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Abstract

Background: The Src homology region 2 domain-containing phosphatase-1 (SHP-1) is known to exert negative
regulatory effects on immune cell signaling. Mice with mutations in the ShpT gene develop inflammatory skin
disease and autoimmunity, but no arthritis.

We sought to explore the role of SHP-1 in arthritis using an autoimmune mouse model of rheumatoid arthritis. We
generated Shp! transgenic (Shpl-Tg) mice to study the impact of SHP-1 overexpression on arthritis susceptibility
and adaptive immune responses.

Methods: SHP-1 gene and protein expression as well as tyrosine phosphatase activity were evaluated in spleen cells of
transgenic and wild type (WT) mice. WT and Shp1-Tg (homozygous or heterozygous for the transgene) mice were
immunized with human cartilage proteoglycan (PG) in adjuvant, and arthritis symptoms were monitored. Protein
tyrosine phosphorylation level, net cytokine secretion, and serum anti-human PG antibody titers were measured in
immune cells from WT and Shp1-Tg mice. WT mice were treated with regorafenib orally to activate SHP-1 either before
PG-induced arthritis (PGIA) symptoms developed (preventive treatment) or starting at an early stage of disease
(therapeutic treatment). Data were statistically analyzed and graphs created using GraphPad Prism 8.0.2 software.

Results: SHP-1 expression and tyrosine phosphatase activity were elevated in both transgenic lines compared to WT
mice. While all WT mice developed arthritis after immunization, none of the homozygous Shp1-Tg mice developed the
disease. Heterozygous transgenic mice, which showed intermediate PGIA incidence, were selected for further
investigation. We observed differences in interleukin-4 and interleukin-10 production in vitro, but serum anti-PG
antibody levels were not different between the genotypes. We also found decreased tyrosine phosphorylation of
several proteins of the JAK/STAT pathway in T cells from PG-immunized Shp1-Tg mice. Regorafenib administration to
WT mice prevented the development of severe PGIA or reduced disease severity when started after disease onset.

Conclusions: Resistance to arthritis in the presence of SHP-1 overexpression likely results from the impairment of
tyrosine phosphorylation (deactivation) of key immune cell signaling proteins in the JAK/STAT pathway, due to the
overwhelming tyrosine phosphatase activity of the enzyme in Shp1-Tg mice. Our study is the first to investigate the
role of SHP-1 in autoimmune arthritis using animals overexpressing this phosphatase. Pharmacological activation of
SHP-1 might be considered as a new approach to the treatment of autoimmune arthritis.

Keywords: Rheumatoid arthritis, Autoimmunity, Tyrosine phosphatase, Proteoglycan-induced arthritis, T cells

* Correspondence: Adrienn_Markovics@rush.edu

Department of Orthopedic Surgery, Section of Molecular Medicine, Rush
University Medical Center, 1735 W. Harrison Street, Cohn Research Building,
Room 741, Chicago, IL 60612, USA

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13075-020-02250-8&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:Adrienn_Markovics@rush.edu

Markovics et al. Arthritis Research & Therapy (2020) 22:160

Background

The Src homology region 2 domain-containing phosphat-
ase 1 (SHP-1, encoded by the Shp1/Ptpn6 gene) is a non-
receptor tyrosine phosphatase expressed in hematopoietic
cells and, at a lower level, in epithelial cells. It is known to
exert a negative regulatory effect on cellular signaling in
cells of both the innate and adaptive immune systems [1].
SHP-1 has been shown to be recruited to receptors with
immunoreceptor tyrosine-based inhibition motifs (ITIMs)
[2] and to act on receptors bearing immunoreceptor
tyrosine-based activation motifs (ITAMs) as well as on
intracellular protein kinases involved in the initiation of
signaling cascades in T and B cells upon activation of the
T cell and B cell receptors (TCR, BCR), respectively [3—6].
SHP-1 can dephosphorylate (thus potentially deactivate) a
number of kinases including Lck-56, Zap-70, Lyn, and Syk
[7-12]. SHP-1 has 2 tandem SH2 domains that allow the
enzyme to bind to ITIMs, and its catalytic protein tyrosine
phosphatase domain then dephosphorylates specific tyro-
sine residues within the SHP-1-bound substrate [13]. An
earlier study has determined that SHP-1 is subject to auto-
regulation by folding its SH2 domains upon the catalytic
domain, as SHP-1 isoforms lacking the N-terminal SH2
domain or having a mutation in the C-terminal SH2 do-
main had much higher phosphatase activity than the in-
tact enzyme [14]. A more recent study has shown that
regorafenib, an anti-cancer drug, was able to inhibit the
tyrosine phosphorylation-related activity of oncogenic
transcription factors via increased dephosphorylation by
relieving the autoinhibitory conformation, i.e., by increas-
ing the phosphatase activity of SHP-1 [15].

