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The global increase in autoimmunity, together with the emerging autoimmune-related

side effects of cancer immunotherapy, have furthered a need for understanding of

immune tolerance and activation. Systemic lupus erythematosus (SLE) is the archetypical

autoimmune disease, affecting multiple organs, and tissues. Studying SLE creates

knowledge relevant not just for autoimmunity, but the immune system in general. Murine

models and patient studies have provided increasing evidence for the innate immune toll

like receptor-7 (TLR7) in disease initiation and progression. Here, we demonstrated that

the kinase activity of the TLR7-downstream signaling molecule, interleukin-1 receptor

associated kinase 4 (IRAK4), is essential for mild and severe autoimmune traits of the

Sle1 and Sle1-TLR7 transgenic (Sle1Tg7) murine models, respectively. Elimination of

IRAK4 signaling prevented all pathological traits associated with murine lupus, including

splenomegaly with leukocyte expansion, detectable circulating antinuclear antibodies

and glomerulonephritis, in both Sle1 and Sle1Tg7 mice. The expansion of germinal

center B cells and increased effector memory T cell phenotypes that are typical of

lupus-prone strains, were also prevented with IRAK4 kinase elimination. Analysis of renal

leukocyte infiltrates confirmed our earlier findings of an expanded conventional dendritic

cell (cDC) within the kidneys of nephritic mice, and this was prevented with IRAK4 kinase

elimination. Analysis of TLR7 at the protein level revealed that the expression in immune

cells is dependent on the TLR7-transgene itself and/or autoimmune disease factors in a

cell-specific manner. Increased TLR7 protein expression in renal macrophages and cDCs

correlated with disease parameters such as blood urea nitrogen (BUN) levels and the

frequency of leukocytes infiltrating the kidney. These findings suggest that controlling the

level of TLR7 or downstream signaling within myeloid populations may prevent chronic

inflammation and severe nephritis.
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INTRODUCTION

The immune system provides a crucial barrier against invasive
pathogenic challenges. Defects can lead to opportunistic
infections, cancer or the development of autoimmunity. Systemic
lupus erythematosus (SLE) is the archetypical autoimmune
disorder, whereby the immune system attacks itself in a systemic
manner. It is complex and is driven by both genetic and
environmental factors with no effective prevention or cure (1, 2).

SLE is characterized by the development of anti-nuclear
antibodies (ANAs), particularly dsDNA- and RNA-reactive
autoantibodies. These bind to self-antigens, resulting in the
formation of immune complexes (ICs) which deposit in tissues,
initiating, and promoting inflammation, tissue destruction, and
often culminating in organ failure (3). The ICs in SLE patients
contain U1 and Y1 RNA, with levels correlating with disease
activity and the characteristic type-I interferon (IFN) signature
(4). The primary candidate for RNA-associated IC activation is
toll-like receptor (TLR)-7. TLR7 recognizes single-stranded RNA
(ssRNA) and is central to host defense against invading viruses (5,
6). However, it also plays a fundamental role in the development
and progression of autoimmunity. Immunological studies show
that SLE sera can induce TLR7 expression in neutrophils and
that these are primed for NETosis, which is also increased in SLE
(7, 8). Furthermore, TLR7 mRNA expression is higher in PBMCs
from SLE patients, with levels correlating with the expression of
IFNα (9).

Genetic studies have demonstrated TLR7/TLR8 associations
with SLE across multiple ethnicities (10, 11). The rs3853839 SNP
in the 3

′
untranslated region (3

′
UTR) of TLR7 is associated with

SLE in the Asian population (11–13). The risk allele of rs3853839
confers higher levels of the TLR7 transcript, most likely through
an epigenetic microRNAmechanism (14). In aMexican pediatric
population, increased TLR7 gene copy number was associated
with higher levels of TLR7 and IFNα mRNA (10). Since TLR7
is located on the X chromosome, the gene dosage can be affected
by aneuploidies. Indeed, both males and females with increased
numbers of the X chromosome have an increased incidence
of SLE (15, 16). Additionally, it has been recently shown that
TLR7 escapes from X chromosome inactivation, which results
in a higher responsiveness to TLR7 ligands in females (17). This
enhanced TLR7 expression likely contributes to the female bias
in SLE and other autoimmune diseases.

Multiple murine models support a requirement for TLR7
in the development of ANAs and subsequent autoimmune
pathology (18–20). A moderate increase of TLR7 through
the BXSB-derived Y-autoimmune accelerator (Yaa) locus is
essential for the rapid-onset of severe disease in Yaa-associated
strains (21–24). Furthermore, we have shown that a ∼2-
fold upregulation of TLR7 in the mild NZM2410-derived Sle1
background (Sle1Tg7) is sufficient for the progression to severe
disease (25). In other model systems, a higher copy of TLR7
permits the progression to severe autoimmunity in the absence
of any additional susceptibility locus (26).

The endosomal location of TLR7 is believed to be critical for
the anti-viral response, in addition to preventing activation by
self-RNA, which can lead to inflammation (27, 28). Stimulation

with ssRNA activates a MyD88-dependent signaling cascade. In
the early stages of activation, MyD88 recruits IL1R associated
kinases (IRAK) 1, 2, and 4, forming the Myddosome (29).
Phosphorylation of IRAK1 and IRAK2 leads to their dissociation
from the complex and association and activation of TRAF6
and TAK1 (29–31). TAK1 activates MAPKs and subsequently
triggers the activation of various transcription factors including
interferon regulatory factors (IRF)3, IRF5, and IRF7, that have
been previously described as risk factors for SLE (32–36), and
NF-κB (29–31). This ultimately leads to the transcription and
production of inflammatory cytokines and chemokines (37–39).
The TAK1-dependent activation of NF-κB and IRF5 activation
are mediated through the IRAK4 kinase domain (40). The
IRAK4 kinase domain is necessary for the activation of IRF5
and for the TAK1-dependent activation of NF-κB. Additionally,
IRAK4 also plays a structural, kinase-independent role, which
can mediate TAK1-independent NF-κB activation (37, 41). The
relative contribution of these pathways to the development of
autoimmunity and severe inflammation is unclear.

