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Abstract
Objective

The aim of these studies was to characterise the molecular effects of a tool JAK1 inhibitor on cultured primary 
fibroblast-like synoviocytes (FLS) from patients with rheumatoid arthritis (RA) through both total and individual 

cell analysis.

Methods
RA-FLS cultures from 6 (Bulk RNA-seq) or 4 (ScRNA-seq) donors were pre-treated with various concentrations 
(100 nM and 1µM) of ABT-317 with/without exposure to 25% SEB-conditioned PBMC medium to mimic the RA 

inflammatory milieu. Cells were subjected to both bulk RNA-seq (36 libraries) and single cell RNA-seq 
(scRNA-seq; 24 libraries) to identify biological processes impacted by CM and ABT-317 treatments.

Results
In our bulk RNA-seq analysis, a total of 2,605 differentially expressed genes (DEGs) were identified between 

CM-stimulation and unstimulated groups, while 1,122 DEGs were found between ABT-317 1µM and DMSO in 
CM-stimulated groups using thresholds of log2 (fold change) ≥ |0.58| and FDR ≤ 10%. Both bulk and single cell 
mRNA analysis of RA-FLS treated with a combination of CM and ABT-317 demonstrated the expected changes in 

inflammatory pathways such as interferon and IL-6 signalling. However, other non-inflammation associated pathways 
were also altered by ABT-317. In addition, the single cell analysis highlighted that FLS segregate into distinctive

 clusters upon combination CM and ABT-317 treatment, suggesting JAK inhibition can drive RA-FLS into multiple 
heterogenous cell populations. Interestingly, one of the unique RA-FLS clusters that emerged from the CM and 
ABT-317 treatment showed matrix metalloproteinase-3 (MMP3)high expression as well as several gene signatures 

that are not found in any other ABT-317 derived clusters.

Conclusion
JAK inhibition with ABT-317 is effective at globally inhibiting CM-induced pro- and non-inflammatory pathways
 in FLS cultures, but also results in several distinct fibroblast populations with unique gene-associated pathways. 
This study advances the molecular understanding of JAK1 inhibitor effects on fibroblasts that may contribute to

 clinical efficacy.
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Introduction
Rheumatoid arthritis (RA) is an auto-
immune disease that is characterised 
by inflammation of synovium, cartilage 
destruction, and bone erosion (1). While 
current therapies for RA have signifi-
cantly improved the quality of life for 
RA patients, achieving and maintain-
ing long-term remission of RA is still 
challenging (2). The Janus Kinase 
(JAK)-signal transducer and activator 
of transcription (STAT) signalling path-
way plays an important role in human 
immune response including immune 
fitness, tissue repair, inflammation, ap-
optosis, and adipogenesis (3). There are 
4 different JAKs which associate with 
7 distinct STATs in mammals, and the 
activation of the JAK-STAT pathway 
induces a tightly controlled, multiple 
components, signalling cascade. The 
JAK-STAT signalling pathway is also 
closely linked with inflammatory and 
autoimmune diseases (4) and has led to 
the therapeutic development of JAK in-
hibitors (JAKi) for clinical use in sever-
al autoimmune diseases, including  RA.
While the mechanism of action of JAK 
inhibitors on immune cells in RA pa-
tients has been extensively studied 
and reviewed (5) synovial fibroblasts 
are also emerging as a key target cell 
type for JAK inhibitors. Previous stud-
ies have shown that FLS can contrib-
ute to RA pathogenesis due to their in-
creased invasiveness and production of 
factors that promote joint damage (6). 
The JAK-STAT signalling pathway is 
known to be activated in FLS upon ex-
posure to the inflammatory stimulation 
such as RA synovial fluid or pro-inflam-
matory cytokines (4). The JAK-STAT 
signalling-mediated cytokines can fa-
cilitate the recruitment of macrophages, 
T cells, B cells and dendritic cells and it 
helps to maintain and promote synovial 
inflammation (7). These data indicate 
that the JAK-STAT associated crosstalk 
between FLS and immune cells might 
be a prominent driver of RA synovial 
pathogenesis.
Single-cell RNA sequencing of RA 
synovial tissue has revealed a heteroge-
nous population of synovial fibroblasts 
(8-10) that may be related to functional 
activities in disease (9, 10). For exam-
ple, THY1+CD34-HLA-DRAhi fibro-

blasts expressed genes related to MHC 
class II presentation and the interferon 
gamma-mediated signalling pathway 
while other fibroblast subpopulations 
expressed genes involved in matrix re-
modelling (9). Given this heterogene-
ity in gene expression and function of 
synovial fibroblasts, the impact of JAK 
inhibitors could be varied. 
Because the mechanism of action of 
JAK inhibitors on pathogenic features 
of FLS has not been extensively studied 
we aimed to explore the transcriptional 
changes induced in RA-FLS cells fol-
lowing stimulation with Staphylococ-
cus enterotoxin B (SEB)-conditioned 
PBMC medium (CM) and the tool JAK 
inhibitor, ABT-317. We used a com-
bination of bulk and single-cell RNA 
sequencing (scRNA-seq) approaches 
to better understand the impacts of 
JAK1 inhibition at the population and 
single cell level. Herein, to our knowl-
edge we have provided the first global 
transcriptomic analysis of the effects 
of SEB- conditioned PBMC medium 
and JAK1 inhibitor on human RA-FLS 
cells. This study explored JAK inhibi-
tion mechanism especially involved in 
RA fibroblast pathogenesis and sug-
gested further research to understand 
the heterogenous cell status changes 
in RA-FLS after JAKi treatment, thus 
advances our understanding of JAK in-
hibitors and how they may contribute to 
clinical efficacy. 

