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With the increasing use of genetic sequencing to investigate inborn errors of immunity, rare 

variants are frequently identified, yet their clinical relevance often remains uncertain. Establishing 

pathogenicity requires a multidisciplinary approach that integrates genetic, structural, functional, 

and clinical data. Here, we used such a strategy to investigate a previously unreported hemizygous 

missense variant — alanine (A) to threonine (T) at residue 518 — in Toll-like receptor 8 (TLR8), 

identified in 2 male siblings with recurrent infections and systemic inflammation, characterized 

by a proinflammatory immune signature and B cell dysregulation. Functional studies showed that 

the TLR8 A518T variant enhanced NF- B activation and increased secretion of proinflammatory 

cytokines compared with WT TLR8 upon stimulation, consistent with a gain-of-function effect. 

Protein degradation and turnover assays revealed reduced abundance of the mutant TLR8 

protein due to faster turnover and increased proteasomal degradation. Computational modeling 

predicted enhanced structural stabilization of the active TLR8 homodimer interface via additional 

water-mediated hydrogen bonds introduced by the A518T substitution. Together, these findings 

integrating structural modeling with functional assays identify a novel TLR8 ligand-specific gain-

of-function mutation resulting in complex immunopathology in 2 siblings.
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Introduction
Precise identification of  pathogenic genetic variants underlying inborn errors of  immunity (IEI), which 

are manifested by symptoms including recurrent infections, autoimmunity, and chronic inflammation, 

is essential for the discovery and diagnosis of  rare diseases as well as targeted treatment of  carriers (1). 

With the prevalent use of  genetic sequencing to diagnose individuals with rare genetic diseases, such 

as IEI, an increasing number of  previously unidentified genetic variants are being discovered, whereas 

the functional consequences are unknown. In recent years, over 485 variants known to cause IEI have 

been officially identified (1, 2); however, many patients still experience substantial delays in reaching 

a definitive diagnosis after initial clinical presentation. Improved precise functional predictions for 

genetic variants will benefit diagnostic accuracy and treatment.

Although experimental analyses to understand the function of  individual genetic variants have been 

the cornerstone of  research and clinical care of  individuals with IEI, the strength of  computational 

modeling predicting the structure and function of  specific proteins and variants is increasingly recog-

nized (3). Advanced accurate computational methodologies hold promise in narrowing the translational 

disparity between genetic variants and functional consequences by analyzing patterns within biological 

data in order to predict the pathogenicity of  unannotated variants (3). In current models, pathogenicity 

is evaluated based on the variation between reference and alternate sequences. Computational model-

ing predicts the structural and functional impact of  genetic variants based on deep learning algorithms 

(4). Here, we applied these techniques along with functional assays on a previously unreported putative-

ly pathogenic variant in the TLR8 gene observed in 2 related male individuals.

Recent genetic studies have revealed a broad spectrum of  Toll-like receptor 8 (TLR8) variants in human 

populations (5–8), several of  them linked to IEI. TLR8 is a pathogen-associated molecular pattern–recog-

nizing (PAMP-recognizing) receptor that detects viral and bacterial RNA, orchestrating immune activa-

tion pathways essential for pathogen clearance and immune surveillance (9–12). In addition to external 

PAMPs, TLR8 can respond to endogenous stimuli such as microRNAs (13) or autoantigens (14), and drive 

autoimmunity (15). Binding of  ligands to preformed TLR8 homodimers induces conformational changes, 

bringing the C-terminal domains closer together (16). This event subsequently triggers downstream signal-

ing pathways and leads to the production of  a variety of  nuclear factor- B–mediated (NF- B–mediated) 

proinflammatory cytokines, interferon regulatory factor–induced (IRF-induced) interferons (IFNs), and 

other effector molecules essential for antiviral and antibacterial defense (17–19).

In this study, we present a comprehensive investigation of  a previously unreported missense variant in 

the TLR8 gene (c.1552G>A, p.A518T), identified in 2 male siblings with recurrent infections and inflam-

matory symptoms. To characterize the pathogenic potential of  this variant, we used an integrative approach 

combining clinical evaluation, gene expression profiling, computational structural modeling, and in vitro 

functional assays. Plasma and immune profiling revealed a proinflammatory immune signature and marked 

B cell dysregulation in the affected individuals. Functional assays demonstrated increased TLR8-mediated 

NF- B phosphorylation and elevated secretion of  proinflammatory cytokines following stimulation, consis-

tent with gain of  function. In contrast, protein turnover studies showed reduced baseline abundance of  the 

A518T variant due to faster degradation and increased proteasomal susceptibility. Structural modeling pre-

dicted that the A518T substitution enhances stabilization of  the active TLR8 homodimer interface through 

the formation of  additional water-mediated hydrogen bonds. Collectively, these findings demonstrate two 

consequences of  the TLR8 A518T variant: ligand-dependent gain of  function driving inflammation, along-

side reduced overall TLR8 protein abundance as a consequence of  accelerated protein turnover and degra-

dation, ultimately resulting in the complex immunopathology observed in the two siblings.

Results
Clinical phenotype of  study participants. In this study, 2 male siblings were included, denoted as participant 

1 (P1, age 27 years) and participant 2 (P2, age 24 years); as well as their mother (M, age 48 years) (Figure 

1A). Their heights and weights were normal at birth. Both siblings exhibited severe inflammatory symp-

toms in the first year of  life and were diagnosed with severe anemia requiring red blood cell transfusions. 

Initially, autoimmune vasculitis was suspected based on recurrent cerebral infarctions and peripheral 

hypoperfusion. Both siblings displayed an increased susceptibility to infections, with recurring respira-

tory infections requiring antibiotic treatment. In addition, frequent episodes of  high fever were observed 

without clear signs of  infections, suggesting an inflammatory syndrome. Inflammatory markers, such as 



3

R E S E A R C H  A R T I C L E

JCI Insight 2026;11(4):e187422  https://doi.org/10.1172/jci.insight.187422

CRP, were increased in both P1 and P2 (Supplemental Figure 1A; supplemental material available online 

with this article; https://doi.org/10.1172/jci.insight.187422DS1). Laboratory analyses revealed anemia, 

thrombocytopenia, and a severe leukopenia (<100 cells per L). Although small changes in the bone mar-

row smears were observed in both individuals, erythropoiesis was not decreased, nor thrombopoiesis at 

early time points. Immunoglobulin deficiencies were observed in P1 (IgA, IgG, and IgM) and in P2 (IgM 

and IgG) (Supplemental Figure 1B). Furthermore, both siblings presented lymphadenopathy and sple-

nomegaly, and exhibited delayed psychoneuromotor development and intellectual disability. Moreover, 

spastic hemiparesis resulting from cerebral ischemia limited their mobility.

Following their initial diagnosis of cerebral vasculitis and polyarteritis nodosa, both individuals underwent 

immunosuppressive therapies. P1 received treatment with corticosteroids and additional immunosuppressive 

drugs, including cyclophosphamide, azathioprine, and mycophenolic acid (Supplemental Figure 1C). The ther-

apies had to be discontinued because of either lack of therapeutic response or severe toxicity at the age of 13. 