Much of the information about the role of SHP-1 in the
regulation of the activity of immune cells has been provided
by studies on mice with spontaneously arising mutations in
the Shpl gene [16]. The absence or diminished catalytic
function of SHP-1 manifests in the motheaten (me) pheno-
type in mice, and its genetic polymorphism plays a role in
neutrophilic dermatoses in humans [17]. Recent experi-
ments with a conditional deletion of shipl in neutrophils
showed that SHP-1 had a dual function in these innate im-
mune cells, as it inhibited p38 MAPK function and conse-
quently limited the production of pro-inflammatory
cytokines such as TNF and IL-1 [18]. The Ptpne™eP/meB2
(meB2) condition develops due to the spontaneous inser-
tion of a B2 element in exon 6 of the ShpI gene [19]. Mice
with the Shpl mutation are characterized by patchy ab-
sence of hair (hence the motheaten phenotype) and massive
skin inflammation as well as hypergammaglobulinemia and
systemic autoimmunity [16, 19], but the joints are not af-
fected with arthritis. In support of the negative regulatory
role of SHP-1 in immune cell signaling, lymphocytes in me
mice have been shown to be hyper-reactive to either TCR
or BCR stimulation [4, 5]. Additionally, T cell-specific dele-
tion of the Shpl gene promoted T helper 17 (Th1l7) cell

Page 2 of 14

differentiation [20], while B cell-specific ablation of this
gene led to the production of autoantibodies (autoAbs) and
autoimmune glomerulonephritis in mice [21]. In myeloid
cells, SHP-1 regulates many different signaling pathways
[22]. Despite the involvement of SHP-1 in the signaling
pathways of various immune cells, its role has not been in-
vestigated in murine models of rheumatoid arthritis (RA).

Cartilage proteoglycan (PG)-induced arthritis (PGIA)
is a well-characterized animal model of RA that shares
many pathological and autoimmune features as well as
genetic risk loci with the human disease [23-27]. The
autoimmune aspects of PGIA include T cell and B cell
(serum Ab) reactivity with self (mouse) PG [25] as well
as with arginine- (R49) and citrulline (C49)-containing
forms of a PG autoepitope (whose sequences are identi-
cal in humans and mice) [28].

Our goals were to examine how SHP-1 affects adaptive
immune responses in Shpl overexpressing mice and
autoimmune arthritis using the PGIA model. We also
investigated the effects of pharmacological activation of
the enzyme on arthritis in mice with PGIA.

Methods

Generation of Shp1-transgenic mice

The Shpl gene is located in a high-density locus on
mouse chromosome 6. In order to investigate the effect
of Shpl overexpression, we generated ShpI-transgenic
(Tg) mice. Briefly, we purchased BAC clone RP24-297C1
containing the full-length Shpl gene with its promoter
region from BACPAC Resources Center (Children’s
Hospital Oakland Research Institute in Oakland, CA).
The 21.9 Kbp genomic fragment containing Shpl (de-
rived from a C57Bl/6 mouse) was released from the
BAC clone by digestion with Fsp/ restriction enzyme and
separated from other DNA fragments in 0.5% agarose
gel by pulse-field electrophoresis (Bio-Rad, Hercules,
CA). The 21.9 Kbp fragment was further purified using
GeneClean Spin kit (BIO101 Systems, Carlsbad, CA) and
sequenced. The purified fragment, containing the ShpI
gene, its promoter, and 2 Kbp flanking regions, was sent
to the Cornell University Core Transgenic Mouse Facil-
ity (Ithaca, NY) for pronuclear injection into fertilized
EVB mouse egg cells. We identified a simple sequence
length polymorphism (SSLP) in the 5" flanking region of
the Shpl transgene (from the donor C57Bl/6 mouse),
which was not present in FVB (origin of the fertilized
egg) or BALB/c cells. This SSLP was located at a Tagal
restriction enzyme-sensitive site, which allowed us to
use appropriate primers that could discriminate between
the Shpl transgene (Taqal-resistant) and the endogen-
ous Shpl gene (Taqal-sensitive) in FVB or BALB/c mice.
We identified tandem inserts of the ShplI transgene with
its promoter in mouse chromosome 7.
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Transgenic founders were backcrossed into the BALB/
¢ (PGIA-susceptible) background for 12 generations.
Heterozygous Shpl-Tg BALB/c mice were then inter-
crossed to generate ShpIl-Tg™'~, Shpl-Tg"’* and WT
offspring.