Methods
Culture of human fibroblast-like 
synoviocyte (FLS)
Human RA FLS were commercially ob-
tained from 6 established RA patients 
(commercially purchased from Articu-
lar Engineering). Cells were cultured 
in synoviocyte growth medium (Cell 
Application, Inc.) at 37°C in a 5% of 
carbon dioxide humidified incubator. 
Cells were sub-cultured when the cul-
ture reached 70-80% confluence and 
harvested for use in experiments at low 
passage (Passage 3). Cells were pre-
treated with either the vehicle Dimethyl 
sulfoxide (DMSO) or 100nM and 1μM 
of ABT-317 (the JAK1 selective inhibi-
tor, provided by AbbVie Bioresearch 
Center, dose was determined by previ-
ous research (11)) for 1hr followed by 
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culture media or Staphylococcal en-
terotoxin B-stimulated human PBMC 
(Commercially purchased from Bio-
logical Specialty Corporation) (25% 
of total volume) (CM-stimulation) to 
replicate the inflammatory milieu in the 
RA synovium. CM-stimulation induces 
pro-inflammatory cytokines, tumor ne-
crosis factor α (TNF-α), interleukin 1 
(IL-1) and gamma interferon (IFNγ) 
that can contribute to the activation of 
the JAK-STAT signalling pathway (12). 
The plates were returned to the incuba-
tor at 37°C for a 24-hour period. FLS 
that were used for these studies are list-
ed in Table I. 

Cell cytotoxicity assay
Human FLS were seeded in 12-well 
plates cultured upon reaching 70-80% 
confluence. Cells were harvested as 
described above. Cell viability was as-
sessed with the Cell Titer-Glo Lumi-
nescent Cell Viability Assay (Promega 
Corp). Lysis reaction was carried on 
an orbital shaker for 2 minutes and 80 
μL of cell lysates from each well were 
transferred to Costar black 96-well 
plates (Corning, 3603). Samples were 
analysed in triplicate for overall lumi-
nescence signals using the Envision 
(Perkin Elmer).

RNA extraction
Total RNA was isolated from FLS by 
RNeasy Micro Kit with DNAse treat-
ment (Qiagen) after being treated in 
the same manner as described above. 
The quality and quantity of each RNA 
sample was measured by Tapestation 
(Agilent). 

Quantitative reverse transcriptase 
real time PCR (qRT-PCR) 
cDNA was generated from 300 ng of 
total RNA by reverse transcription with 
High-Capacity cDNA kit (Applied Bio-
science, 4368813). Quantitative PCR 
(qPCR) was performed on QuantStudio 
7-Flex (ThermoFisher) using Taqman 
Fast Advanced Master Mix (Applied 
Bioscience, 4444557) with six biologi-
cal replicates (2 technical replicates). 
The cycle threshold (Ct) values of genes 
were normalised to the Ct value of 
GAPDH in the same sample. The data 
analysis was performed by 2-∆∆Ct meth-

od.  Primer information for qRT-PCR is 
shown below (Supplementary Table 7).

RNA-seq
250 ng of total RNAs were used for li-
brary preparation for RNA-seq. NEB-
Next Ultra™ Directional RNA Library 
Prep Kit for Illumina (NEB, E7420) 
and NEBNext Poly(A) mRNA Mag-
netic Isolation Module (NEB, E7490) 
were used for library preparation. The 
RNA-seq libraries were sequenced on 
a NovaSeq 6000 sequencer (Illumina) 
to obtain 2 x 150-base pair reads per-
formed in 36 samples. The estimated 
coverage was around 30 million reads 
per sample.

RNA-seq analysis
The raw data were trimmed with Trim-
Galore and Cutadapt. FASTQC was 
used to filter out reads of low to mod-
erate quality. Paired-end reads were 
mapped to the GRCh38 reference ge-
nome using Salmon. EdgeR, limma-
voom, and 3D RNA-seq R package 
were used to identify differentially 
expressed genes (DEGs) at both log 
fold change (logFC ≥ |0.58|) and a 10% 
false discovery rate (FDR) using the 
Benjamini–Hochberg procedure to ad-
just P values. FDR 10% threshold was 
used for further analyses to capture the 
JAK1 inhibition signals due to the arti-
ficial stimulatory conditions created by 
CM (25%) stimulation. Batch effects 
of biological replicates were removed 
from the data using the RUVSeq meth-
od (13). Annotation of the genes and 
pathways was provided by the Gene 
Set Enrichment Analysis (GSEA), Mo-
lecular Signatures Database (MSigDB). 
Gene Expression Omnibus (GEO) re-
pository data sets (GSE12021 (14) and 

GSE55457 (15)) from RA synovial tis-
sue studies were used to compare with 
this study. DEGs were identified in the 
tissue data with limma R package using 
the same thresholds with other data.

Single-cell RNA sequencing 
using 10X genomics platform
To enable to observe phenotypic het-
erogeneity of FLS, four donors were 
selected in early passage (under pas-
sage 3) for scRNAseq. Human FLS 
were harvested and stained with Cal-
ceinAM Viability dye (ThermoFisher), 
CellTrace Violet (ThermoFisher), Cell-
Trace Yellow (ThermoFisher), Total-
Seq-B anti-human Hashtag antibodies 
(Biolegend, Suppl. Table S8). Viable 
cells were sorted using a BD FACSAria 
Fusion cell sorter. Each donor sample 
was pooled and loaded together onto a 
single lane of the 10x Chromium Sin-
gle Cell Chip using CellTrace dyes and 
TotalSeq-B anti-human Hashtag anti-
bodies (Biolegend). Then, 65,000 cells 
per sample were super-loaded into a 
10X Chromium controller, and library 
preparation was performed according 
to the manufacturer’s protocol using 
Chromium Single Cell 3́ Library & 
Gel Bead Kit v. 3.2 (10X Genomics). 
The resulting libraries were sequenced 
in an Illumina Nextseq2000 sequencer 
according to 10X Genomics recom-
mendation to a depth of around ~11-
15,000 reads per cell.

