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TRANSLATIONAL SCIENCE

Rheumatoid arthritis, systemic lupus erythematosus
and primary Sjogren’s syndrome shared
megakaryocyte expansion in peripheral blood

Yukai Wang

Daniel E Furst,* Guohong Zhang @ *

ABSTRACT

Objectives Rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) and primary Sjégren’s syndrome
(pSS) share many clinical manifestations and serological
features. The aim of this study was to identify the
common transcriptional profiling and composition of
immune cells in peripheral blood in these autoimmune
diseases (ADs).

Methods We analysed bulk RNA-seq data for
enrichment of biological processes, transcription factors
(TFs) and deconvolution-based immune cell types from
peripheral blood mononuclear cells (PBMCs) in 119
treatment-naive patients (41 RA, 38 pSS, 28 SLE and 12
polyautoimmunity) and 20 healthy controls. The single-
cell RNA-seq (scRNA-seq) and flow cytometry had been
performed to further define the immune cell subsets on
PBMCs.

Results Similar transcriptional profiles and common
gene expression signatures associated with nucleosome
assembly and haemostasis were identified across RA,
SLE, pSS and polyautoimmunity. Distinct TF ensembles
and gene regulatory network were mainly enriched in
haematopoiesis. The upregulated cell-lineage-specific
TFs PBX1, GATAT, TALT and GF/1B demonstrated a
strong gene expression signature of megakaryocyte
(MK) expansion. Gene expression-based cell type
enrichment revealed elevated MK composition,
specifically, CD41b*CD42b* and CD41b*CD61* MKs
were expanded, further confirmed by flow cytometry in
these ADs. In scRNA-seq data, MKs were defined by TFs
PBX1/GATA1/TALT and pre-T-cell antigen receptor gene,
PTCRA. Cellular heterogeneity and a distinct immune
subpopulation with functional enrichment of antigen
presentation were observed in MKs.

Conclusions The identification of MK expansion
provided new insights into the peripheral immune

cell atlas across RA, SLE, pSS and polyautoimmunity.
Aberrant regulation of the MK expansion might
contribute to the pathogenesis of these ADs.

INTRODUCTION

Rheumatoid arthritis (RA), systemic lupus erythema-
tosus (SLE) and primary Sjégren’s syndrome (pSS)
are common autoimmune disease (ADs) in women,
which preferentially affect specific target organs.
Indeed, these ADs share several clinical manifesta-
tions, serological profiles and immunological char-
acteristics. Furthermore, the co-occurrence of these
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What is already known about this subject?

» Rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) and primary Sjogren’s
syndrome (pSS) share many clinical and
serological features. The peripheral blood
mononuclear cells (PBMCs) are the common
origin for immune cells infiltrating specific
targeted organs in these autoimmune diseases
(ADs). However, the initial immune cells
regulated by core transcription factors (TFs) in
the PBMC remain unknown.

What does this study add?

» This study uncovers common gene expression
signatures in platelet activation, consisting of
increased megakaryocyte (MK) composition
with upregulated expression of cell-lineage
specific TFs PBX1, GATAT, TALT and
GFI1B in PBMC across RA, SLE, pSS and
polyautoimmunity. In peripheral blood, MKs are
a heterogeneous cell population that comprises
a subpopulation with distinct immune
characteristics in these ADs. Speculatively, this
subpopulation of immunologically active MKs
might be an initial stimulus for T-cell initiation
of these diseases.

How might this impact on clinical practice?

» Our results elucidate MK expansion for the
atlas of peripheral immune cells across RA,
pSS and SLE and support the hypothesis that
regulatory events in MK expansion might act
as pivotal components, which could be an entry
point toward developing targeted treatment for
patients with these ADs.

ADs within a single patient (polyautoimmunity)
and within members of a nuclear family (familial
autoimmunity) indicate that they have common
aetiological components, including genetic and
epigenetic factors and sex hormones. The genetic
variants in the T-cell receptor (TCR) pathway and
TNFAIP3' * and DNA methylation signatures had
been previously uncovered across RA, SLE and
pSS.> However, it is still unknown which antigen
initially primes autoimmune T cells.
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Beyond affected organs, peripheral blood represents the main
highway for the immune system for RA, SLE and pSS. Periph-
eral blood mononuclear cells (PBMCs) in this context are the
immune cells which initiate the autoimmune inflammatory
process directed against target organs. Therefore, the gene
expression signatures of PBMC could shed light on the molec-
ular features of the immune cells in the targeted organs in these
ADs. Shared type I interferon (IFN)-stimulated genes were iden-
tified via meta-analysis of PBMC transcriptomes across RA, SLE
and pSS.* However, PBMC comprises several cell types and each
cellular subtype expresses a unique set of genes; thus, cell-specific
signatures may further define immune cell composition for AD
pathogenesis. On the other hand, underlying immune responses
are the developmental trajectories that determine immune cells’
fates.” The transcription factor (TF) network controlling cell
lineage commitment in the bone marrow could determine the
landscape for immune cell expansion in the peripheral blood in
pathogenesis of these ADs.