A recent study investigated the role of IRAK4 in A20-
binding inhibitor of NF-kB1 (ABIN1) mutant mice (42).
ABIN1 is an ubiquitin sensing protein that interacts with
death induced signaling complex (DISC) proteins to prevent
FADD/caspase8 binding (43). Elimination of ABIN1 results in
a TNF-dependent induction of programmed cell death, fetal
liver apoptosis, anemia, hypoplasia, and early mortality (43).
However, polyubiquitin-binding defective mutants of ABIN1
(ABIN1[D485N]) live longer, developing severe fibrosis in
spleens, hearts, lungs, and intestine (44). These mice also
develop murine lupus-like traits at a very young age (4
mos), which include splenomegaly with B cell and myeloid
expansion, hypergammaglobulinemia with increases not only
in IgG, but also in IgM, IgA and IgE, and ANAs (44). The
ABIN1 mutant phenotypes are MyD88-dependent, possibly due
to the loss of the humoral response and autoantibodies, as
indicated in other models (19, 44). In addition, a mutation in
IRAK1 or IRAK4 prevents the splenomegaly, ANA production,
hypergammaglobulinemia and GN in ABIN1[D485N] mice (42).
In a similar manner to the ABIN1 knockout, the phenotype
is associated with TLR hyperactivation and increased TNF.
However, it not known whether TNF reaches high systemic levels
or if these lupus-traits are TNF dependent. Moreover, given the
promiscuous nature of the activation of leukocytes, it is unclear
as to the specific receptor dependency of disease and the role of
IRAK4/1 on any given receptor. Furthermore, an assessment of
leukocyte infiltration in the context of the diseased kidney would
be helpful in understanding the regulatory roles of IRAK4 in
this system.

Additionally, the role of TLR signaling and regulatory
molecules was assessed in the BXSB lupus-prone model (45).
The aggressive lupus-like phenotypes in the male are driven
by a 2-fold increase in TLR7 expression due to the presence
of the yaa locus (21, 23, 24). The females have normal TLR7
expression levels due to x-inactivation. Interestingly, Murphy
et al. showed that female mice have increased expression of the
TLR inhibitors, Tollip, and IRAK-M compared to their male
yaa-expressing counterparts. In addition, the male mice had
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comparatively more phosphorylation following TLR4 or TLR7
ligation, despite having similar expression levels of IRAK1/4.
Elimination of IRAK4 kinase activity in BXSB. IRAK4ki/ki F2
mice resulted in a reduction in splenomegaly and number
of splenic F4/80+ macrophages, neutrophils, total B cells,
plasmablasts, and total CD11c+ cells (45). Supporting these
findings, in vivo administration of a selective inhibitor of IRAK4,
BMS-986126, prevented the development of GN, plasma anti-
dsDNA autoantibodies and reduced IFNa+pDCs in both NZB/W
and MRLlpr mice, and splenic IL-6+CD11b+ myeloid cells in
latter (46).

Taken together, these interesting investigations justify a more
extensive analysis on leukocyte activation and expansion within
the spleen itself, and in particular, the immunological events
within the affected diseased kidney. Moreover, it is important
to know if these suppressive effects of IRAK4 elimination on
TLR7-dependent lupus-traits are due to the loss of susceptibility
loci resulting from the introduction of B6-nonautoimmune
background into the F2 progeny.

In these studies, we set out to characterize the role of IRAK4
kinase activity in the development of mild and severe TLR7-
dependent systemic autoimmunity. In addition, we analyzed the
renal leukocyte infiltrate and changes in protein levels of TLR7
in the context of pathology. We generated IRAK4 kinase dead
(IRAK4KD/KD) mice and backcrossed these with Sle1 and Sle1Tg7
mice to generate Sle1IRAK4KD/KD and Sle1Tg7IRAK4KD/KD

mice. The model in our studies uses a low copy TLR7-
BAC transgenic system, therefore we were able to examine
genomic vs. disease effects on TLR7 protein expression in
individual leukocyte compartments. Our data shows that IRAK4
kinase activity is essential for the development of all known
autoimmune traits in both models, including splenomegaly,
leukocyte activation, antibody production, and renal leukocyte
recruitment with accompanying kidney disease. TLR7 is known
to play a critical role in the onset of lupus, yet studies reporting
comparative expression at the protein level are limited (47, 48).
We assessed TLR7 protein levels using high dimensional flow
cytometry and determined that the expression was regulated
by disease and / or the low copy TLR7-BAC transgene in a
leukocyte and tissue specific manner. Importantly, blood urea
nitrogen (BUN) levels and CD45+ leukocyte infiltration, which
are indicators of kidney inflammation and damage, correlated
with TLR7 protein expression in renal cDCs and macrophages.
Taken together our data demonstrates a complex cross-regulation
between TLR7 receptor expression across multiple leukocytes
that needs further investigation. Moreover, this work shows that
the TLR7 downstream signaling pathway may be a key target for
therapeutic intervention in lupus nephritis.

METHODS

Mice
Mice were bred in the Biological Resource Center, A∗STAR
in Singapore or at Taconic in New York, USA. B6.Sle1 (Sle1)
mice bearing NZM2410-lupus susceptibility intervals and the
generation of the conditional BAC-Tg7 for increased TLR7
expression have been previously described (25, 49). Breeding

pairs for TLR7−/− mice were kindly provided by Prof. Shizuo
Akira, Osaka University, Japan (5). The care and use of laboratory
animals conformed to the NIH guidelines and all experimental
procedures conformed to an IACUC approved animal protocol
(#161176). Female mice were aged to 6–7 months to detect
autoimmune traits.

Generation of the K213A Construct/Mouse
The IRAK4 K213A point mutant mice were generated by Taconic
Biosciences Inc. on behalf of Merck & Co., Inc., Boston, MA,
USA. In brief, a BAC clone containingmurine C57BL/6J genomic
sequences was used to generate the targeting vector, which
contains the K213A point mutation in exon 5 and an FRT
site flanked puromycin resistance gene cassette in intron 5 for
positive selection. Correctly targeted ES cell clones were injected
into blastocysts and the resulting chimeras crossed to FLP
deleted mice to remove the puromycin resistance gene cassette.
Heterozygous mice were further bred to generate homozygous
and wild-type control mice in a 100% C57BL/6 NTac genetic
background for experiments. The level of IRAK4KD/KD mRNA
and protein expression in splenocytes of wild type, heterozygous,
and homozygous mice was quantified using qPCR and Western
Blotting, respectively. To confirm for the lack of IRAK4 kinase
activity, GST-IRAK4KD/KD or GST/TEV-IRAK4WT/WT fusion
proteins were generated and tested in vitro using an ULight
kinase assay.

Assessment of Renal Disease
Albumin in urine was quantified by ELISA (Abcam, Cambridge,
UK) and the concentrations were normalized to urine creatinine
measured with a colorimetric assay as per manufacturer’s
instructions (Cayman Chemical, Ann Arbor, MI). Blood Urea
Nitrogen (BUN) was assessed using the QuantiChrom Urea
Assay Kit (BioAssay Systems). To detect GN, kidneys were
fixed in formalin and embedded in paraffin. Three micrometer
sections of formalin-fixed, paraffin-embedded kidney tissues
were stained with hematoxylin and eosin and with periodic acid–
Schiff (PAS). Microscopic morphologic analysis was performed
by an independent pathologist according to the International
Society of Nephrology / Renal Pathology Society (ISN/RPS)
2003 classification of lupus nephritis (50); Class I, normal
by light microscopy; Class II, mesangial proliferation; Class
III, focal endocapillary or extracapillary proliferation, and/or
subendothelial deposits; Class IV, diffuse endocapillary or
extracapillary proliferation and/or subendothelial deposits; Class
V, membranous lupus nephritis; Class VI, advanced sclerosing
lupus nephritis.