Single-cell RNA sequencing 
data analysis
Count matrices were generated from 
fastq files using the Cellranger ver-
sion 6.1.2 count pipeline against the 
GRCh38 genome. Total 87,108 cells 
were recovered and scRNA-seq down-

Table I. RA sample information.

Donors	 Type	 Cytotoxicity	 Bulk RNA-seq	 qRT-PCR	 Single-cell
					     RNA-seq

1462	 RA	 X	 X	 X	
1475	 RA	 X	 X	 X	 X
1481	 RA	 X	 X	 X	
1499	 RA	 X	 X	 X	 X
2956	 RA	 X	 X	 X	 X
87554A1	 RA	 X	 X	 X	 X

6 RA patient samples were used for bulk RNA-seq, cell cytotoxicity test, and qRT-PCR. 
4 RA patient samples were used for scRNA-seq.
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stream analysis was performed with 
Seurat version 4 package in R (16). 
Low quality cells were removed by 
filtering out cells for which fewer than 
200 genes or higher than 3,500 genes. 
Also, Cells with greater than 10% of 
mitochondrial RNA content were re-
moved. Multiplexed samples were de-
multiplexed using HTODemux method 
with the default settings. Doublet cells 
were identified by hashtag antibodies 
and removed by the HTODemux func-
tion. Then, the UMI count matrices 
were normalised using the SCTrans-
form method (17) with the number of 
reads, percentage mitochondrial reads, 
S phase cell cycle score and G2M cell 
cycle phase score. Harmony R package 
was used to correct the batch effect of 
conditioned media stimulation and do-
nors. The first 20 principal components 
(PCs) were used to reduce the dimen-
sionality of the dataset, and the PCs 
were used for Seurat’s RunUMAP and 
FindNeighbors analyses. We identi-
fied the cell clusters using the Seurat’s 
FindClusters function with a resolution 
of 0.2. Differentially expressed genes 
(DEGs) were identified by Seurat’s 
FindAllMarkers. DEGs between dif-
ferent treatments were identified with 
pseudobulk DESeq2. Hallmark gene set 
enrichment scores are calculated across 
clusters using the R package singlese-
qgset (18). In brief, the package used 
a modified version of the competitive 
gene set enrichment test CAMERA 
by calculating variance inflated Wil-
coxon rank sum testing. Differentially 
expressed genes between two clusters 
were identified by Seurat’s Findmark-
ers function. In brief, we used top 20 
marker genes using Harmony from the 
study and enrich the gene signatures us-
ing singleseqgset R package. Singlese-
qgset results were plotted with a thresh-
old of FDR <10%.

Statistical analysis 
The significance of the difference be-
tween the groups was statistically 
analysed by Wilcoxon Rank Sum test 
unless otherwise mentioned. p-values 
from relative cell proliferation measure-
ment were calculated using an unpaired 
Wilcoxon rank sum test and adjusted 
for multiple testing with the Holm-Bon-

ferroni method. Venn-diagram overlaps 
were tested with Fisher’s exact test.

Results
ABT-317 reverses the effects of 
CM-stimulation on RA-FLS cells
To investigate the impact of JAK inhi-
bition on the pathogenic features of the 
FLS, we established an in vitro model 
with primary human RA-FLS with and 
without stimulation with Staphylococ-
cus enterotoxin B (SEB)-conditioned 
PBMC medium (CM) to mimic the in-
flammatory milieu in the RA synovium. 
We tested if ABT-317, a tool JAK1 
selective inhibitor, could reverse the 
effects of CM-stimulation on RA-FLS 
cells. As shown in Fig. 1A and Table I, 
six different RA patient derived-FLS 
cells were pre-treated with DMSO (ve-
hicle for JAKi) or ABT-317 (0.1µM, 
1µM) for 1hr before combining with 
culture media or 25% of total volume 
of conditioned media (CM) for 24 hrs. 
Cell viability following all CM, ABT-
317 or combination was minimally im-
pacted (Suppl. Fig. S1).
Given that limited cytotoxicity was 
observed with either CM stimulation 
or ABT-317 exposure, we proceeded 
to extract RNA for cDNA library gen-
eration and next-generation sequencing 
to create the transcriptomic profile for 
each of the treatment conditions. Then, 
we examined global gene expression 
changes triggered by CM-stimulation 
and ABT-317 treatment using principal 
component analysis (PCA) (Fig. 1B). 
Interestingly, ABT-317 treatment alone 
did not have a significant impact on the 
global gene expression changes, while 
ABT-317 in combination with CM 
showed distinct global gene expression 
differences in a dose dependent manner 
as observed in PC1 (Fig. 1B. DMSO vs. 
ABT-317 1µM (CM-Stim): p=0.02). 
Based on these findings, we used only 
ABT-317 1µM samples for downstream 
analyses as the low dose group did not 
show strong effects on RA-FLS cells.
From the RNA-seq analysis, a total of 
2,605 differentially expressed genes 
(DEGs) were identified between CM-
stimulation and unstimulated groups, 
while 1,122 DEGs were found between 
ABT-317 1µM and DMSO in CM-
stimulated groups using thresholds 