From the age of 15 years, P1 received infliximab, resulting in improvement of clinical symptoms lasting up to 

the present. P2 has been receiving corticosteroids since birth to control inflammatory syndrome and was treat-

ed with infliximab since the age of 17 (Supplemental Figure 1C). The latter had to be subsequently switched 

to adalimumab because of an allergic reaction to infliximab. Furthermore, intravenous immunoglobulin (IVIg) 

replacement therapy was administered to both siblings due to low serum immunoglobulin levels and recurrent 

infections. While P1 demonstrated an adequate increase in immunoglobulin levels, allowing for cessation of  

therapy after 8 years, P2 continues to exhibit low levels of IgM and IgG and receives repeated IVIg injections 

(Supplemental Figure 1B). In summary, P1 and P2 presented in early childhood with an inflammatory syn-

drome and immune deficiency, with P2 presenting with a more severe clinical phenotype. The clinical symp-

toms improved after initiation of immunosuppressive therapy.

Identification of  the germline TLR8 c.1552G>A (p.A518T) variant in both siblings and their mother. To 

identify the underlying cause of  the chronic inflammatory syndrome in these two male siblings, targeted 

exome sequencing was performed and identified a shared hemizygous missense variant (cytogenetic: 

Xp22.2; chromosome X, position 12920592 [GRCh38.p14], c.1552G>A) in the X chromosome–encod-

ed TLR8 gene (NM_138636.5), for which the mother was heterozygous (Figure 1B). The variant is now 

registered in the NCBI’s Single Nucleotide Polymorphism Database (dbSNP) and ClinVar with the 

identifiers rs2147259148 and RCV002263534.1, respectively. The c.1552G>A variant leads to a substi-

tution of  threonine (T) for alanine (A) at position 518 in the leucine-rich repeat of  the TLR8 protein 

(NP_619542.1; p.A518T) (Figure 1C). The variant was not present in the Genome Aggregation Data-

base (gnomAD) (20), and it was predicted to be proxy-deleterious by Combined Annotation Dependent 

Depletion (CADD; GRCh38-v1.4) score (Supplemental Table 1) (21). To complement the analysis, we 

also applied additional in silico prediction tools. PolyPhen-2 classified the variant as benign in both 

HumDiv (score: 0.043; sensitivity: 0.94; specificity: 0.83) and HumVar (score: 0.004; sensitivity: 0.98; 

Figure 1. Investigation of the germline TLR8 c.1552G>A (p.A518T) variant. (A) The family tree depicts individuals with the 

TLR8 variant. Solid black boxes represent males P1 and P2 with the germline variant, while half-black circles indicate het-

erozygous female carriers. ND, not determined. (B) Sanger sequencing of the family members’ DNA confirms the presence 

of the TLR8 variant. (C) Leucine-rich repeat (LRR) TLR8 with the Z-loop (PDB ID: 3W3G). The A518 variant in LRR 16 is high-

lighted in purple. Previously reported variants from Aluri et al. (5), Fejtkova et al. (6), and Liang et al. (8) are denoted in cyan.
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specificity: 0.35) models (22). Similarly, MutationTaster predicted the variant to be benign (22), and 

Sorting Intolerant from Tolerant (SIFT) classified it as tolerated (22). While all 3 tools indicated that 

the variant is unlikely to be deleterious, these prediction tools do not assess potential gain-of-function 

effects or provide insights into structural or functional changes in protein activity. Further genetic anal-

ysis of  the subjects revealed a second, not previously reported variant only in P2 in the DnaJ heat shock 

protein family (Hsp40) member C21 (DNAJC21) gene (chromosome 5, position 34929752–34929753 

AC/A [GRCh37.p13], NM_001012339.3:c.-171del, rs1266840568, RCV002263372.13, heterozygous). 

Given the shared mutation with the TLR8 protein between the two related male individuals, we subse-

quently investigated the immune implications of  the TLR8 A518T variant.

Systemic immune activation in individuals with the TLR8 A518T variant. To further characterize the inflam-

matory syndrome of  the two siblings with the TLR8 A518T variant, plasma profiling was performed at the 

age of  25 and 22 for P1 and P2, respectively. Significantly elevated levels of  several proinflammatory cyto-

kines, including IL-6 and TNF as well as growth factors like GM-CSF and chemokines such as CXCL10, 

CCL2, CCL19, and CCL20, were detected (Figure 2A and Supplemental Figure 2). Notably, P2 also exhib-

ited increased serum levels of  IFN-  (type I IFN) and IFN-  (type III IFN), while both individuals showed 

normal levels of  IFN- . Both individuals additionally displayed elevated levels of  IFN- , the sole member 

of  the type II IFN family. This corresponded to an upregulation in the expression levels of  several IFN-stim-

ulated genes (ISGs), as quantified by quantitative PCR in peripheral blood mononuclear cells (PBMCs) 

from both individuals compared with age-matched controls (Figure 2B). Additionally, elevated mRNA levels 

of  the transcription factor IRF7 were observed in both cases. Notably, the TLR8 mRNA expression levels 

were comparable between the siblings and the healthy controls. Collectively, these findings suggest systemic 

inflammation in the siblings with the TLR8 A518T variant. Despite the increased expression of  some ISGs 

in the mother’s cells, X chromosome inactivation analysis performed on the mother’s PBMCs using quan-

titative PCR for 2 independent X-linked genes, androgen receptor (AR) and retinitis pigmentosa 2 (RP2), 

revealed a random inactivation pattern, with ratios of  0.53 and 0.49, respectively, making significant skewing 

or escape from inactivation unlikely (23).

Altered immune cell composition and innate immune dysregulation in individuals with the TLR8 A518T vari-

ant. The clinical immunological profile of  individuals carrying the TLR8 A518T variant revealed altered 

cellular composition and variability among the two affected siblings (P1 and P2) and to a more limited 

extent in their mother, as summarized in Table 1, Table 2, and Table 3. Both siblings had relatively low 

to severely decreased numbers of  T cells, with CD4+ T cells affected in both participants and CD8+ T 

cells also affected in P2, resulting in an inverse CD4/CD8 ratio (<2). Additionally, P2 and M had a slight 

reduction in the frequency of  T regulatory cells in the peripheral blood. A dysregulated B cell phenotype 

was observed in both P1 and P2, with diminished numbers of  memory B cells (CD27+CD21+ resting, 

CD27+CD21– activated, and CD27–CD21– tissue-like memory B cells) and CD27+CD38+ plasmablasts. 

Both siblings also showed a reduction in activated CD21loCD38– B cells.

Extended immunophenotyping by multiparametric flow cytometry confirmed dysregulation of  sev-

eral immune populations (Supplemental Figures 3–5). P1 and P2 exhibited slightly increased frequencies 

of  CD14+CD16+ intermediate monocytes, while a decreased frequency of  non-classical monocytes was 

observed in P2 (Supplemental Figure 4). A reduction in the frequency of  CD141+ dendritic cells and 

CD123+HLA-DR+ plasmacytoid dendritic cells was observed in both siblings (Supplemental Figure 5), 

compared with age-matched controls. These analyses demonstrate dysregulation of  innate immune cell 

populations in the individuals carrying the TLR8 A518T variant.

Impaired T and B cell function leading to defective humoral immunity. Previous studies suggested that chron-

ic TLR activation and elevated proinflammatory cytokines can impair B cell development and circulation 

(24, 25). Flow cytometry analyses revealed that P2 had a lower frequency of  CD19+CD20+ B cells, con-

sistent with systemic inflammation (Figure 3A). Both P1 and P2 showed increased frequencies of  naive 

(CD27–IgD+), mature (CD27–CD38int), and transitional (CD27–CD38hi) B cells, alongside reduced frequen-

cies of  memory B cells (classical CD27+CD38lo, switched CD27+IgD–, and non-switched CD27+IgD+) and 

antibody-secreting CD27+CD38hi plasmablasts (Figure 3, B–E), indicating impaired B cell maturation and 

differentiation. A much milder B cell dysregulation was observed in their asymptomatic mother.