Serology
Sera were measured for circulating ANAs, dsDNA, anti-snRNP
(1:200 dilution) and anti-RNA (1:100 dilution) using established
ELISAs (25, 47, 51). HEp-2 staining was performed at a 1:200
dilution as permanufacturer’s instructions (INOVADiagnostics),
with a goat-anti-mouse IgG-DyLight R©488 secondary antibody
(Abcam). HEp-2 were imaged at 100X using the Zeiss LSM
800 upright confocal microscope and processed with Zeiss
Zen (Blue edition) software. HEp-2 staining patterns were
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evaluated by two independent investigators according to the
International Consensus on Antinuclear Antibody (ANA)
Patterns (ICAP). Luminex was used to quantify antibody subsets
and subtypes including: IgA, IgM, IgG1, IgG2a/c, IgG2b, and
IgG3 (Mouse Immunoglobulin Isotyping Magnetic Bead Panel,
Merck Millipore). This panel is designed to detect IgG2a (from
BALB/c mice), which cross-reacts with IgG2c from mice on the
B6 background, which we have designated as IgG2a/c (52).

Fluorescent Microscopy
Frozen OCT embedded spleens were sectioned, fixed with 4%
paraformaldehyde and stained with anti-CD4 (Ebioscience),
anti-GL7 (BD Horizon) and anti-IgD (BD Pharmingen)
antibodies. Confocal images of splenic germinal centers were
collected as described above.

Cell Preparation and Flow Cytometry
Single cells suspension from both spleen and kidney were
prepared as described previously (53). Splenocytes or kidney cells
were resuspended in PBS with 1% (vol/vol) FBS (FACs wash),
counted and labeled with the following antibody panels. Splenic B
cells: CD45, CD19, B220, CD138, CD21, CD23, GL7, Fas, CD11b,
and CD11c. In some cohorts a more comprehensive B cell
panel was used, including CD93 and IgM to identify transitional
T1 (CD93+sIgMhiCD23−), T2 (CD93+sIgMhiCD23+), and T3
(CD93+sIgMloCD23+) cells. Splenic T cells: CD45, CD3, CD4,
CD8, CD44, CD62L, CD69, CXCR5, ICOS, and PD-1; splenic
pDCs: CD11b, CD11c, mPDCA1, SiglecH, MHCII, CD86, CD9,
CCR9, Gr-1, CD3, and B220. Splenic and kidney DCs &
macrophages were stained with CD45, CD3, B220, CD8, CD11b,
CD11c, Gr-1, F4/80, CD64, CD86, and MHCII. For the analysis
of kidney B cells, T cells and pDCs and TLR7 expression in
splenic and kidney subsets, the cells were stained with CD45,
EpCAM, B220, CD44, CD62L, ICOS, CD138, CD4, CD8, NK1.1,
Gr-1, mPDCA1, SiglecH, CD11b, CD11c, CD115, F4/80, MHC-
II, and TLR7. All samples were stained with a live/dead fixable
dye (Thermo Fisher Scientific, Waltham, MA). For intracellular
TLR7 staining, the BD Cytofix/Cytoperm kit was used as per
manufacturer instructions. Samples for the majority of panels
were analyzed using a BD LSR Fortessa, a BD LSR II or BD
Symphony with Flowjo 7.6. Antibodies were purchased from BD
Biosciences, eBioscience, Biolegend, or Life Technologies.

Statistical Analyses
Statistical analysis was performed with Graph Pad Prism 7.0.
Normal distribution of the data was assessed by the Kolmogorov-
Smirnov test. Data comparing the 4 strains was analyzed using a
1-way ANOVA followed by the Bonferroni’s multiple comparison
tests for normally distributed data, while the Kruskal-Wallis
test with post hoc Dunn’s multiple comparisons test was used
for non-parametric data. P values < 0.05 were considered
statistically significant. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and
∗∗∗∗P < 0.0001 for ANOVA. Additional 2 group comparisons
were completed for single gene changes where indicated, using
a two-tailed Student’s t-test (normal distribution) or Mann-
Whitney u-test (non-parametric); #P < 0.05, ##P < 0.01, ###P
< 0.001 and ####P < 0.0001. Correlations were assessed by

computing Pearson’s coefficient r and a two-tailed t test was used
to establish if the correlations were significant (P < 0.05). For
the comparison of survival curves, the log-rank (Mantel-Cox)
test was performed and differences were considered statistically
significant at P < 0.05 (∗).

RESULTS

Elimination of IRAK4 Kinase Activity
Prevents Autoimmune Traits in Aged Sle1

and Sle1Tg7 Mice
We have previously shown that Sle1Tg7 mice develop severe
autoimmune traits including splenomegaly and kidney disease
at around 6 months of age (25, 51). In order to assess the role
of IRAK4 kinase activity in the development of disease in this
model, we generated IRAK4 kinase dead (IRAK4KD/KD) mice
by engineering a mutation at position-213 from Lysine (K) to
Alanine (A) using a plasmid with puromycin resistance as a
selective marker (Figures S1A,B). This K213A IRAK4KD/KD

mutant was independently confirmed to lack kinase activity in
an in vitro enzymatic assay (Figure S1C). We also confirmed
comparable expression of IRAK4 mRNA and protein in
IRAK4KD/KD vs. wild-type splenocytes using qPCR and
Western Blot, respectively (Figures S1D,E). We went on
to breed these mice with Sle1Tg7 and aged 3 cohorts of
female mice to ∼6–7 months. Elimination of IRAK4 activity
prevented both mild and severe splenomegaly exhibited by
Sle1 and Sle1Tg7 mice, respectively (Figure 1A). Analyses of
kidney function showed expected increases in BUN levels
and urine albumin concentration in Sle1Tg7 mice compared
to Sle1 controls, which were prevented in IRAK4 KD/KD

mice (Figures 1B,C). Histopathology demonstrated that
Sle1Tg7 kidneys had global endocapillary proliferation with
cellular crescents in the glomeruli, while kidneys from Sle1,
Sle1IRAK4KD/KD, and Sle1Tg7IRAK4KD/KD mice showed
only mild segmental mesangial proliferation (Figure 1D).
Accordingly, the development of class 3–4 GN was completely
prevented in Sle1Tg7IRAK4KD/KD mice (Figure 1E). Consistent
with these findings, the survival rate of Sle1Tg7 IRAK4KD/KD

mice was 100% at 6–7 months whilst only 78.3% Sle1Tg7 mice
survived (Figure 1F).

