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Abstract

Background: Autoimmune diseases are leading causes of ill health and morbidity and have
diverse etiology. Two signaling pathways are key drivers of autoimmune pathology, interferon
and NFxB/RelA, defining the two broad labels of interferonopathies and relopathies. Prior work
established that genetic loss of function of the NFxB subunit RelB leads to autoimmune and
inflammatory pathology in mice and humans.

Objective: We sought to characterize RelB-deficient autoimmunity by unbiased profiling of the
stimulus-responses of immune sentinel cells, and to determine the functional role of dysregulated
gene programs in the RelB-deficient pathology.

Methods: Transcriptomic profiling was performed on fibroblasts and dendritic cells derived from
RelB-deficient patients and knockout mice, and transcriptomic responses and pathology were
assessed in mice deficient in both RelB and the type | interferon receptor.
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Results: We found that loss of RelB in patient-derived fibroblasts and mouse myeloid

cells results in elevated induction of hundreds of interferon-stimulated genes. Removing hyper-
expression of the interferon stimulated gene program did not ameliorate the autoimmune
pathology of RelB knockout mice. Instead, we found that RelB suppresses a different set of
inflammatory response genes in a manner that is independent of interferon signaling but associated
with NFxB binding motifs.

Conclusion: While transcriptomic profiling would describe RelB-deficient autoimmune disease
as an interferonopathy, the genetic evidence indicates that the pathology in mice is interferon-
independent.

Capsule Summary:

Loss of RelB reveals a broad interferon gene signature in patient-derived fibroblasts and mouse
dendritic cells. While IFNAR deletion completely ablates this gene program, it does not diminish
RelB knockout autoimmune pathology, ruling out interferonopathy.

Keywords

RelB; autoimmunity; inflammation; interferonopathy; relopathy; dendritic cells

INTRODUCTION

Autoimmune diseases (Al) and autoinflammatory (AIF) diseases are rapidly expanding
categories of immune related disorders and a major health concern. Current studies estimate
that there are around 150 life-long debilitating autoimmune diseases, characterized by a
dysregulation of adaptive immune system, with no known cures (1) and a growing list

of 40 genetically described autoinflammatory diseases, characterized by a dysregulation

of the innate immune system (2). These diseases have chronic lifelong symptoms such

as chronic fevers (3), arthritis (4), inflammatory bowel disease (5), hepatic and central
nervous system inflammation (6,7), among other serious health issues. Our understanding
of the role of chronic inflammation in other human disease such as cancer, heart

disease, and psychiatric disorders is also growing rapidly (8). Therefore, understanding
autoimmune and autoinflammatory diseases is critically important to therapeutically
address the growing number of Al and AIF patients as well as other human diseases

in which inflammation plays a key role. Autoinflammatory diseases have recently been
categorized into the following five subsets based on underlying dysregulated mechanisms:
inflammasomopathies, interferonopathies, unfolded protein responses/ER stress syndromes,
relopathies, and uncategorized (9).

Of growing interest are interferonopathies, which are defined as diseases grouped by
mendelian disorders associated with an upregulation of type | interferon (IFNs), first
described in 2003 (10), and later officially categorized and termed (11). Type | IFNs are
a class of antiviral, anti-inflammatory proteins first discovered in 1957 for their ability to
induce influenza viral interference (12). Type I IFNs signal in a paracrine and autocrine
manner via the IFN-a/p receptor (IFNAR) comprising of two subunits, IFNAR1 and
IFNAR2. The IFN receptor has been shown to be expressed by virtually every nucleated

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Navarro et al.

Page 3

cell, of hematopoietic and non-hematopoietic origin, and while some cells are specialized
producers of Type-1 IFN, almost all cells are able to produce Type-I IFN (13). Upon

Type I IFN binding to the IFNAR receptor, downstream transcription factor complex,
ISGF3, is formed and induces the expression of interferon stimulated genes (1SGs) by
binding to their promoter regions containing interferon-sensitive response elements (ISRESs).
Given the broad extent of the IFN-signaling network in human physiology, as one may
expect, dysregulation of IFN signaling leads to a multitude of pathologies affecting various
organs and organ systems. For example, USP18~/~ mice, lacking a negative regulator of
IFN-signaling, UBP43, which leads to elevated levels of conjugates to ISG15, a potently
induced ISGF3 target gene, develop brain injury, accompanied by hydrocephalus and early
death with 50% of mice dying at 4 weeks of age (14,15). This pathology was also seen

in human patients with 1ISG15 null mutations, causing death or seizures in 3 patients

(16). Interferonopathies can cause other harmful effects on the CNS such as epilepsy,

as well as psychomotor retardation in Aicardi-Goutieres syndrome (AGS) (17) and have
also been shown to lead to interstitial lung disease, arthritis, panniculitis lipodystrophy,
necrotizing vasculitis, bone dysplasia, and early thrombotic events among other serious
symptoms (18). Importantly, while we can broadly categorize AlFs into interferonopathies,
the pathological outcomes and symptoms of diseases within this category vary broadly and
often have overlapping dysregulation of various immune-related signaling pathways. Many
AIF diseases also share Al disease characteristics involving dysregulation in both innate
and adaptive immunity. Therefore, understanding the underlying mechanisms and etiology
of these pathologies in a disease-specific manner is crucial to effectively tailor therapeutic
approaches for patients with highly unique genetic lesions.