T cell subset analyses revealed T cell exhaustion features, including elevated PD-1 expression and invert-

ed CD4/CD8 ratios (Supplemental Figure 6, A and B). Upon CD3/CD28 stimulation, CD4+ T cells from 

variant carriers showed reduced viability compared with age-matched controls (Supplemental Figure 6C). 



5

R E S E A R C H  A R T I C L E

JCI Insight 2026;11(4):e187422  https://doi.org/10.1172/jci.insight.187422

While expression levels of  ICOS and CD40L on CD4+ T cells and CXCR5+PD-1+ T follicular helper (Tfh) 

cells were comparable between variant carriers and healthy controls (Supplemental Figure 6, D and E), fur-

ther immunophenotyping of  the CD4+ and CD8+ cell subsets revealed phenotypic heterogeneity among the 

siblings and their mother, with the latter displaying a profile more similar to that of  P2 (Supplemental Figure 

6, F and G). Notably, the frequency of  CXCR5+PD-1+ Tfh cells was elevated in both P1 and P2, based on 

analyses of  enriched CD4+ T cells (Figure 4 and Supplemental Figure 7), suggesting a skewed T helper cell 

profile in conjunction with impaired B cell maturation.

Figure 2. Systemic immune activation in siblings with the TLR8 A518T variant. (A) Plasma analysis of several proinflammatory cytokines, growth factors, 

and chemokines in family members (P1, P2, and M; performed in quadruplet) in comparison with healthy male individuals less than 30 years old (n = 3–4; 

technical replicates) and healthy female individuals greater than 40 years old (n = 3–4; technical replicates). Data are expressed as mean with SEM. (B) 

Gene expression analysis in family members (P1, P2, and M) in comparison with healthy male individuals less than 30 years old (n = 3) and healthy female 

individuals greater than 40 years old (n = 3) of IFN-stimulating genes (ISGs), cytokines, and transcription factors. The number in the center of each square 

represents the mean value of relative quantification, while the values above or the asterisks indicate statistical significance. Statistical significance 

between groups was assessed using a 2-way ANOVA multiple-comparison test. Data represent mean ± SEM. Differences between groups were considered 

significant at P values less than 0.05 (*P < 0.05, **P ≤ 0.01, ****P ≤ 0.0001).
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Functional assays showed delayed in vitro differentiation of  B cells from P1 and P2 into plasmab-

lasts and memory cells following CD40L stimulation, with persistently high levels of  naive B cells 

(Figure 5A and Supplemental Figures 8 and 9) and reduced IgG/IgM production (Figure 5B). Consis-

tent with these findings, P1 — who discontinued IVIg therapy — demonstrated poor antibody respons-

es to several vaccines (Table 2). Altogether, these findings demonstrate that the 2 siblings with the 

TLR8 A518T variant exhibit a dysregulated immune profile marked by T cell exhaustion, increased 

frequencies of  Tfh cells, and defective B cell maturation and differentiation. These immune alterations 

result in reduced memory B cells, plasmablasts, and antibody production, and were associated with 

impaired humoral immunity.

Computational modeling reveals that the A518T variant renders the active state of  the TLR8 homodi-

mer structurally more stable. The clinical data illustrated that the TLR8 p.A518T mutation potentially 

reflected a gain-of-function mutation in TLR8, linked to significant immune dysregulation. To deter-

mine whether structural modeling of  the TLR8 receptor, using the genetic information, would pro-

vide reliable predictions of  the functional consequences, we performed structural modeling using 

MODELLER v10.3 (26). Modeling prediction of  proteins encoded by mutated genes on the X chro-

mosome tends to be more accurate in males, particularly for proteins forming homodimers. This is 

because males have only one X chromosome, resulting in homodimers formed exclusively from 2 

copies of  the mutated protein, which simplifies the functional prediction. Based on structural studies 

Table 1. Immune cell population analyses

Analysis Participant 1 (P1) Participant 2 (P2) Mother (M) Age-matched reference values

HLA-DR/cell 55,965 20,710 19,079 >15,000 molecules/cell

Lymphocytes (cells/ L) 1,431 196 1,315 1,000–3,600

Activated lymphocytes (%) 11 9 8 <20

Activated lymphocytes (cells/ L) 46 5 39 <290

T cells (%) 69 61 64 55–84

T cells (cells/ L) 991 120 843 900–2,900

Naive T cells (%) 21 57 50 3–39

Naive T cells (cells/ L) 86 34 238 6–307

CD4+ T cells (%) 29 30 40 31–60

CD4+ T cells (cells/ L) 421 60 524 500–1,350

CD8+ T cells (%) 35 24 19 13–41

CD8+ T cells (cells/ L) 503 48 245 290–930

CD4/CD8 ratio 0.84 1.25 2.13 0.6–3.6

Tregs (%) 5.93 4.74 4.92 5.7–10.1

B cells (%) 15 13 14 6–25

B cells (cells/ L) 217 25 188 80–500

Naive B cells (%) 88.1 78.6 53.7 69–89.1

Naive B cells (cells/ L) 163.9 18.1 109.2 74–253.6

Resting memory B cells (%) 5.83 5.21 29.3 6.9–22.6

Resting memory B cells (cells/ L) 10.9 1.2 59.6 28.2–43.5

Activated memory B cells (%) 0.67 1.04 4.49 0.5–4.9

Activated memory B cells (cells/ L) 1.3 0.2 9.1 2.9–8.2

Tissue-like memory B cells (%) 1.96 7.73 4.6 1.5–6.1

Tissue-like memory B cells (cells/ L) 3.7 1.8 9.3 5.5–9.9

Transitional B cells (%) 3.4 7.78 7.59 0.5–1.7

Transitional B cells (cells/ L) 6.3 1.7 15.4 4.5–9.6

CD21lo B cells (%) 1.98 7.03 6.6 0.9–3.1

CD21lo B cells (cells/ L) 3.7 1.6 13.4 7.3–14.6

Plasmablasts (%) 0.13 0.087 1.59 0.8–9.2

Plasmablasts (cells/ L) 0.2 0 3.2 1.5–3.7

NK cells (%) 14 25 20 5–27

NK cells (cells/ L) 205 49 268 35–350

Peripheral blood analyses were conducted at 25, 22, and 48 years of age for P1, P2, and M, respectively. Boldface numbers indicate values below or above 

the reference limit.
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of  TLR8, it has been observed that upon ligand (uridine) binding, conformational changes occur in 

preformed TLR8 dimers, bringing the C-terminal domains closer together, thus initiating downstream  

signaling (11, 16). The 3-dimensional structure of  the TLR8 protein showed that residue 518 is located 

on the protein-protein interface, and in close proximity to the uridine-binding site of  the homodimer 

(Figure 6A). The predicted structural model of  the variant revealed that substitution of  the alanine (A) 

with threonine (T) formed additional water-mediated hydrogen bonds at the protein-protein interface in 

the presence of  uridine agonist, thereby stabilizing the structure of  the active homodimer (Figure 6B).