Confirmation of Shp1 gene expression
Shpl gene expression was quantified by RT-qPCR from
spleen cells of WT as well as heterozygous (ShpI-Tg™'")
and homozygous (ShpI-Tg*'*) Tg mice. Female BALB/c
mice at 8—12 weeks of age of each genotype were used.
Total RNA was extracted with Direct-Zol RNA Mini-
Prep Plus (Zymo Research, Irvine, CA) and reverse tran-
scribed using the iScript Reverse Transcription
Supermix for RT-qPCR (Bio-Rad, Hercules, CA). cDNA
was amplified using SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) in a CFX Connect Real-Time PCR
Detection System (Bio-Rad). Measured C; values were
normalized to the housekeeping hypoxanthine phos-
phoribosyltransferase 1 (Hprt1) gene. Relative expression
was calculated using CFX Manager Software (Bio-Rad).
Shpl primer sequences were as follows:

Forward: 5'-TCT CAG TCA GGG TGG ATG AT-3’

Reverse: 5'-CCT GCT GCT GCG TGT AAT A-3’

Detection of SHP-1 protein expression by Western blot
Cellular proteins were extracted and the protein concen-
trations were determined using a BCA Protein Assay kit
(ThermoFisher, Rockford, IL) and a Synergy 2 ELISA
reader (BioTek Instruments, Winooski, VT). Protein ex-
tracts were separated on 4—20% SDS-polyacrylamide gels
(Bio-Rad), blotted onto PVDF membranes (Bio-Rad),
then blocked with Tris-buffered saline +0.05% Tween-
20 containing 3% blotting-grade blocker (Bio-Rad), and
incubated with the following primary antibodies at 4 °C
overnight: anti-SHP-1, (GTX20658 GeneTex, Irvine,
CA), and anti-GAPDH (G9545 Sigma-Aldrich, St Louis,
MO). Horseradish peroxidase (HRP)-conjugated second-
ary antibodies were purchased from Santa Cruz Biotech-
nology (Dallas, TX). Pierce ECL Western Blotting
Substrate (ThermoFisher, Rockford, IL) was used to gen-
erate chemiluminescence signals, which were detected
on X-ray films.

Tyrosine phosphatase activity assay

SHP-1 was immunoprecipitated from whole cell lysates
using anti-mouse SHP-1 antibody (GeneTex) and Pro-
tein A/G Plus-Agarose beads (Santa Cruz Biotechnology)
following the manufacturer’s protocol. SHP-1 tyrosine
phosphatase activity was measured with RediPlate 96
EnzCheck Tyrosine Phosphatase Assay Kit (Molecular
Probes, Eugene, OR) according to the manufacturer’s in-
structions. Fluorescence was measured in an ELISA
reader (BioTek Instruments), and tyrosine phosphatase
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activity was expressed as the percent of phosphatase ac-
tivity detected in cell lysates of WT mice.

Flow cytometric analysis of B and T cell populations in
the spleen

The spleens were harvested from the mice (n=4 per
genotype). Cells were released by pressing the spleens
under sterile metal screens and erythrocytes were lysed
in cold ammonium chloride-based buffer. Fc receptors
were blocked with TruStain FcX anti-mouse CD16/
CD32 (cat# 101320; BioLegend, San Diego, CA), and
surface antigens were stained with fluorescence-labeled
antibodies to mouse CD3, CD4, CD8, B220/CD45, IgM,
CD21/35, CD23, CD19, and CD138 (Additional file 2).
Data acquisition and analysis were performed as before
[28] using a FACSCanto II instrument and BD FACS-
Diva software (version 5.0).