Recently, pediatric patients with a homozygous null mutation in the gene encoding

NF«xB subunit, RelB, were described (19-21). These patients presented a combined
immunodeficiency phenotype with failure to thrive and a significantly impaired ability to
produce specific antibodies /n7 vivo (20). Interestingly, these patients were also characterized
with an autoimmune pathology presenting severe autoimmune skin disease and rheumatoid
arthritis involving altered thymic T cell maturation with reduced output and production of
a skewed T-cell repertoire with expansion of clones (21). While defects in the adaptive
immune system were found and well described in these studies, the description of the
patient innate immune function was more limited but appeared to behave normally relative
to adaptive immune system, as measured by TNF secretion in patient derived monocytes.
However, patient derived fibroblasts, key pathogen sensing sentinel cells, revealed to have
elevated TNF-induced RelA DNA binding activity (21).

Findings in the RelB-null human pathology strikingly resembled previously reported
phenotypes of Re/B~~ mice (multi-organ inflammation, thymic atrophy, reduction of
thymocytes, impaired cell mediated immune response, but normal T and B cell development
(22), suggesting a conserved mechanisms between human and mouse pathology. In mice,
functional adoptive transfer studies identified dendritic cells (DCs), key pathogen-sensing
immune sentinel cells, to be key drivers of the lung inflammatory pathology seen in

RelB~'~ mice (23). Another study supported these findings by demonstrating a restoration
of the thymic atrophy and the numbers of thymic Foxp3+ T-regs in Re/B~~ mice upon
adoptive transfer of Re/B* DCs (24). However, subsequent studies that addressed the auto-
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inflammatory mechanisms that causes immune sentinel cells to drive the pathology have
reported several different mechanisms and no consensus has emerged (25-27).

We aimed to further understand the mechanistic dysregulation of RelB-null immune sentinel
cells as they contribute to Re/B~'~ auto-inflammatory disease. Given recent reports of
elevated IFN signaling caused by RelB-deficiency (28-30), we hypothesized dysregulation
of the IFN pathway may be present in RelB-null patient derived sentinel cells, potentially
implying immediate clinically relevant characterization of the RelB null pathology as an
interferonopathy. Indeed, we found that loss of RelB in patient-derived fibroblasts and
mouse DCs, but not macrophages, results in elevated expression of interferon-stimulated
genes (ISGs) that is dependent on elevated type | IFN signaling. However, to our surprise,
while the hyper-expression of 1ISGs is a prominent aspect of the loss of RelB phenotype,
complete ablation of type | IFN signaling in the mouse did not ameliorate the RelB
pathology. We found instead that RelB directly suppresses a myriad of IFN-independent pro-
inflammatory and immune response genes which promote a cell-intrinsic hyper-activated
inflammatory state both in Re/B~/~ human fibroblasts and mouse DCs, which in turn are
likely key contributors to the RelB-null autoimmune and autoinflammatory pathology.

Patient-Derived Fibroblasts

Total RNA was prepared as described (31). Strand-specific libraries were generated from
200 ng total RNA using the KAPA Stranded mRNA sequencing and Library Preparation Kit
(IMumina). cDNA libraries were single-end sequenced (50bp) on an Illumina HiSeq 2000.
RNA-seq reads were trimmed using cutadapt v1.12 (31) to remove low quality ends as well
as removing remaining adapter sequence. Then reads were aligned on the human genome
(hg38) using STAR software v2.5.2b (32). Aligned reads were filtered using samtools v1.3.1
(33) to keep only uniquely aligned reads. Gene expression quantification was done using
featureCounts v1.5.1 (34) software and GENCODE v23 gene annotation (35). Differential
expressed genes were selected using edgeR (36) with a 4 fold and 0.01 FDR threshold in
either WT or patient samples.

Clustering of differentially expressed genes was done using a kmean method to identify
clusters of DEG with similar dynamic profiles. Gene ontology and motif analysis was done
via homer suite considering regulatory regions within —4kb to 1kb from the transcription
start site.

Mice and bone marrow-derived dendritic cells

Wild-type and transgenic mice were housed in pathogen-free conditions at University of
California, Los Angeles. Re/B~'~ mice were generated by breeding Re/B*'~ mice and
IFNAR™~ RelB~'~mice were generated by mating /FNAR'~RelB*'~ or IFNAR*~ RelB*!~
mice to each other. All mice used for RNA-seq experiments were between 6 to 12

weeks at day of experiment, both male and female mice were used for experiments.

Bone marrow cells were isolated from mouse femurs and cultured with M-CSF-containing
L929-conditioned medium for BMDM s or with 20 ng/ml GM-CSF and 10 ng/ml IL-4 to
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produce BMDCs with half the media being replaced on day 3 and 6 as previously reported
(37). Cells were stimulated with CpG (0.1uM) (Invivogen ODN 1668 Cat# tlrl-1668), or
Poly(1:C) HMW (10pg/mL) (Invivogen Cat#tlrl-pic) and collected at specified timepoints
in Invitrogen™ TRIzol™ Reagent (Cat# 15-596-018), RNA was extracted using Qiagen
RNeasy Mini Kit (Cat #74106) as described (39).

