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Abstract

Objective: Rheumatoid arthritis synovial fibroblasts (RASFs) are crucial mediators of synovial
inflammation and joint destruction. However, their intrinsic immunoregulatory mechanisms under
chronic inflammation remain unclear. Thus, present study was aimed to understand the role of
newly identified GTPase, guanylate-binding protein 5 (GBP-5) in RA pathogenesis.

Methods: The expression of GBPI-GBP7transcripts was evaluated using gRT-PCR in RA
synovial tissues (RASTSs) or non-diseased STs (NLSTS). Transient siRNA knockdown and
lentiviral overexpression studies in human RASFs examined the regulatory role of GBP-5 on
proinflammatory cytokine signaling pathways. Unbiased whole transcriptome RNA-sequencing
analysis examined the impact of GBP-5 on RASF molecular functions. These findings were
confirmed using /n vivo rat model of adjuvant-induced arthritis (AlA).

Results: Among different GBPs evaluated, GBP-5 was selectively upregulated in RASTS
(p<0.05; n=4) and the joints of AlA rats (p<0.05; n=6), and was significantly induced in

human RASFs by IL-1B, TNF-a and/or IFN-y (p<0.05; n=3). Bioinformatics analysis of RNA-
sequencing data identified cytokine-cytokine receptor signaling as a major function altered by
GBP-5, with IL-6 signaling as a primary target. Knockdown of GBP-5 amplified IL-1p-induced
IL-6, IL-8, ENA-78/ CXCLS5 by 44%, 54%, 45%, respectively, and MMP-1 production by
several-folds, effects which reversed with exogenously delivered GBP-5. Lack of GBP-5 increased
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IFN-y-induced proliferation and migration in human RASFs. /n vivo GBP-5 knockdown using
intra-articular siRNA exacerbated disease onset, severity, synovitis, and bone destruction in AlA.

Conclusion: Expressed by RASFs in response to cytokine stimulation, GBP-5 has potential to

restore cellular homeostasis and blunt inflammation and tissue destruction in RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease of joints in which macrophages, B

and T cells, and neutrophils infiltrate the joints and activate synovial fibroblasts (SFs), to
cause inflammation and tissue destruction (1, 2). Activated RA synovial fibroblasts (RASFs)
play an important role in the perpetuation of local inflammation and tissue destruction

(1). Human RASFs produce high levels of IL-6, IL-8, CXC or CC chemokines, and tissue-
degrading enzymes such as matrix metalloproteinases (MMPs) in response to inflammatory
cytokines such as interleukin-beta (IL-1f) or tumor necrosis factor-alpha (TNF-a) (3-7),
making them an attractive target for RA therapies. Since RASFs play a significant role in
amplifying inflammation and tissue destruction, there is a paramount therapeutic need to
identify endogenous proteins that can regulate RASF functions to limit their contributions to
disease pathogenesis. Yet very little is known about the auto-regulatory or anti-inflammatory
factors produced by RASFs that play a protective role by an autocrine regulation of this
vicious inflammatory cycle. More research is needed to determine whether such factors
could restore cellular homeostasis and blunt proinflammatory actions of the cytokines that
contribute to RA pathogenesis.

Recent studies provide evidence that a newly-discovered family of IFN-stimulated GTPases
(ISGs) called “‘guanylate-binding proteins’ (GBPs) participate centrally in inflammasome
activation and host-defense mechanisms (8). The GBP family comprises 7 members
(GBP1-7) that are expressed in human cells and are highly responsive to IFN stimulation
(8). Besides their function in immunity (9), studies suggest that they regulate cellular
proliferation, angiogenesis, and tissue invasion (10-12). Among the GBP family members,
GBP-5 has recently been shown to play a crucial role in immunity against infections through
NLRP3 inflammasome activation in macrophages (13-15).

Various studies utilizing mass cytometry coupled single-cell transcriptomics and global
transcriptome profiling of RASFs have suggested an increase in the expression of different
GBPs, including GBP1, GBPZ, GBP4, and GBP5 (16, 17), however, their role has

never been characterized in RA. In corroboration to these profiling studies, preliminary
findings in our lab from RNA sequencing showed GBP-5 to be one of the most highly
upregulated genes in RA synovial tissue (RASTS) compared with non-diseased synovial
tissues (NLSTS). In the present study, we examined the role GBP-5 in RASF-mediated
synovial inflammation and tissue destruction /n7 vitroand in a rat model of adjuvant-induced
arthritis (AlA).
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MATERIALS AND METHODS

Animals.

Detailed information about antibodies and reagents, Western immunoblotting, ELISA, and
in vitro scratch test are provided in the SI Materials and Methods.