Polyclonal activation of T cells with anti-mouse CD3/CD28
antibodies

For polyclonal activation, T cells were cultured in the
presence of antibodies against mouse CD3 and CD28
(LEAF purified anti-mouse CD3¢e antibody, Cat#100314,
LEAF purified anti-mouse CD28 antibody, Cat#102112,
both from BioLegend). Briefly, the day before harvesting
spleen cells, 96-well culture microplates were coated with
sterile 0.15M sodium carbonate coating buffer (pH 9.6)
containing 1 pg anti-CD3 and 1 pg anti-CD28 antibodies
per well in 100 ul volume. Control wells contained only
carbonate buffer. Plates were incubated overnight at room
temperature. On the day of harvesting spleen cells, wells
were washed 3 times with sterile phosphate-buffered sa-
line (PBS, pH 7.2) and blocked with Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich) containing anti-
biotics/antimycotics and supplemented with 10% fetal bo-
vine serum (FBS, Hyclone, Logan, UT). The spleens from
n = 3—6 mice were harvested and the spleen cells prepared
as described above. “Untouched” T cells were isolated
using immunomagnetic negative selection (EasySep
Mouse T cell isolation kit, StemCell Technologies, Van-
couver, Canada).

For proliferation assays, purified T cells were suspended
in DMEM supplemented with 10% FBS and seeded in the
culture microplates (pre-coated with anti-mouse CD3 and
CD28 or coating buffer only) at a density of 2 x 10° viable
cells in 200 pl of medium per well in triplicate wells. The
cultures were maintained for 5 days in a culture incubator
at 37 °C with 5% CO, in air. For determination of cell pro-
liferation, 18—-20 h before harvest, the cells were pulsed
with 0.5 uCi/well of [*H] thymidine (Perkin Elmer, Boston,
MA). Isotope incorporation was measured using a scintil-
lation counter (Micro-Beta; Perkin Elmer) and expressed
as counts per minute (cpm). Stimulation index (SI) was



Markovics et al. Arthritis Research & Therapy (2020) 22:160

calculated by dividing the mean cpm values of stimulated
wells with the mean cpm values of control wells.

Activation of B cells with anti-mouse IgM antibody

To assess the polyclonal activation of B cells in WT and
Shpl-Tg genotypes, we set up B cell cultures from WT,
Shpl-Tg*'*, and Shpl-Tg"'~ mice and used anti-mouse
IgM for activation (anti-mouse IgM F (ab’)2, u chain-
specific, Functional Grade Purified, eBioscience, cat# 16-
5092). Spleen cells of n=3-6 mice per genotype were
harvested. B cells were isolated using immunomagnetic
negative selection (EasySep mouse pan B cell isolation
kit, StemCell Technologies).

For proliferation assays, B cells were suspended in
DMEM supplemented with 10% FBS and seeded in 96-
well culture microplates at a density of 2 x 10° viable
cells in 200 pl of medium per well. Anti-IgM (10 pg/ml)
was added to stimulated wells, while control wells con-
tained only medium and the cells (both in triplicates).
The culture was maintained for 5days [*H] thymidine
(Perkin Elmer) incorporation was measured as described
for T cells. Stimulation index (SI) was calculated by div-
iding the mean cpm values of stimulated wells with the
mean cpm values of control wells.

Mice, immunization, and visual assessment of PGIA
Human cartilage PG protein was prepared as described
[23] to induce autoimmune arthritis. Adult WT (retired
breeder) female BALB/c mice were obtained from the Na-
tional Cancer Institute (NCI; Frederick, MD) or from the
NCI colony of Charles River (Wilmington, MA). ShpI-Tg
mice (both homozygous and heterozygous for the trans-
gene) were bred and kept in the animal facility of Rush
University Medical Center under specific pathogen-free
conditions. All animal protocols were approved by the In-
stitutional Animal Care and Use Committee (Rush Uni-
versity, Chicago, IL, IACUC permit #17-039).

