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Abstract

Background Systemic lupus erythematosus (SLE) is an autoimmune disease with protean manifestations. There

is little understanding of why some organs are specifically impacted in patients and the mechanisms of disease
persistence remain unclear. While much work has been done characterizing the DNA methylation status in SLE, there
is less information on histone modifications, a more dynamic epigenetic feature. This study identifies two histone
marks of activation and the binding of p300 genome-wide in three cell types and three clinical subsets to better
understand cell-specific effects and differences across clinical subsets.

Results We examined 20 patients with SLE and 8 controls and found that individual chromatin marks varied con-
siderably across T cells, B cells, and monocytes. When pathways were examined, there was far more concordance
with conservation of TNF, IL.-2/STAT5, and KRAS pathways across multiple cell types and ChIP data sets. Patients
with cutaneous lupus and lupus nephritis generally had less dramatically altered chromatin than the general SLE
group. Signals also demonstrated significant overlap with GWAS signals in a manner that did not implicate one cell
type more than the others.

Conclusions The pathways identified by altered histone modifications and p300 binding are pathways known

to be important from RNA expression studies and recognized pathogenic mechanisms of disease. NFkB and clas-
sical inflammatory pathways were strongly associated with increased peak heights across all cell types but were

the highest-ranking pathway for all three antibodies in monocytes according to fgsea analysis. IL-6 Jak/STAT3 signal-
ing was the most significant pathway association in T cells marked by H3K27ac change. Therefore, each cell type
experiences the disease process distinctly although in all cases there was a strong theme of classical inflammatory
pathways. Importantly, this NFkB pathway, so strongly implicated in the patients with generalized SLE, was much
less impacted in monocytes when cutaneous lupus was compared to the general SLE cohort and also less impacted
in lupus nephritis compared to general SLE. These studies define important cell type differences and emphasize

the breadth of the inflammatory effects in SLE.
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Background

Systemic lupus erythematosus (SLE) is a chronic
inflammatory disease affecting predominantly young
women during their peak productive years. Typical
manifestations of SLE include a photosensitive rash,
glomerulonephritis, arthritis, and serositis [1]. Autoan-
tibodies represent the best biomarker of disease subsets
[2], however, these are imperfect and are not accurate
for the prediction of course or severity [3, 4].

Gene expression and epigenetic studies have increas-
ingly been utilized to better understand the drivers of
disease course [5-7]. Starting with DNA methylation,
studies performed on stored DNA samples revealed a
globally hypomethylated genome in SLE [8]. Interferon-
responsive genes have been consistently identified as
demethylated in CD4 T cells [9, 10] with hypermethyla-
tion observed in B cells [11]. Mechanistically, a subset
of changes have been traced back to over-expression
of EZH2 in T cells in SLE [12]. DNA hypomethylation
has also been observed in neutrophils from people
with SLE, with particular enrichment of interferon-
regulated genes. The hypomethylation was largely sta-
ble over time although there were differences related to
race [13].

Less work has been done to characterize histone modi-
fications in SLE, another important epigenetic mirror
of disease state. Our data have demonstrated a clearly
altered histone landscape in SLE patients with overall
increased H4ac in patient monocytes with networks of
NFkB and IRF1. Genes with both high H4ac and high
gene expression had a signal for antiviral pathways, char-
acteristic of interferon responses [14]. 28% of the SLE-
related gene expression differences in monocytes could
be replicated by treatment with a2 interferon, one of the
type I interferons. In addition to altered peak height for
H3K4me3 in SLE, peak shape was altered with the broad-
est peaks in H3K4me3 associated with the highest like-
lihood of increased transcription in SLE [15]. Monocyte
enhancers with altered peak height in SLE were enriched
in transcription factor bindings sites for IRF1, Pu.1, SP1,
IRF4, IRF8, STAT1, and STAT6 [16]. When studies were
performed expanding to T cells, B cells, and monocytes,
only ribosome biogenesis crossed all three cell types
as a conserved signature for H3K4me3 [17]. Both tran-
scripts and H3K4me3 overlapped known GWAS signals
but each cell type had largely its own histone signature in
SLE. Other groups have focused on histone acetylation,
identifying hypoacetylated H3 and H4 in T cells and B
cells from patients with SLE [18]. This study was under-
taken to examine whether histone modification changes
in SLE are related to SLE phenotype and to validate our
previous findings across the three cell types using an
expanded analysis of chromatin.
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Methods