This finding was supported by the normal mode analysis of  the active and the inactive conforma-

tions of  the TLR8 mutant in regard to the respective WT states, using DynaMut (27). The free energy 

change ( G) between the WT TLR8 protein and the variant protein in the inactive conformation was 

G = –0.238 kcal/mol, suggesting that in the latter case the state was destabilized. However, when the 

variant was introduced into the active conformation of  TLR8, the G was +0.047 kcal/mol, indicat-

ing that the variant was predicted to be stabilizing the structure of  the activated homodimer. Further, 

the analysis showed that changes in vibrational entropy energy were higher in the inactive state com-

pared with the active state, suggesting that the active state conformation of  the p.A518T variant was 

structurally more stable than its lesser stable inactive state (Figure 6C).

In addition to energetic calculations, 100-nanosecond molecular dynamics simulations were carried 

out with OpenMM (28) to investigate the dynamics of  water-mediated hydrogen bonds of  the WT and 

variant proteins across their active and inactive states. These simulations revealed that the number of  

water-mediated hydrogen bonds at the interface of  the TLR8 homodimer increased in the A518T vari-

ant compared with the WT protein in the active state, across the entire length of  the simulation (Figure 

6D). Synchronous with the DynaMut predictions, the A518T variant in the inactivated state had fewer 

water-mediated interchain hydrogen bonds compared with the WT protein in the inactivated state. This 

selective increase in inter-protomer water bridging in the activated state of  the A518T variant adds fur-

ther support to the model that the A518T variant conferred a gain of  function through an increase in 

water-mediated hydrogen bonding interactions.

Table 2. Serum antibody analyses

Analysis Participant 1 (P1) Participant 2 (P2) Mother (M)
Age-matched  

reference values

IgA (mg/dL) 526 87 ND 70–400

IgG (mg/dL) 1,424 1,001 ND 700–1,600

IgM (mg/dL) 84 9 ND 40–230

IgA1 (mg/dL) 447.19 78.16 132.29 60–294

IgA2 (mg/dL) 83.86 8.93 18.72 6–61

IgG subclass 1 (g/L) 8.6 5.8 9.3 2.8–8.0

IgG subclass 2 (g/L) 3.74 2.77 2.43 1.15–5.7

IgG subclass 3 (g/L) 1.58 0.50 0.48 0.24–1.25

IgG subclass 4 (g/L) 0.11 0.07 0.19 0.052–1.25

Anti-HBs (mIU/mL) 0.28 286.3 0

Diphtheria IgG (IU/mL) <0.01 0.5 0.7

Tetanus IgG (IU/mL) <0.02 1.63 4.36

Pertussis toxin IgG (qual.) Negative Negative Negative

VZV IgG (mIU/mL) 279.7 2,327 2,311

Measles IgG (qual.) Positive Positive Positive

Measles IgG (mIU/mL) 139 >300 >300

Mumps IgG (qual.) Negative Positive Positive

Mumps IgG (AU/mL) <5 >300 >300

Rubella IgG (qual.) Positive Positive Positive

Rubella IgG (IU/mL) 99.8 29 310.5

SARS-CoV Ig (spike; qual.) Positive Positive Positive

SARS-CoV Ig (spike; AU/mL) 2,943 11,339 4,067

Peripheral blood analyses were conducted at 25, 22, and 48 years of age for P1, P2, and M, respectively. Boldface numbers indicate values below or above 

the reference limit. HBs, Hepatitis B virus surface antibody; ND, not determined; VZV, varicella-zoster virus.
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Taken together, these energetic, structural, and dynamic modeling analyses suggested that the A518T 

variant stabilized the structure of  the active state of  the TLR8 homodimer, consistent with the inflamma-

tory syndrome observed in the male siblings. These findings highlight the value of  structural modeling 

in predicting the functional consequences of  genetic mutations, and offer important insights into the 

molecular mechanisms underlying disease pathology.

TLR8 A518T variant mediates gain of  function following in vitro stimulation with TLR8 agonists. Given the pre-

dictions from the structural modeling suggesting enhanced structural stability of  the TLR8 A518T variant in 

its active state, in vitro studies were performed to assess functional consequences. TLR8-mediated signaling 

through NF- B induces the production of  various proinflammatory cytokines (18). Flow cytometry analy-

sis showed increased mean fluorescence intensity (MFI) of  phosphorylated (p–) NF- B p65 (Ser536) within 

unstimulated CD45+CD14+ monocytes of  family members in comparison with healthy controls (Figure 7A). 

In contrast, P1 and P2 exhibited reduced TLR8 expression (MFI) in the same cell population, resulting in 

Table 3. Immunological findings

Analysis Participant 1 (P1) Participant 2 (P2) Mother (M)
Age-matched  

reference values

CRP (mg/dL) 0.64 1.15 ND <0.5

Calprotectin ( g/mL) 3.7 2.9 ND <3

SAA (mg/L) 89 47 ND <10

ANA 1:320 1:640 1:320 <1:80

Jo-1 Negative Negative Negative Negative

dsDNA (U/mL) <0.6 1.7 6.5 <9.94

Histone Negative Negative Negative Negative

U1RNP-q (U/mL) <0.5 1.2 1.8 <1.9

SM (U/mL) 0.9 1.2 1.8 <6.9

SS-A (U/mL) <0.4 0.5 <0.4 <6.9

SS-B (U/mL) <0.4 <0.4 <0.4 <6.9

SCL70 (U/mL) <0.6 <0.6 <0.6 <6.9

CENP-B (U/mL) 0.4 0.4 0.4 <6.9

Jo-1 (U/mL) <0.3 <0.3 <0.3 <6.9

Mi2 Negative Negative Negative Negative

Mi2 Negative Negative Negative Negative

TIF1g Negative Negative Negative Negative

MDA5 Negative Negative Negative Negative

NXP2 Negative Negative Negative Negative

SAE1 Negative Negative Negative Negative

Ku Negative Negative Negative Negative

SRP Negative Negative Negative Negative

PL-7 Negative Negative Negative Negative

PL-12 Negative Negative Negative Negative

PM-Scl75 Negative Negative Positive Negative

PM-Scl100 Negative Negative Negative Negative

EJ Negative Negative Negative Negative

OJ Negative Negative Negative Negative

Ro-52 Negative Positive Negative Negative

Nucleosome antibodies Negative Negative Negative Negative

RIB Negative Negative Negative Negative

Total IL-18 (pg/mL) 645 568 730 134–826

Peripheral blood analyses were conducted at 25, 22, and 48 years of age for P1, P2, and M, respectively. Boldface numbers indicate values below or above 

the reference limit. ND, not determined; CRP, C-reactive protein; SAA, serum amyloid A; ANA, antinuclear antibodies; Jo-1, histidyl–tRNA synthetase; 

U1RNP-q, U1 ribonucleoprotein q; SM, Smith; SS-A, Sjögren’s syndrome–related antigen A (Ro60); SS-B, Sjögren’s syndrome–related antigen B (La); 

SCL70, topoisomerase I; CENP-B, centromere protein B; Mi2 , Mi2  antibodies (chromodomain helicase DNA-binding protein 4); Mi2 , Mi2  antibodies 

(chromodomain helicase DNA-binding protein 3); TIF1g, transcription intermediary factor 1 gamma; MDA5, melanoma differentiation–associated protein 