of log2(fold change) ≥|0.58| and FDR 
≤10% (Fig. 1C, Suppl. Table S1). We 
found a significant overlap (p<2.22e-16) 
in the genes perturbed by CM-stimula-
tion and by the addition of ABT-317 in 
opposite directions (Fig. 1D), indicat-
ing that JAKi reverses CM-stimulated 
effects. 
Next, we determined if the RA-FLS 
cells with CM-stimulation can reflect 
similar gene expression changes of 
an inflamed RA synovial tissue. We 
measured the correlations between 
public RA tissue microarray dataset 
(GSE12021: RA vs. Normal and RA 
vs. OA (14); GSE55457: RA vs. OA 
(15)) and our bulk RNA-seq data (Fig. 
1E). We observed significant correla-
tions between RA-FLS dataset and 
DEGs (RA and OA) from GSE12021 
(R=0.46, p=6.79e-7) and between RA-
FLS dataset and DEGs (RA and OA) 
from GSE55457 (R=0.4, p=1.98e-6). 
We also compared the DEGs (RA and 
normal) from GSE12021 with our RA-
FLS dataset with similar results. These 
results indicated that our CM-stimulat-
ed RA-FLS cells reflects some of the 
same pathways within inflamed syn-
ovium, although limited by the in vitro 
cell monoculture conditions.

ABT-317 affects immune 
and non-immune related pathways
We used Hallmark gene sets from Mo-
lecular Signatures Database (MSigDB) 
to understand representative well-de-
fined biological pathways in this study. 
Gene set enrichment analysis (GSEA) 
using Hallmark gene sets demonstrated 
that ABT-317 reverses CM-stimulation 
induced pathways (Fig. 2A and B). CM-
stimulation increases both IL6-JAK-
STAT3 and interferon (IFN) signalling 
pathways that drive inflammation while 
these same inflammation related path-
ways are dampened by JAK inhibition 
with ABT-317 (Fig. 2A). These find-
ings were the expected impact of CM-
stimulation and JAK inhibition with 
ABT-317 on the FLS. Similarly expect-
ed, ABT-317 impacted the IL6-JAK-
STAT3 pathways by decreasing levels 
of IL18R1, MYD88, STAT3, and TLR2 
(Fig. 2C, Suppl. Tables S2 and 3). Also, 
we did see a reduction in IRF1, IDO1, 
and HIF1A expression level (Fig. 2D, 
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Fig. 1. ABT-317 reverses the effects of CM-stimulation on RA-FLS cells. 
A: RA patient-derived cells were incubated with DMSO (UT) or ABT-317 for 1 hr. Treated cells were incubated with and without conditioned media stimula-
tion (25% of total volume) for 24 hrs. Cells were harvested and used for further experiments.
B: Principal component analysis (PCA) plot showing the distribution of conditioned media (Stim) and ABT-317 treatment samples. The differences along 
PC1 between groups were measured with Wilcoxon rank sum test (ABT-317 1µM (Stim) vs. Stim: p=0.02).
C: (Up) Volcano plot demonstrating the significantly increased RNA expression levels in samples with conditioned media (Stim). (Down) Volcano plot 
showing the significantly decreased RNA expression levels in samples after treating ABT-317 1µM (Stim). Red dots and blue dots represent the significantly 
upregulated and downregulated genes respectively with a foldchange (FC) (|logFC| ≥0.58, vertical line) and false discovery rate (-log10 (FDR) ≤0.1, hori-
zontal line). Overlapped genes were selected by top overlapped logFC values from each comparison.
D: Venn diagrams of differentially expressed genes (DEGs) in Stim vs. Unstim (UP/DN) and ABT-317 1µM (Stim) vs. Stim (DN/UP) showing the number 
of unique and overlapping DEGs. Overlap of DEGs was tested using Fisher’s exact test (p<2.22e-16).
E: Correlation heatmap plots for DEGs among synovial tissue datasets (GSE12021 and GSE55457) and bulk RNAseq. Pearson’s correlation coefficient 
values (R) among tissue datasets and bulk RNA seq DEGs results were calculated. Insignificant (p>0.05) value is marked as a cross (X).
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Suppl. Tables S2 and 3) suggesting that 
it is likely ABT-317 affects IFN gamma 
signalling.
Interestingly, pathways not directly re-
lated to inflammatory signalling, such 
as hypoxia, cell migration, comple-
ment, and coagulation are also down-
regulated by ABT-317. Furthermore, 
cell cycle pathways are upregulated 
by JAK inhibition, while stimulation 
with CM decreases the cell cycle re-
lated pathways (Fig. 2B), suggesting 
that additional pathogenic mechanisms 
in synovial fibroblasts are also im-
pacted by JAK inhibition. We mainly 
focused on HIF1A mediated hypoxic 
stress pathway since HIF1A mediated 
hypoxia is known to activate cancer-as-
sociated fibroblasts (CAFs), and it has 
been shown to induce epithelial mes-
enchymal transition (EMT) in prostate 
cancer cells (19). We have identified 
that the hypoxia Hallmark gene set was 
significantly enriched in stimulated 
FLS while ABT-317 causes a reduc-
tion in this signature (Fig. 2A). Inter-
estingly, we found that several genes 
involving a hypoxic-like response and 
extracellular matrix (ECM) modifica-
tion were also impacted by stimulation 
with CM or ABT-317 treatment. For 
example, LOX, P4HA1, and P4HA2 
were upregulated by CM-stimulation 
whereas exposure to ABT-317 (CM-
stim) reversed this upregulation (Fig. 
2E, Suppl. Tables S2 and 3). We have 
also examined whether the cell migra-
tion gene set signature is changed by 
CM or ABT-317 treatment since mul-
tiple reports suggest hypoxia affects 
cell morphology and behaviour such 
as cell migration and invasion (20,21). 
We did find that the cell migration gene 
set signature was significantly enriched 
in CM-stimulated FLS while ABT-
317 treatment reduced this signature 
(Fig. 2A and Fig. 2F). Also, ABT-317 
reduced the gene expression level of 
several hypoxia related genes known 
to be involved in cell migration/inva-
sion such as LOX (22), SLC2A1 (23), 
PGK1 (24), and PPFIA4 (25) (Suppl. 
Tables S2 and 3). Given this unique 
finding we confirmed the similar ef-
fects of CM-stimulation and ABT-317 
on downstream hypoxia related stress 
pathways in RA-FLS cells. 

