). Our 
findings 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 
associated with neutropenia and hypogammaglobulinemia (31), where-
as a TLR7 gain-of-function mutation causes SLE (17). In contrast, the 
patients with SLE carrying UNC93B1 variants had normal neutro-
phils and exhibited autoimmunity with hypergammaglobulinemia 
and increased memory-switched B cells, consistent with enhanced B 
cell hyperresponsiveness caused by TLR7 hyperactivity (tables  S1 
and S4). Notably, although TLR8 is predominantly expressed in 
neutrophils, expression of TLR7 is restricted to B cells and pDCs in 
humans (32). This may explain why TLR8 gain-of-function mutations 
are associated with neutropenia and infections. Given the pivotal 
role of B cells and dendritic cells in SLE pathogenesis, this suggests 
that autoimmunity in our patients is primarily driven by increased 
TLR7 signaling.

TLR7 harbors two spatially distinct ligand-binding sites within the 
horseshoe-shaped LRR-CT motif—a first site for guanosine and a 
second site for short ssRNA (18). Moreover, TLR7 exhibits a syner-
gistic mode of activation in response to its two ligands, whereby 
successive ligand binding increases binding affinities (18, 33, 34). 
Similarly, TLR8 was shown to harbor two binding sites for uridine 
and ssRNA degradation products (28, 35). Notably, host-derived 
nucleases are not able to fully degrade RNA ligands to prevent self–
nucleic acid recognition by TLR7 or TLR8 (28, 36). Given that 
nucleosides, such as guanosine and uridine, are essential primary 
metabolites in all living cells, these findings indicate that nucleo-
sides and endogenous degradation products of ssRNA represent 
natural small TLR7/8 ligands. We propose that engagement of such 
endogenous ligands dictates TLR7 activity at steady state and thus 
fine-tunes the general alertness of the TLR7 sensing system under 
the control by UNC93B1. Because binding of both ligands is required 
for full receptor activation, binding site accessibility critically affects 
ligand engagement. Moreover, TLR7 signaling depends on proper 
dimer assembly, and ligand binding induces a conformational change 
that reorients the TIR domains to initiate signaling, a process that 
likely involves some form of dissociation of TLR7 from UNC93B1 
(7). Consequently, a loss of structural rigidity that loosens the tight 
interaction between UNC93B1 and TLR7 could therefore modify 
the ligand-binding properties of TLR7 by enhancing binding site 
accessibility (E92G) or promoting signaling initiation by facilitating 
TIR domain dimerization (R336L). As a result, both UNC93B1 muta-
tions alter the steady state of TLR7 activation toward a higher 
responsiveness (Fig.  4F). By demonstrating that E92 is important 
not only for UNC93B1 stability but also for its 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 (37). 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 pre-
dictor of TLR responsiveness, whereby increased affinity restricts 
receptor activity, whereas reduced affinity liberates activity. The 
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differential effects of E92G on endosomal TLRs may reflect subtype-
specific variations in the contact sites with UNC93B1 and the resulting 
positioning of the ligand-binding sites, suggesting that UNC93B1 
controls TLR subtype–specific mechanisms of ligand recognition. 
In line with TLR subtype–specific functions of UNC93B1, a recently 
reported glutamic acid insertion (p.Glu49dup) in the UNC93B1 N 
terminus that selectively impairs the degradative sorting of TLR7, 
leading to endosomal receptor accumulation, is also associated with 
human lupus (38).

scRNA sequencing of PBMCs from patient 1 and patient 3, har-
boring two different UNC93B1 mutations, revealed alterations in 
cell type composition and dysregulated transcriptional networks 
that are also observed in patients with complex SLE (Fig.  2 and 
fig. S2). As such, our findings are of particular clinical relevance re-
garding the management of patients with SLE, patient stratification 
for clinical trials, and drug development. Unlike JAK inhibitors, 
which inhibit type I IFN signaling at the level of the IFNAR receptor, 
TLR7 antagonists target uncontrolled type I IFN activation more 
upstream at the site where the disease-causing immune signaling is 
primarily initiated. Given that such TLR7 inhibitory molecules have 
already been developed and tested preclinically (39, 40), our findings 
support accelerating further development of TLR7 antagonists for 
patients with SLE. Although UNC93B1 variants have not previously 
been implicated in human susceptibility to SLE, a genetic association 
of an Unc93b1 variant with cutaneous lupus was recently demonstrated 
in dogs (41), suggesting that rare variants in human UNC93B1 may 
also contribute to the risk for complex SLE.