Circulating Autoantibodies and
Immunoglobulin Titers Are Dependent on
IRAK4 Kinase Activity
Characterization of autoantibodies with HEp-2 staining
and fluorescent microscopy showed the presence of anti-
nuclear autoantibodies (ANAs) in Sle1 mice, which were more
pronounced in Sle1Tg7 mice, and prevented with IRAK4
kinase elimination (Figure 2A). Further analysis of HEp-2
staining patterns revealed an increase in the nucleolar and
cytoplasmic reactive autoantibodies in Sle1Tg7 mice compared
to controls (Figures 2B,D). The elimination of IRAK4 kinase
activity resulted in Polar/Golgi-reactive antibodies in some
Sle1IRAK4KD/KD and Sle1Tg7IRAK4KD/KD mice (Figure 2C),
however their nature remains to be determined.
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Our previously work has shown that Sle1Tg7 mice develop
higher titers of anti-nucleosome, anti-dsDNA and anti-snRNP
autoantibodies than their mild lupus-prone Sle1 counterparts
(25) (Figures 2E–G). In these studies we also found that
anti-RNA autoantibodies were increased in Sle1Tg7 mice
(Figure 2H). Elimination of IRAK4 kinase activity prevented
the development of all autoantibodies examined in both Sle1
and Sle1Tg7 mice (Figures 2E–H). Characterization of serum
antibody isotypes showed increases in total IgM, IgA, IgG2a/c,
and IgG2b in Sle1Tg7 mice compared to Sle1 controls and this
was IRAK4 kinase dependent (Figure 2I). Interestingly IRAK4
was required for IgM and IgG2a/c levels in Sle1mice, but not IgA
or other IgG subtypes.

IRAK4 Kinase Activity Is Essential for the
Development of Splenic Autoimmune
Traits Observed in Sle1 and Sle1Tg7 Mice
Analyses of cell lineages using flow cytometry indicated that
splenomegaly in Sle1Tg7 mice (Figure 1A) was characterized
primarily by CD11b+ myeloid and CD4+ T cell expansion,
as shown previously (Figure 3A and Table S1) (25, 51). This
was prevented in IRAK4KD/KD mice. Consistent with our
antibody data (Figure 2), plasma cells and germinal center
(GC) B cells were increased in Sle1Tg7 mice compared
to Sle1 controls and this was prevented with functional
ablation of IRAK4 (Figures 3B,C). Moreover, the GC areas
in Sle1IRAK4KD/KD and Sle1Tg7IRAK4KD/KD spleens were
considerably smaller than in Sle1 and Sle1Tg7 counterparts
(Figure 3D). Therefore, we compared the GCs to age-matched
non-autoimmune prone C57BL/6J (B6) mice and found them
to be equivalent (Figures S2A,B). The decreased frequency of
marginal zone (MZ) CD21hiCD23− B cells identified previously
in Sle1Tg7 and similar strains (25, 26, 51), was reduced
but not completely restored with the elimination of IRAK4
kinase activity (Figure 3E). Additionally, we observed a higher
percentage of age-related B cells (ABCs, B220+CD11c+CD11b+)
in Sle1Tg7 mice compared to Sle1 controls which was prevented
in IRAK4KD/KD mice (Figure 3F). Taken together, these finding
suggest that the elimination of IRAK4 kinase activity prevents
the progressive expansion, maturation and activation of B cells
observed in the Sle1Tg7 strain.

Analyses of T cell subsets showed that CD4+ T follicular
helper cells (TFH, CXCR5

+ICOShi) were fewer in IRAK4 KD/KD

mice compared to either Sle1 or Sle1Tg7 (Figure 3G). In a similar
manner to the GCs, the TFH frequencies in Sle1IRAK4KD/KD

spleens were comparable to non-autoimmune levels in B6
mice (Figure S2C). In addition, the increase in activation and
expansion of effector memory CD4+ T cells characteristic of
Sle1Tg7 was prevented in IRAK4KD/KD mice (Figure 3H and
Table S1) (25, 51). Analyses of CD8+ T cells revealed similar
reductions in effector memory cells, with concomitant increases
in the naïve population, in IRAK4KD/KD mice (Table S1).

Analyses of myeloid subpopulations, cDCs, and CD8+ DCs
were completed using the gating strategies in Figure S2D. The
increase in the frequencies of eosinophils, PMNs, and both
Gr1+ and Gr1− CD11b+ cells in Sle1Tg7 mice were completely

prevented by IRAK4 KD/KD (Figure S2E and Table S1). The
increase observed in Sle1Tg7 mice in cDCs, their possible
precursors (Gr1−CD11c+MHCII−) and the associated changes
in MHCII and CD86 expression, were also prevented by
IRAK4KD/KD (Figure 3I, Figure S2F and Table S1. Analyses of
CD8+ cDCs and plasmacytoid DCs (pDCs) frequencies showed
a minor effect of disease or IRAK4KD/KD (Figures S2G,H,
including pDC gating strategy).

Leukocyte Infiltration Associated With GN
in Sle1Tg7 Mice Is Dependent on IRAK4
Kinase Activity
In a similar manner to our previous reports, we analyzed
leukocyte infiltration into the kidney using flow cytometry
(Figure S3A) (25, 51). We determined that the leukocyte
expansion observed in Sle1Tg7 mice is dependent on IRAK4
kinase activity (Figures 4A,B). Moreover, CD4+ and CD8+ T
cells from IRAK4KD/KD mice consisted of fewer effector memory
and more naïve populations (Figure 4C and Figure S3B.
Further characterization of the myeloid population revealed
that the increases observed in PMNs and Gr1+ CD11b+ cells
in Sle1Tg7 kidneys were IRAK4 kinase dependent (Figure 4D).
CD11b+Gr1−CD11c+ cells were gated for F4/80 and MHCII
to characterize renal macrophages (F4/80+CD11c+MHCII+),
CD11b+ cDCs (F4/80−CD11c+MHCII+) and their putative
precursor (CD11c+MHCII−) (Figure 4E) (51). Consistent
with our earlier investigations, both the CD11b+ cDC and
cDC-precursor populations were expanded with severe
disease in Sle1Tg7 mice (51), and this was prevented with
IRAK4 KD/KD (Figures 4E,F). Furthermore, IRAK4 kinase
elimination increased the expression of MHCII on DCs and
macrophages (Figure S3C).

Additionally, we analyzed pDCs in the kidney using
antibodies to B220, Siglec H and mPDCA1 (Figure S3A), which
enabled a better identification than in our earlier study (51). We
determined a significant increase of pDCs within the kidney,
similar to previous observations (51) (Figure S3D).