qRT-PCR confirmed that 
ABT-317 may reduce hypoxia-related
pathways in RA-FLS cells
Synovial hypoxia is considered as a 
potential pathogenic factor in RA due 
to its ability of inducing pathways like 
angiogenesis, inflammation, abnor-
mal metabolism, and cartilage erosion 
(26). To further investigate the impact 
of ABT317 on hypoxia on RA FLS 
cells, we selected genes involved in the 
hypoxic related pathways like angio-
genesis (VEGFA), abnormal metabo-
lism (HIF1A, SLC2A1, HK2, PGK1, 
IL32), ECM modifications (PLOD2, 
P4HA1, LOX, LOXL3) for additional 
confirmatory analyses. We performed 
qRT-PCR analysis from the same do-
nors that were evaluated earlier by 
RNAseq. Most of the genes detected 
by qRT-PCR showed similar expres-
sion patterns with those identified from 
RNA seq data (R=0.96 (StimvsUnstim) 
and R=0.94 (ABT317(Stim)vsStim), 
p<0.001 from Pearson’s correlation) 
(Fig. 3A, Suppl. Table S4).
We found that HIF1A is upregulated 
(1.83-fold) following CM-stimulation 
compared to unstimulated cells indicat-
ing that CM-stimulation may trigger a 
hypoxic-like response in the RA-FLS 
(Fig. 3B). In contrast, ABT-317 sig-
nificantly downregulated HIF1A (0.66-
fold) likely leading to the subsequent 
reduction in hypoxia related gene ex-
pression since HIF1A is a major con-
tributor for cell adaptation to hypoxic 
stress (27). Also, we determined CM-
stimulation increased the expression of 
SLC2A1 (3-fold), PGK1 (2.89-fold), 
HK2 (2.59-fold), and IL32 (188.3-fold) 
showing that glycolysis is induced by 
inflammatory stress on RA fibroblasts 
(Fig. 3C). We also observed signifi-
cant reduction of glycolysis genes like 
SLC2A1 (0.38-fold), HK2 (0.54-fold), 
and PGK1 (0.45-fold) following ex-
posure to ABT-317. Interestingly, we 
found CM-stimulation greatly increased 
the gene expression of IL32, and IL32 
is known to induce glycolytic activity 
by increasing lactate dehydrogenase 
(LDH) activity (28). We observed de-
creased expression of LDHA after treat-
ing with ABT-317 (Stim) in our RNA-
seq data (Fig. 2E, Suppl. Table S3) indi-
cating that ABT-317 affects metabolic 

process in RA-FLS cells by targeting 
different glycolytic enzymes. Further-
more, we identified that CM-stimula-
tion increased angiogenesis genes (Fig. 
3D) such as VEGFA (1.54-fold) and 
ECM-modification genes (Fig. 3E) like 
PLOD2 (5.31-fold), LOXL3 (1.3-fold), 
and P4HA1 (1.67-fold) whereas expo-
sure to ABT-317 caused a reduction in 
the expression levels of PLOD2(0.69-
fold) and LOX (0.62-fold) genes com-
pared to stimulated cells. This indicates 
that CM-stimulation triggers not only 
inflammatory responses but also ECM-
modification, metabolic changes, and 
hypoxia related stress that are effective-
ly reversed by JAK inhibition.

Heterogeneous cell states 
of RA-FLS cells in single cell 
RNA sequencing
According to our bulk RNAseq analy-
sis of RA-FLS, ABT-317 is effective in 
reducing several of the inflammatory as 
well non-inflammatory genes/pathways 
induced by CM-stimulation within the 
total RA-FLS population. Given that 
the FLS are primary cell cultures de-
rived from RA patient synovial tissue 
that have been shown previously to be 
heterogenous in their phenotype (8-10), 
we sought to examine the response of 
our RA-FLS cells to CM-stimulation 
and ABT-317 exposure at single-cell 
resolution level using scRNA-seq. RA-
FLS cells from four RA donors were 
cultured with and without CM-stimu-
lation and ABT-317 as described earlier 
(Fig. 1A and Table I) and subjected to 
cell sorting for individual cell capture/
sequencing by using 10X Genomics 
technology. After quality filtering, we 
obtained 87,108 cells, and clustering 
analysis revealed nine distinct clusters 
driven by different treatment schemes 
(Fig. 4A). Clusters 0, 6, and 7 mainly 
consisted of unstimulated cells with no 
difference being detected among the 
CM-stim and ABT-317 treatment groups 
within each cluster, which was consist-
ent with bulk RNA-seq data (Fig. 1B 
and Fig. 4B). We then compared single 
cell RNA-seq to bulk RNA-seq data and 
observed a high level of correlations be-
tween the identified DEGs (StimvsUn-
stim: R=0.96, ABT-317 (Stim) vs Stim: 
R=0.95, Pearson’s correlations p<0.05) 
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(Fig. 4C). Clusters 0, 6 and 7 largely 
reflect the unstimulated fibroblasts with 
or without ABT-317. Clusters 1 and 8 
are largely the result of CM-stimulation 
and clusters 2 and 5 reflect CM + ABT-
317 treatment and fall intermediately 
between stimulated and unstimulated 
clusters (Fig. 4B). The marker genes for 

each cluster were identified (Suppl. Fig. 
S23 and Suppl. Table S5) and several 
marker genes are specifically expressed 
in certain clusters (cluster 3: CHI3L1; 
cluster 4: PENK and PRG4; cluster 5: 
MMP3; cluster 6: TRH and FHL1; clus-
ter 7: KRT14 and KRT16; cluster 8: 
MT1 genes).  