MATERIALS AND METHODS
Study design
In this study, we enrolled four patients with early-onset SLE from 
two unrelated families. We collected blood and serum samples for 
genetic and immunologic investigations. LCLs and primary fibro-
blasts derived from skin biopsies were established for functional 
analysis. Written informed consent was obtained by all participating 
members of the families or their legal guardians. The study was 
approved by the ethics committees of the Medical Faculty, Technische 
Universität Dresden, and Charité-Universitätsmedizin Berlin and 
conducted in accordance with the Declaration of Helsinki.

Whole-exome sequencing
Genomic DNA was extracted from blood using QIAamp DNA 
Blood Mini Kit (QIAGEN). For family A, whole-exome sequencing 
was carried out as previously described (42). Constructed exome 
libraries were subjected to Illumina HiSeq4000/Xten (Illumina) 
150–base pair paired-end sequencing with an average read depth of 
134.5. SOAPnuke was used to remove adapter sequences, low-
quality reads, and N reads (43). Sequences were mapped to the human 
reference genome (GRCh37/UCSC hg19) by Burrows-Wheeler algo-
rithm (BWA-MEM, version 0.7.10) (44). GATK Haplotype Caller 
(version 3.3) (45) was used for single-nucleotide variants and inser-
tions/deletions calling and Ensembl VEP (variant effect predictor) 
(46) for annotation. For family B, whole-exome sequencing was per-
formed following library preparation (SureSelect Human All Exon 
V6, Agilent) as paired-end next-generation sequencing (Illumina 
Inc., CA, USA). Generated sequence data were analyzed using the 
Labor Berlin in-house next-generation sequencing data analysis 
pipeline (v1.0) and compared with the human reference sequence 

(hg19). Variant prioritization was based on allele frequency, variant 
type, location in the gene, bioinformatic prediction tools, biological 
function, and evidence from literature using VarFish (47) and Muta-
tionDistiller (48).

Sanger sequencing
Genomic DNA flanking the UNC93B1 (NC_000011) mutation was 
amplified by polymerase chain reaction (PCR) using gene-specific 
primers [Eurofins MWG Operon; E92, GAATGCCTTCGGTGATT
GGAG (forward) and GTTCCTGTTTCCTTCCCCAAATC (reverse); 
R336, GAGCGGAAACCTCATTGTGG (forward) and CGATACCAG
TGCAGGCAAAG (reverse)] and sequenced in both directions using 
the BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosys-
tems) on a 3130xl genetic analyzer (Applied Biosystems). Data were 
analyzed using Vector NTI software (Life Technologies).

Flow cytometry staining
PBMCs were isolated from EDTA-anticoagulated whole blood using 
Ficoll density centrifugation and stained with the following anti-
human antibodies: CD14 (M5E2, BUV395, BD Biosciences, catalog 
no. 740286; 1:50), CD19 (SJ25C1, BV711, BD Biosciences, catalog 
no. 563038; 5:100), CD27 (L128, BV785, BD Biosciences, catalog no. 
563328; 2:50), CD38 [HIT2, allophycocyanin (APC)-Cy7, BioLegend, 
catalog no. 303534; 0.1:50], and immunoglobulin D (IgD) (IA6-2, 
PE-CF594, BioLegend, catalog no. 348240; 0.1:50). 4′,6-Diamidino- 
2-phenylindole was added before sample acquisition to allow dead 
cell exclusion. Gating of plasmablasts was performed as previously 
described (49). Healthy controls data were from Ferreira-Gomes 
et al. (50).