5; NXP2, nuclear matrix protein 2; SAE1, small ubiquitin-like modifier–activating enzyme subunit 1; Ku, Ku (DNA-dependent protein kinase subunit); SRP, 

signal recognition particle; PL-7, threonyl–tRNA synthetase; PL-12, alanyl–tRNA synthetase; PM-Scl75, PM-Scl 75 kDa; EJ, glycyl–tRNA synthetase; OJ  

isoleucyl–tRNA synthetase; Ro-52, Ro52 (TRIM21); RIB, ribosomal P protein.
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an overall elevated ratio of  p–NF- B to TLR8 MFI in CD45+CD14+ monocytes (Figure 7B). To further val-

idate these findings of  enhanced monocyte activation, we performed RNA sequencing analyses of  enriched 

unstimulated CD14+CD16– cells from family members and healthy male controls. Differential gene expres-

sion revealed upregulation of  515 genes in CD14+CD16– cells of  P1 and P2 compared with 98 genes in 

healthy control individuals. Several proinflammatory genes (TNF, IL-6, CCL4), ISGs (OAS1, OAS2, MX1, 

IFIT1, IFIT3, IFI44L), and genes commonly associated with M1 phenotype of  macrophages, like CD80, as 

well as ubiquitin-related genes, including HERC5, HERC6, and RNF144B, were highly expressed in P1 and P2 

compared with healthy control individuals (Figure 7C). Pathway analysis revealed enrichment of  cytokine 

signaling, IFN signaling, and TNF-associated pathways in affected individuals compared with healthy control 

individuals (Figure 7D). Taken together, these data demonstrated enhanced expression of  proinflammatory 

Figure 3. B cell dysregulation in siblings with TLR8 A518T variant. (A) Percentage of CD19+CD20+ B cells in family members relative to healthy male (n = 3) 

and female (n = 3) individuals (CTR). (B–E) Representative flow cytometry plots, along with the relative frequencies, of B cell subtypes in family members 

relative to healthy male (n = 3) and female (n = 3) individuals (CTR). Data represent mean ± SEM.
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genes in unstimulated CD14+CD16– cells of  the affected siblings, consistent with the clinical presentation. 

Stimulation of  CD14+CD16– monocytes with 1 mg/mL TL8-506 for 4 hours resulted in upregulation of  55 

genes in P1 and P2 compared with 9 genes in male controls. Among them were the transcription factors JUN 

and FOS, involved in macrophage activation, and EGR1 and KLF4, participating in inflammatory processes; 

heat shock proteins such as HSPA1B and HSPA6; and ISGs like IFIT2 (Supplemental Figure 10A). The most 

enriched pathways in P1 and P2 included cytokine and IFN signaling, as well as viral ribonucleoprotein 

(RNP) complex formation (Supplemental Figure 10B).

To further elucidate the role of  the TLR8 A518T variant in TLR8 responses, additional functional 

in vitro experiments were conducted using BlaER1, a human B cell precursor leukemia cell line that can 

be transdifferentiated into monocyte/macrophage–like cells. Using the PiggyBac transposon system (29), 

we generated BlaER1 TLR8–/– cells stably expressing either WT TLR8 protein or the p.A518T variant, 

along with the previously described gain-of-function variant (p.F494L) (5) and the loss-of-function variant 

(p.D543A) (30). Western blot analysis of  protein extracts from BlaER1 TLR8–/– cells stimulated for 15 min-

utes with the TLR8 agonist TL8-506 (100 ng/mL) demonstrated increased p–NF- B p65 (Ser536) in cells 

expressing the A518T variant relative to WT TLR8 protein (Figure 8A), indicating enhanced activation of  

downstream signaling. Interestingly, the F494L (gain-of-function) variant remained constitutively activat-

ed, as indicated by the presence of  p–NF- B already under unstimulated condition, along with an absence 

of  total NF- B (Supplemental Figure 11A).

To assess functional consequences for cytokine production, transdifferentiated BlaER1 TLR8–/– cells 

expressing either the TLR8 WT protein or p.A518T, p.F494L, and p.D543A TLR8 variants were stimu-

lated with TLR8 agonists. Stimulation with either 1 g/mL TL8-506 or 1 g/mL ORN 06 (ssRNA with 6 

UUGU repeats, requiring both binding sites for TLR8 activation) (12, 31, 32) led to a significant increase in 

IL-6 secretion in cells expressing the p.A518T variant compared with WT (Figure 8B), consistent with gain 

of  function. Kinetic analyses showed that IL-6 secretion was detectable as early as 2 hours after stimulation 

with 50 ng/mL TL8-506 (data not shown), and after 4 hours with 100 ng/mL stimulation (Supplemental 

Figure 11B). TNF secretion was induced as early as 2 hours after stimulation with 100 ng/mL of  the TLR8 

agonist TL8-506 (Supplemental Figure 11C) and further increased after 4 hours of  stimulation with both 50 

and 100 ng/mL (Supplemental Figure 11D).

To further validate the functional impact of  the TLR8 variants, HEK Blue Null 1 (HEK BN1) cells 

— lacking endogenous TLR8 — were transfected with TLR8 WT, p.A518T, and known gain-of-function 

variants (p.F492V and p.G572V), as well as the loss-of-function variant p.D543A, and stimulated with 100 

ng/mL TL8-506. Stimulation with TL8-506 resulted in increased NF- B reporter activity in cells express-

ing the p.A518T variant compared with WT (Supplemental Figure 11E). In contrast, stimulation with the 

TLR7-specific agonist CL097 (1 g/mL) did not induce NF- B activation in HEK BN1 cells transfected 

with the TLR8 p.A518T variant compared with cells transfected with the TLR8 p.F492V and p.G572V 

gain-of-function variants (Supplemental Figure 11F). Consistently, BlaER1 TLR8–/– cells reconstituted 

with TLR8 WT or the p.A518T variant did not produce IL-6 upon stimulation with CL097 (1 g/mL; 

data not shown), indicating that TLR8 p.A518T signaling remained specific to TLR8 activation.

Figure 4. Expansion of T follicular helper cells in siblings with the TLR8 A518T variant. Frequencies of T follicular helper cells (Tfh: CXCR5+PD-1+), along 

with their representative flow cytometry plots, in family members (P1, P2, and M) relative to healthy male (n = 3) individuals (CTRm). Data represent mean 

± SEM for healthy male controls.
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Taken together, these findings demonstrate that the TLR8 A518T variant confers a ligand-dependent 

gain-of-function phenotype characterized by enhanced NF- B activation, upregulation of  proinflammato-

ry and IFN-stimulated genes, and increased secretion of  key cytokines such as IL-6 and TNF upon TLR8, 

but not TLR7, agonist stimulation, in line with the inflammatory syndrome observed in the two siblings.