Herein, we combined bulk RNA-seq and single-cell RNA-seq
(scRNA-seq) of gene expression signatures, immune cell subsets
and TF networks to identify potential common mechanisms in
the immunopathogenesis of SLE, RA and pSS.

Patients and methods

Subjects

PBMCs were obtained from 42 RA, 41 pSS, 28 SLE and 12 poly-
autoimmunity patients and 21 gender-matched healthy controls
(online supplemental table S1). Patients met the 2002 American-
European Consensus Group for pSS, the 2012 Systemic Lupus
Collaborating Clinics for SLE and the 2010 ACR/EULAR for
RA, respectively. Polyautoimmunity was defined as patients
with two ADs, RA/pSS or SLE/pSS.¢ Fully informed consent was
obtained from all participants prior to sample collection. For
more details about the study design, experimental and bioinfor-
matic methods, see online supplemental methods (online supple-
mental figure S1).

RESULTS

RA, pSS and SLE shared common gene expression signatures
enriched in coagulation and nucleosome assembly

Using bulk RNA-seq data, we initially assessed clustering of RA,
SLE, pSS and polyautoimmunity by principal component anal-
ysis that demonstrated that these ADs were similar (figure 1A).
Compared with healthy controls, these ADs had similar tran-
scriptional profiles, sharing differentially expressed genes
((DEGs) figure 1B-C and online supplemental figures S2-6
and table S2), including type I IFN-stimulated gene IFI27 plus
chemokine receptors CXCR1 and CXCR2.* Indeed, 446 common
upregulated and 165 downregulated genes overlapped across
these ADs (figure 1D and online supplemental table S2). Among
the upregulated genes, the major biological processes that were
enriched were related to nucleosome assembly and coagulation
cascades (figure 1E). The most impacted pathway was the ‘SLE’
pathway (figure 1F). To further illustrate this point, haemostasis
and megakaryocyte (MK) differentiation had been identified via
gene ontology (GO) term networks (online supplemental figure
S6A). Protein—protein interactions were demonstrated among
histone genes H2A and H2B, including H2AC11, H2AC13,
H2BC11 and H2BC12, which were consistent with the GO
term of nucleosome assembly (online supplemental figure S6B).
Gene set enrichment analysis showed significant enrichment of
platelet activation in these ADs as well (online supplemental
figure S6C). Collectively, transcriptional profiling suggested

potential regulation of MK/platelet-related processes emerged as
the gene expression signatures in these ADs.

Common TFs highlighted MK expansion responding to the
gene expression signatures
We next sought to identify TFs linked with gene enrichment
involved in biological processes in ADs. Transcriptional regula-
tory networks indicated GATAT as the top-ranked regulator by
enrichment analysis of upregulated genes (figure 2A). Only 17
common upregulated and 8 downregulated TFs were identified
(figure 2B and online supplemental figure S6G) and were mainly
enriched in embryonic haematopoiesis and granulocyte differ-
entiation (figure 2C-D). We further determined correlations
among TFs, reasoning that the distinct TF ensembles could be
correlated with expression. The correlated expression pattern
was comprised of: GRHLI1, MEIS1, THRB, PBX1, GATAI,
TAL1, GFI1B and E2F1 (figure 2E). Focusing on TF function,
estradiol promotes haematopoietic stem cell (HSC) division by
enrichment of cell cycle genes, harbouring a binding motif for
the TF E2F1.7 In addition, oestrogen receptor (ER) interacted
with MEIS1, THRB and GRHL1;® consequently, interaction of
MEIS1 and PBX1 acts upstream of GATAT to regulate primi-
tive haematopoiesis and induce lineage commitment toward a
MK-erythroid progenitor cell.” '® Thus, GRHL1, MEIS1, THRB
and PBX1 formed a compound linking oestrogen to haematopoi-
etic and MK-erythroid commitment. We mapped TFs GATAI,
TAL1 and GFI1B to their source immune cell lineage according
to the order of expression of haematopoietic transcriptional
networks'' and identified a strong gene expression signature
in MK expansion (figure 2F). The upregulated expression of
MEIS1, PBX1, GATA1, TAL1 and GFI1B in ADs was validated
by real-time quantitative PCR (online supplemental figure S7A).
We also observed downregulated TFs, including EGR1, EGR2,
EGR3 and CEBPE. Egr2 and Egr3 have long been regarded as
negative regulators of T-cell activation.'> CEBPE is expressed in
a stage-specific manner during myeloid differentiation and is an
essential TF for granulocytic differentiation.”® Therefore, the
TF network highlighted MK expansion responding to the gene
expression signatures.