To understand the heterogenous cel-
lular response of the RA-FLS cells to 
ABT-317 treatment, we explored the 
changes in gene signatures at the single 
cell resolution level. Each cluster was 
tested for enrichment scores of human 
Hallmark gene sets from MSigDB. We 
observed that the single cell hallmark 

Fig. 2. Gene expression patterns of the GSEA enriched signatures.
A: Gene set enrichment analysis (GSEA) demonstrating the degree of enrichment of the significant hallmark signatures (FDR <15%) in upregulated genes 
in Stim vs. Unstim (DEGs) and downregulated genes in ABT317 (Stim) vs. Stim (DEGs). NES, normalised enrichment score.
B: Gene set enrichment analysis (GSEA) demonstrating the degree of enrichment of the significant hallmark signatures (FDR <15%) in downregulated genes 
in Stim vs. Unstim (DEGs) and upregulated genes in ABT317 (Stim) vs. Stim (DEGs). NES, normalised enrichment score.
C: Heatmap plot revealing the expression of the genes for Hallmark IL6-JAK-STAT3 signalling signature in RA-FLS cells with different treatment groups. 
Color scale indicates the relative gene expression. 
D: Heatmap plot revealing the expression of the genes for Hallmark IFN-gamma response signalling signature in RA-FLS cells with different treatment 
groups. Colour scale indicates the relative gene expression. 
E: Heatmap plot revealing the expression of the genes for Hallmark Hypoxia signature in RA-FLS cells with different treatment groups. Colour scale indi-
cates the relative gene expression. 
F: Heatmap plot revealing the expression of the genes for WU-Cell migration signature in RA-FLS cells with different treatment groups. Colour scale 
indicates the relative gene expression. WU-Cell migration gene set consists of genes associated with migration rate of 40 human bladder cancer cell lines.
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Fig. 3. Real-time quantitative PCR (qRT-PCR) validation of RNA seq data.
A: Correlation plots for comparing qRT-PCR and RNA sequencing data. Pearson’s correlation coefficient values (R) were calculated with p-values between 
qRT-PCR and RNAseq data using log2 fold change (logFC) results.
B: qRT-PCR validation for the expression of hypoxia marker HIF1A in response to CM-stimulation (Stim) and ABT-317 1µM (Stim). Relative expression 
values were generated for qRT-PCR samples by comparing the expression of genes at each treatment using the 2−ΔΔCt method. Data are presented as means 
± standard error (SE) from six independent biological replicates and two technical replicates. 
p adjusted value was calculated by Wilcoxon Rank Sum test. * p<0.05, **p<0.005.
C: qRT-PCR validation for the expression of glycolysis related genes in response to CM-stimulation (Stim) and ABT-317 1µM (Stim). Relative expression 
values were generated for qRT-PCR samples by comparing the expression of genes at each treatment using the 2−ΔΔCt method. Data are presented as means 
± standard error (SE) from six independent biological replicates and two technical replicates. 
p adjusted value was calculated by Wilcoxon Rank Sum test. * p<0.05, ** p<0.005.
D: qRT-PCR validation for the expression of angiogenesis marker VEGFA in response to CM-stimulation (Stim) and ABT-317 1µM (Stim). Relative expres-
sion values were generated for qRT-PCR samples by comparing the expression of genes at each treatment using the 2−ΔΔCt method. Data are presented as 
means ± standard error (SE) from six independent biological replicates and two technical replicates. 
p adjusted value was calculated by Wilcoxon Rank Sum test. ** p<0.005.
E: qRT-PCR validation for the expression of extracellular matrix genes in response to CM-stimulation (Stim) and ABT-317 1µM (Stim). Relative expression 
values were generated for qRT-PCR samples by comparing the expression of genes at each treatment using the 2−ΔΔCt method. Data are presented as means 
± standard error (SE) from six independent biological replicates and two technical replicates. 
p adjusted value was calculated by Wilcoxon Rank Sum test. ** p<0.005.
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GSEA results were similar to our bulk 
RNAseq GSEA data between CM-
stimulation and ABT-317 (Stim) (Fig. 
2A and Fig. 4D). For example, clusters 
1 and 8 (Stim-driven clusters) have the 
highest enrichment score for inflam-
matory signalling and hypoxia related 
hallmark gene signatures, while clus-
ter 2 (ABT-317 driven cluster in CM-

stim) shows lower scores than cluster 
1. Surprisingly, we found heterogene-
ous Hallmark GSEA signatures in clus-
ters 2 and 5 although both clusters are 
mainly driven by ABT-317 treatment in 
CM-stimulation (Fig. 4B). We have also 
observed that many RA pathogenesis 
related genes were elevated in cluster 5 
compared to cluster 2. For example, hy-

poxia related genes like PNRC1, PGK1, 
and ISG20 were highly expressed in 
cluster 5 while cluster 2 showed lower 
gene expression levels for these genes 
(Fig. 4E). We also observed that inter-
feron gamma response genes such as 
TNFAIP6, CXCL9, and VCAM1 were 
heterogeneously expressed in each clus-
ter (Fig. 4F). Interestingly, VCAM1 is 