Female Lewis rats 6—8 weeks old were purchased from Envigo (East Millstone, NJ). All
work was performed at an AAALAC-accredited facility that meets the standards set forth in
the Guide for the Care and Use of Laboratory Animals. Rats were housed in pathogen-free
conditions on corn cob bedding in plastic microisolator cages on ventilated racks. Animals
were maintained on a 12:12h light:dark cycle at 70 £ 2°F and 50 + 5% relative humidity.
Cages were changed weekly. Animals were maintained on a nutritionally complete diet
(Teklad/Envigo, Madison, WI) and tap water (in water bottles) ad /ibitum.

Isolation and culture of SFs from the synovial tissue of human subjects not affected by RA
and RA subjects.

The de-identified non-diseased NL and RA synovial tissues (RASTS) were procured under a
protocol approved by the Washington State University IRB (IRB#14696) from Cooperative
Human Tissue Network (Columbus, OH) and National Disease Research Interchange
(Philadelphia, PA). STs from RA patients were obtained from joint surgery or synovectomy
according to an IRB protocol and in compliance with the Declaration of Helsinki. NLSTs
from were obtained from autopsy or amputation. ST from 6 RA patients were used in the
current study (Supplementary (S) table 1, Table S1). RASFs and NLSFs were processed as
described earlier (18).

Treatment of RASFs.

Human RASFs were treated with recombinant IL-1 g (10 ng/ml) or TNF-a (20 ng/ml) with
or without IFN-y (10 ng/ml) for 24 h. The expression level of GBP-5 was determined by
gRT-PCR and Western immunoblotting methods. Conditioned media was used to determine
IL-6, IL-8, MMP-1, and ENA-78/CXCLS5 production by ELISA. To understand the signaling
mechanism, human RASFs were treated with IL-1p alone or in combination with IFN-y for
30 min. Whole cell lysates were prepared and used for the analysis of the phosphorylated
proteins (p-JNK, p-ERK, p-p38, p-c-Jun, p-NF-xBp65). All blots were re-probed for p-actin
to confirm equal loading of proteins. RASFs were seeded in 96-well plates and stimulated
with IL-1p or IFN-y for 24 h to evaluate the effect on cell viability by MTT cell viability
assay.

Transient Transfection of siRNA.

To study the effects of GBP-5 knockdown, RASFs were transfected with 120 pmoles of
scrambled control (NC) or GBP-5 siRNA using Lipofectamine® 2000 (Life Technologies)
for 48 h and then stimulated with IFN-y and/or I1L-1 for 24 h in 6-well format. Conditioned
media was used to study IL-6, IL-8, ENA-78/CXCL5, MMP-1, RANTES/CCL5, MIP-1a/
CCL2, and MCP-1/CXCL1 production using ELISA method.
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RNA extraction and gRT-PCR.

Total RNA was reverse-transcribed using the SuperScript™ First-Strand Synthesis kit (Life
Technologies) according to the manufacturer instructions. GBP-5 mRNA transcripts were
amplified using the Power SYBR® Green PCR master mix (Life Technologies) and
validated primers from the QuantiTect primer assay (Qiagen) (sequence of the primer pairs
are provided in Table S2). Quantification of the relative expression of IL-6, IL-8, MMP-1,
MMP-3, MMP-12, ENA-78/CXCL5, CCL8, CXCL10, and CCL20 was determined by the
AACt method using GAPDH expression as an endogenous control.

RNA library preparation, sequencing, and bioinformatics analysis.

Detailed method of RNA preparation, sequencing and bioinformatics analysis was
performed as described earlier (19) and is provided with experimental details in the SI
Materials and Methods.

GBP-5 plasmid transformation and purification.

The validated and sequence confirmed GBP-5 wild-type (Catalog no. HG14977-ANG)
plasmid was purchased from Sino biological (Wayne, PA). The bacterial transformation and
plasmid purification were performed as per manufacturers’ instructions (Qiagen).

Lentiviral overexpression and transduction protocol.

Lentivirus containing empty vector and GBP-5 overexpression plasmid were purchased
from Origene (Rockville, MD). When 70-80% confluent in 24-well plates, RASFs were
transduced with culture media containing GBP-5 LentiORF particle and Polybrene (8
mg/ml). Vector control LentiORF particle (Origene, Cat. No. PS100071V) was used as

a negative control. RASFs were infected with 3 multiplicity of infection (MOI) of the
lentiviral particles. After 18 h, the new culture media was added. After 48 h, RASFs were
serum-starved overnight, followed by stimulation with IL-1p (10 ng/ml) for 24 h. Whole
cell lysates were collected to determine GBP-5 expression by the Western immunoblotting
method. Conditioned media were collected to quantitate the levels of IL-6, IL-8, MMP-1,
and ENA-78/CXCL5.

Rat adjuvant-induced arthritis (AlA).