Transcriptome profiling

RNA was used for Illumina bead Arrays as described (31) and for RNA-seq as described
(40). Briefly, libraries were prepped using KAPA Stranded mRNA-Seq Kit Illumina®
platform KR0960 — v3.15 using 1ug of RNA per sample measured using Qubit 2.0
fluorometer. Final libraries were checked via agarose gel and multiplexed with a maximum
of 24 samples per sequencing reaction. Libraries were sequenced using lllumina HiSeq
3000 with single end 50bp reads at the UCLA Technology Center for Genomics &
Bioinformatics.

Bioinformatic Analysis

Reads were trimmed using cutadapt (31) (cutoff g=20) and mapped to the mm10 genome.
Processed reads showed high quality reads and alignment scores. The October 2014 version
of the Ensembl database was used to extract gene annotation information. CPM values were
generated using edgeR (36) to normalize the raw counts data based on sequencing depth. To
permit fold change calculations, a pseudocount of 1 CPM was added. Induced genes were
selected using a logoFC>1 cutoff for any stimulated timepoint relative to Ohr unstimulated
control, transcripts with empty gene names were removed. Data was z-scored and plotted
using the pheatmap R package. Fold differences of genes within heatmaps was calculated
by first calculating the fold differences for all individual genes between genotype of interest
and WT or /FNAR™~ control CPM (Genotype X)/CPM (Genotype Y) for each individual
time point. Average fold differences were then calculated by averaging the fold differences
of all genes within each cluster for each individual time point. Gene ontology and motif
analysis was done via homer suite considering regulatory regions within —1kb to 1kb from
the transcription start site. Line graphs of individual genes were generated using GraphPad
Prism.

Tissue Isolation and Fixation

Spleens were isolated from age matched mice immediately after euthanizing and
subsequently rinsed with PBS. Excess PBS was removed from spleens and were
subsequently weighed. Fixation was done in 10% Formaldehyde for 46-48hrs. Tissue
was processed, sectioned, and hematoxylin and eosin stained by the UCLA Translational
Pathology Core Laboratory (TPCL).

REB approval

All patient studies were approved by the SickKids Research Ethics Board (Protocol no.
1000005598).
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RESULTS

Fibroblasts obtained from a human RelB-null donor show hyperexpression of type |
interferon and interferon-stimulated genes.

To characterize the transcriptome-wide defects caused by the loss of RelB, we performed an
unbiased differential gene expression analysis using fibroblasts obtained from a previously
reported combined immunodeficiency patient (P1) with an Al disease pathology arising

as a consequence from a rare homozygous mutation in the Re/B gene resulting in the
complete loss of RelB protein, and their healthy close relative with homozygous copies

of WT RelB (Control) [20,21]. To experimentally model immune stimulation via pattern
recognition receptors (PRRs) that may occur in response to pathogen exposure or tissue
injury, we stimulated fibroblasts with TLR3 agonist poly(l:C) (10pug/mL) in replicate. After
collecting RNA at 5 time points (0, 2, 4, 8, 15 h) we performed whole transcriptome
RNA-seq and bioinformatically identified 740 genes that were induced with a FC>4 and
FDR <0.01 threshold in either WT or P1 replicate samples. Applying k-means clustering

to the expression data of these genes, we identified 6 distinct clusters of differentially
expressed genes that were hyper-expressed in P1 (Fig. 1a). A small proportion of genes
clustered within cluster A (33 genes) and cluster B (63 genes) but resulted in weak or

no motif enrichment results, however most genes clustered in hyper-expressed clusters C
through F, which revealed to have average fold differences in counts per million (CPM)
ranging from 1.6x and 14x between P1 and control fibroblasts at any of the measured
timepoints (Fig. 1a, Supplementary Table 1). To identify potential regulatory features of
these genes we performed motif enrichment analysis that considered —4kb to +1kB with
respect to the transcription start site (TSS) of the regulatory region of each gene. Genes
within hyper-expressed clusters C (102 genes) and D (175 genes) were statistically enriched
for NFxB motifs in regulatory regions, while hyper-expressed clusters E (210 genes)

and F (157 genes) were statistically enriched for IRF and ISRE motifs (Fig. 1b). This
analysis suggested two major categories of dysregulated genes: IFN-stimulated genes (1SGs)
and NFxB-regulated genes. To identify potential biological functions, we performed gene
ontology (GO) analysis. Clusters C and D were associated with terms invoking NFxB
activating pathways such as “TNF” and “LPS signaling”. Clusters E and F were associated
with terms invoking IFN-inducing pathways including Type | “interferon-a.” and Type Il
“interferon-y response” (Fig. 1c). Analysis of individual genes within clusters E and F
revealed many hyper-expressed ISGs including Oas/, Oas2, Ifitl, Ifit2, Mx2, and /sg20 (Fig.
1d). Given that ISGs may be activated by Type I, Il, and 11l IFNs (41), we evaluated the
expression of IFN family members. We found /fnb1 and /fn/3to be hyper-expressed in
fibroblasts derived from P1 (Fig. 1d). Together, these data establish that loss of function

of RelB results in hyper-induction of not only NFxB-associated genes but a large ISG
expression program prompting the question of whether it drives the described autoimmune/
autoinflammatory pathology.