Splenic TLR7 Expression Is Regulated by
Both the TLR7-BAC and Disease State in a
Leukocyte-Specific Manner
We have previously shown effective detection of intracellular
TLR7 protein using flow cytometry with clone A94B10 (47).
We used a 17-color panel to investigate all major leukocyte
subtypes in spleens and kidneys (gating strategy for splenocytes
in Figure S4A). TLR7 expression was undetectable to low in
CD4+ T cells, CD8+ T cells, NK1.1+ cells, PMNs, and CD8+ DCs
as shown previously (Figures S4B–D and data not shown) (47).

The mild autoimmunity of the Sle1 mice had no effect on
TLR7 in B cell subsets, as indicated by a comparison with the
B6 control (Figures 5A–C). Although the expression was low
in both B cells and plasmablasts of Sle1 mice, levels were much
higher in Sle1Tg7 mice (Figures 5A,B). This increase was largely
prevented with the elimination of IRAK4 signaling. The fact
that the elimination of IRAK4 kinase activity did not affect
TLR7 levels in Sle1 mice reduces the likelihood of this being
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FIGURE 1 | Prevention of spleen and kidney disease with the elimination of IRAK4 kinase activity. Sle1, Sle1IRAK4KD/KD, Sle1Tg7, and Sle1Tg7IRAK4KD/KD female

mice were aged to 6–7 months and analyzed for lupus disease parameters. (A) Photograph showing representative spleens from indicated strains and cumulative

splenic weight (19–27 mice/group). Functional kidney assessment using (B) a blood urea nitrogen (BUN) assay in the same mice (17–23 mice/group) and (C) urine

albumin levels normalized to creatinine (13–18 mice per group). Assessment of kidney disease class by PAS stain with (D) representative photomicrographs (original

magnification x600, Black bars represent 20µm), showing glomerular segments with mild mesangial proliferation (blue arrows), glomerular segments with

endocapillary proliferation (black arrows) and cellular crescent (maroon arrow). (E) Cumulative data for kidney GN class for 17–19 mice/group (class I–IV represented

as numbers 1–4). Parametric data were assessed by 1-way ANOVA (with Bonferroni’s multiple comparisons test) and non-parametric data with Kruskal-Wallis (with

Dunn’s multiple comparisons test) ***P < 0.001, ****P < 0.0001. Additional comparisons between two groups were made with a Student’s t test or Mann-Whitney test

for parametric and non-parametric data, respectively, indicated by # (#P < 0.05, ####P < 0.0001). (F) Survival curves for each strain (22–23 mice per group);

Sle1Tg7 mice survive significantly less than Sle1Tg7IRAK4KD/KD (*P < 0.05, Mantel-Cox test).

a factor when comparing the Sle1Tg7 and Sle1Tg7IRAKKD/ KD

mice. A comparison of Sle1IRAKKD/KD and Sle1Tg7IRAKKD/KD

mice, which have similar phenotypes and pathologies, shows that
the TLR7-BAC transgene (Tg7) increases TLR7 expression in
both B cells and plasmablasts. Since expression in Sle1Tg7 is
higher than the respective Sle1Tg7IRAKKD/KD mice, it confirms
that the inflammatory environment of severe autoimmunity and
signaling through IRAK4 contributes to the increase in TLR7
expression (Figures 5A,B). Interestingly, TLR7 protein levels
in plasma cells were only increased as a result of advanced
autoimmunity and not the Tg7 itself (Figure 5C).

pDCs have been implicated in the development of SLE.
Surprisingly, TLR7 levels were lower in pDCs from Sle1 mice
compared to B6 controls (Figure 5D). Furthermore, disruption
of IRAK4 signaling did not affect TLR7 expression in these mild
autoimmune mice. The increased expression in both Sle1Tg7
and Sle1Tg7IRAK4KD/KD mice also demonstrates regulation of
expression by both the BAC-Tg7 and the inflammatory milieu of
severe pathology, congruent to B cell findings.

TLR7 levels in Gr− (CD115+) monocytes and
macrophages were augmented by the Tg7 and severe
disease (Figures 5E,F). However, Gr1+ “inflammatory”
monocyte TLR7 expression was only increased with the
Tg7 (Figure 5G), independently of disease/signaling through
IRAK4, with similar findings in CD11b+cDCs (Figure 5H).
Interestingly, only macrophage TLR7 expression clearly
correlated with CD4+ T cell effector memory frequency
(Figure 5I). A positive association was also detected
in B cells, however the biological relevance remains
unclear, given the comparatively low TLR7 expression in
this population.

Kidney Leukocyte TLR7 Expression Is
Regulated by the BAC, IRAK4, and Disease
Our earlier studies have shown a critical role for renal CD11b+

cDCs in driving CD4+ T cell activation, inflammatory cytokine
release and subsequent inflammation in Sle1Tg7 kidneys (51).
In contrast to our results in the spleen, TLR7 levels in renal
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FIGURE 2 | IRAK4 kinase activity is required for the production of autoantibodies and hypergammaglobulinemia observed in lupus-prone mice. (A) Representative

microscopy images of HEp-2 staining patterns of serum autoantibodies from aged Sle1, Sle1IRAK4KD/KD, Sle1Tg7, and Sle1Tg7IRAK4KD/KD mice. (B,C) Analysis of

(B) nuclear and (C) cytoplasmic staining patterns determined by HEp-2 staining and microscopy. (D) Cytoplasmic intensity determined by HEp-2 microscopy. Serum

for HEp-2 was from 3 independent cohorts with total 10–13 mice per group. (E–H) Analyses by ELISA of IgG autoantibodies with (E) nucleosome (dsDNA/histone),

(F) dsDNA, or (G) snRNP or (H) RNA specificity in Sle1, Sle1IRAK4KD/KD, Sle1Tg7, and Sle1Tg7IRAK4KD/KD mice (18–23 mice per group). (I) Luminex analysis of

circulating antibody subclasses (IgM, IgA, IgG1, IgG2a/c, IgG2b, IgG3) across the 3 cohorts (data from 17–22 mice per group). Parametric data were assessed by

1-way ANOVA (with Bonferroni’s multiple comparisons test) and non-parametric data with Kruskal-Wallis (with Dunn’s multiple comparisons test) *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001. Additional comparisons between two groups were made with a Student’s t test or Mann-Whitney test for parametric and

non-parametric data respectively, indicated by # (#P < 0.05, ##P < 0.01, ####P < 0.0001).