Fig. 4. Heterogenous cell status of RA-FLS cells in conditioned media and ABT-317.
A: UMAP plots of all 87,108 cells by Seurat clustering. Clusters were identified using Seurat’s FindClusters function with a resolution = 0.2. 
B: Staked bar plot showing the percentage of cells from each treatment present in the Seurat clusters with the summary of clusters.
C: Correlation heatmap plots for DEGs between single cell RNAseq and bulk RNAseq. Pearson’s correlation coefficient values (R) between the single and 
bulk RNAseq DEGs analysis results were calculated. Insignificant (p> 0.05) value is marked as a cross (X).
D: Heatmap plot for hallmark gene set signatures in Seurat clusters. Hallmark gene set signatures were selected from bulk RNAseq data in Fig. 2A and B. 
Colour scale indicates relative GSEA scores (Z-score). Hallmark enrichment scores and False discovery rate (FDR) are calculated with the singleseqgset R 
package (47) and plotted with a threshold of FDR <10%.
E: Violin plots for differentially expressed genes from Hallmark hypoxia signature between clusters 2 and 5. Red bar depicts the median gene expression 
levels in each cluster.
F: Violin plots for differentially expressed genes from Hallmark interferon gamma response signature between clusters 2 and 5. Red bar depicts the median 
gene expression levels in each cluster. 
G: Violin plots for differentially expressed genes from Hallmark coagulation signature between clusters 2 and 5. Red bar depicts the median gene expression 
levels in each cluster. 
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known to be expressed in activated syn-
ovial fibroblasts, and it is thought to be 
involved in the pathogenesis of inflam-
matory joint diseases (29), suggesting 
that clusters 1, 5, and 8 may be related 
to an activated synovial fibroblast phe-
notype. Coagulation related genes like 
MMP3, CFB, and SERPING1 were 
highly expressed in cluster 5 while clus-
ter 2 showed relatively lower expression 
levels of these genes (Fig. 4G). In par-
ticular, MMP3 was the top marker gene 
in cluster 5 and is known to be involved 
in the pathogenesis of rheumatoid ar-
thritis (30, 31). Taken together, our re-
sults suggest that cells within cluster 5 
have features resembling those that are 
strongly associated with rheumatoid ar-
thritis pathogenesis including hypoxia, 
interferon gamma response, and coagu-
lation pathways and while decreased 
overall by ABT-317, specific RA-FLS 
cells may be resistant to JAK inhibition, 
be a result of incomplete inhibition, or 
be driven by JAK independent mecha-
nisms, leading to  heterogenous popula-
tions of RA-FLS. 

Discussion
In this study, we exploited bulk and sin-
gle cell RNA sequencing to capture the 
JAK1 inhibitor effects on RA synovial 
fibroblasts. Our approach successfully 
captured the transcriptomic changes in 
RA-FLS after stimulating with condi-
tioned media as well as treating with 
a JAK1 selective inhibitor (ABT-317). 
Gene set enrichment analysis (GSEA) 
demonstrated that the JAK1 inhibitor 
reduced not only the expected inflam-
matory pathways like interferon and 
IL-6 signalling but also in reduced non-
inflammatory pathways, such as hy-
poxia and cell migration. Notably, our 
bulk RNA-seq data significantly corre-
lates with that of publicly available RA 
tissue microarray data sets, supporting 
the use of CM-stimulation as an in vitro 
model system to study RA-FLS patho-
genic responses. Single cell RNA-seq 
analysis of CM-activated cultured RA-
FLS confirmed decreases in inflamma-
tory and non-inflammatory pathways 
with JAK inhibition, but also identified 
a heterogenous cell status that reflects 
differential inhibition of pathogenic 
pathways at the single cell level.

Our GSEA results from CM-stimula-
tion successfully captured the upregu-
lated JAK-STAT pathways and were 
down regulated upon JAK inhibitor 
treatment. Different JAK-specific in-
hibitors selectively suppress different 
types of STATs which specifically regu-
late their own molecular targets in syn-
ovial fibroblasts. For example, while 
peficitinib (pan-JAKi) and tofacitinib 
(JAK1,3 less JAK2 selective inhibitor) 
decrease the protein levels of pSTAT3 
(32), PF-956980 (JAK3 selective inhib-
itor) did not affect STAT3 activation but 
it suppressed STAT1 and STAT5 activa-
tion in Oncostatin M (OSM)-stimulated 
RA-FLS (33). In our study, ABT-317 
(JAK1 selective inhibitor) reduced the 
expression levels of STAT2, 3, and 5. 
Although we did not observe significant 
changes of STAT1 expression levels by 
our JAK1 selective inhibitor, we found 
B-cell activating factor/tumour necro-
sis factor superfamily member 13B 
(BAFF) was significantly reduced. To-
facitinib was reported to suppress the 
TNF-induced pSTAT1 and the associ-
ated inflammatory interferon response 
genes like BAFF in synovial fibroblasts 
(4) suggesting that our ABT-317 may 
decrease the protein levels or the sig-
nalling through  STAT1 in RA-FLS. 
One of our interesting findings was 
that JAK inhibition affects additional 
molecular mechanisms in synovial fi-
broblasts beyond pro-inflammatory 
signalling. In particular, RA synovial 
fibroblasts can activate glycolytic me-
tabolism under pro-inflammatory and 
hypoxic condition (4) and the increased 
glycolytic metabolism induced the re-
lease of IL-1β from macrophages (34). 
Consequently, the upregulated gly-
colytic enzymes can lead to increased 
amounts of lactate and succinate (4, 
34) and the synovial tissue is enriched 
with HIF-1, a critical hypoxia associ-
ated transcriptional regulator (35). HIF-
1 contributes to RA pathogenesis by 
promoting extracellular matrix (ECM) 
remodelling, which involves changes 
in cell morphology, adhesion, and inva-
sion (36). In this study, we found that 
CM-stimulation increases HIF1A and 
subsequent glycolytic signals, and the 
expression levels of these genes are 
decreased following JAK1 selective 