Rat AlA study was performed as previously described (3, 7, 18). Briefly, female Lewis rats
weighing ~130g were injected s.c. at the base of the tail with 300 pl (5 mg/ml stock) of
lyophilized Mycobacterium butyricum (Difco Laboratories, Detroit, MI) in sterile mineral
oil. The rats were divided into two groups. Group 1 (n=6) received NC siRNA (10 pg in 10
ul atelocollagen) and group 2 (n=6) received GBP-5 siRNA (10 pg in 10 pl atelocollagen)
intra-articularly in each ankle on days 7 and 12 (onset of arthritis) and monitored for clinical
measurements until day 17. Clinical parameters such as articular index (Al) and ankle
circumferences (AC) were measured. Al and AC scores were recorded for each hind joint
by a blinded observer and then averaged for each animal described previously (18). Joints
and serum samples were collected on day 17. All animal studies were approved by the ethics
committee of the Washington State University and conformed to the NIH Guide for the Care
the Use of Laboratory Animals (8th edition, 2011).
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Micro-computed tomography (u-CT) Scanning and bone analysis.

Rat ankles fixed in formalin were scanned using the Quantum GX micro-CT Imaging
System (Perkin Elmer Waltham, MA). The system acquired the image using 90 kV level and
88 mA with a field of view of 10 mm with a scanning time of 4 min (voxel size 20 pm).

The bone marker analysis was performed by standardizing images to QRM-MicroCT-HA
phantom (QRM Moehrendorf, Germany). The structural parameters for bone were analyzed
with Analyze 12.0 software (AnalyzeDirect, Overland Park, KS, USA). Bone volume, cortex
volume, trabecular volume, intra trabecular volume, trabecular tissue volume, and trabecular
tissue mean (BMD), were calculated using the region of interest (ROI) tool as described
earlier (18).

Histological analysis.

Histological analysis was performed as described previously (20). In brief, harvested joints
were decalcified with 10% EDTA for 21 days and then embedded with paraffin. The
centerline of the joint was cut sagittally to make 5 um slices. Sections from NC and GBP-5
siRNA groups were stained with hematoxylin and eosin (H&E). Infiltrating cell and bone
destruction were measured with the Leica DM2500 microscope. A pathologist blinded to
the study analyzed the slides, inflammatory markers were compared among two groups and
presented in Table S3.

Statistical analysis.

A Kruskal-Wallis nonparametric test was used to evaluate the statistical significance of
group differences in the protein expression or production from Western blotting or ELISA
results in RASFs and different measured parameters obtained from /n vivo study. Student’s
t-test was performed to calculate statistical differences between variables for bioinformatics
analysis. Values shown are Mean + SE unless stated otherwise. £<0.05 was considered
significant.

RESULTS

Significantly enhanced expression of GBP- 5 in RA- affected synovial tissue and induction
of GBP- 5 upon cytokine stimulation in human RASFs.

Our RNA-seq data from Illumina identified GBP5 as one of the most highly expressed
genes in human RA synovial tissues (RASTSs) compared to non-diseased STs (NLSTS)
(Figure S1A). Therefore, we profiled the mRNA expression of GBPI-7in the RASTs

and compared to NLST. Among all the hGBPs analyzed, a significant 5-fold increase in
GBP5 mMRNA expression was observed in RASTs compared to the NLSTs (Figure 1A;
p<0.05). Furthermore, densitometric analysis of Western blots showed a similar increase in
the protein expression of GBP-5 (Figure 1B, p<0.05). Evaluation of the joint homogenates
from naive and AlA rats also showed ~2-fold increase in GBP-5 expression in AlA joints
(Figure 1B, p<0.05). To confirm this /n vitro, we stimulated RASFs with IL-1f (10 ng/ml)
for up to 48 h to observe a time-dependent increase in GBP-5 expression that peaked around
24 h (Figure 1C; p<0.05 at 24 h). To test if IL-1p is capable of inducing GBP-5 for longer
duration and in NLSFs as well, we stimulated RASFs and NLSFs with IL-1p (10 ng/ml) for
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24, 48, and 72 h. Analysis of the cell lysates showed that IL-1p induced GBP-5 expression
in NLSFs similar to RASFs and the expression levels declined to almost basal values by 72 h
of treatment in both groups without affecting the cell viability (Figure S1B-C).

GBP-5 is an ISG robustly induced in response to IFN-y in different cell types (11, 13,

14). However, its expression in RASFs activated by proinflammatory cytokines in RA
pathogenesis has remained untested. Activation of RASFs with IL-1f (10 ng/ml) or TNF-
a (20 ng/ml) alone or in combination with IFN-y (10 ng/ml) for 24 h confirmed an
upregulation in the expression of GBP-5. The combination of IFN-y with IL-1p or TNF-a
further amplified the expression of GBP-5 protein compared to IFN-y alone (Figure 1D,
p<0.01) and produced a 10-fold increase in mRNA level (Figure 1D, p<0.05). However,
anti-inflammatory cytokines such as IL-10 (1-100 ng/ml) or 1L-35 (1-100 ng/ml) failed
to induce GBP-5 expression on RASFs (Figure S1E). Evaluation of the conditioned media
from RASFs treated with IL-1p or TNF-a alone or in combination with IFN-y for 24

h showed that IFN-y was able to significantly reduce the levels of IL-1B-induced IL-6,
IL-8, MMP-1, and ENA-78/CXCLS5 production by 38%, 74%, 37%, and 72%, respectively
(Figures 1E, p<0.05).