To induce PGIA, mice were immunized intraperitone-
ally (i.p.) with human PG (100 pug protein in 100 pl sterile
PBS emulsified with dimethyl-dioctadecyl ammonium
bromide adjuvant (DDA; Sigma-Aldrich) three times,
3 weeks apart as described [29] [30]. In one of the experi-
ments, mice received four PG injections. Mice were
inspected for signs of arthritis (swelling and redness) twice
a week after the second PG immunization. Upon disease
onset, the degree of arthritis for each paw was visually
scored every other day on a scale of 0 to 4 for each limb,
summing the individual paw scores to a maximum visual
arthritis (VA) score (arthritis severity) of 16 per animal
[25] [29]. Arthritis incidence was expressed as the percent-
age of mice showing arthritis symptoms (> 0.5 score on
any limb) of all mice examined in each group.
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Measurement of cytokines in cell culture supernatants

In order to determine net cytokine secretion (stimulated
minus unstimulated wells) spleen cells of naive and PG-
immunized mice were harvested, suspended in DMEM
supplemented with 10% FBS, and dispensed into 48-well
culture plates (2 x 10° viable cells in 900 ul medium per
well). Cells were cultured in the absence or presence of hu-
man PG (25 pg/ml). On day 4 of culture, the supernatants
were collected. Soluble IFNy, IL-17, IL-10, and IL-4 con-
centrations were measured using murine cytokine ELISA
kits (R & D Systems, Minneapolis, MN) according to the
manufacturer’s instructions. Briefly, 96-well Maxisorp
ELISA plates (Thermo Scientific, Rochester, NY) were
coated with the purified anti-cytokine capture antibodies at
the recommended concentration overnight. After repeated
washing, free binding sites were blocked with a blocking
buffer containing 1% bovine serum albumin (BSA; Sigma-
Aldrich). Undiluted cell culture supernatants (100 pl/well)
and serially diluted cytokine standards were then incubated
in duplicate wells with the immobilized capture antibody
for 2h. After repeated washing, HRP-conjugated anti-
cytokine detection antibody was applied to the wells. The
color reaction was developed with 3,3",5,5"-tetramethylben-
zidine (TMB) substrate (BD Biosciences). The optical dens-
ity (OD) values at 450 nm and corresponding cytokine
concentrations were determined. Net cytokine secretion
was expressed as pg/ml in PG-stimulated minus non-
stimulated cells’ supernatants.

Anti-human PG antibody ELISA

For the measurement of serum anti-human PG antibodies,
wells of 96-well ELISA plates (Nunc) were coated overnight
with human PG (1 pg/well each) in 100 pl/well of sodium
carbonate buffer at room temperature [31]. Unbound anti-
gen was removed by washing with 0.05% Tween 20 in PBS.
Wells were blocked with 1.5% non-fat milk in 250 ul/well
PBS for 1h at room temperature on a shaker platform.
Serum samples were diluted to 1:100 in blocking buffer and
incubated with the antigen-coated wells (100 pl/well, dupli-
cate wells) for 2h at room temperature with shaking.
Bound IgG was detected by incubation with 100 ul/well of
HRP-conjugated anti-mouse IgG (BD Biosciences) at a 1:
2000 dilution for 2h at room temperature with shaking.
Unbound material was removed with wash buffer between
each of these steps. The color reaction was developed with
100 pl/well of O-phenylene-diamine solution (Sigma-Al-
drich) dissolved freshly in PBS with H,O,, and incubation
for 30 min in the dark. The reaction was stopped with
25 pl/well stop solution (4N H,SO,4). Absorbance at 450
nm was read in an ELISA reader.

Phosphorylation-specific protein microarray analysis
To determine which proteins were tyrosine-phosphorylated
differentially in the CD4" T cells of WT versus Shpl-Tg
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mice, Tyrosine Phosphorylation ProArray was performed
by the Full Moon Biosystems (Sunnyvale, CA). This array
uses site-specific phospho-tyrosine antibodies allowing de-
termination of tyrosine phosphorylation of proteins at 228
specific sites. The array contained 6 technical replicates for
each phosphorylation site. Spleen cells were harvested from
PG-immunized WT and ShpI-Tg"'~ mice in 3 independent
experiments. Cells were pooled from 5 mice per genotype
(a total of 15 WT and 15 Shpl-Tg"~ mice were used).
Spleen cells were separated using EasySep magnetic separ-
ation kits to obtain CD4"/CD25~ cell populations. Cell pel-
lets were snap frozen and sent on dry ice to the Full Moon
Biosystems for analysis. For data analysis, the intensity of
protein phosphorylation in the array was measured using
GenePix Pro 6.0 software (Axon Instruments, Molecular
Devices, San Jose, CA). The normalized data for each array
were computed as follows: normalized data = (Average Sig-
nal Intensity of Replicate Spots)/(Median Signal of the
Average Signal Intensity) for all antibodies on the array.
The normalized data were then used to determine the dif-
ferences (fold change) between the control (WT) and ShpI-
Tg samples. Proteins of CD4" cells showing the highest de-
gree of decrease in Tyr phosphorylation were selected. Stat-
istical overrepresentation test was performed using the
Panther Classification System v14.0 (http://www.pantherdb.
org/) to annotate signaling pathways to the most underpho-
sphorylated proteins. The reference set contained the genes
of proteins included in the microarray.