Cell culture
Passage-matched fibroblasts (passages 4 to 15) were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) complete medium 
[DMEM high glucose (4.5 g/liter) supplemented with 2 mM  l-
glutamine, 1% antibiotics/antimycotics, 5% non-essential amino 
acids (NEAA), and 10% fetal bovine serum (FBS)]. Epstein-Barr 
virus–transformed LCLs were cultured in RPMI 1640 complete me-
dium (RPMI 1640 supplemented with 2 mM l-glutamine, 1% anti-
biotics/antimycotics, 5% NEAA, and 10% FBS). For isolation of 
human PBMCs, whole blood, diluted with phosphate-buffered sa-
line (PBS), was gently layered over an equal volume of BioColl 
(Sigma-Aldrich) and centrifuged for 30 min at 400g without brake. 
The intermediate layer containing PBMCs was removed and added 
to prewarmed medium.

Retroviral transduction and fluorescence-activated 
cell sorting
For retroviral transduction of human citrine-tagged UNC93B1 into 
HEK293 cells, the pR 5′ LTR-hUNC93B plasmid was used. The 
E92G mutation was introduced by site-directed mutagenesis using 
the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). 
For each viral supernatant to be produced, 1 × 106 HEK293T cells 
were plated in 2 ml of complete DMEM. After 24 hours, cells were 
transfected with retroviral constructs (1 μg per well), the retroviral 
packaging plasmids gag-pol (1 μg per well), and vesicular stomatitis 
virus glycoprotein (VSV-G) (1 μg per well) using polyethylenimine 
(Sigma-Aldrich). Cells were incubated at 37°C and 5% CO2 for 
12 hours, before medium change. Forty-eight hours upon transfection, 
the viral supernatant was harvested and added to target cells: 
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HEK293XL-hTLR3-HA, HEK293XL-hTLR7-HA, HEK293XL-hTLR8-
HA, or HEK293XL-hTLR9-HA cells (Invivogen), seeded to 80% 
confluence. After 24  hours at 37°C and 5% CO2, medium was 
changed to complete DMEM, and transduced cells were passaged 
three times before frozen stocks were prepared. UNC93B1-mCitrine–
positive cells were sorted for equal green fluorescence on a FACSAria 
cell sorter (BD Biosciences) in a 96-well plate at a density of 2 × 104 
cells per well in DMEM supplemented with 10% FBS, 2 mM  l-
glutamine, 1% antibiotics/antimycotics, and blasticidin (1 mg/ml).

HA (YPYDVPDYA)–tagged murine TLR3, TLR7, and TLR9 
were expressed in Unc93b1−/− RAW264.7 cells using murine stem 
cell virus (MCSV)–Thy1.1 retroviral vectors as previously described 
(37). For the generation of Unc93b1-transgenic RAW264.7 cells, 
Unc_WT, Unc_H412R, and Unc_D34A constructs were generated 
as previously reported (11) on MCSV-based retroviral vectors with 
IRES-PuromycinR-T2A-mCherry double selection. Unc93b1 genes 
were codon-optimized and contained a 3xFlag C-terminal tag. 
Unc_E92G construct was generated by site-directed mutagenesis 
from Unc_WT using Q5 Site Directed Mutagenesis Kit (New England 
Biolabs) and the following primers: forward, CACTACGACGgcA-
CATACAGAGAAG; reverse, CAGGATCAGCTGCATCTG. Viral 
supernatants were produced by transfecting GP2-293 cells (HEK293-
derived packaging cells expressing viral gag and pol proteins) with 
the Unc93b1 plasmids (1.7 μg per well) along with a VSV-G plasmid 
(0.8 μg per well) and preincubated with Lipofectamine 3000 trans-
fection reagent (Invitrogen). After overnight incubation at 37°C, the 
transfected GP2-293 cells were transferred to 32°C for a further 
24 hours. Viral supernatants were centrifuged to remove packaging 
cells before applying to Unc93b1−/− RAW264.7 target cells, with the 
addition of polybrene (Sigma-Aldrich). Target cells were centrifuged 
at 1000g for 30 min at 32°C and further incubated at 32°C overnight 
before transferring to a 37°C incubator (5% CO2 maintained through-
out). Unc93b1-IRES-mCherry–positive RAW264.7 cells were sorted 
2 days after transduction for equal red fluorescence on a FACSAria 
II cell sorter (BD Biosciences) and cultured in RPMI 1640 supple-
mented with 10% FBS, l-glutamine, penicillin-streptomycin, sodium 
pyruvate, and Hepes (pH 7.2; Invitrogen). Tlr7 expression in Unc93b1-
reconstituted RAW264.7 cells was measured by fixation/permeabili-
zation using BD Cytofix/Cytoperm (BD Biosciences), intracellular 
staining with anti-TLR7 antibody (Sigma-Aldrich, clone A94B10, 
MABF2273; 1:200), followed by Alexa Fluor 488 goat anti-mouse 
IgG (Invitrogen, A11029; 1:1000) and data acquisition on a FAC-
Symphony flow cytometer (BD Biosciences).