Identification by RNA- Seq analysis of a novel anti-inflammatory role of GBP- 5 mediated
through modulation of cytokine- cytokine receptor interactions.

To determine the role of GBP-5 in IL-1p-induced inflammation, we used a loss-of-function
model by performing RNA-seq analysis on IL-1B-stimulated RASFs with/without GBP-5
transiently knocked down. Among the panel of 20,803 genes, the expression of 3,315 genes
was significantly modulated > 2.5-fold upon IL-1p stimulation in RASFs, as depicted in the
heatmap (Figure 2A). Further analysis of the data showed that of these modulated genes,
1353 genes were significantly downregulated, and 825 genes were significantly upregulated
with GBP-5 knockdown (Figure 2A).

GO analysis of the Differentially Expressed Genes (DEGSs) using Metascape showed that
knockdown of GBP-5 primarily modulates cytokine-mediated signaling pathways (Figure
S2A\). In corroboration with this observation, the list of top upregulated inflammatory genes
confirmed the previous results (Figure 2B). GO studies using ToppGene Suite analysis of the
upregulated genes predicted the role of GBP-5 in regulating top RASF molecular functions
such as cytokine/chemokine activity and their signaling receptor binding (Figure S2B) and
affected pathways such as cytokine signaling in the immune system, interferon signaling,
and cytokine-cytokine receptor signaling (Figure S2C). Functional network and canonical
pathway analysis of upregulated genes predicted the top biological function affected by
GBP-5 to include response to cytokine, defense response, immune response, response to
biotic stimulus, and cellular response to cytokine stimulus (Figure S2D). The top affected
cellular component function included extracellular space, cell surface, extracellular matrix,
IxB/NF-xB complex, and integral component of the plasma membrane (Figure S2E).
Notably, GO analysis of the downregulated genes showed regulation of cell motility as

an important cellular function affected (Figure 2B).

Among top IL-1B-activated genes that further amplified in the absence of GBP-5 included
those that govern inflammation (IL-6 and IL-8), chemotaxis (CXCL1, CXCL2, CXCL3,
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CXCL5, CXCL10, CCL7, CCL8, CCL20, and CCL3), and tissue remodeling (MMP-1,
MMP-3, and MMP-12) (Figure S2F). Further validation of the RNA-seq data by qRT-PCR
showed a significant increase in IL-1B-induced MMP3, MMP12, CCL8, CXCL10, and
CCL20 mRNA expression with the knockdown of GBP-5 compared to the NC group (Figure
S2G, p<0.05 for all).

Interestingly, the interactome generated from Ingenuity Pathway Analysis (IPA) showed
IL-6 signaling to be centrally affected by GBP-5 knockdown in IL-1B-stimulated RASFs
(Figure 2C). To validate this IPA finding, we stimulated RASFs with IL-6/IL-6R for 24

h. Western blotting results showed that IL-6/IL-6R induced GBP-5 expression along with
p-STAT3(Tyr’9%) expression in RASFs (Figure 2D). Interestingly, knockdown of GBP-5 in
RASFs upregulated both the constitutive as well as IL-1B-induced expression of membrane-
bound gp130 (mgp130), a key transmembrane receptor in IL-6 signaling (3) (Figure

2E, p<0.05). Furthermore, overexpression of GBP-5 using a lentiviral delivery method
significantly reduced IL-1B-induced mgp130 expression in RASFs (Figure 2F, p<0.05).

Significantly higher levels of soluble mediators of inflammation and cartilage destruction
induced by IL- 18 in the absence of GBP- 5.

We knocked down GBP-5 before activating RASFs with IL-18, TNF- a alone or in
combination with IFN-y for 24 h. The results of ELISAs showed that, compared to

NC siRNA, GBP-5 knockdown significantly reduced the ability of IFN-y to inhibit IL-1p-
induced inflammation, as GBP-5 knockdown further amplified IL-6 and IL-8 production
by 84% and 39%, respectively (Figures 3A, p<0.05 for IL-6). This suggests that IFN-y
primarily relies on GBP-5 to inhibit IL-1-induced inflammatory mediators. Strikingly,
GBP-5 knockdown in IL-1p-stimulated RASFs resulted in ~8-fold increase in MMP-1 and
~43% increase in ENA-78/CXCLS5 production compared to the levels in NC siRNA group
(Figures 3B, p<0.05 and p<0.01).