In vivo SHP-1 activation

In order to investigate if the SHP-1 activator regorafenib
(Selleckchem, Houston, TX) has an effect on PGIA de-
velopment, we administered it preventively to WT
BALB/c mice via oral gavage, daily at 10 and 20 mg/kg
doses starting at the day of the 3rd PG injection. Rego-
rafenib doses were chosen based on literature provided
by the manufacturer, reporting beneficial effects on
tumor growth in mice [32]. Vehicle (2% DMSO, 30%
PEG300, and 5% Tween 80 in water) served as control.
Drug administration and visual arthritis scoring was
continued for 24 days after the last immunization. PGIA
incidence and severity, in vitro cytokine secretion, and
the presence of anti-human PG antibodies (in serum)
were evaluated. ShpI-Tg"~ mice immunized with PG
but without activator treatment were included for refer-
ence. In a second setting, 15 mg/kg regorafenib was ad-
ministered therapeutically, 5 times a week via oral
gavage after the initial signs of arthritis developed.
Treatment was continued until day 27, and arthritis se-
verity and body weight were monitored.

Statistical analysis
Data were analyzed and graphs created using Prism 8.0.2
software (GraphPad, USA). Results are expressed as the
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mean + SEM unless specified otherwise. Groups were
compared using one-way analysis of variance (ANOVA)
or Student’s ¢ test, and groups affected by two factors
were compared by two-way ANOVA followed by Dunn’s
or Tukey’s multiple comparison test as appropriate. For
time-course experiments, area under the curve (AUC)
calculations were also used. In each case, p <0.05 was
set as threshold for statistical significance.

Results

Expression and tyrosine phosphatase activity of SHP-1 in
WT and Shp1-Tg mice

We compared the expression and phosphatase function
of SHP-1 in Shp1-Tg*'* and Shpl-Tg"'~ mice relative to
WT animals as shown in Fig. 1. Shpl gene expression in
the spleen proved to be over 11-fold higher in homozy-
gous ShpIl-Tg"* mice compared to WT animals. Shpl
expression in heterozygous (ShpI-Tg™'~) mice showed
approximately 6-fold increase compared to WT mice.
The extent of Shpl overexpression in homozygous and
heterozygous transgenic mice was significantly different
(Fig. 1a). The variation in expression among individual
mice of the same strain is illustrated in Additional file 1.
To test whether the increased expression of SHP-1 led
to an increase in tyrosine phosphatase function, we
immunoprecipitated SHP-1 from spleen cells of WT and
transgenic mice and performed tyrosine phosphatase as-
says. Considering the enzyme activity of WT cells as
100%, tyrosine phosphatase activity in cells of ShpI-
Tg"'* mice was around 7-times higher, while around
3.7-times higher in samples of Shp1-Tg*'~ mice (Fig. 1b).
SHP-1 protein expression was verified in spleen cell and
bone marrow lysates of WT, homozygous, and heterozy-
gous transgenic mice. Increased SHP-1 expression was
detected in both the spleen and bone marrow of all
transgenic mice compared to lysates from WT mice.
GAPDH protein detection was used as a loading control
(Fig. 1c). Shpl overexpression itself either in the homo-
zygous or the heterozygous form did not appear to result
in any adverse effect in vivo. Naive Shp1-Tg mice looked
healthy and did not differ in physical appearance from
WT mice.