Partial reduction of  TLR8 protein abundance via proteasomal targeting in cells expressing the TLR8 A518T 

variant. While functional assays identified the TLR8 A518T variant as a gain-of-function mutation, 

Western blot analysis quantifying TLR8 protein levels also showed approximately 50% reduction in 

BlaER1 TLR8–/– cells expressing the p.A518T variant compared with those expressing TLR8 WT pro-

tein (Figure 8A and Supplemental Figure 12A), and these reduced levels persisted following stimulation 

with the 100 ng/mL TL8-506 agonist for 15 minutes (Supplemental Figure 12B). These findings suggest 

that the A518T variant leads to partial reduction in the abundance of  the TLR8 protein. To investigate 

the potential mechanisms underlying reduced TLR8 A518T protein levels, additional protein turnover 

and degradation experiments were performed. For protein turnover experiments, HEK BN1 cells were 

transfected with plasmids encoding TLR8 WT, the p.A518T variant, or the known gain-of-function 

p.G572V variant (6). Forty-eight hours after transfection, cells were treated with cycloheximide (CHX) 

for 8 hours to inhibit new protein synthesis (33). Western blot analysis revealed that the TLR8 A518T 

variant underwent accelerated degradation compared with the TLR8 WT protein, with degradation 

levels comparable to those of  the previously characterized G572V variant, which is known to exhibit 

faster protein turnover (Figure 9A).

Given that protein degradation primarily occurs via the ubiquitin-proteasome system, we next 

assessed the mechanism of  degradation (34). HA-tagged TLR8 constructs were transfected into 

HEK293T cells and treated for 6 hours with CHX, the proteasome inhibitor MG132 (35), or both. 

HA-immunoprecipitation followed by Western blotting showed increased ubiquitination of  the TLR8 

A518T variant compared with TLR8 WT protein in the presence of  MG132, indicating enhanced pro-

teasomal targeting (Figure 9B). To further examine the proteasomal engagement, BlaER1 TLR8–/– cells 

expressing either TLR8 WT or p.A518T and p.D543A (loss-of-function) variants were treated with 

the proteasome inhibitor MG132 for 6 hours. Western blot analysis of  cell extracts showed rescue of  

Figure 5. Impaired B cell differentiation, memory and plasmablast formation, and immunoglobulin production in siblings with the TLR8 A518T 

variant. (A) Quantification of plasmablasts, switched memory, and naive B cells from CD40L-stimulated B cells over time in family members 

(P1, P2, and M) relative to healthy male (n = 3) individuals (CTRm). (B) Quantification of the secreted IgG and IgM levels in the supernatants of 

CD40L-stimulated B cells over time in family members (P1, P2, and M) relative to healthy male (n = 3) individuals (CTRm). Data represent mean ± 

SEM for healthy male controls.
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the protein levels for TLR8 p.A518T (Supplemental Figure 12C), further supporting the involvement 

of  proteasomal degradation. Taken together, these results demonstrate that the TLR8 A518T variant 

undergoes accelerated degradation through increased ubiquitination and enhanced proteasomal target-

ing, consistent with the lower steady-state protein abundance of  the TLR8 A518T variant.

Discussion
Here, we describe a novel hemizygous TLR8 variant (c.1552G>A, p.A518T) identified in two male siblings 

with chronic inflammatory syndrome. Integration of  genetic studies, computational modeling, and functional 

ex vivo and in vitro analyses revealed a complex immunological phenotype in male carriers of  the TLR8 

p.A518T variant characterized by enhanced TLR8-mediated NF- B signaling with elevated proinflammatory 

cytokine profiles, and profound immune cell dysregulation, including significant B cell abnormalities.

Gain-of-function variants in the TLR8 gene have been described to cause hyperactivation of  TLR8 upon 

ligand recognition, leading to overproduction of  inflammatory cytokines (5, 6), and are associated with B cell 

impairment (5). These variants contribute to a spectrum of immune disorders (2, 7, 36), including a recent 

gain-of-function variant in TLR8 that has been implicated in impaired erythropoiesis (8). Notably, pathogenic 

Figure 6. Computational modeling indicates that the TLR8 A518T variant stabilizes the structure of the active conformation of the receptor homodimer. 

(A) Ribbon diagram of the side view of TLR8 receptor homodimer (PDB ID: 4R08) with the 2 chains colored gray and pink, and residue 518 indicated in a purple 

halo, positioned at the interface of the homodimer and the uridine residue in ball-and-stick representation in orange with an orange halo. (B) Comparison 

of hydrogen bonds in the WT protein (left) and A518T variant (right). The hydrogen bonds that are conserved in both proteins are shown as red dashed lines, 

and the additional hydrogen bonds formed by the A518T variant are shown as black dashed lines and a blue halo. A gray rectangle highlights the differences 

in hydrogen bonding patterns in the WT and A518T variant proteins. The uridine residue (URI) is represented with ball and stick in orange with an orange halo 

around it, and the atoms are colored according to the elements with red and blue spheres representing oxygen and nitrogen, respectively. The hydrogen-bond-

ed residues are numbered and shown with ball-and-stick representation with their respective 3-letter codes. (C) Comparison of the  vibrational entropy 

energy of A518T variant with respect to the WT protein in the ligand-bound activated state (green) and the unbound inactivated state (blue) with the residue 

numbers on the x axis, calculated by DynaMut. (D) Comparison of water-mediated interchain hydrogen bonds in the WT protein in the activated state (dark 

gray), WT protein in the inactivated state (light gray), A518T variant in the activated state (blue), and A518T variant in the inactivated state (green), based on 

molecular dynamics simulations with OpenMM.
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roles of  TLR8 have been described in rheumatoid arthritis (37), antiphospholipid syndrome (38, 39), and 

HIV disease susceptibility (40). Unlike previous reports where low-level mosaicism led to symptoms later in 

life, the present cases showed early onset and severe symptoms in both individuals, consistent with a germline 

variant (5). The two male siblings presented with recurrent infections and severe inflammatory syndrome in 

the first months of  life, while peripheral blood analysis showed increased NF- B and IFN signaling in com-

parison with healthy control individuals, consistent with previously reported cases (5).

TLR8 is predominantly expressed in macrophages, dendritic cells, and neutrophils. We observed clas-

sical monocyte frequencies comparable to those of  healthy controls; however, transcriptomic profiles of  

monocytes showed a heightened immune activation at baseline and upon stimulation, with upregulation of  

NF- B and IFN pathways and increased expression of  genes involved in ubiquitin-proteasome degradation. 

Additionally, an increased frequency of  intermediate monocytes and a reduction in non-classical monocytes 

were observed exclusively in P2, with the decrease in non-classical monocytes aligning with findings from 

previous studies (5). Within dendritic cells, reduced frequencies of  CD141+ cells and plasmacytoid den-

dritic cells were noted, the latter having been also reported previously (6). IL-6 and TNF are key cytokines 

involved in CD4+ T cell exhaustion — present in both siblings — particularly in the context of  chronic 

Figure 7. Functional studies demonstrate a gain of function of the TLR8 A518T variant. (A) Histogram plots of p–NF- B of CD45+CD14+ monocytes from 

freshly isolated PBMCs in family members relative to healthy males (CTRm; n = 3) (left) with the corresponding MFI (right). Data represent mean ± SEM 

for healthy male controls. (B) Histogram plots of TLR8 of CD45+CD14+ monocytes from freshly isolated PBMCs in family members relative to healthy males 

(CTRm; n = 3) (left) and the ratio of  p–NF- B+ to TLR8+ of CD45+CD14+ monocytes (right). Data represent mean ± SEM for healthy male controls. (C) 

Volcano plot illustrating differentially expressed genes in unstimulated CD14+CD16– monocytes isolated from healthy male controls (n = 4) compared with 

family members (P1 and P2). Genes with significant upregulation and downregulation are highlighted based on adjusted P values and fold change thresh-

olds. (D) Bubble plot representing the top enriched pathways identified from the differentially expressed genes. Bubble size corresponds to the percentage 

of genes involved, and color intensity reflects the significance of pathway enrichment.
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inflammation and persistent infection (41). Previous studies have identified IL-6 signaling as a major early 

inducer of  Tfh differentiation (42), and TLR8 activation has been shown to enhance Tfh function (43, 44), 

playing an important role in supporting B cell differentiation into memory B cells and antibody-secreting 

plasmablasts. In line with the described role of  IL-6 in Tfh cell activation, we observed an expansion of  Tfh 

cells, along with the expression of  the cell surface markers ICOS and CD40L in both siblings. However, 

this Tfh cell expansion coincided with a marked delay in activation of  naive B cells and B cell maturation, 

characterized by a complete loss of  memory B cells and plasma cells in both carriers, a finding that was also 

observed in a previous study (5). This immunological profile manifested clinically with delayed IgG and IgM 

production and suboptimal vaccine responses, highlighting a significant impairment in humoral immunity.