In addition, our results at the transcriptional level showed that the lack of GBP-5 further
increased IL-1pB-induced IL-6 and IL-8 gene expression by 40-50% (Figures 3C, p<0.05 and
p<0.01) We also found a 4-fold increase in IL-1p-induced MMP-1 and ~2-fold increase in
ENA-78/CXCLS5 production in GBP-5 siRNA-treated samples compared to the NC siRNA
group (Figures 3D, p<0.05 and p<0.01). Several additional inflammatory genes identified in
IPA were confirmed by qRT-PCR method (Figure S2F). Successful knockdown of GBP-5
was confirmed by Western immunoblotting (Figure 3E). Furthermore, knockdown of GBP-5
in human dermal fibroblasts also resulted in a significant upregulation of IL-1p-induced
IL-6 and IL-8 production (Figure S3A-B, p<0.05, p<0.01), suggesting that GBP-5 elicits its
anti-inflammatory actions in fibroblasts of other origin as well.

Suppression of inflammation and amplification of the function of IFNvy.

To evaluate if preconditionting of RASFs with GBP-5 blunts inflammatory pathways,

cells were transfected with control or lentiviral GBP-5 overexpression vector, followed

by IL-1B (10 ng/ml) stimulation for 24 h. The transduction success was confirmed using
Western immunoblotting (Figure 4A). Overexpression of GBP-5 resulted in 40%, 43%, and
17% reduction in IL-1p-induced IL-6, IL-8, and ENA-78/CXCLS5 production, respectively
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(Figure 4B, p<0.01), with no significant modulation in RANTES/CCL5, MCP-1/CXCL1,
and MIP-1a/CCL2 production (Figure S4A-C). Since MAPK signaling is important

in IL-1B-driven RA pathogenesis (21) , we tested the impact of GBP-5 overexpression

on IL-1p-induced MAPKs in RASFs. Western immunoblot analysis of lysates treated

with IL-1p after GBP-5 overexpression revealed marked inhibition of IL-1p-induced
phosphorylation of p38 and JNK, thereby downregulating the activation of transcription
factors p-NF-xBp65 and p-c-Jun (Figure 4C). To further test the potential combinatorial
effects of GBP-5 and IFN-y, we transiently overexpressed GBP-5 and treated RASFs

with IFN-y (0.5-10 pg/ml) followed by IL-1p stimulation for 24 h. Intriguingly, in the
presence of GBP-5, the ability of IFN-+ to inhibit IL-1p-induced IL-6, IL-8, and ENA-78/
CXCL5 production was enhanced when compared to IFN-y treatment alone at the respective
concentrations (Figure 4 D—F, p<0.05). These results suggest that GBP-5 is not only able to
reduce inflammatory mediators, but also adds a combinational effect to IFN-y’s function in
human RASFs.

Propagation of migration, inflammation, and tissue destruction following GBP- 5
knockdown in RASFs.

Since GBP-5 is classified as an ISG (22), it is crucial to understand its broader regulatory
role in RASFs when both IFN-y and IL-1p pathways are activated. First, we performed
RNA-seq on IL-1p and/or IFN-y treated RASFs to confirm that IFN-y suppresses IL-18-
induced inflammatory pathways. Our results presented as a heatmap in Figure S5A showed
a marked regulation by IFN-y of 1350 #test qualified genes activated by IL-1p. IPA data
revealed key pathways affected by IFN-y (Figure S5B). Next, we knocked down GBP-5 in
IL-1B+IFN-y treated RASFs and compared with NC siRNA control. RNA-seq analysis after
ttest qualification identified 269 genes differentially regulated by GBP-5 siRNA compared
to the NC siRNA group (Figure 5A). Follow-up IPA using these differentially regulated
genes identified pathways, including /L-1 signaling, PISK/AKT signaling, and osteoarthritis
pathway among top 10 pathways affected by GBP-5 knockdown (Figure 5B). Importantly,
some of the top genes altered (Figure S5C) matched those most affected when GBP-5

was knocked down with IL-1p alone (Figure S2E), suggesting that GBP-5 acts as an
anti-inflammatory agent in response to IL-1p stimulation.

Next, we evaluated the effect of GBP-5 knockdown on RASF functions. In an /n vitro
scratch test, we observed that GBP-5 knockdown had no effect on migration in IL-1p
presence, but it significantly increased the invasiveness of RASFs in IFN-y treated samples
(Figures 5C-D; p<0.05). Western blot analysis of the concentrated supernatants from a
similar treatment showed a marked increase in IL-B- or IL-1p+IFN-y-induced MMP-1 and
MMP-13 production with GBP-5 siRNA (Figure 5E). Analysis of cell lysates showed a
marked increase in COX-2 expression, with no effect on ICAM-1 expression in GBP-5
SiRNA group (Figure 5E).

Evaluation of the MAPK signaling pathway showed that GBP-5 knockdown significantly
enhanced the basal and IL-1p+IFN-y stimulated expression of p-JINK (Figures S D-E).
Since JNK-activated transcription factor AP-1 plays a central role in upregulating proteins
that cause inflammation (COX-2) and tissue destruction (MMP-1 and MMP-13) in RA,
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these findings underline the anti-inflammatory and potential tissue protective actions of
GBP-5 in RA.