Cell source and purification

The female healthy donor blood samples were obtained
from the Human Immunology Core, under a protocol
approved by the University of Pennsylvania Perelman
School of Medicine Institutional Review Board (IRB)
(“Controls” N=8). They were self-declared as healthy.
The female SLE patient blood samples were from the
Johns Hopkins Lupus Cohort [19, 20] under a separate
IRB protocol (“SLE” N=20) and 4 patients with rheuma-
toid arthritis (RA) were from the same institution under
the same IRB (“RA” N=4). Control and SLE samples
were handled identically with simulated shipping for the
controls. Peripheral blood mononuclear cells (PBMC)
and monocytes were purified as previously described
[21]. Dynal beads (Dynabeads® CD3 and CD19, Invit-
rogen, Oslo, Norway) were used to separate CD3 T cells
and CD19 B cells according to the manufacturer’s proto-
col. Flow cytometry was used to ensure purity (>90%) of
the three cell populations (CD14, CD19, CD3).

Chromatin immunoprecipitation

Antibodies for chromatin immunoprecipitation were all
validated for ChIP. Sources were H3K27ac from Abcam
(4729), and H3K4me3 [39] from Active Motif, and p300
(D2X6N) from Cell Signaling Technologies. Cells puri-
fied as above were fixed, lysed and sonicated according
to the ChIP-IT High Sensitivity kit instructions (Active
Motif). Libraries were prepared using NEBNext Ultra II
DNA Library Kit for Illumina.

Bioinformatic analyses

The workflow for ChIP-sequencing analysis, in brief, was
as follows: trimgalore was used to trim adapters, and
bowtie2 was used to align trimmed reads, and aligned
reads were sorted and indexed using samtools. Peaks were
called using macs2 callpeak for narrow peaks. DiffBind
was used to filter out ENCODE blacklist regions, count
peaks, normalize for library size, and analyze differen-
tially bound peaks between conditions (EdgeR method in
DiftBind). Differentially bound sites identified in DiffBind
were annotated using ChIPpeakAnno to find the nearest
feature. For cross-referencing with GWAS SNPs, the 221
SLE-associated SNPs identified by Farh et al. [22] were
examined. Sample read coverage of a 1 kb region (—500
to+500) around each SNP was calculated using bedtools
coverage. Coverages were log-transformed and normal-
ized by Loess method. Wilcoxon Rank Sum test was used
to test significance of the difference in coverage between
Lupus and Control groups. The difference in average
coverage between groups was plotted for each SNP. Dif-
ferentially bound genes identified by DiftBind were also
cross-referenced with differentially expressed genes from
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a previous bulk RNA-seq experiment of lupus and con-
trol B cells, T cells, and monocytes [17]. More details on
the bioinformatics methods (including software versions)
can be found in the Supplemental Methods.

Patient and public involvement

Patients or the public were not involved in the design,
conduct, reporting or dissemination plans of our
research.

Data access

The data sets are available on the database of Genotypes
and Phenotypes (dbGaP) under accession phs003713.
vl.pl.

Results

Patient and control data

Comparisons between SLE and Control utilized samples
from 8 healthy donors and 7 patients with SLE (without
nephritis). The mean age for the SLE group was 49 years
with mean age-of-onset of 32 years. Recruited patients
were not on B cell depleting therapies or cytotoxic drugs.
The autoantibody profile and racial breakdown are given
in Supplemental Table 1. Library counts for each analy-
sis are given in Supplemental Table 2. The SLEDAI at
the time of sampling was 2.9. Five patients with cutane-
ous lupus provided samples for a subset analysis and they
had a mean age of 47 years with the mean age-of-onset at
26 years of age. Eight patients with lupus nephritis were
included in the subset analysis and they had a mean age
of 43 years with mean age-of-onset at 23 years of age.
Four subjects with RA were used as a comparator group
with a different inflammatory disease and they had a
mean age of 66 years of age. Differences in age between
groups were not significant except for SLE vs. control
where p=0.02. All subjects were female.