Detailed immunological studies revealed clear differences between the siblings at the time of  analysis, 

which may be attributed to variations in disease progression, infection status, or medication. Additionally, 

the heterogeneity in T cell subsets might also be attributed to the presence of  a second mutation in the 

DNAJC21 gene (c.–171del), which was unique to P2. DNAJC21-related diseases constitute a distinct inher-

ited bone marrow failure syndrome with features that overlap with Schwachman-Diamond syndrome (45). 

Previously reported mutations in the DNAJC21 gene have been associated with a spectrum of  bone marrow 

failure phenotypes (45–47), which may explain the significantly lower lymphocyte counts observed in P2. 

Collectively, our immunological findings highlight the immunological profile associated with a germline 

variant of  TLR8, characterized by alterations in myeloid cell populations and significant impairment of  

B cells. While targeted sequencing enabled the identification of  the causative TLR8 variant in this family, 

broader genomic approaches — such as whole-exome or whole-genome sequencing — might provide a 

more comprehensive assessment of  additional genetic contributors in the future, especially in complex 

cases with variable clinical presentations, as observed in P2.

In vitro functional assays in BlaER1 TLR8–/– cells with genome-integrated WT or mutant TLR8 also 

demonstrated enhanced immune cell activation, evidenced by increased p–NF- B levels and elevated IL-6 

and TNF production upon TLR8 stimulation. Interestingly, both TLR8 ligands that bind to site 1 (located 

Figure 8. Stimulation of TLR8 A518T variant induces p–NF- B and cytokine release. (A) Western blot against TLR8, p–NF- B, total NF- B, and -tubu-

lin ( -TUB) in BlaER1 TLR8–/– cells with the insertion of the TLR8 WT protein or the p.A518T and the previously published p.D543A (loss-of-function) TLR8 

variants. Cells were stimulated with 100 ng/mL TL8-506 agonist for 15 minutes (left), and the ratio of p–NF- B to total NF- B to TLR8 levels, normalized to 

TLR8 levels, is shown (right). Statistical significance between groups was assessed using a 2-way ANOVA multiple-comparison test. Data represent mean ± 

SEM of n = 4 experiments. RQ, relative quantification. (B) IL-6 quantification of BlaER1 TLR8–/– cells with the insertion of the TLR8 WT protein or the p.A518T 

and p.D543A (loss-of-function) variants. Cells were stimulated with 1 g/mL TL8-506 and 1 g/mL ORN 06 agonists. Data are presented after the subtraction 

of the unstimulated measurements. Statistical significance between groups was assessed using a 2-way ANOVA multiple-comparison test. Data represent 

mean ± SEM of n = 3–4 experiments. Differences between groups were considered significant at P values less than 0.05.
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at the apex of  the dimerization interface and binding uridine molecules, including synthetic TLR8 ago-

nists such as TL8-506) (31, 32) and site 2 (which binds short oligo-ribonucleotides) (12) were capable of  

activating the TLR8 A518T variant to a greater degree compared with the WT protein, confirming gain 

of  function. Additional functional assays revealed reduced protein availability of  the TLR8 A518T variant 

due to accelerated degradation, potentially mediated by ubiquitination and enhanced targeting to the prote-

asomal pathway. Complementary computational analyses showed that, in the active state, the A518T sub-

stitution increases the number of  water-mediated hydrogen bonds at the structure of  homodimer interface, 

compared with TLR8 WT receptor. This structural rearrangement stabilized the structure of  the active 

conformation of  the TLR8 homodimer, in line with enhanced receptor signaling upon stimulation. These 

Figure 9. TLR8 A518T variant reduces protein abundance and increases degradation. (A) Western blot against TLR8, -TUB, and lactate dehydroge-

nase A (LDHA) of cycloheximide-incubated (CHX-incubated) HEK BN1 cells expressing TLR8 WT or the p.A518T and the previously published p.G572V 

(gain-of-function) variants (left), and Western blot quantification (right). Statistical significance between groups was assessed using a 2-way ANOVA 

multiple-comparison test. Data represent mean ± SEM of n = 4 experiments. (B) Western blot analysis of HA-tagged immunoprecipitated proteins from 

HEK293T cell extracts treated with (+) or without (–) the proteasome inhibitor MG132 and CHX. Cells were transfected with HA-tagged constructs and 

subjected to immunoprecipitation using anti-HA antibody. Left: Blots were probed with antibodies against ubiquitin, TLR8, and the HA tag to assess 

protein ubiquitination, TLR8 levels, and expression of the HA-tagged construct. Right: Quantification of ubiquitin signal normalized to TLR8 (top) and 

to HA (bottom) signals, showing the relative levels of TLR8 ubiquitination and overall ubiquitination of HA-tagged proteins. Statistical significance was 

assessed with a 2-way ANOVA multiple-comparison test. Data represent mean ± SEM of n = 3 experiments. Differences between groups were considered 

significant at P values less than 0.05.
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findings suggest two consequences of  the TLR8 A518T variant: a ligand-dependent gain of  function lead-

ing to heightened inflammatory signaling, alongside reduced protein abundance resulting from accelerat-

ed protein turnover and degradation. Together, these mechanisms shaped the complex immunopathology 

observed clinically in both siblings.

Importantly, our study demonstrates the utility of  integrating computational structural modeling with 

functional assays as a complementary strategy to support the interpretation of  rare genetic variants. Such 

combined approaches have the potential to accelerate diagnosis and guide personalized treatment strate-

gies, especially in rare immunological disorders where clinical symptoms and genetic data can be complex 

and heterogeneous. Given the increasing recognition of  TLRs as key players in IEI, autoimmune, and 

autoinflammatory diseases, our findings emphasize the promise of  precision immunomodulatory therapies 

tailored to individual genetic alterations affecting innate immune pathways.

In conclusion, the TLR8 c.1552G>A (p.A518T) missense variant stabilized the active structure of  the 

receptor homodimer and conferred a ligand-dependent gain of  function upon receptor activation, enhanc-

ing downstream immune activation and driving a pronounced hyperinflammatory state, despite reduced 

protein abundance. Our findings broaden the clinical and molecular spectrum of  TLR8-associated immune 

disorders and underscore the value of  integrated genetic, structural, and functional approaches in elucidat-

ing the pathogenicity of  rare innate immune variants.

Methods
Sex as a biological variable. Our study exclusively examined two male siblings and a female, their mother, 

because the disease studied is relevant to the X chromosome.