To understand if GBP-5 expression can be induced independent of IFN-vy signaling, we
knocked down IFN-vy receptor 2 (IFNGR2) using siRNA in human RASFs and stimulated
cells with IFN-y or IL-1 for 24 h. As expected, the inhibition of IFNGR2 nullified the
expression of IFN-y-induced GBP-5 (Figure 5F). Notably, IL-1B-induced GBP-5 expression
was not altered by IFNGR2 knockdown, suggesting that IL-1p-induced GBP-5 expression in
human RASFs is independent of IFN-y signaling pathway.

Exacerbation of synovial inflammation and bone destruction in rat AIA with intraarticular
administration of GBP-5 siRNA.

To characterize the role of GBP in vivo, we administered NC siRNA or GBP-5 siRNA into
the hind ankles on day 7 and day 12 (from the onset of the disease). Al score and AC were
measured on day 0, day 7, and from day 11 through 16 with termination on day 17. When
compared to AlA rats given NC siRNA, the administration of GBP-5 siRNA exacerbated
the disease severity in AlA rats (Figure 6A, p<0.05). The Al score of GBP-5 siRNA group
was ~25% higher compared to NC group at day 16 (Figure 6A, p<0.05). The efficiency and
selectivity of GBP-5 knockdown in the ankles was confirmed by Western immunoblotting
(Figure 6B).

Next, we analyzed the impact of GBP-5 on bone remodeling by using uCT-imaging of
ankles. We found that the GBP-5 siRNA group elicited severe bone damage compared

to the NC siRNA arthritis group (Figure 6C). In-depth bone analysis (Figure S6A-E)
showed that rat ankles from the GBP-5 siRNA group had significantly less bone volume,
lower cortex volume, lower bone surface density, and decreased trabeculae volume (Figure
6D). Histopathological evaluation of H&E stained joints and periarticular connective tissue
showed significant accentuation of acute and chronic inflammation of joints and periarticular
connective tissue as well as associated sequelae including synovitis (S), erosion of articular
cartilage (C), subchondral bone loss (B) and remodeling, pannus formation and fibrous
ankylosis in AIA rats treated with GBP-5 siRNA compared to NC siRNA (Figure 6E). The
inflammatory score (Table S3) showed higher inflammatory parameters in GBP-5 siRNA
group compared to NC siRNA group (Figure 6F, p<0.05).

DISCUSSION

In the present study, we identified GBP-5 as a unique endogenous anti-inflammatory protein
expressed by RASFs in response to inflammation, that has the ability to inhibit IL-1p-
induced synovial inflammation and tissue destruction in RA. Importantly, we identified

that GBP-5 not only directly blunts cytokine-mediated inflammation, but also centrally
contributes to the anti-inflammatory function of IFN-y. We hypothesize that GBP-5 is
upregulated in the inflamed joint as a negative feedback response to restore cellular
homeostasis in human RASFs and blunt the actions of proinflammatory cytokines that
contribute to RA pathogenesis. These findings may present an opportunity for therapeutic
approaches harnessing GBP-5 to suppress synovial inflammation and bone/cartilage
destruction, a primary therapeutic need for effective management and treatment of RA.
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The GBP family belongs to the ISGs that are active in host cell defense (23). Although the
anti-viral activity of the GBP family is less potent than that of Mx family proteins (9), each
GBP protein elicits a unique role in host defense mechanisms and displays clear associations
with specific disease pathogenesis. A study by Hu et a/. showed a significantly higher
expression of GBP2 in the saliva of patients with Sjogren’s syndrome compared to healthy
controls (24). Similarly, an increased expression of GBP1 was observed in skin lesions of
cutaneous lupus erythematosus and in islets of type | diabetes patients (25). Why GBPs are
upregulated in these diseased conditions and whether they serve as autocrine or paracrine
regulators in the pathogenesis remains elusive.

While IFN-y was initially characterized as proinflammatory due to its ability to upregulate
IL-12, TNF-a, and IP-10 in diseases such as autoimmune thyroid disease (26), insulin-
dependent diabetes mellitus (27) and lupus (28), it has also displayed anti-inflammatory
activity by inhibiting Th17 differentiation, resulting in the reduced levels of IL-17 in the
collagen-induced arthritis (CIA) model (29). A knockdown of the IFN-y gene or blockade
of IFN-y signaling using an anti-IFN-y antibody or IFN-y receptor knockout resulted in
aggravated joint destruction in CIA mice, further confirming that IFN-+y inhibits one or
more crucial inflammatory pathways in RA (30, 31). However, it is unclear which protein(s)
are critical specifically in mediating the anti-inflammatory effects of IFN-y in RA. Our
finding that the inhibition of IL-1B-induced inflammation by IFN-y was completely lost
in the absence of GBP-5 addresses that gap in understanding of IFN-y biology. These
findings, coupled with GBP-5’s anti-inflammatory activity in human dermal fibroblasts,
provide evidence of a broader impact that could be exploited for IL-1p-driven diseases.