B and T cell composition of the spleen in the presence of
SHP-1 overexpression

We examined B and T cell subpopulations in the spleen
of WT, Shpl-Tg*"*, and ShpI-Tg"~ mice. Regarding T
cells, we found significant differences between the WT
and Shp1-Tg""* groups. The proportions of CD3+, CD4+,
and CD8+ cells were significantly lower in Shpl-Tg"'*
mice than in WT animals. The proportion of total B220+
cells did not differ markedly between the genotypes. How-
ever, Shpl-Tg*"* mice showed lower proportions of tran-
sitional 1 and higher proportions of transitional 2 B cells
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Fig. 1 Gene and protein expression and tyrosine phosphatase activity in WT and Shpi1-Tg samples. a ShpT gene expression was determined by
RT-gPCR from spleen samples of 8-12-week-old female mice of each genotype. b Tyrosine phosphatase activity was measured in spleen samples
of mice after SHP-1 immunoprecipitation. ¢ SHP-1 protein expression was detected by Western blot in the spleen and bone marrow samples
(mean + SEM in panel a, % of WT in Fig. 1b, n=3-7 mice/group, *p < 0.05, **p < 0.01, ***p < 0.001; ***p < 0.0001; one-way ANOVA)

bone marrow

compared to WT cells. Marginal zone B cells appeared to
be present in a higher proportion in the spleens of ShpI-
Tg*"™ than in WT mice (Additional file 2).

The effect of SHP-1 overexpression on the proliferation of
T and B cells from naive (non-immunized) WT and Shp1-
Tg mice

In order to compare the magnitude of T and B cell pro-
liferation in WT and ShpI-Tg mice, the spleen T and B
cells of naive WT, ShpI-Tg"* and Shpl-Tg"'~ mice
were isolated and stimulated with anti-CD3/CD28 anti-
bodies (for T cells) or anti-IgM antibody (for B cells).
Cell proliferation was measured by [*H] thymidine in-
corporation. Shpl-Tg"~ T cells responded significantly
better to polyclonal stimulation than Shp1-Tg** T cells,
whose proliferation proved to be significantly lower than
that of WT cells (Fig. 2a). B cells of naive Shpl-Tg"'~
mice did not show a difference in proliferation com-
pared to ShpI-Tg*'* B cells, but cells from both Tg ge-
notypes responded with significantly lower proliferation
to anti-IgM stimulation than WT cells (Fig. 2b).

Development of autoimmune arthritis in Shp7-Tg mice

We induced PGIA in Shpl-Tg*~ BALB/c mice to study
the impact of moderate SHP-1 overexpression on arth-
ritis susceptibility and antigen (PG)-specific adaptive im-
mune responses. Our preliminary experiments indicated

that Shp1-Tg*'* mice were resistant to PGIA induction.
WT, Shpl-Tg*'* and Shp1-Tg"'~ mice (all in the PGIA
susceptible BALB/c background) were immunized 4
times with human PG and signs of arthritis were visually
scored 3 times a week. We found that while all of the
WT mice developed arthritis, moderate overexpression
of SHP-1 (as in ShpI-Tg™'~ mice) decreased arthritis in-
cidence to around 60% relative to WT (Fig. 3a). AUC of
arthritis incidence and severity in both ShpI-Tg"'* and
Shp1-Tg*'~ mice proved to be significantly lower com-
pared to WT mice (Fig. 3b, d). Disease started at a much
later time point in ShpI-Tg*~ than in WT mice and
remained very mild, usually with only one joint being af-
fected. In accordance with our previous results, Shpl-
Tg*'* mice were essentially resistant to PGIA with min-
imal signs of arthritis compared to WT mice (Fig. 3c).
We selected the heterozygous transgenic (ShpI-Tg*'")
line as a reference for further studies to assess the effi-
cacy of therapeutic intervention in PGIA induced in WT
mice.

Antigen-induced cytokine secretion by spleen cells and
serum anti-human PG antibody production in PG-
immunized WT and Shp1-Tg mice

Spleen cell cultures were set up from WT, ShpI-Tg"* and
Shp1-Tg"'~ PGIA mice to determine the secreted cytokine
concentrations in the supernatant after stimulation with
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WT Shp1-Tg** Shp1-Tg™"
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PG. Net IFNy, IL-17, IL-10, and IL-4 concentrations were
calculated as stimulated minus non-stimulated values (in
pg/ml). Results from naive mice were included for compari-
son. We did not find significant differences between the 3
genotypes in [FNy (Fig. 4a) or IL-17 (Fig. 4b) secretion by
spleen cells. However, Shpl-Tg*'* cells produced more IL-
10 (Fig. 4c) and less IL-4 (Fig. 4d) than cells from WT ani-
mals. IL-10 secretion in Shpl-Tg"~ mice was between the
WT and Shpl-Tg"'* values, but IL-4 secretion did not dif-
fer from that of WT animals. Interestingly, secretion of
both IL-10 and IL-4 was significantly different in the cell
cultures of heterozygous compared to homozygous trans-
genic animals. As shown in Fig. 4a—d, spleen cells from
naive WT mice responded with low cytokine secretion to
PG stimulation, as expected.