Loss of RelB in mouse myeloid cells recapitulate hyperexpression of type | IFN and
interferon stimulated gene programs observed in patient fibroblasts.

Adoptive transfer studies suggested that myeloid cells (MCs) play a key role in driving
the lethal multi-organ inflammation in Re/B~/~ mice (23,24). We therefore undertook

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 February 10.
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transcriptomic profiling of mouse MCs produced by differentiating wild-type and Re/B~
bone marrow cells with GMCSF + IL-4 or MCSF, which generate primarily dendritic cells
or macrophages, respectively (38,42). We then stimulated these cells with TLR3 or TLR9
agonists poly(I:C) (10ug/mL) - or CpG (0.1uM) over a 24-hour time course and performed
unbiased differential gene expression analyses followed by k-means clustering. Our analysis
of GMCSF MCs revealed 425 and 415 genes induced (logFC>1) with poly(l:C) and CpG
respectively. Differential gene expression analysis revealed clusters of genes which were
hyper-expressed both in a basal state and upon poly(l:C)- or CPG- stimulation (Fig. 2a and
2b). Poly(1:C)-stimulated genes in hyper-expressed cluster A (72 genes) showed average
fold differences in expression ranging from 1.5x to 3.9x between Re/B~/~ and WT GMCSF
MCs at any of the measured time points (Fig. 2a, Supplementary Table 2). Likewise, CpG
stimulated genes in hyper-expressed cluster C (116 genes) showed average fold differences
in expression ranging from 1.2x to 2.5x between Re/B~'~ and WT GMCSF MCs at any

of the measured time points (Fig. 2¢, Supplementary Table 2), and shared 55 out of the

72 genes with poly(1:C) hyper-expressed cluster A. Motif enrichment analysis of hyper-
expressed cluster A in poly(l:C)-stimulated GMCSF MCs revealed the ISRE as the top motif
in a statistical enrichment analysis that considered —1kb to +1kB with respect to the TSS of
the regulatory region of each gene (Fig. 2a, bottom). Similarly, in CpG-stimulated GMCSF
MCs, hyper-expressed cluster C also yielded the ISRE as the top statistically enriched

motif (Fig. 2c, bottom). Furthermore, GO analysis of these clusters revealed 1SG-inducing
pathways, “IFN-a response”, and “IFN-y response” among the top terms for both clusters.
These data suggested that hyper-expressed genes in these clusters are ISGs, perhaps elevated
by hyper-induction of IFNs in Re/B~'~ GMCSF MCs. We therefore analyzed a set of IFN
genes and found /fnb1 to be elevated, with concurrent hyper-expression of 1SGs, Oas/,
Oasl1, Oas2, IfitZ, and /fit3, in both poly(l:C)- and CPG-stimulated conditions (Fig. 2¢ and
2d). Like poly(1:C)-stimulated RelB-null patient-derived fibroblasts, Re/8'~ GMCSF MCs
stimulated with poly(I:C) also revealed a gene cluster (cluster B) which was hyper-expressed
at the late 24h stimulated timepoint with an average expression fold difference of 1.45x
between Re/B~'~ and WT GMCSF MCs. This cluster yielded NFxB as the top result in
motif enrichment analysis. All other clusters in both poly (1:C) and CpG were unchanged,
containing average expression fold differences ranging from .9x to 1.17x between Re/B~/~
and WT GMCSF MCs at all time points (Fig. 2a and 2c¢, Supplementary Table 2). Next,

we asked whether myeloid cells differentiated with M-CSF (MCSF MCs) showed similar
transcriptomic dysregulation as GMCSF MCs. We generated MCSF MCs from Re/B~/~ and
WT control bone marrow and undertook an analogous analysis following stimulation. We
identified 1,243 unique induced genes (logFC>1) with LPS and performed differential gene
expression analysis. In contrast to our findings with GMCSF MCs, our analysis of MCSF
MCs revealed no differentially expressed gene clusters between WT and Re/B~/~ genotypes,
with all clusters revealing average expression fold differences ranging from .9x to 1.1x
between Re/B~'~ and WT MCSF MCs at all time points. (Fig. 2e, Supplementary Table 2).
The lack of expression phenotype may be because MCSF MCs show lower levels of Re/lB
expression compared to GMCSF MCs (39). Together, these results indicated that the loss

of RelB results in a cell-specific transcriptome phenotype, with PAMP-stimulated GMCSF
MCs showing broad and pronounced dysregulation of interferons and interferon-stimulated
genes. Given the physiological importance of dendritic cells in both innate immunity as
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cytokine and chemokine producers (43), and adaptive immunity as antigen-presenting cells
(44,45) and, in addition their demonstrated involvement in the Re/B~~ autoinflammatory
pathology (23,24), we proceeded with Re/B'~ GMCSF MCs as a model system for further
studies.

Compound deficiency of the type | interferon receptor ablates the hyperactivation of the
interferon-stimulated gene program in RelB-deficient dendritic cells.