The ability of GBP-5 to suppress the detrimental effects of IL-1p in activated RASFs
independent of IFN-y brings its therapeutic potential to the forefront. Despite circumstantial
evidence of protective action, IFN-y has not been used as a therapeutic option due to

lack of safety. While our results are open to interpretation, we hypothesize that testing a
combinatorial use of IFN-y at a suboptimal dose with an engineered GBP-5 protein in
pre-clinical models of RA may shed light on two synergistic approaches in controlling the
disease severity and progression. This is timely and clinically relevant given the fact that
adverse events such as opportunistic infections from JAK inhibitors are partly due to their
ability to inhibit IFN-y and its functions (32-34).

Activated RASFs become hyperproliferative and secrete factors that promote inflammation,
neovascularization, and cartilage degradation (35). In response to IL-1f stimulation,
RASFs produce IL-6, IL-8, ENA-78/CXCLS5, and IL-23, factors known to promote Th17
differentiation. We have shown that IL-1p relies on MAPK and NF-xB pathways to
propagate inflammatory signaling in RASFs (3, 4). GBP-5 overexpression through the
lentiviral method markedly reduced IL-1p-induced p-P38, p-JNK, and p-ERK, activation,
and the downstream transcription factors p-c-Jun and NF-xBp65 in the signaling cascade.
While these findings are of great interest and open to further interpretation, several

unique actions of GBP-5 remain to be elucidated. These include a possible interaction

and modulation of proteins that are proximal to IL-1 receptor (IL-1R), activation of anti-
inflammatory proteins by GBP-5 that serve as negative feedback control of IL-1R mediated
signaling, or cross-talk with key serine/threonine kinases upstream of MAPK or NF-xB

Arthritis Rheumatol. Author manuscript; available in PMC 2022 June 14.
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pathways. To support this concept, TNFAIP3 (A20) is one such protein produced by SFs
that has been shown to suppress inflammatory responses and bone destruction /in vitroand in
pre-clinical models of RA (36-38).

Though we characterized the role of GBP-5 in the context of inflammation and tissue
destruction (GBPs reviewed in ref. (12)), the study has several limitations that open the
door to future investigation. Firstly, further mechanistic studies are needed to identify
which pathways are exploited by IL-1p to induce GBP-5 expression, given that IFNGR2
knockdown did not inhibit IL-1p-induced GBP-5 expression in RASFs. Secondly, beyond
RASFs, the impact of GBP-5 on other cell types relevant to RA pathogenesis warrants
further examination. Finally, complementary to our loss-of-function study /n vivo, studies
testing the efficacy of overexpression or exogenous delivery of GBP-5 protein in
amelioration of the disease will further validate these initial findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Expression of GBP-5 is significantly higher in RA and IFN-+y preferentially induces a robust

GBP-5 expression to suppress IL-1p-induced chemokine production in RASFs. A, gRT-PCR
analysis of human RASTs and NLSTs showed a significant increase in GBP5 expression in
RASTSs compared to NLSTs. B, Expression of GBP-5 protein is observed in RASTs when
compared to NLST levels. The expression of GBP-5 at the protein level is upregulated in

the joint homogenates of AlA rats compared to naive rats. C, IL-1p induces time-dependent
expression of GBP-5 protein that peaks around 24 h. D, IL-1f (10 ng/ml) or TNF-a (20
ng/ml) induce GBP-5 protein and mRNA expression which is further amplified by IFN-y. E,
IFN-vy significantly downregulates IL-1p-induced IL-6, IL-8, MMP1, and ENA-78/CXCL5
production in RASFs. The results are presented as mean £SEM. #p<0.05 or ##p<0.01 vs
NS; *p<0.05 or **p<0.01 vs IL-1p.
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Figure 2:

Loss of GBP-5 exacerbates IL-1p-induced inflammatory and tissue destructive genes in
human RAST. A, A heat map of 3315 differentially modulated genes is presented based on
t-test qualification. Red represents lower expression; green represents higher expression. B,
Network of enriched GO terms for upregulated and downregulated genes where the node
sizes represent the proportion of the number of the gene into a specific term. Different
colors were selected for cluster ID. C, IPA deciphers the role of GBP-5 in IL-6 signaling
pathway. D, Co-stimulation of human RASFs with I1L-6 (10 or 100 ng/ml) and IL-6R