SLE pathways

We initially examined H3K4me3, H3K27ac and p300 in
SLE and healthy controls using DiftBind to define differ-
ential peak height between groups. The two histone mod-
ifications and p300 binding conceptually reflect active
regulatory regions with H3K4me3 being most enriched
at active promoters and H3K27ac being enriched at
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active enhancers. P300 is enzymatically responsible for
H3K27 acetylation at enhancers, among other functions
[23, 24]. There were minimal genes with conserved dif-
ferential peak binding across the three cell types and
all three chromatin marks. Among the top 20 differen-
tially impacted genes, there was only a single gene with
concordant effects (Supplemental Fig. 1). PRRC2A had
increased peak height across all three antibodies and all
three cell types. This gene encodes a protein involved in
stress granule formation and is induced by type I interfer-
ons or viral infections, consistent with the interferon sig-
nature in SLE [7]. MIRI7HG peak height was decreased
across all three antibodies in both T cells and B cells but
not in monocytes. This microRNA has been implicated
in cell proliferation and apoptosis. In general, there was
more sharing across the lymphocytes than either T cells
or B cells with monocytes. Overall, the limited concord-
ance across cell types was expected based on recognized
biology [25, 26]. We noted more concordance between
H3K27ac and p300 peaks compared to other combi-
nations, as expected based on their mechanistic rela-
tionship (Supplemental Fig. 2). Thus, concordance was
highest across T cells and B cells, and p300 and H3K27ac.
These findings reflect known biological attributes where
p300 and enhancers are mechanistically linked. The vol-
cano plots clearly demonstrate the magnitude of the dif-
ferential between decreased peak height and increased
peak height with far more decreased peak heights in SLE
compared to controls, which was particularly notable in
T cells and B cells (Supplemental Fig. 3).

Recognizing that distinct cell types reflect responses
to their environment uniquely, we examined whether
specific pathways were conserved across cell types. We
identified strongly conserved pathways among genes
corresponding to increased peak height in SLE using
MSigDB v7.5.1 [27, 28]. MSigDB’s overlap analysis iden-
tifies pathways that overlap with an input list of genes.
Overlaps with MSigDB’s Hallmark (H) and Canoni-
cal Pathway (C2:CP) genesets were determined for the
differentially bound peaks with the greatest log2 fold
change in SLE compared to control. With the excep-
tion of p300 peaks in T cells where only one pathway
was enriched (GPCR signaling), all cells and chroma-
tin marks associated with increased peak height in SLE

Table 1 P values of enrichment of GSEA pathways of top 500 genes with increased peak height in SLE

Monocyte Monocyte Monocyte B cell B cell B cell p300 Tcell Tcell T cell p300
H3K4me3 H3K27ac p300 H3K4me3 H3K27ac H3K4me3 H3K27ac

TNFAsignal-  22X107% 2.5X107™ 1.9X107° 2.2X1071° 3.1x107" 30X1077 26X107° 3.1x107"3

ing via NFkB

Inflammatory  2.2X107%? 1.2X107'8 1.9X107° 15X1078 1.1X1077 44X10°%  24x1071° 3.1%107"3