Immune cell composition further supported the MK expansion
To dissect the MK in the PBMC, reasoning that the gene signa-
ture of MK was enriched in the bulk RNA-seq data, we integrated
three central algorithms of deconvolution: xCell, CIBERSORT
and ABIS (figure 2G and online supplemental figure S7B). The
xCell results demonstrated that MKs and erythrocytes were posi-
tively enriched (p<0.001), while neutrophils, eosinophils and
basophils were negatively enriched in ADs versus healthy indi-
viduals (p<0.001). Consistent with the results of xCell, the ABIS
results identified decreased absolute deconvolution values of
low-density neutrophil and basophil in ADs (p<0.001). Further-
more, the CIBERSORT results confirmed decreased neutro-
phils in ADs (p<0.001, figure 2G). We identified well-known
MK marker genes, including PPBP, PF4, GNG11 and GP9
(CD42b), which were upregulated in ADs (online supplemental
figure S7C). Thus, in accordance with gene expression signa-
tures and TF regulation networks, the composition of immune
cells demonstrated MK expansion in PBMC from ADs. To vali-
date cellular composition, we analysed the MKs by flow cytom-
etry. The percentage of CD41b*CD42b™ and CD41b*CD617*
MKs was significantly elevated in ADs compared with healthy
controls (figure 2H and online supplemental figure S8A). Thus,
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Figure 1 Shared transcriptional profiling and platelet activation across RA, SLE and pSS. (A) Principal component analysis (PCA) of gene
expression profiles for PBMCs from RA, SLE, pSS and polyautoimmunity, indicating absence of a clear differentiation among these ADs. Each

point is assigned a location to illustrate potential clusters of neighbouring samples, which contain similar gene expression patterns. (B) Heatmap
illustrating the top differentially expressed genes (DEGs) across RA, SLE, pSS and polyautoimmunity. (C) Volcano plots showing DEGs across RA,
SLE, pSS and polyautoimmunity, in which some representative genes were highlighted. (D) Venn diagram showing 446 upregulated (top panel) and
165 downregulated genes (bottom panel) in common across RA, SLE, pSS and polyautoimmunity. (E) Gene ontology term enrichment of biological
processes for common 446 upregulated genes showing nucleosome assembly and platelet degranulation. (F) Kyoto Encyclopedia of Genes and
Genomes pathway enrichment highlighted ‘systemic lupus erythematosus’ and platelet activation pathways. Controls denote healthy controls. ADs,
autoimmune diseases; FC, fold change; poly, polyautoimmunity; PBMCs, peripheral blood mononuclear cells; pSS, primary Sjogren’s syndrome; RA,
rheumatoid arthritis; SLE, systemic lupus erythematosus.

these findings were consistent with our original gene expression (n=3, datasets obtained from Mistry et al 2019; GSE139360),'*

signatures indicating the MK expansion. patients with RA (n=1) and a healthy control (n=1). MKs were
identified by type-specific markers of PPBP, PF4 and PTCRA
MK and cellular heterogeneity identified by scRNA-seq (figure 3A-C) and TFs, PBX1, MEIS1, GATA1 and TAL1 (online