CD11b+ cDCs were observably higher in Sle1 mice compared
to B6 counterparts (p = 0.05; Figure 6A). In addition, the
expression was further augmented with the increased disease
severity of Sle1Tg7 mice (Figure 6A). Our data also showed
that these disease associated increases in TLR7 were dependent

on IRAK4 kinase activity. Given that our earlier findings
showed that renal and splenic cDCs were of similar ontogeny
(51), this suggests that the inflammatory environments play an
enormous impact in TLR7 expression and there are significant
differences between the largely immunological environment of
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FIGURE 3 | Functional elimination of IRAK4 prevents splenomegaly and associated leukocyte expansion observed in lupus-prone mice. Sle1, Sle1IRAK4KD/KD,

Sle1Tg7, and Sle1Tg7IRAK4KD/KD female mice were aged to 6–7 months and analyzed for characteristic autoimmune immunological traits. (A) Frequency of the

indicated splenic leukocytes evaluated by flow cytometry. (B) Representative flow plots of plasma cells (CD138+B220−) from spleens of Sle1Tg7 and

Sle1Tg7IRAK4KD/KD mice with cumulative data from all strains. (C) GC B cell frequency measured by flow cytometry as GL7+Fas+ cells, represented as % B cells

(CD19+B220+). (D) Representative immunofluorescent images of splenic GC staining, 300 x scale bar represents 50µm, with anti-GL7 (blue), anti-CD4 (red) and

anti-IgD antibodies (green). (E) Cumulative frequency of marginal zone (MZ) B cells (CD21+CD23−) across all strains (represented as % of CD19+B220+ B cells). (F)

Representative flow plots of age-related B cells (CD11b+CD11c+) with cumulative data (represented as % of CD19+B220+ B cells). (G) Cumulative data of CD4+

CXCR5+PD1+ T follicular helper (TFH) cells, and (H) the frequencies of naïve (CD44lowCD62Lhigh) and effector memory (CD44highCD62Llow) (represented as % of

CD3+CD4+ T cells). (I) Frequencies of splenic CD11b+CD11c+MHC-II+ DCs and CD11b+CD11c+MHC-II− cells. Flow cytometry data is from 17 to 23 mice per

group. Parametric data were assessed by 1-way ANOVA (with Bonferroni’s multiple comparisons test) and non-parametric data with Kruskal-Wallis (with Dunn’s

multiple comparisons test) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Additional comparisons between two groups were made with a Student’s t test or

Mann-Whitney test for parametric and non-parametric data, respectively, indicated by # (#P < 0.05, ##P < 0.01).
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FIGURE 4 | IRAK4 kinase activity is essential for renal leukocyte infiltration and activation of lupus prone mice. Sle1, Sle1IRAK4KD/KD, Sle1Tg7, and

Sle1Tg7IRAK4KD/KD female mice were aged to 6–7 months and analyzed for leukocyte infiltration and activation. Frequency of (A) total CD45+ leukocytes and (B)

CD4+ T, CD8+ T, B220+ B and CD11b+ leukocyte subsets in the kidney by flow cytometry. (C) Cumulative data of the frequencies of naïve (CD44lowCD62Lhigh) and

effector memory (CD44highCD62Llow) CD4+ T cells. Representative flow plots and cumulative data of the frequencies of (D) PMNs and Gr-1+ CD11b+ myeloid cells

and (E) CD11b+CD11c+MHC-II+ cDCs, CD11c+ MHCII− cells and CD11b+CD11c+MHCII+F4/80+ macrophages (MACs) in the kidney. (F) Cumulative data of

cells from (E) is shown. For (A,C) data from 11 to 14 mice/group is shown, while the rest is from 9 to 11 mice/group. Parametric data were assessed by 1-way

ANOVA (with Bonferroni’s multiple comparisons test) and non-parametric data with Kruskal-Wallis (with Dunn’s multiple comparisons test) *P < 0.05, **P < 0.01, ***P

< 0.001, ****P < 0.0001. Additional comparisons between two groups were made with a Student’s t test or Mann-Whitney test for parametric and nonparametric

data respectively, indicated by # (#P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001).

the spleen and the mixed tissue and immune environment of
the kidney.

Our analysis of renal macrophages and B cells showed
increases in TLR7 as a result of severe disease (Figures 6B,C).
Additionally, given the fact that IRAK4 kinase perturbation
did not reduce TLR7 expression in renal Sle1 macrophages,
the increase in TLR7 in Sle1Tg7IRAK4KD/KD compared
to Sle1IRAK4KD/KD may be attributed to the Tg7-BAC

itself. However, since these mice have an increase in RNA-
containing ICs, which provide a positive feedback loop of
TLR7-Myddosome signaling, these assumptions may not be
so simple.

In contrast to our findings in the spleen, TLR7 expression
in kidney pDCs was dependent solely on the BAC-Tg7, since
the elimination of IRAK kinase activity and disease had no
effect (Figure 6D). The mixed cell populations, CD11b+Gr1+,
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FIGURE 5 | Expression of TLR7 in splenocytes is modulated by disease and Tg7 in a leukocyte specific manner. Splenocytes from 6 to 7months old B6, Sle1,

Sle1Tg7, Sle1IRAK4KD/KD, and Sle1Tg7IRAK4KD/KD female mice were analyzed for intracellular TLR7 expression using flow cytometry. TLR7−/− mice and

fluorescent minus one (FMO) controls were used to determine specificity. (A) Cumulative data of TLR7 expression in B cells, (B) plasmablasts, (C) plasma cells, and

(D) CD115+Gr1− monocytes (Gr1− Monos), (E) F4/80+CD11blo macrophages (Macs), (F) B220+SiglecH+mPDCA1+ pDCs, (G) CD115+Gr1+ monocytes (Gr1+

Monos), (H) CD11b+CD11c+MHCII+ DCs (CD11b+DCs), across all strains. (I) Correlation of TLR7 expression in B cells, CD11b+ cDCs, pDCs and macrophages

from Sle1Tg7 mice with effector memory CD4+ T frequencies in the spleen. Data from 6 to 10 mice per group is shown. Parametric data were assessed by 1-way

ANOVA (with Bonferroni’s multiple comparisons test) and non-parametric data with Kruskal-Wallis (with Dunn’s multiple comparisons test); *P < 0.05, **P < 0.01, ***P

< 0.001, ****P < 0.0001. Additional comparisons between two groups were made with a Student’s t test or Mann-Whitney test for parametric and non-parametric

data, respectively, indicated by # (#P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001). Correlations were performed by calculating Pearson’s correlation

coefficients (r) and their significance assessed by a two-tailed t-test.

CD11c+MHCII− and CD11c−MHCII− also showed similar
gene and disease dependent changes (Figures S5A–C).

Additionally, we observed that TLR7 expression in
renal CD11b+cDCs and macrophages, but not in pDCs
and B cells, correlated with serum BUN and the total
leukocyte infiltration (Figures 6E,F).