inhibitor (ABT-317) treatment. This 
is consistent with the previous study 
with tofacitinib showing that tofacitinib 
(1,000 nM) decreased pro-inflammato-
ry and pro-glycolytic mediators in syn-
ovial fibroblasts from RA patients (37). 
Our findings suggest that HIF-1 mediat-
ed ECM remodelling by fibroblasts can 
be altered by the JAK1 selective inhibi-
tor (ABT-317) during CM-stimulation. 
The reduction of gene enrichment score 
from WU-cell migration also supports 
the impact of ABT-317 on the ECM re-
modelling process. 
While our data indicated that the JAK1 
inhibitor mainly showed the inhibitory 
effects on RA-FLS, we also observed 
that the JAK1 inhibitor (ABT-317) re-
versed the CM-stimulation effects of 
reducing cell cycle related pathways. 
This result is consistent with the cell 
cytotoxicity test since we also ob-
served slightly decreased cell viability 
in the CM-stimulation group, whereas 
ABT-317 slightly increased cell viabil-
ity (Suppl. Fig. S1). These were unex-
pected findings given that most JAK 
inhibitors have been shown to induce 
cell cycle arrest in cancer cells (38, 39), 
but could be related to the inflammatory 
stimuli used in these studies and/or the 
reversing effects of JAK inhibitors on 
inflammatory processes.
The observation of unique populations 
of fibroblasts emerging upon activa-
tion and JAK1 inhibitor treatment is 
consistent with a previous report of the 
heterogenous cell status in response to 
cytokine signalling in cultured synovial 
fibroblasts (40). Of the several differ-
ent clusters that emerged with CM and 
JAK inhibitor treatment, we identified 
a PRG4hi cluster (cluster 4) that might 
represent cells of the synovial lining 
(41) and it suggests that the cellular 
heterogeneity can be induced in cul-
tured fibroblast cells, which normally 
become homogenous upon removal 
from the in vivo setting and cultured 
on 2 dimensional plastic. Notably, we 
found the presence of heterogenous 
cell populations driven from the JAK1 
inhibitor treatment. Although MMP3hi 
cluster (cluster 5) and cluster 2 are 
mainly driven from the JAK1 inhibitor 
with CM-stimulation, MMP3hi cluster 
did not show the reduced gene signa-
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tures of interferon gamma response sig-
nalling, hypoxia, and coagulation com-
pared to CM-stimulation driven clus-
ters.  This may indicate an incomplete 
inhibitory effect of the JAK1 inhibitor, 
an intrinsic resistance of certain cells to 
JAK1 inhibition or are driven by JAK-
independent mechanisms. 
The cluster that appeared to retain 
pathogenic properties was cluster 5 
(MMP3hi) and express high levels of 
CXCL1 and CXCL8 genes. It has been 
shown that multiple JAK inhibitors do 
not strongly reduce the protein levels 
of CXCL8, CXCL1, and MMP3 in IL-
1β-stimulated RA synovial fibroblasts 
(42). MMPs are mainly induced by IL-
1β in the elevated glycolytic metabo-
lism (34) and have been implicated in 
FLS invasiveness (40, 43). Addition-
ally, a recent study of inflammatory 
bowel disease has shown that IL-1β-
activated fibroblast signature in certain 
pathotypes may be associated with the 
low response rates to multiple therapies 
(44). Collectively, these data   suggests 
that cluster 5 (MMP3hi) could be driven 
by IL-1β-induced responses, which are 
JAK independent.
This unique cluster 5 (MMP3hi) also 
showed higher gene expressions of 
transporter genes like SERPINA1 or 
SLC2A5 than the other JAK inhibitor-
driven cluster (cluster 2, Suppl. Table 
S6). This may explain the distinct fea-
tures of two JAKi driven clusters, since 
transporters are known to be involved 
in multidrug resistance in cancer cells 
(45, 46) and could reflect a resistance of 
this subpopulation to the inhibitor. In-
terestingly, a previous study has shown 
that the secretion of MMP3 is not ef-
ficiently suppressed by different JAK 
inhibitors in stimulated FLS cultures 
while a potent suppression of MMP3 
secretion was achieved by treating FLS 
with adalimumab (anti-TNF-α), secuki-
numab (anti-IL-17A), and canakinum-
ab (anti-IL-1β) (47). This suggests that 
combining therapies that can address 
other fibroblast functions with JAK in-
hibitors may provide additive effects to 
treat drug-resistant RA-FLS. 
Our study in RA-FLS cells has re-
vealed how the JAK1 selective inhibi-
tor, ABT-317, can significantly alter the 
transcriptomic landscape and gene sig-

natures of these cells, especially under 
a pro-inflammatory condition such as 
that observed with CM-stimulation. By 
using a single cell RNAseq approach, 
we have also found that CM-stimula-
tion and the JAK1 inhibitor treatment 
of RA-FLS can induce heterogenous 
cell status changes in these cells. The 
limitations of in vitro RA-FLS models 
include that they may not fully repre-
sent the complex RA synovium micro-
environment in RA patient although we 
have shown the significant correlation 
of our data with the public RA tissue 
microarray dataset. This will necessitate 
further research and the development of 
relevant RA biology model using 3D-
cell culture or organoid models. Over-
all, our study provides an important ad-
vance in the understanding of the JAK1 
inhibitor’s molecular mechanisms on 
RA-FLS and serves as an essential re-
source for future in-depth research in 
identifying molecular responses of JAK 
inhibitors on RA-FLS cells.
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