To map the MKs in the immune cell population of PBMC, we supplemental figure S8B-E and table S3). GO analysis of MKs
initially combined 57486 individual cells from pSS (n=3), SLE further indicated enrichment of upregulated genes related to
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Figure 2 Core transcription factors presented the megakaryocyte (MK) expansion. (A) Enrichment of regulator by Transcriptional Regulatory
Relationships Unraveled by Sentence-based Text mining (TRRUST) showing GATAT as the top-ranking TF. (B) Venn diagram showing 25 common TFs
across RA, SLE, pSS and polyautoimmunity. Left panel, upregulated expression of TFs, right panel, downregulated expression of TFs. (C) Gene ontology
term for 25 common TFs significantly enriched in biological process of haematopoiesis. (D) TF enrichment had been performed by ChIP-X Enrichment
Analysis 3 (ChEA3), which offers associations among involved TFs. TFs that are covered by the ChEA3 database, including GATAT, TAL1, GFI1B and
CEBPE, are significantly related to definitive haematopoiesis. (E) TF correlation heatmap generated by the upregulated coexpression of TFs. Red colour
indicates correlation. (F) TFs defining, showing MK expansion. Oestrogen interacted with MEIST, THRB and GRHLT and MEIST and PBX1 act upstream
of GATAT to regulate primitive haematopoiesis with TALT and GFI1B to determine MK lineage. TF in red means upregulated expression, while in

blue means downregulated expression. (G) Immune cell composition generated by xCell-inferred, ABIS-inferred and CIBERSORT-inferred enrichment
score of cell types across ADs and healthy controls. *p<0.05; **p<0.01; ***p<0.001 by Kruskal-Wallis test. (H) Flow cytometry and its quantification
of MKs from PBMC. Representative fluorescence-activated cell sorting plots for the identification of MKs. After gating for MKs by forward versus

side scatter (FSC vs SSC), MKs were characterised as CD41b*CD42b™ and CD41b*CD61*. ***p<0.001 by Mann-Whitney U test. ADs, autoimmune
diseases; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; ER, oestrogen receptor; HC, healthy controls; HSCs, haematopoietic
stem cells; LD, low-density; PBMC, peripheral blood mononuclear cell; poly: polyautoimmunity; pSS, primary Sjégren’s syndrome; RA, rheumatoid
arthritis; SLE, systemic lupus erythematosus; TF, transcription factor.
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Wang Y, et al. Ann Rheum Dis 2022;81:379-385. doi: 10.1136/annrheumdis-2021-220066 383



Autoimmunity

platelet degranulation and aggregation (online supplemental
figure S8F). We constructed a gene regulatory network among
the TFs predicted by single-cell regulatory network inference
and clustering and revealed that MEIST and GATA1 were active
in the MK compared with other immune cell types (figure 3D
and online supplemental figure S8G). GO enrichment in biolog-
ical processes of DEGs of MKs in ADs compared with healthy
controls revealed that upregulated genes were associated with
translation and translational initiation, while downregulated
genes were associated with platelet degranulation and aggrega-
tion (online supplemental figure S9A).

To dissect MK heterogeneity, five putative subpopula-
tions (MK1-MKS5) of MKs were identified by subclustering
(figure 3E-F and online supplemental table S4). We then char-
acterised the gene sets enriched in these MK subpopulations.
MK1, MK2 and MK4 mainly showed enrichment of GO terms
related to platelet degranulation and aggregation, whereas MK3
exhibited enriched GO terms affecting nucleosome assembly.
MKS highly expressed genes were associated with translational
initiation and antigen processing and presentation. The GO term
‘translational initiation’ was perhaps indicative of a less mature
MK population.” Cellular trajectory analysis revealed distinct
differentiation trajectories underpinning MK heterogeneity with
a major bifurcation and highlighted MKS at the origin of the
trajectory (figure 3G and online supplemental figure S9B-E).
Furthermore, the proportion of the MKS5 subpopulation was
increased in ADs, compared with healthy control (figure 3H).
Thus, the subpopulation proportion of MKs coincided with the
GO terms of DEGs in ADs.

Given the immune characteristics of MKs, we characterised
cell communication by ligand-receptor interactions between
MK and other immune cell subsets. We identified ligand—
receptor interactions between MKs and CD4" and CD8™ T cells
such as a PF4—CXCR3 pair (online supplemental figure S9F).
We next focused on the granulocytes; low-density granulo-
cytes were identified by genes highly specific for neutrophils,
including FCGR3B and CMTM2. Biological processes of GO
enrichment suggested that upregulated genes in ADs were associ-
ated with viral transcription and cellular response to type I inter-
feron (online supplemental figure $10). We also used peripheral
TCR repertoire sequencing to find clonotype in RA and healthy
control. TCR gene rearrangement and variable gene usage are
presented in online supplemental figure S11.