Cytokine analysis
Plasma was collected from blood collected in heparin tubes by cen-
trifugation (2000 rpm) at 4°C for 20 min. Cytokines were measured 
using the LEGENDplex Human Inflammation Panel 1 (BioLegend) 
according to the manufacturer’s instructions. For experiments using 
PBMCs or stably transduced HEK293XL cells, cytokines were mea-
sured in cell culture supernatants using the LEGENDplex Human 
Anti-Virus Response Panel (BioLegend) according to the manufac-
turer’s instructions. Data were collected on a FACS flow cytometer 
(LSRII, BD Biosciences) and analyzed with LEGENDplex Data 
Analysis V8.1 software (BioLegend). For cytokine analysis of whole 
blood assays, frozen supernatants were thawed on ice, and the cyto-
kine concentration was quantified using the CorPlex Human Cytokine 
Panel 1 10-Plex Array (Quanterix) following the manufacturer’s 
protocol. The samples were acquired on the Quanterix SP-X, and 

raw data were analyzed using SPX Analysis Application software 
version 2.1.1.7737. Cytokine concentration data were loaded into R 
version 4.2.2 (R Foundation for Statistical Computing) visualized 
using the tidyverse package version 1.3.2 (51). In RAW264.7 cells, 
TNF-α production was measured by fixation/permeabilization using 
BD Cytofix/Cytoperm (BD Biosciences) and intracellular staining 
with APC anti-mouse TNF-α antibody (BioLegend, clone MP6-
XT22, 506308; 1:200), followed by acquisition on a CytoFLEX flow 
cytometer (Beckman Coulter). Flow cytometric data were analyzed 
using FlowJo (BD Biosciences).

Immunoprecipitation and Western blot analysis
For Myd88 immunoprecipitation, RAW264.7 cells were incubated 
with R848 (500 ng/ml) at 37°C and 5% CO2 for 0, 15, 30, or 60 min 
before collection. Cells were collected by scraping in cold PBS; lysed 
in buffer containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 10% 
glycerol, and 1% NP-40; and supplemented with cOmplete protease 
inhibitor cocktail (Roche), PhosSTOP (Roche), and 1 mM phenyl-
methylsulfonyl fluoride (PMSF). Cell lysates were incubated for 1 hour 
on a 4°C rotator, cleared of insoluble material by centrifugation, and 
then incubated with anti-MyD88 antibody (R&D Systems, AF3109; 
1 μg per sample) overnight, followed by protein G agarose beads 
[preblocked with 1% bovine serum albumin (BSA)] for 2 hours at 4°C 
the next day. Beads were washed four times in lysis buffer, and then 
precipitated proteins were eluted by heating in SDS–polyacrylamide 
gel electrophoresis (PAGE) buffer to 65°C for 15 min.