response
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Fig. 1 Pathway analysis of SLE versus control. Differentially bound ChiIP-seq peaks up and down in SLE compared to control were used for Fast
Gene Enrichment Analysis (fgsea) analysis of Hallmark pathways. The cutoff for genes analyzed was FDR< 0.1 and the genes were ranked by log2
fold change in fgsea. The analyses are divided by antibody type and cell type. Pathways enriched in SLE have a positive normalized enrichment
score, and pathways with decreased enrichment in SLE have a negative normalized enrichment score. The color scale indicates the significance
(p-value <0.05) and the size of the circle reflects the absolute value of the normalized enrichment score. Pathways with an adjusted p-value >0.05
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Fig. 2 Pathway analysis of cutaneous versus general SLE. Differentially bound ChiP-seq peaks up and down in cutaneous compared to general
SLE were used for Fast Gene Enrichment Analysis (fgsea) analysis of Hallmark pathways. The cutoff for genes analyzed was FDR< 0.1 and genes
were ranked by log2 fold change in fgsea. Only monocyte data is displayed. B cells had no significant differences and T cell had a single pathway
altered in SLE (TNF). Pathways enriched in cutaneous lupus have a positive normalized enrichment score, and pathways with decreased enrichment
in cutaneous lupus have a negative normalized enrichment score. The color scale indicates the significance (p-value <0.05) and the size of the circle
reflects the absolute value of the normalized enrichment score. Pathways with an adjusted p-value > 0.05 are colored in gray

shared high enrichment for “INFA signaling via NFkB”
and “Inflammatory Response” (Table 1). This finding is
all the more notable given the overall decrease in peak
height in SLE (Supplemental Fig. 3). Thus, individual
gene signatures are varied between cells and chroma-
tin marks, but there are similar pathways driving the
changes across cell types. We then analyzed overall
peak height changes (up and down) in SLE for MSigDB
Hallmark pathways using fgsea, an implementation of
GSEA [29]. The fgsea enrichment score (ES) represents
the degree to which the query genes (here, the differ-
entially bound genes) are present in a pathway geneset.
We see a clear recapitulation of the key pathways across
cells and chromatin marks (Fig. 1). TNF/NF«B (par-
ticularly prominent for H3K27ac marks) and IL-6/Jak/
STAT3 (particularly prominent in monocytes) path-
ways all reached significance across multiple antibodies
and cell types in the differential peak height analysis.
These data in Table 1 and Fig. 1 suggest both myeloid
and lymphoid contributions to the cellular epigenetic
responses to disease and highlight the TNF/NF«kB and
IL-6/Jak/STAT3 pathways as being central to the dis-
ease process.

SLE clinical subsets

To understand if distinct pathways were invoked in clini-
cal subsets, we analyzed 5 samples from patients with
cutaneous lupus and 8 samples from patients with lupus
nephritis. Clinical data are in Supplemental Table 1.
Comparing cutaneous SLE to general SLE using fgsea to
identify enriched pathways, nearly all of the significant
pathways had a negative normalized enrichment score,
which indicates that these pathways were predominantly
associated with decreased peak height in monocytes
in cutaneous samples compared to general SLE (Fig. 2).
Across all three antibodies, the TNF pathway had the
most negative enrichment score in cutaneous lupus com-
pared to general lupus. Multiple other pathways identi-
fied as elevated in the general SLE vs. control analysis
(Fig. 1) were decreased in cutaneous lupus compared to
general lupus for all three antibodies, including comple-
ment, IL-2/STATS5, and y-interferon pathways. The only
T cell or B cell difference observed was increased peak
height in TNF pathway genes defined by H3K27ac in T
cells (not shown). Similarly, comparing nephritis to gen-
eral SLE, we again found that all the significant pathways
had negative enrichment scores, meaning that the genes
within these pathways generally had decreased peak
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Fig. 3 Pathway analysis of lupus nephritis versus general SLE. Differentially bound ChiP-seq peaks up and down in lupus nephritis compared
to general SLE were used for Fast Gene Enrichment Analysis (fgsea) analysis of Hallmark pathways. The cutoff for genes analyzed was FDR< 0.1
and genes were ranked by log2 fold change in fgsea. Only monocyte data is displayed. No significant differences were observed for T cells and B
cells. Pathways enriched in lupus nephritis have a positive normalized enrichment score, and pathways with decreased enrichment in lupus
nephritis have a negative normalized enrichment score. The color scale indicates the significance (p-value <0.05) and the size of the circle reflects
the absolute value of the normalized enrichment score. Pathways with an adjusted p-value >0.05 are colored in gray

height in monocytes (Fig. 3). The IL-2/STAT5 signaling
pathway was significantly lower across all three antibod-
ies in monocytes in lupus nephritis vs general SLE. These
findings support monocyte responses to the inflamma-
tory milieu of SLE as a differentiator in clinical subsets.