DISCUSSION

Using transcriptomic profiling, we demonstrated common gene
expression signatures relating to haemostasis via the regulation of
transcriptomes by the TF network, PBX1/GATA1/TAL1/GFI1B.
This provides novel evidence of MKs expansion in PBMC in
treatment-naive RA, SLE and pSS. It is in this context that we
examined patients with polyautoimmunity, seeking to eluci-
date gene expression signatures and TFs common across ADs;
through these patients we feel we have supported such an AD-as-
sociated pathway.

In this study, bulk RNA-seq was used to find the gene
expression signature, TFs and composition of immune cells,
while the scRNA-seq was used to identify the cell type of
interest in the PBMC. Bulk RNA-seq TF and composition
studies confirmed the presence of MKs expansion in these
ADs. scRNA-seq data further defined the MK subpopulations.
We observed similar transcriptional profiles linking RA, SLE,
pSS and polyautoimmunity and noted across-disease upregu-
lated expression of the type I IFN-stimulated gene IFI27, as

well as downregulated expression of chemokine receptors,
CXCR1 and CXCR2. These genes play significant roles in the
suppression of megakaryopoiesis.'® Importantly, the gene
expression signatures enriched in haemostasis might explain
common immunological characteristics via regulation with
transcriptomic reprogramming.

It is noteworthy that dysregulated transcriptomic reprogram-
ming might introduce disturbances in immune homeostasis
leading to ADs."” Transcriptomic data of bone marrow (BM)-
derived haematopoietic stem and progenitor cells from SLE
mice showed myeloid skewing, with granulocytic differentiation
arrest and a positive correlation with platelet degranulation that
indicated expansion of stem cell-like MK-committed cells.’® In
accordance with BM observations, we further detected upreg-
ulated expression of MK-lineage TFs PBX1, GATA1, TAL1 and
GFI1B and downregulated expression of granulocytic-lineage
TF CEBPE.

Furthermore, via deconvolution of bulk RNA-seq data, we
identified increased MKs, accompanied by decreased neutro-
phils, eosinophils and basophils in these ADs. Thus, we have
expanded the previously documented MK expansion in the BM
to peripheral blood in ADs. Conventional antigen-presenting
cells (APCs) are essential for AD progression, but it is unknown
what initially primes autoimmune T cells. MKs express MHC I
and II molecules, thus acting as professional APC that enhance
Th17 and Th1/Th17 responds to lupus autoantigens."” 2° We
reasoned, preliminary, that elevated levels of MKs enhance their
intrinsic antigen presenting function in peripheral blood across
RA, SLE and pSS.

In scRNA-seq, we identified MK across patients with pSS, SLE
and RA. MK expansion had been previously observed*! ** and
was a critical peripheral source of cytokine storms in COVID-
19.% We described MKs with highly expressed PTCRA,
encoding the pre-TCRo chain (pToa). Normally, pTo along
with TCRP and CD3 form the pre-TCR, which are exclusively
expressed in immature thymocytes during early T-cell develop-
ment.”* PTCRA (pTa) is also required for TCR rearrangement
for extrathymic T-cell development.”® Cell surface PTCRA™
MKs had been identified in early human embryonic yolk sacs."
Furthermore, a less mature immune MK subpopulation had
been found to be enriched in ADs. This subpopulation of MKs
presenting immune characteristics with antigen processing and
presentation had been previously demonstrated in yolk sac and
fetal liver cells.'”” Therefore, we speculated that MKs act as
specific endogenous APC, resulting in abnormal TCR arrange-
ments which, in turn, trigger the initial autoimmune T cell for
AD pathogenesis.

We also speculate that there might be a connection between
sex hormones and megakaryocytopoieses. A predominant
role of sex hormones has been suggested as the main cause
of sex-biased ADs.”® Oestrogen stimulates HSC self-renewal,
megakaryocytopoiesis and erythropoiesis in females.” >’ Mega-
karyopoiesis is dynamic and adaptive to biological needs,
termed as ‘emergency haematopoiesis’ that biases toward the
MK lineage.”® MEIST interacts with ER® and PBX acts upstream
of GATA1 to regulate primitive haematopoiesis.” Oestrogen
promotes MK polyploidisation via ERB-mediated transcription
of GATA1.”” Therefore, an upregulated TF network MEIS1/P-
BX1/GATA1/TAL1/GFI1B might connect estrogens and MK
expansion in RA, SLE and pSS.

To summarise, we have presented evidence for peripheral MK
expansion across RA, SLE and pSS. Our discovery provides clues
that MK expansion might initially prime autoimmune T cells in
the pathogenesis of these ADs.
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Correction notice This article has been corrected since it published Online First.
Figure 3 has been amended.
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