While the expression of ISGs is primarily driven by the transcription factor complex ISGF3
or STAT1 homodimers (GAF) which are downstream of IFN signaling (46), many ISGs also
contain NFxB maotifs and have been shown to be regulated by NFxB (47-49). However,

the potential role of NFxB RelB in regulating ISGs or other immune response genes
remains largely unknown. Given the hyper-expression of IFN, it remained unclear whether
hyperexpression of ISGs is caused by elevated IFN signaling and secondary ISGF3
activation, or by IFN-independent regulatory mechanisms more directly caused by the loss
of RelB. To distinguish between these two mechanisms, we generated an /FNAR'~RelB!~
double mutant mouse which results in complete ablation of IFNp signaling and thus a

loss of secondary IFN-dependent gene expression programs, while IFN-independent gene
expression remains. Using bone marrow from double /FNAR~RelB~, single IFNAR™-,
single Re/B~~, and WT mice, we produced GMCSF MCs and performed RNA-seq followed
by differential gene expression analysis and k-means clustering.

To distinguish between dysregulated responses that were interferon-dependent or
independent, we aimed to identify clusters with hyper-expressed genes shared between
RelB~ and IFNAR~RelB~'~ GMCSF MCs and that were not hyper-expressed in single
IFNAR!= cells. We therefore first identified 1,123 induced (logFC>1) genes upon CpG
(0.1uM) stimulation in WT or Re/B~'~ MCs, and further filtered for genes that were
hyper-expressed (FC>1.5) in Re/B~~ MCs relative to WT MCs. We identified 334 genes
which met these criteria and then examined their expression patterns in /FNAR™~ and
IFNAR™=RelB™!~ MCs. Using k-means clustering on these genes of interest, our analysis
identified hyper-expressed cluster A (215) which had average fold differences ranging
from 1.8x to 2.1x between /FNAR™'~RelB™'~ MCs relative to WT MCs and 1.4x to 1.6x
relative to single /FNAR/~MCs at all observed timepoints (Fig. 3a, Supplementary Table
3), suggesting these may be genes directly affected by the loss of RelB, and independently
of IFN signaling. On the other hand, the induction of genes in hyper-expressed cluster B
(119 genes) was lost in both /FNAR™~RelB~'~ and single /FNAR~MCs, having average
CPM fold changes differences of .6x in both /FNAR™'~RelB~ and IFNAR™~ MCs relative
to WT MCs at the late 8h stimulated timepoint. These data suggested that genes in this
cluster are 1SGs and are hyper-expressed in Fe/B~/~ due to elevated IFNB signaling. Motif
enrichment analysis (-1kb to +1kB from the TSS) of cluster A genes hyper-expressed
specifically in Re/B~'~ and IFNAR™'~RelB'~mutants revealed NFxB as the top statistically
enriched motif and GO analysis revealed NFxB-inducing pathways “CD40”, “TNF”, and
“LPS-signaling” as the top terms (Fig. 3b). As expected, motif enrichment analysis of
IFN-dependent cluster B revealed ISRE as the top statistically enriched motif and GO
analysis resulted in 1SG-inducing pathways, “IFN-A" and “IFN-B”, as the top terms (Fig.
3b). Our analysis of poly(l:C) (10ug/mL) stimulated MCs also yielded an IFN-dependent
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and independent cluster (Supplementary Fig. S1), with the IFN-dependent cluster sharing
44 out of 82 genes with the CpG IFN-dependent cluster, and the and the IFN-independent
clusters sharing 58 out of 130 genes. (Supplementary Table 3, Supplementary Table 4).

These data suggested that while there are ISGs that are indirectly hyper-expressed by the
loss of RelB, genes directly dysregulated by the loss of RelB are primarily NFxB-regulated
immune response genes. Analysis of individual genes within the IFN-independent cluster

A and genes with similar IFN-independent expression patterns revealed a myriad of NFxB-
regulated pro-inflammatory genes including inflammatory chemokines, Cc/5and Cc/22,
co-stimulatory molecules Cad80 and Cad86, canonical and non-canonical NFxB stimulating
receptor Cad40. As well as IFN signaling activators and p-IRF3 kinases, Map3k14 (NIK),
and /kbke (IKKe) (50,51) (Fig. 3c). We found these genes were also hyper-expressed in
IFNAR™=RelB™'= MCs upon poly (1:C) stimulation (Supplementary Fig. S2). We then asked
if these genes may also be hyper-expressed in RelB-null patient samples and we found 51
out of 334 of these genes were hyper-expressed in human RelB-null fibroblast from P1 (Fig.
3d). Together, these data suggest that while the ISG transcriptome signature is a substantial
portion of the hyperexpression in RelB-null immune sentinel cells, RelB-loss also results in
hyperexpression of many immune response genes via IFN-independent mechanisms.

Ablation of the elevated type | IFN stimulated gene program does not rescue RelB-null

pathology.