SLE compared to RA

We analyzed 4 samples from patients with RA to
understand whether distinct pathways were invoked
in this clinically distinct autoimmune disease. In this
analysis, we found that p300 across all three cell types
was the most altered between the two cohorts and the
differences were largely decreased peak height in SLE
compared to RA (Fig. 4). There were no genes with sig-
nificantly altered peak height shared across all three

cell types.

(See figure on next page.)

ChlIP-seq cross-reference with genome-wide association
study signals

Genome-Wide Association Studies (GWAS) have been
instrumental in driving pathogenic mechanism discover-
ies across disease states [22, 30, 31]. To define relationships
between known GWAS signals and differential peak height,
we used a 1 kb window for each of the 221 single nucleo-
tide polymorphisms (SNPs) [22]. The Wilcoxon Rank sum
test was used (since sequencing data showed a negative
binomial distribution which necessitates a non-parametric
test) to analyze the difference in mean ChIP-seq cover-
age between SLE and Control for each 1 kb SNP window
(Fig. 5). T cells and B cells had more concordant changes
at the SNPs compared to either one with monocytes. Nev-
ertheless, there were comparable numbers of genes with
significantly (Wilcoxon p<0.05) altered chromatin/p300
binding across all three cell types. Of note, no gene had
concordant changes across all three cell type for all three

Fig. 4 Differential peak height in SLE versus RA. Overall, peak height is decreased in SLE compared to RA. The 20 genes (or fewer if less than 20)
with the greatest significantly diminished peak heights, i.e,, negative log2 fold change (log2FC), in SLE compared to RA are shown in A. Peak

height (annotated by nearest gene) is ranked by the log2 fold change of the decrease and the FDR indicates the significance of the difference
between lupus and RA samples for each peak as calculated in DiffBind. Volcano plots of the differentially bound peaks between SLE and RA samples

are shown in B to optimally display the overall effect on peak height
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Fig.5

Cross-referencing of ChIP-seq signals with known single nucleotide polymorphisms (SNP) associated with SLE. Stacked bar plots

of the difference in mean coverage for each chromatin mark for each SNP window, shown along the x-axis. For each SNP window, the difference

in mean coverage between SLE and Control is shown (y-axis). The three graphs per antibody are T cells on the top (“T"), B cells in the middle (“B"),
and monocytes (“M”") on the bottom, indicated by corresponding letters on the right of the graphs. Labeling at the top of the stacked bar plot
shows the chromosome and gene annotation for the SNPs. Genes are ordered (left to right) by their position in the chromosome. Within each gene,
SNPs are sorted by position. An asterisk (“*") above a bar indicates that the difference between SLE and Control coverage for the SNP was significant

according to the Wilcoxon Rank Sum Test (p-value < 0.05)

marks. CD80, STAT4, and HIPI had concordant changes
across all three marks for both T cells and B cells. HIPI
and CD80 changes were significant in both lymphocytes
and two of three data sets in monocytes. Several other loci
deserve mention. ITGAM has been highlighted as func-
tionally significant in the evolution of SLE [32]. While not
uniformly altered, differences between SLE and control
did reach significance across multiple marks and cell types.
Finally, chromosomes 7 and 8 had broad regions that were
not clearly associated with a single gene with widely altered
chromatin in SLE. These data serve as both validation of
the biological consistency across different approaches and

also serves as a demonstration of the complexity of this
disease.

ChlIP-seq cross-reference with RNA expression

Changes in histone modifications represent a control
step for transcription and combinations of histone modi-
fications serve to define both the set-point and transcrip-
tional state of a gene. Therefore, it would be anticipated
that there would be significant sharing across chromatin
and transcriptional signatures. To test this, we compared
our ChIP-seq signatures with those from a previously
published RNA-seq study of the same three cell types
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[17]. Genes were much more likely to have concomitantly
increased H3K27ac and mRNA than H3K4me3 or p300
with upregulated RNAs (Fig. 6). All three cell types were
very consistent. Among downregulated RNA species in
SLE, there was less consistency across the cell types com-
pared to upregulated RNAs, however, among downregu-
lated RNAs, H3K27ac was less likely to be downregulated
than either H3K4me3 or p300. Therefore, there is con-
cordance for RNA and histone changes in SLE, but the
associations are dependent on cell type and directionality
of change.