For Flag immunoprecipitation, RAW264.7 cells were lysed in 
buffer containing 50 mM tris-HCl, 150 mM NaCl, 5 mM EDTA, 
0.5% NP-40, 1× cOmplete protease inhibitor cocktail (Roche), and 
1 mM PMSF. Cell lysates were incubated for 1 hour on a 4°C rotator, 
cleared of insoluble material by centrifugation, and then incubated 
with M2 anti-Flag matrix (Sigma-Aldrich) (preblocked with 1% 
BSA) for 2 hours on a 4°C rotator. Beads were washed four times in 
lysis buffer, and then precipitated proteins were competitively eluted 
with 3xFlag-peptide (150 ng/μl; Sigma-Aldrich) in lysis buffer for 
30 min at room temperature. Eluted proteins were denatured in SDS-
PAGE buffer for 1 hour at room temperature. Proteins were separated by 
SDS-PAGE (Bio-Rad TGX precast gels) and transferred to Immobilon 
polyvinylidene difluoride membranes (Millipore) in a Trans-Blot Turbo 
transfer system (Bio-Rad). Membranes were probed with antibodies 
against MyD88 (R&D Systems, AF3109; 1:200), IRAK2 [Cell Signaling 
Technology (CST), #4367; 1:1000], Flag (Sigma-Aldrich, clone M2, 
F1804; 1:1000), HA (Roche, 3F10), and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Invitrogen, GA1R, MA5-15738; 1:2000). 
Blots were developed using the ChemiDoc MP system (Bio-Rad).

For green fluorescent protein (GFP) immunoprecipitation, HEK293 
cells were lysed in NP-40 buffer [50 mM tris (pH 7.4), 150 mM 
NaCl, 0.5% NP-40, and 5 mM EDTA] supplemented with 40 mM N-
ethylmaleimide (Sigma-Aldrich), 1× cOmplete protease inhibitor 
cocktail, and 1× PhosSTOP phosphatase inhibitors (Roche). After 
incubation at 4°C for 1 hour, lysates were cleared of insoluble material 
by centrifugation. For immunoprecipitations, lysates were incubated 
with ChromoTek GFP-Trap magnetic agarose (ProteinTech) for 2 hours 
at 4°C and washed twice in PBS containing 0.5% NP-40. Precipitated 
proteins were eluted and denatured in 2× SDS loading buffer at room 
temperature for 1 hour. LCLs were lysed in radioimmunoprecipita-
tion assay buffer [50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, 1 mM sodium orthovanadate, and 20 mM 
sodium fluoride] supplemented with 1× cOmplete protease inhibitor 
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cocktail, 1× PhosSTOP phosphatase inhibitors (Roche), and deoxy-
ribonuclease I (DNase I) (QIAGEN). Protein concentration was 
determined using a bicinchoninic acid kit (Thermo Fisher Scien-
tific). Lysates and GFP-immunoprecipitated proteins were resolved 
in a 4 to 12% NuPAGE bis-tris gel and blotted onto a nitrocellulose 
membrane (Sigma-Aldrich, BA83). Membranes were blocked in 5% 
dry milk and probed with the following antibodies diluted 1:1000 in 
5% BSA: rabbit anti-TLR7 (CST, #5632), rabbit anti-syntenin (CST, 
#27964), rabbit anti-GFP (CST, #2956), and mouse anti–β-actin 
(Sigma-Aldrich, #A5316). Immunoreactive signals were detected by 
chemiluminescence using Lumi-Light PLUS (Roche).

Cell stimulation
Cells were stimulated as indicated with poly(I:C) high molecular weight 
(HMW) (Invivogen, tlrl-pic), R848 (resiquimod, Invivogen, tlrl-r848), 
Pam2CSK4 (Invivogen, tlrl-pm2s-1), ODN2006 (Invivogen, tlrl-2006), 
ODN1668 (5′-TCCATGACGTTCCTGATGCT-3′, all phosphorothio-
ate linkages, synthesized by Integrated DNA Technologies), LPS-EB 
Ultrapure (Invivogen, tlrl-3pelps), polyU_19mer (all phospho
rothioate linkages, Integrated DNA Technologies), and ssRNA40 
(5′-GCCCGUCUGUUGUGUGACUC-3′, Eurofins MWG Operon). 
If not otherwise indicated, then ssRNA40 and ODN2006 were com-
plexed in a 1:1 ratio with poly-​l-arginine (Sigma-Aldrich). Unless 
otherwise specified, cells were stimulated for 24 hours at 37°C and 
5% CO2. RAW264.7 macrophages were stimulated for 6 hours at 
37°C and 5% CO2, with the addition of BD GolgiPlug at 1:1000 dilu-
tion after 30 min of stimulation.