Having established that a significant proportion of the hyper-expressed genes associated
with RelB-loss are due to elevated IFN signaling, we asked whether these genes cause or
contribute to the inflammatory pathology described for the Re/B~'~ mouse. To answer this,
we examined the health state of Re/B~/~, and /FNAR™'~RelB~!~ double mutant mice, as well
as controls. Upon phenotypical analysis, the 4-week old /FNAR™'~RelB™'~ mouse appeared
runted, much smaller than its healthy heterozygous littermate, and similar to Re/B~/~ mice
(22) (Fig. 4a). IFNAR™'~RelB~'~ mice were found to have marked splenomegaly similar

to Rel/B~I~ mice (22) (Fig. 4b). The spleen from /FNAR™'~RelB™!~ weighed 2.9x and 2.5x
more than spleens from WT and single /FNVAR™~ mice respectively (Fig. 4c). Additionally,
histological analysis of /FNAR~RelB'~ -spleens revealed marked red pulp expansion and
a reduction in white pulp, similar to both our observations and prior reported findings

in the Re/B~'~ mice (22) (Fig. 4d). Upon assessment of serum cytokine levels, Re/B~/~
mice revealed elevated levels of CXCL10 and IL-6 (p=.051), consistent with previous
reports in the skin and lungs of Re/B~~ mice, respectively (23,52). However, the levels

of these elevated cytokines in the serum were not diminished by /FNAR deletion (Fig.

S3). These data together identify two unique classes of genes regulated by NFxB subunit
RelB in immune sentinel cells relevant to human pathology, IFN-dependent ISGs, and IFN-
independent inflammatory genes. Most importantly these data determine clinically relevant
findings in understanding which genes play critical roles in loss of RelB autoinflammatory
pathology. While we have shown that the loss of RelB indirectly regulates ISGs via Type

I IFN signaling, these genes seem to play a superfluous role in critical aspects of the multi-
organ inflammation seen in Re/B~'~ mice, instead RelB directly suppresses IFN-independent
genes that are likely the critical drivers of inflammation by immune sentinel cells. These
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data inform future studies for clinical targets in treating loss of RelB and other autoimmune
and autoinflammatory disorders.

DISCUSSION

Here we report a molecular characterization of auto-inflammatory disease caused by RelB-
deficiency. Taking an unbiased approach via transcriptome analysis, we found fibroblasts
derived from RelB-deficient patients showed hyper-expression of IFN-p and interferon-
stimulated genes (1SGs) when exposed to the PRR agonist poly(1:C). This was also

seen in mouse DCs (Fig. 2a) and found to be dependent on signaling via the type |
interferon receptor, IFNAR (Fig. 1a, 3a). Initially, we expected to provide evidence to
categorize the Re/B~'~ null pathology as an interferonopathy-driven AIF disease, thereby
providing a clinically relevant therapeutic target to ameliorate the auto-inflammatory
pathology. However, we found that compound knockout /FNAR™~RelB~'~ mice showed
no amelioration of critical aspects of the auto-inflammatory disease characteristic of RelB-
deficient mice. Compound knockouts remained drastically runted, presented hunched backs,
and had enlarged abdomens, like Re/B~'~ mice (22). Additionally, no improvement in the
organ inflammation was seen as measured by splenomegaly or histological analysis of red
and white pulp.

Given the pronounced ISG expression signature in RelB-deficient human fibroblasts and
murine dendritic cells, this is a surprising result. We wondered whether the compound
mutant might have residual ISG expression via STAT1 or IRF3-dependent compensatory
mechanisms (53,54), but detailed analysis confirmed that ISG expression was diminished
to baseline or below by the /FNAR knockout mutation (Fig. 4e). Thus, the pathology in
C57/BI6 mice resulting from RelB-deficiency, despite being associated with a pronounced
interferon signature, is not an interferonopathy. However, given that our studies were done
with a specific congenic mouse strain, under pathogen-free conditions, we cannot rule out
type I IFN involvement in RelB knockout pathologies in other genetic backgrounds or in
the context of diverse microbial exposure, which may be relevant to human pathology (55).
Additionally, we cannot rule out the potential role of other classes of interferons given that
our approach was restricted to deletion of type I interferon signaling.

What may be causing or contributing to the pathology if elevated 1SGs are not? We focused
our attention to IFN-independent genes that remain elevated when /FNARis also knocked
out. We identified a group of pro-inflammatory genes that were elevated in RelB-null
patient-derived fibroblasts, as well as in murine Re/B~/~ DCs. Importantly, this gene cluster
remained elevated in DC derived from /FNAR™'~RelB™'~ mice. Our analysis of this cluster
of dysregulated genes revealed the NFxB motif as the top motif enriched near the regulatory
regions of these genes. Interestingly, in fibroblasts from patients in a different family in
which Rel/B expression is reduced but not absent, a cluster of hyper-induced genes also
showed enrichment of the NFxB maotif (19). This supports the notion that RelB-deficiency
leads to a pathology that can be categorized as a relopathy.