DISCUSSION

This report provides several advancements in our understanding
of the immunological events occurring in autoimmunity using

murine models of SLE. We conclusively demonstrated that
the kinase domain of IRAK4 is necessary for all autoimmune

traits in mild Sle1 prone mice and in the TLR7-directed severe

disease exhibited by the Sle1Tg7 model. Aside from Myddosome

signaling, IRAK4 also plays a structural, kinase-independent role,
which canmediate TAK1-independent NF-κB activation (37, 41).

Our data and the work of others has effectively eliminated this
as a major factor in the development of autoimmune traits

(42, 45). Additionally, in this study, we comprehensively analyzed

TLR7 protein expression across leukocyte subsets infiltrating the
kidney, and in the spleen. We determined that TLR7 is regulated
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FIGURE 6 | Expression of leukocytes in the kidney is modulated by disease and Tg7 transgene. Leukocytes in the kidney from 6 to 7 months old B6, Sle1,

Sle1IRAK4KD/KD, Sle1Tg7, and Sle1Tg7IRAK4KD/KD female mice were analyzed for intracellular TLR7 expression using flow cytometry. TLR7−/− mice and

fluorescent minus one (FMO) controls were used to determine specificity. (A) Representative overlay plots of intracellular TLR7 expression in CD11b+ DCs showing

increases due to the transgenic and severe disease factors with cumulative data across all strains. Cumulative intracellular TLR7 protein expression in (B)

CD11b+CD11c+F4/80+ macrophages (Macs), (C) B cells, (D) pDCs, (E,F) Correlation of TLR7 expression on B cells, CD11b+DCs (cDCs), pDCs, and macrophages

(Macs) from Sle1Tg7 mice with (H) BUN and (I) percent of CD45 infiltration in kidney. Data from 9 to 11 mice per group is shown. Parametric data were assessed by

1-way ANOVA (with Bonferroni’s multiple comparisons test) and non-parametric data with Kruskal-Wallis (with Dunn’s multiple comparisons test) **P < 0.01, ***P <

0.001, ****P < 0.0001. Additional comparisons between two groups were made with a Student’s t test or Mann-Whitney test for parametric and non-parametric data,

respectively, indicated by # (##P < 0.01, ###P < 0.001, ####P < 0.0001). Correlations were performed by calculating Pearson’s correlation coefficients (r) and

their significance assessed by a two-tailed t-test.

by the disease severity and IRAK4 kinase activity in a leukocyte
and tissue specific manner. Importantly, we show that increased
TLR7 protein in renal cDCs and macrophages correlates with
measures of inflammation and kidney pathogenesis, pointing to
their crucial role in the disease process.

Previous work has shown that IRAK4 phosphorylation
is essential for the aggressive systemic autoimmunity and
autoinflammation exhibited by the ABIN1 model (42). These
mice develop key lupus phenotypes including ANA production
and GN, however they also develop inflammation in tissues not
commonly associated with clinical disease or exhibited by other
lupus-prone murine models, such as liver and gut pathologies.
Although many phenotypes can be attributed to increased TNFα
signaling in the ABIN1 model, it seems unlikely that this is the

mechanism of the lupus-like phenotypes (44). Congruent to this,
we have shown that TNFα levels, even at the site of the diseased
kidney, are not affected by systemic increases in TLR7 or the
severe autoimmune environment (25). The ABIN1 studies also
show that, despite the upregulation of type I IFNs, elimination
of IFNAR1 only partially reduced the development of GN, and
did not affect other phenotypes (42). Therefore, the cytokines
and critical cells mediating the pathologies remain elusive. The
widespread hyperactivation of the TLR family, together with
BCR signaling suggests a more complicated mechanism of
disease in this model. We and others have suggested a stepwise
progression of the development of polygenic associated lupus
(54, 55). The initial steps in disease development confer a loss
of tolerance, the generation of autoreactive T and B cells and
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autoantibody development. The progression to severe disease
requires an additional immune alteration, which in many cases
has been attributed to innate dysregulation. Given the retention
of autoimmune phenotypes following backcrossing to the B6
background by Cohen and colleagues, it is clear that this single
mutation of ABIN1 mediates dysregulation of both immune
tolerance and innate activation (42, 44). Certainly, the loss of
MyD88, and disrupted IRAK1/4 signaling points to the essential
nature of the TLR and IL1R families for the mechanism of
aggressive disease.

In our studies we were able to analyse the contribution
of IRAK4-mediated signaling at different stages of disease.
We and others have used B6.Sle1 mice as an example of
step 1 in the pathway to severe disease, given their mild
phenotypes and that they rarely develop GN in the absence
of an additional susceptibility locus (24, 47, 51, 56). The sle1
susceptibility locus on chromosome 1 is shared across most
spontaneous murine model systems (54). Previous work by
Wakeland et al. has shown that the NZM2410-derived sle1
phenotypes are conferred by polymorphisms in the SLAMF
members, Ly108, CD82, CD244, CD229, and CD319 (57, 58).
Our data shows that IRAK4 phosphorylation is required for the
break in tolerance to nuclear antigens and ANA production in
Sle1 mice. In addition, all mild autoimmune traits exhibited by
these mice appear to be prevented. The reductions in splenic
B and T cell activation and expansion are akin to the B6
phenotypes, suggesting that MyD88/IRAK pathway disruption
is targeting spontaneous autoimmune mechanisms, rather that
core developmental processes. Our data also suggests that while
the MyD88/IRAK pathway is critical for these Sle1-conferred
phenotypes, changes in TLR7 at the protein level do not play
a significant role. In addition, it is likely that the loss in
tolerance mediated by the SLAMF polymorphisms in Sle1 mice
develops with the assistance of other TLR/IL1R family members,
given the promiscuous nature of the Myddosome and IRAK4
kinase activity.

To examine severe disease, we used our low copy TLR7
BAC transgenic on the Sle1 background, Sle1Tg7. These mice
develop similar phenotypes to the BXSB strain without the male
dependency for GN. Therefore, cohorts of the same sex or
comparisons between sexes can be analyzed, allowing for sex-
independent or sex-dependent immunological pathway analysis.
Furthermore, Sle1 mice have a female sex bias similar to clinical
disease, most likely attributed to the incomplete X inactivation,
or the XX complex itself (59, 60).