Conclusions

Efforts to understand the epigenetic alterations in SLE
are driven by two goals. Pre-disease changes could pro-
vide clues to environmental factors that drive susceptibil-
ity. Our study focused on disease-related changes in an
effort to enhance our understanding of disease mecha-
nisms. Therapy for SLE has advanced dramatically since
the advent of unbiased approaches to understanding
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disease with emphasis on B cells and the interferon sig-
nature as therapeutic targets. Nevertheless, there is an
unmet need for new therapeutics in SLE.

Efforts to discern pathways from GWAS, DNA meth-
ylation, RNA expression and combinations of these
data sets have generally agreed on interferon pathways
as being central. A strategy that used cross-referencing
GWAS hits with ENCODE-defined cell type-specific
H3K4me3 peaks implicated regulatory T cells, B cells,
and hematopoietic stem cells as key mediators in SLE
[33]. The EBV transcription factor, EBNA, along with
NF«B family members comprised the most significant
intersection of GWAS signals and a known transcrip-
tion factor [34]. This study builds on our prior work
by validating in broad strokes our previous findings of
interferon and inflammatory signals and expands the
recognition of the TNF/NFk«B pathway. We were also
able to address the organ specificity of the SLE signa-
ture by using two disease subsets and a small group of
patients with RA. The current study again underscored
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Fig. 6 Cross-referencing of RNA with ChiP-seq signals. Utilizing a previously published data set of RNA-seq changes in SLE in three cells isolated
identically to the cell types reported in the current study, the changes in ChIP-seq signals are reported as a number of co-regulated signals in each
set of vertical bar graphs. The top row displays increased ChIP-seq signals that overlapped genes with increased RNA-seq signals. The lower row
displays decreased ChlP-seq signal overlapping genes with decreased expression. The horizontal bar graph insert displays the gene set size for each

cross-referencing
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the differences in cell responses to the same disease state
and importantly highlighted the monocyte as a central
cell type that distinguished lupus nephritis and cutane-
ous lupus from generalized SLE. The lower signatures
seen in cutaneous lupus and lupus nephritis compared
to SLE might reflect the overall impact of the disease on
peripheral blood cells. This study has several strengths
including the incorporation of disease subsets and over-
all sample size. Nevertheless, there are limitations. We
utilized total T cells, total B cells and total monocytes to
ensure sufficient signal. Within these populations, altered
distributions of subsets could impact our findings. The
sample size for RA limited conclusions regarding dis-
tinctions between RA and SLE. This study also analyzes
largely the reflections of the disease state not primary eti-
ologic events. We specifically recruited participants with
relatively low disease activity to try to limit heterogene-
ity related to activity. Whether the same signatures woudl
be amplified during a flare or whether new peaks would
appear is not known. Lastly, this study evaluated two
histone marks and one histone acetylase, p300. Analysis
of transcription factors or overall chromatin structure
might lead to different conclusions. Nevertheless, this
is the largest ChIP-seq data set reported for SLE to date
and significant findings were identified that impact our
understanding of the disease.