Among these dysregulated genes associated with the RelB relopathy are potent pro-
inflammatory chemokines, Ccl5 and Ccl22. Ccl5 is a potent regulator of inflammation and
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chemotaxis and is of great therapeutic interest in diseases involving immune dysregulation
such as inflammatory bowel disease, atherosclerosis, hepatic inflammation, and many
cancers (56), importantly Ccl5 is a potent recruiter of T cells into sites of inflammation
and can also recruit macrophages, eosinophils, and basophils (57). Given that MCs reside
in all peripheral tissues (58) and fibroblasts are found in most tissues of the body (59),
Ccl5 hyper-expressing fibroblasts and GMCSF MCs in Re/B~~ mice and human patients
may explain the initial recruitment of lymphocytes into inflamed organ tissues. MCs are
also professional antigen presenting cells responsible for initiating antigen-specific T-cell
immunity. T-cells require a secondary co-stimulation signal after TCR binding to become
active, of which CD80, CD86, and CD40 are key co-stimulatory signaling molecules
(60,61). The hyper-expression of CD80, CD86, and CD40 in /FNAR™'~RelB'~ GMCSF
MCs, suggests that these cells may exist in an intrinsic auto-inflammatory state that may
hyper-activate T-cell mediated immune response at sites of inflammation in Re/B~/~ mice.
This is consistent with findings in RelB-null human patients of high peripheral T cell
numbers with clonally expanded populations as shown by TCR-Vb analysis (20,21), along
with previous reports demonstrating that the multiorgan inflammation, myeloid hyperplasia,
and inflammatory skin lesions are T-cell dependent mechanisms in Re/B~~ mice (52,62).
In addition, the cluster of IFN-independent Re/B~/~ dysregulated genes included /kbke, as
well as non-canonical NFxB activator Map3k14, which are both established Type I IFN
inducers (51,63), prompting the question of whether these may contribute to the onset of
IFN dysregulation. However, since our data indicate that the 1SG expression program is not
contributing to the auto-inflammatory pathology, this question was not further pursued.

In clinical settings, hyper-expression of ISGs, a hallmark of interferonopathies, has

been associated with hepatosplenomegaly, meningoencephalitis, interstitial lung disease,
recurrent unexplained fever, inflammatory organ damage, high mortality, and autoimmune
characteristics (18,64,65), some of which are symptoms seen in the Re/B~/~ pathology.
Clinical diagnosis of interferonopathies relies on an “interferon score” by measuring the
expression of a panel of interferon-stimulated genes (66), a type-l IFN-response-gene score
(IRG-S), cytokine profiling, clinical phenotyping, or next-generation sequencing (NGS)
(18). Testing therapeutic targets along the IFN-axis in many human trials showed moderate
success with monoclonal antibodies against IFNAR in treating systemic lupus erythematosus
(SLE) (67), a well characterized interferonopathy (68). However, patient response rates
remained below 50%, and many other clinical anti-IFN trials have produced mixed results
(64). In the mouse, lupus models have a higher level of success with anti-IFNAR antibody
therapy extending survival from ~20% in controls to ~70% with treatment (69), raising the
question of what may account for the large variation in response to anti-interferon therapy.

Interestingly, in multiple studies SLE patients have also been characterized with A20
haplo-insufficiency (HAZ20), an autoinflammatory relopathy, presenting with systemic
inflammation and increased NFxB-mediated pro-inflammatory cytokines (70,71), however
these studies did not test for an IFN-signature. A separate study characterizing 30 patients
with mutations in the, 7MFA/P3 gene (encoding A20), and 8 other clinically diagnosed
HAZ20 patients showed that many of these patients were previously diagnosed with diseases
associated with interferonopathies and other inflammatory mechanisms such as SLE,
autoimmune hepatitis, and juvenile idiopathic arthritis (72—-74).
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Our studies presented here and by Roifman et al. (19) indicate that in RelB-deficient
autoimmunity a presentation of interferonopathy is secondary to relopathy-type auto-
inflammatory mechanisms, establishing a hierarchical relationship. While prior molecular
characterization of human monogenic or polygenic pathologies suggests similarities to
RelB-deficiency in the presentation of the pathology, it remains unclear whether the
described molecular mechanisms and hierarchy apply. Yet, these findings may provide a
potential explanation for the lack of efficacy in interferonopathy patients to therapeutics
that target the IFN-axis (75). In sum, our findings emphasize that a presentation of
interferonopathy does not necessarily render the interferon pathway an effective drug target
and underscores the need for continued characterization of NFxB-driven auto-inflammatory
mechanisms to develop effective therapies for relopathies.
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Key Messages

. Human and mouse NFxB RelB deficiency leads to multi-organ auto-immune
pathology.
. Unbiased profiling of patient derived fibroblasts reveals a broad interferon

gene signature which is also present in RelB knockout mouse dendritic cells.