An additional advantage of using B6.Sle1/Sle1Tg7 mice was
the retention of the same non-autoimmune background (B6),
eliminating influences of other loci. In these studies, we were able
to confirm that the elimination of proteinuria and splenomegaly
seen in BXSBYaa.IRAK4KD/KD mice was not due to the dilution
of susceptibility loci present in the BXSB background by the
introduction of the B6 non-autoimmune genome (45). However,
in contrast to the data from Murphy et al. our heterozygous
Sle1Tg7IRAK4WT/KD mice developed severe disease in a similar
manner to Sle1Tg7IRAK4KD/IRAK4KD homozygotes (data not
shown). The increased disease in the BXSB F2 heterozygous
highlights additional loci which contribute to disease and are not
present in the B6 background of Sle1Tg7 mice. Similar to the

findings of the homozygous BXSBYaa.IRAK4KD/KD male mice
shown in the above study, we saw a prevention in the expansion
of B cells and plasma cells, with IRAK4 kinase elimination.
The splenomegaly by most spontaneous severe lupus models is
also characterized by increases in germinal center B cells and T
follicular helper cells, together with T cell activation (25, 26, 51).
We were also able to show that these changes were prevented
with IRAK4 kinase perturbation. A more in-depth analysis of
the CD11c+ lineage excluded neutrophils and revealed that
CD11b+ cDCs and their putative precursors, CD11c+MHC−

cells, comprised the majority of this expansion. Our splenic
analysis also showed that in the majority of leukocytes, TLR7
was upregulated not only through the genomic contribution of
the Tg7-BAC, but also by the intense autoimmune environment
observed in the Sle1Tg7 mice.

Our work also provides a detailed analysis of the
immunological events occurring not only in the spleen, but
also in the diseased kidney. Approximately 50% of SLE patients
develop GN and obvious challenges restrict comprehensive
understanding of the inflammatory events occurring. Given
the burgeoning data on the role of TLR7 in SLE pathogenesis,
analysis at the protein level within the tissue may prove to
be invaluable. Overall IRAK4 kinase ablation prevented both
mild and severe kidney disease in the Sle1 and Sle1Tg7 models,
respectively, together with the associated T cell and DC infiltrate.
Our examination of TLR7 protein levels using flow cytometry
showed that the autoimmune inflammatory environment
was able to augment TLR7 expression, with the exception of
renal infiltrating pDCs. Moreover, renal CD11b+cDC TLR7
expression was associated with key disease parameters, including
BUN levels and the renal leukocyte infiltrate. This may suggest
that the development of a soluble TLR7 assay as a urine
biomarker could prove to be clinically relevant. However, given
the endosomal location of TLR7, it is unclear as to whether this
is possible and therefore warrants further investigation.

Previous data from a number of groups has shown that
TLR7 plays a critical role in the initial stages of autoimmunity
and development of ANAs (18–20). Interestingly, elimination of
TLR7 in murine SLE results in similar phenotypes to our IRAK4
kinase deficient Sle1 mice, including a decreased GC formation,
splenic TFH frequencies and serum autoantibody titers (18, 19,
61, 62). In addition, elimination of the downstream transcription
factor, IRF5 in MRLlpr lupus prone mice results in a similar
ablation of all autoimmune phenotypes (63). In patient genome
wide association studies (GWAS), IRF5 polymorphisms have
also associated with disease development (33–36). Congruent to
these findings, the elimination of IRAK4 signaling prevents TLR-
induced IKKβ phosphorylation and the subsequent translocation
of the transcription factor IRF5 to the nucleus (40). This prevents
the TLR induced (and Myd88 dependent) cytokine production.
At the same time, the Myddosome complex becomes more
stable and NFβB nuclear translocation remains intact (40, 64).
Taken together these findings indicate that the autoimmunity
observed across multiple model systems is dependent on a
TLR7, MyD88-IRAK4 kinase, and IRF5 dependent signaling
cascade, which is independent of NFkB nuclear translocation and
cytokine production. Given that the region encompassing Sle1
on chromosome is a common susceptibility locus, additionally
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identified in NZB/W and in MRLlpr mice, and previous work
showing TLR7 and MyD88 elimination preventing autoimmune
phenotypes, we propose that IRAK kinase perturbations in
these polygenic murine models would result in eliminating
autoimmunity. Further studies into the signaling, nuclear
translocation and cytokine production would shed further light
on these mechanisms, particularly given the bias toward TLR7 of
our model system.

We and others have previously shown that IFNα and TLR7
ligands, such as RNA-containing viruses and TLR7 agonist
R848 can increase TLR7 mRNA expression (51, 65). Since
RNA-containing immune complexes also act as TLR7 ligands
(66), they may increase TLR7 expression in lupus models and
clinical disease through a positive feedback loop. Several studies
support this hypothesis: SLE serum increases TLR7 expression
(7) and SLE patients with an anti-RNA-associated antibody
profile have preferentially higher TLR7 expression (67). TLR7
ligand hyper-responsiveness has been identified as the main
driver of lupus-like pathology in pristane-induced mouse models
of SLE (48, 68). Our studies in TLR9-deficient mice have also
attributed the increase in TLR7 protein expression to an anti-
RNA antibody profile and severe disease (47). In the present
study we have shown that disease can directly contribute to the
increase of TLR7 expression in various cell types. Eliminating
downstream TLR7 (and other TLR) signaling through IRAK4 by
using IRAK4 kinase deficient mice prevents the development of
disease and TLR7 upregulation beyond the effects of the BAC.
Blocking signal transduction and preventing TLR7 upregulation
by inhibiting IRAK4 thus represents a possible therapeutic target
for SLE treatment.

Over 90 patents for small molecule IRAK4 inhibitors have
been filed from 2016 to 2018, primarily for autoimmune diseases
and cancer (46, 69). In keeping with the data from lupus mice
shown here and by others (42, 45), the IRAK4 inhibitor BMS-
986126 suppressed the development of lupus in the NZB/NZW
and MRLlpr models (46). Similarly, IRAK4 inhibitors, ND-
2158 and ND-2110 attenuated TNFα production from TLR4/9-
stimulated human PBMCs and autoimmune disease in collagen-
induced arthritis and gout murine models (70). In separate
studies relating to SLE pathogenesis, IRAK4 inhibitor, ND-2158
reduced cytokine production by human plasmacytoid dendritic
cells and natural killer cells stimulated by RNA- ICs (71).
However, in these studies did not find an increase in TNF or IFNα

production in SLE PBMCs compared to controls, perhaps due to
medication or leukocyte exhaustion. Given these findings and the
broad role of IRAK4, it is unclear as to whether the toxicity of the
side effects will prove too limiting for clinical use (72).

In summary, the findings in our study show a dependency
on IRAK4 kinase activity for increased TLR7 protein levels,
together with mild and severe autoimmune phenotypes of

the Sle1 and Sle1Tg7 models, respectively. The regulation
of TLR7 expression is not as simple as one expects, and
depends on the pathogenic environment and the individual
leukocyte involved. Further studies are required to further
elucidate these factors, including cytokine induced nascent
expression of TLR7 which may exacerbate BAC-induced
TLR7 expression.

Taken together, our findings show the importance of increased
signaling through TLR7 in SLE and targeting this pathway, may
lead to a suppression of severe disease development.
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