Whole-blood assay
For analysis of the effect of ruxolitinib on type I IFN signaling in 
vitro, heparin blood was distributed in 24-well plates at 1 ml per 
well. Plates were incubated on a shaker incubator at 300 rpm and 
37°C. For type I IFN activation, blood was incubated with poly(I:C) 
HMW (1 μg/ml; Invivogen) for 5 hours and then either treated with 
1 and 2 μM ruxolitinib (MedChemExpress) or left untreated for 
additional 10 hours. After erythrocyte lysis, samples were frozen at 
−80°C and subsequently used for RNA extraction. For analysis of 
induced cytokine responses in family A, hirudin blood was diluted 
with cell culture medium in a ratio of 1:3, activated with R848 (100 ng/
ml; InvivoGen) or ADU-S100 (10 μg/ml; MedChemExpress) for 
6 hours at 37°C, and centrifuged at 230g for 5 min at room tem-
perature. For analysis of specific TLR responses, whole blood was 
diluted 1:1 with RPMI 1640 cell culture medium and stimulated for 
24 hours with R837 (5 μg/ml; InvivoGen), TL8-506 (100 ng/ml; 
InvivoGen), or 1 μM ODN2216 (InvivoGen).

Quantitative real-time reverse transcription PCR
Total RNA was extracted from PBMCs or from lysed whole blood 
using the ReliaPrep RNA Cell Miniprep System (Promega), followed 
by DNase I digestion. RNA was reverse-transcribed using the 
GoScript Reverse Transcription System (Promega). Gene expression 
was determined by quantitative real-time reverse transcription (RT)–
PCR using the TaqMan Universal PCR Master Mix (Applied Biosys-
tems) on an ABI7300 and normalized to GAPDH [forward, GAAG 
GTGAAGGTCGGAGTC; reverse, GAAGATGGTGATGGGATT 
TC; and fluorescein amidite (FAM), CAAGCTTCCCGTTCTCA 
GCC-TAMRA] and hypoxanthine phosphoribosyltransferase 1 
(Hs02800695_m1, Thermo Fisher Scientific) expression. For calibra-
tion, a calibrator cDNA was included in each assay. Target genes were 

analyzed using predesigned TaqMan probes (Thermo Fisher Scientific) 
for IFI27 (Hs01086373_g1), IFI44 (Hs00951349_m1), IFI44L 
(Hs00915292_m1), IFIT1 (Hs01675197_m1), ISG15 (Hs01921425_s1), 
RSAD2 (Hs01057264_m1), and SIGLEC1 (Hs00988063_m1). The 
IFN score was calculated as previously described (42).

Protein structure modeling
Illustration of the complex TLR7-UNC93B1 [Protein Data Bank 
(PDB): 7CYN] was prepared using UCSF ChimeraX (52).

Statistical analysis
Statistical analysis was carried out in GraphPad Prism 6 as indicated. 
For normally distributed variables, parametric tests were used, in-
cluding t test for comparison of two groups and one-way analysis of 
variance (ANOVA) with post hoc tests, as indicated, for comparison 
of three or more groups. For variables with non-normal distribution, 
nonparametric tests were used. For comparison of two groups, Mann-
Whitney U test was used for independent variables, and Wilcoxon 
signed-rank test was used for dependent variables. For comparison 
of three or more group variables, Kruskal-Wallis test was used. Values 
of P < 0.05 were considered statistically significant. Data are repre-
sented as means ± SD.
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