Immunophenotyping of  PBMCs by multiparametric flow cytometry analyses. Immunophenotyping was per-

formed in freshly isolated or frozen PBMCs from blood of  the family members (P1, P2, and M) and 

age-matched healthy controls with age range from 20 to 30 years old (n = 3 men, n = 3 women). Frozen 

PBMCs were thawed before staining. All antibodies used in the study are listed in Supplemental Table 2. 

Detailed methodology is provided in Supplemental Methods.

Computational protein modeling. The 3-dimensional structures of  the active-state (liganded) (PDB ID: 

4R08) (12) and inactive-state (unliganded) (PDB ID: 3W3G) (16) conformations of  the human TLR8 

receptor were obtained from the Protein Data Bank (PDB) (48). The structure of  the A518T variant 

was predicted using homology modeling with MODELLER v10.3 (26). The effect of  the A518T muta-

tion on the activated and inactivated states of  TLR8 was analyzed with DynaMut (27). The hydrogen 

bond interactions at the interface of  the TLR8 dimer were calculated and visualized using UCSF 

ChimeraX v1.7 (49). All molecular dynamics simulations were performed using OpenMM 8.1.2 (28). 

Initial structures were completed with MODELLER v10.3. Ligand parameters were generated using 

the tleap module from the Amber suite (50). Simulations were conducted for 4 systems: TLR8 WT in 

active and inactive states, and the A518T variant in both conformations. Each system was first mini-

mized using a Verlet integrator with a 1-femtosecond time step and particle mesh Ewald electrostatics. 

Energy minimization was carried out with a convergence criterion of  1.0 kJ/mol/nm over a maxi-

mum of  500 iterations. After minimization, a 2-step equilibration protocol was used: NVT (canonical 

ensemble) equilibration at 300K for 500 picoseconds using a Langevin integrator with a 2-femtosecond 

time step and friction coefficient of  1 picosecond–1 and NPT (isothermal-isobaric ensemble) equilibra-

tion for 500 picoseconds under 1 bar pressure using a Monte Carlo barostat and the same Langevin 

integrator setup. Production simulations were run for 100 nanoseconds (50,000,000 steps at 2 femto-

seconds) in the NPT. Coordinates were saved every 2 nanoseconds, and thermodynamic properties 

were monitored throughout the trajectory. We evaluated the water-mediated hydrogen bonds at the 

interface using an in-house Python script with distance cutoff  of  3.5 Å and angle cutoff  of  150°.

Cell culture. Malignant B-lineage BLaER1 TLR8–/– cells were used for functional experiments. BLaER1 

TLR8–/– cells with TLR8 WT protein or TLR8 p.A518T and F494L (gain of  function), D543A (loss of  

function) (16), were generated with the PiggyBac transposon system (29), as described in Supplemental 

Methods. BLaER1 cells were cultivated in RPMI 1640 medium supplemented with L-glutamine (11835-

030, Gibco), 1 mM sodium pyruvate (S83636, Sigma-Aldrich), 10% heat-inactivated FBS (FBS-HI-11F, 

Capricorn), and 1% penicillin-streptomycin. BLaER1 cells were transdifferentiated into monocytes/mac-

rophages for 5 days in medium containing 10 ng/mL of  recombinant human IL-3 (203-IL-010/CF, R&D 

Systems), 10 ng/mL recombinant human M-CSF (574804, BioLegend), and 100 nM -estradiol (E8875, 
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Sigma-Aldrich) at 8 × 104 cells per well of  96-well plates. Twenty-four hours before stimulation, the cells 

were stimulated with fresh medium containing 0.5 g/mL doxycycline hyclate (D5207, Sigma-Aldrich) 

(51). Cells were then stimulated with either TLR8 agonists — 50 ng/mL, 100 ng/mL, or 1 g/mL TL8-506 

(tlrl-tl8506, InvivoGen) and 1 g/mL ORN 06 (tlrl-orn6, InvivoGen) — or 1 g/mL CL097 TLR7 agonist. 

In some experiments cells were treated with MG132 (10 M; M7449-200UL, Merck) to block proteasomal 

degradation. Cell extracts or supernatants were collected and stored for subsequent analyses.

For NF- B activity experiments, HEK Blue Null 1 (HEK BN1, hkb-null1, InvivoGen) cells were seeded 

at a concentration of  7.5 × 104 into each well of  96-well plates and incubated at 37°C for 24 hours with 

DMEM high glucose (11965092, Gibco) supplemented with 10% FBS (Capricorn), 1% penicillin-strepto-

mycin. The medium was further supplemented with additional antibiotics according to the manufacturer’s 

instructions. Cells were transfected with 130 ng of  plasmid DNA encoding either TLR8 WT or one of  

the variants (p.A518T, p.F494L, p.G572V, or p.D543A) using the jetOPTIMUS DNA transfection reagent 

(101000006, Polyplus-transfection SA) according to the manufacturer’s instructions. Medium was changed 

to fresh plating medium after 5 hours of  incubation at 37°C. Cell culture supernatants were collected and 

used for secreted embryonic alkaline phosphatase assay.

For the cycloheximide chase assay and the HA-tagged immunoprecipitation/ubiquitination experi-

ments, HEK BN1 and HEK293T cells were used, respectively. Cells were seeded at a concentration of  

4 × 105 into each well of  6-well plates and incubated at 37°C for 24 hours with DMEM high glucose 

(11965092, Gibco) supplemented with 10% FBS (Capricorn), 1% penicillin-streptomycin. The medium 

for the HEK BN1 cells was further supplemented with additional antibiotics according to the manu-

facturer’s instructions. Cells were then transfected using jetOPTIMUS DNA transfection reagent (Poly-

plus-transfection SA) according to the manufacturer’s protocol. Cells were transfected with 2 g of  plas-

mid DNA encoding either TLR8 WT or one of  the variants (p.A518T, p.G572V). Medium was changed 

to fresh plating medium after 5 hours of  incubation at 37°C.

Statistics. Normal distribution of  the data was assessed using the Shapiro-Wilk normality test. Compar-

ative statistics between normally distributed groups were calculated using Student’s 2-tailed t test and 1- or 

2-way ANOVA multiple-comparison test. Differences between groups were considered significant at P val-

ues less than 0.05. All statistical analyses were performed with GraphPad Prism 10.0 (GraphPad Software).

Study approval. Healthy participants, including age-matched (to siblings and mother) men and women, 

were recruited at the University Hospital Hamburg-Eppendorf. The study received approval from the Ethi-

cal Committee of  the medical association of  the Freie und Hansestadt Hamburg (Ärztekammer Hamburg) 

under ethical permit PV4780. The study followed the guidelines of  the Declaration of  Helsinki. Before 

enrollment in the study, each participant provided written informed consent.

For family participants, the study received approval from the Ethical Committee of  the medical 

associations of  the Freie und Hansestadt Hamburg (Ärztekammer Hamburg) and Schleswig-Holstein 

(Ärztekammer Schleswig-Holstein) under permits 024-101307-BO-ff  and 041/24 m (BO), respectively. 

The study followed the guidelines of  the Declaration of  Helsinki. Before enrollment in the study, each 

participant provided informed consent. The guardian and participants provided written informed con-

sent. Blood samples were collected from participants (P1 and P2) and the guardian (mother, M).

Data availability. All data are available in the main text or the supplemental materials. The corresponding 

author will respond to emailed requests to share additional methods and data. Additional detailed methodology 

can be found in Supplemental Methods.
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