(100 ng/ml) upregulates the expression of GBP-5 and p-STAT3 (Tyr’%%). E, mgp130 is
upregulated by IL-1p stimulation for 24 h and further augmented upon GBP-5 knockdown
in both constitutive and IL-p-treated RASFs. F, Overexpression of GBP-5 was achieved

by lentiviral delivery method followed by IL-1p stimulation for 24 h. Exogenous GBP-5
reduced the expression of mgp130 in human RASFs. The values presented in the graphs are
mean +SEM of three independent experiments. *p<0.05 NC versus siRNA treatment.
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Knockdown of GBP-5 by transient transfection causes loss of IFN-y protection and

further amplifies IL-1B-induced inflammation. A-B, Human RASFs were transfected with
scrambled (NC) or GBP-5 siRNA (120 pM) for 48 h followed by serum starvation and
stimulation with IFN-y (10 ng/ml) and IL-1p (10 ng/ml) or TNF-a (20 ng/ml) for 24

h. Knockdown of GBP-5 nullified the effect of IFN-y and upregulated IL-1p—-induced

IL-6, IL-8, MMP-1, and ENA-78/CXCLS5 production. C-D, RASFs stimulated with I1L-1f
alone also showed significant increase of IL-6, IL-8, MMP-1, and ENA-78/ CXCL5
MRNA expression in GBP-5 knockdown samples compared to NC samples. E, Western
immunoblotting showing the efficiency of GBP-5 knockdown in human RASFs. The values
presented in the graphs are mean +SEM of three independent experiments. *p<0.05 or
**p<0.01 vs NS; *p<0.05 or **p<0.01 for NC versus siRNA treatment.
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Figure 4:

Exogenously overexpressed GBP-5 abrogates IL-1pB-induced chemokine production and
adds to the protective action of IFN-y in human RASFs. Human RASFs were transduced
with control (NC) and GBP-5 lentiviral particles at 3MOI for overnight. After 48 h,

cells were treated with IL-1p or IFN-y for 24 h. Whole Cell extracts were collected to
determine the expression of GBP-5. A, Western immunoblotting showing the exogenous
expression of GBP-5 overexpression. B, The ELISA result showed significant reduction

in IL-1B-induced IL-6, IL-8, and ENA-78/CXCLS5 production. C, Human RASFs were
transduced as described in (A) and treated with IL-1p for 30 min. Western immunoblotting
analysis showed a marked decreased in the expression of IL-13-induced level of p-c-Jun,
p-NF-xBp65, p-INK, p-ERK4/», and p-P38. pB-actin was tested as a loading control. D-F,
Human RASFs were transfected with empty vector or GBP-5 plasmid (1ug/ml) in 12-well
plates for 48 h. Cells were treated with IL-1p (10 ng/ml) or IL-1p and IFN-y at the indicated
concentration for 24 h. Conditioned media was collected to determine the level of IL-6, and
IL-8, and ENA-78/CXCLS5 production. *p<0.05 or **p<0.01 vs NC; #p<0.05 or ##p<0.01
vs NS; *p<0.05 or **p<0.01 vs IL-1p.
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Loss of GBP-5 enhanced the migration, inflammation, and tissue destructive properties of

human RASFs. A, A heat map of 269 differentially regulated genes is presented based on

ttest qualification. B, Pathways identified to be affected by GBP-5 siRNA in IL-1p+IFN-y
stimulation. C, The represented images of wound-healing assay of RASFs transfected with
scrambled control (NC) or GBP-5 siRNA for 48 h followed by stimulation with IL-1f/ and
or IFN-+y for 72 h. After scratching (0 h) and after 72 h, the pictures from the same area were
acquired. D, The width of the scratched area was measured at 72 h and compared with 0 h
width and presented as a percentage. E, Cells were treated with IL-1p (10 ng/ml), IFN-y (10
ng/ml) or in combination with GBP-5 siRNA for 24 h to study MMP-1, MMP-13, COX-2,
ICAM-1, GBP-5 and GBP1 expression normalized with B-actin F, RASFs were transfected
with IFNGR2 or NC siRNA (120 pmol) for 48 h, followed by stimulation with IFN-y (10
ng/ml) or IL-1B (10 ng/ml) for 24 h to study GBP-5 expression. *p < 0.05.
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Lack of GBP-5 exacerbates inflammation and bone destruction in AlA rats. A,
GBP-5siRNA and NC siRNA were injected with atelocollagen (10 g in 10 ul atelocollagen)
on day 7 and day 12 and articular index score, normalized to day 0 were averaged
comparisons and final values represented as the mean of “n” number of animals per

group. Mean £ SEM is shown for ankle A circumferences (in millimeters) were determined.
Ankle articular index scores (range 0-4) on day 16 of the group was averaged. B, Western
immunoblotting showed the effective knockdown of GBP-5 in rat ankle without affecting
other GBPs such as GBP1. C, u-CT analysis was performed after the termination of

the study. Red arrow indicates the area of bone destruction. D, Bone marker analysis

was conducted using the ROI tool in Analyze direct software using phantom standard to
calibrate. E, Joints after decalcification were sliced (5 pm) and stained for H&E to identify
bone (B) destruction, cartilage (C) degradation, and synovitis (S). F, Histological analysis of
H&E slides for synovial inflammation. **p < 0.01; *p < 0.05.
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