. Compound deficiency of the interferon type I receptor completely ablates this
gene program, but does not diminish RelB knockout autoimmune pathology,
ruling out interferonopathy.
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Fig. 1. Fibroblasts obtained from a human RelB-null donor show hyperexpression of type |
interferon and interferon-stimulated genes.

a Heatmap of z-scored logo,CPM of all poly(l:C)(10ug/ml)-induced (FC>4 and FDR <0.01)
genes in Control or P1 (RelB-null) derived fibroblasts (740 genes). Each row represents
individual genes, and each column is from an individual time point post stimulation. R1 and
R2 are experimental replicates. Red and blue colors represent distance from mean logo,CPM
value for each gene. b Top two results of known motif analysis results for gene clusters
from Fig. 1a. Motif analysis considered —4kb to +1kB with respect to the transcription start
site (TSS). Cluster B did not generate motifs with given parameters. (N.A.=No motif result)
¢ Gene ontology results for gene clusters from Fig. 1a. d Line graphs of gene expression
(log,CPM) for /fn, and /fn- A3, and several ISGs during poly(l:C)-stimulation (0,2,4,8
and 15hr) (blue line represents control patient derived fibroblasts, Rep. 1= large circle,
Rep.2= small circle, red line represents P1 patient derived fibroblasts, Rep. 1= large square,
Rep.2= small square).
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Fig. 2. Loss of RelB in mouse myeloid cells recapitulate hyperexpression of type I IFN and
interferon stimulated gene programs.

a Heatmap of z-scored mRNA expression of all poly(l:C)-induced (10pg/ml) (logFC>1)
genes in WT GMCSF MCs (425 genes) (upper panel). Motif analysis and GO results

for gene clusters from Fig. 2a (fower panel) b Line graphs of mMRNA expression during
poly(I:C)-stimulation (0,1,3,8 and 24hr), blue line (circle) represents WT GMCSF MCs,
red line (square) represents Re/B~ '~ GMCSF MCs c (Top) Heatmap of z-scored mRNA
expression of all CPG-induced (0.1pM) (logFC>1) genes in WT MCs (415 genes). ¢
(Bottom) Motif analysis and GO results for gene clusters from Fig. 2c d Line graphs of
MRNA expression during CpG-stimulation (0,1,3,8 and 24hr), same color key as Fig 2b. e
(Left) Heatmap of z-scored mRNA expression of all LPS-induced (logFC>1) genes in WT
or RelB~'~ MCSF MCs (1,243 unique genes). e (Right) Motif analysis and gene ontology
results from gene cluster B of Fig. 2e. Each row in heatmaps represents individual genes,
each column is an individual time point during stimulation. Motif analysis showing top
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statistically significant motif analysis result (known or de-novo) considering —1kb to +1kB
with respect to the TSS.
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Fig. 3. Type I IFN receptor compound deficiency ablates the elevated IFN-stimulated gene
program but reveals other immune response genes suppressed by RelB independent of type |
IFN signaling.

a Heatmap of z-scored CPM of all Re/B~/~ hyper-expressed genes in WT, Re/B/~,
IFNAR=, and IFNAR™'~RelB™'~ MCs. Genes selected for CpG-induced (0.1uM)
(logFC>1) in WT or Re/B™'~ MCs & hyper-expressed (FC>1.5) in Re/B~'~ MCs relative
to WT MCs at any time point (334 genes). Each row represents individual genes, each
column is from an individual time point during stimulation. b Top known motif analysis
and gene ontology results for gene clusters from Fig. 3a. ¢ Line graphs of CPM for
IFN-independent hyper-expressed genes from cluster A from Fig. 3a and genes with similar
functions during CpG-stimulation (0,1,3, and 8hr), dark blue line (closed circle) represents
WT GMCSF MCs, dark red line (closed square) represents Re/B~~ GMCSF MCs, light
blue line (open circle) represents /FNAR~'~ GMCSF MCs, light red line (open square)
represents /FNAR™'~RelB~'~ GMCSF MCs. d Line graphs of log,CPM for genes from
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cluster A in Fig. 3a and genes with similar functions in patient derived fibroblasts from Fig.
la. Poly(I:C)-stimulation (0,2,4,8 and 15hr), (blue line represents control patient derived
fibroblasts, Rep. 1= large circle, Rep.2=small circle, red line represents P1 patient derived
fibroblasts, Rep. 1= large square, Rep.2= small square). Motif analysis considered —1kb to
+1kB with respect to the TSS.
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Fig. 4. Ablation of the elevated type | IFN-stimulated gene program does not rescue RelB-null
pathology.
a Representative image of /FNAR™'~;RelB~~ (Right) and healthy litter mate (Left) at 4

weeks of age, ruler for scale. b Representative image of spleens from /FNAR™~RelB™-
mice (Right) and healthy litter mate (Left) ¢ Spleen weights from age-matched WT ( solid
dark blue), Re/B~'~ ( solid dark red), /FNAR~( checkered light blue), /FNAR™'~RelB~
(checkered light red), and /FNARRelB"! (solid light blue) mice. Error bars indicate S.D.
Statistical analysis was done using unpaired 2-tailed students t-test d Representative images
from histology of WT, Re/B~, IFNAR™=, and IFNAR'~RelB'~ spleens, demonstrating
loss of white pulp and expansion of red pulp in /FNAR~RelB'~ spleens. White bar for
scale (bottom right, 50um) e Line graphs of gene expression (CPM) for ISGs showing

loss of induction in /FNAR™~ (light blue, open circle) and /FNAR™~RelB™~ (light red,
open square) mice during CpG-stimulation (0,1,3, and 8hr). Dark blue line (closed circle)
represents WT GMCSF MCs, dark red line (closed square) represents Re/B'~ GMCSF
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MCs, light blue line (open circle) represents /FNAR™'~ GMCSF MCs, light red line (open
square) represents /FNAR™'~RelB~~ GMCSF MCs.
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