We cross-referenced our results with two previously
published datasets. We examined the association of our
altered ChIP-seq signals with disease-associated SNPs
and with altered RNA. Most disease-associated SNPs
are in regulatory regions [35-37] and therefore can be
expected to have an altered state. The themes from this
analysis recapitulated other themes in this study, show-
ing more concordance for T cells and B cells than other
cell combinations. STAT4 consistently had significantly
altered chromatin which is a locus previously high-
lighted as driving severity in SLE [38]. Less consistent
signals, but still significant in individual cell types, were
ETS1 implicated, in SLE by murine studies and a gene
association study [39, 40]. CLECI6A appears to have
a broad role in autoimmunity [41, 42] and it exhibited
significantly altered histone marks in T cells. Cross-ref-
erencing with RNA demonstrated strong alignment of
increased H3K27ac and RNA. H3K27ac is a mark of an
enhancer and increased H3K27ac in enabling for tran-
scription acting as a crucial set-point and with activation
of transcription driven often by acute stimuli. H3K4me3
can be increased in promoters with active transcription
but if the nucleosomes are remodeled off the promoter
altogether, then H3K4me3 can have a decreased sig-
nal, making it less likely to find high concordance. P300
exhibited an interesting pattern with limited enrichment
among upregulated RNAs but fairly strong association of
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decreased p300 signal with decreased RNAs. P300 plays
a unique role as a histone acetyltransferase, requiring the
binding of multiple transcription factors for chromatin
association [43]. Thus, loss of a single transcription factor
could lead to p300 dissociation but not loss of H3K27ac.
The stringent requirement of p300 for multiple tran-
scription factors may underlie its stronger association
with decreased RNA. Overall, the results of our cross-
referencing studies are consistent with known biological
pathways and these data strongly aligned with recognized
pathways.

One of the main findings was that among highly
increased peak heights, the TNF/NFxB pathway was
enriched across all three cell types. This is not wholly
surprising since NFkB has been identified as central in
many cell models of SLE, some RNA expression analy-
ses, and by pharmaceutical companies as a potential drug
target. In a study examining transcription factor binding
sites at disease-associated SNPs, the NFkB pathway was
enriched across multiple inflammatory diseases, includ-
ing SLE [44]. Nevertheless, it has been overshadowed
by the interferon pathway which has been detected by
multiple groups as a strong signature in peripheral blood
transcript analyses [5, 7, 45]. Indeed, this critical finding
was responsible for the most recent therapeutic advance
for SLE, the licensing of anifrolumab. Yet, embedded
within those early array studies, there was an inflam-
matory signature in these mixed cell studies. A recent
study that attempted to dissect the individual cell con-
tributions to the inflammatory landscape in SLE used
RNA-seq on 27 sorted cell types [46]. This study dem-
onstrated that the interferon signature was particularly
strong in neutrophils and monocytes. B cells and CD4
T cells exhibited altered ribosome transcription related
to disease activity and altered oxidative phosphorylation
that was independent of disease activity. Our previous
study of three cells also identified ribosome biogenesis
as a strong signal [17]. The study of 27 sorted cell types
also found that cytokine and chemokine upregulation
was highest in the monocyte lineages and this could be
tied to the TNF/NF«kB pathway that we also observed as
central. A central observation of the RNA-seq study was
the signals associated with disease activity and disease
subsets were cell type-specific and monocytes had a sig-
nificant contribution to both disease activity and organ
involvement. They were the highest-ranking source of
gene expression variance for musculoskeletal disease in
SLE. Thus, our data represent an orthogonal approach
to understand disease subsets. We found monocytes had
the most peak height variance for lupus nephritis and
cutaneous lupus compared to generalized SLE, support-
ing a key role for monocytes in molding disease pheno-
type. Collectively, these types of studies are important
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in driving the precision medicine approaches to the care
of patients with SLE by illuminating the drivers of organ
effects. The landscape is evolving from the conceptual-
ization of SLE as a T cell-driven disease process with T
cell-directed induction of autoantibodies to a far more
complex disease, suggesting that narrow targeting of cells
or cytokines may have a limited therapeutic effect.

This study made several critical contributions to the
understanding of the lupus disease state. Examining
three cell types in an unbiased manner led to a fuller
picture of the pathways implicated in each cell type.
Strong signals for the IL-2 pathway, largely related to
heightened T cell responses, and the TNF/NF«B path-
way lead to a more nuanced and granular perspective.
This study, therefore, identifies pathways with poten-
tial for therapeutic targeting in this chronic disease
for which new therapeutics are critically necessary.
Our study also directly identified chromatin changes at
known SNPs, a beginning toward implication of these
variants as central to multiple cells’ behavior in SLE.
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