Anti-human PG antibodies (IgG) were quantified in
the sera of naive and PG-immunized mice of the 3 geno-
types (Additional file 3). In contrast with naive animals,
all PG-immunized mice mounted remarkable IgG anti-
body responses to human PG, without statistically sig-
nificant differences among the WT, Shpl-Tg"*, or
Shpl-Tg*'~ groups.

Differentially tyrosine-phosphorylated proteins in T cells
from PG-immunized WT and Shp1-Tg mice

It is known that both RA and PGIA are T cell-driven
autoimmune diseases and that SHP-1 plays an inhibitory
role in TCR signal transduction. Our results showed that
overexpression of SHP-1 led to decreased proliferation of
CD4" T cells in mice. Therefore, we sought to determine
which phosphoproteins were differentially phosphorylated
(i.e., underphosphorylated) at tyrosine residues in T cells
of ShpI-Tg*'~ mice as compared to T cells of WT ani-
mals. Tyrosine Phosphorylation ProArray, using 228 site-
specific anti-phospho-tyrosine antibodies, was performed

on spleen T cell extracts from the 2 genotypes of PG-
immunized mice. After summarizing data from the 3 bio-
logical replicates, 9 sites showed >20% decrease in phos-
phorylation levels, and 5 sites showed increases of >20%.
The changes of phosphorylation levels between WT and
Shpl-Tg samples at the other 214 sites were less than
20%. We focused on sites with decreased tyrosine phos-
phorylation considering the enhanced tyrosine phosphatase
activity in Shpl-Tg*~ mice. Although we did not detect
statistically significant differences (possibly due to the lim-
ited number of biological replicates), we identified 4 phos-
phoproteins that showed the most profound reduction of
site-specific tyrosine phosphorylation in T cells of ShpI-
Tg"~ mice as compared to WT T cells (both from PG-
immunized animals). In the order of underphosphorylation
levels, these phosphoproteins were as follows: Src (Phos-
pho-Tyr418) 47% decrease, STAT4 (Phospho-Tyr693) 47%
decrease, Met (Phospho-Tyr1356) 41% decrease, and Lck
(Phospho-Tyr505) 38% decrease (Fig. 5). Panther pathway
analysis annotated the JAK/STAT signaling pathway to
these phosphoproteins when compared to the genes of pro-
teins included in the microarray; however, the overrepre-
sentation test did not reach statistical power possibly due to
the small number of reference genes (Panther pathways
analysis, p = 0.273). We found relative minor changes in the
tyrosine phosphorylation levels of known targets of SHP-1
such as Lyn (11% decrease), and Syk and Zap70 (0-6% and
2-5% change ranges, respectively).

Reduced arthritis severity and incidence after SHP-1
activator treatment of WT mice

PGIA was induced in WT female BALB/c mice. We ap-
plied regorafenib daily at 10 or 20 mg/kg dose per group
via oral gavage starting on the day of the third PG injection.
PGIA incidence and severity, in vitro cytokine secretion,
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and the presence of serum anti-human PG IgG antibodies
were evaluated. ShpI-Tg"'~ mice immunized with PG but
without activator treatment were included as additional ref-
erence controls.

Daily administration of 20 mg/kg regorafenib signifi-
cantly reduced PGIA incidence and severity compared
to vehicle (Fig. 6). These results were similar to disease
incidence and severity in PG-immunized ShpI-Tg"'~
mice without regorafenib treatment. However, 20 mg/kg
regorafenib resulted in weight loss and increased mortal-
ity rate, presumably due to either robust immune sup-
pression or regorafenib toxicity, or both. In order to
determine the effect of regorafenib on net cytokine se-
cretion in cell culture supernatant, spleen cells were
stimulated with PG in vitro (Fig. 7a—d). We did not find
statistically significant differences in IFNy, IL-17, IL-10,

or IL-4 secretion, although IFNy production was
strongly suppressed in the 10 mg/kg treatment group.
Net IL-17 secretion seemed to be overall poor in re-
sponse to PG. We also tested the anti-human PG anti-
body content in the sera of regorafenib treated WT and
Shp1-Tg*'~ mice (Additional file 4). There was no differ-
ence between the treatment groups.

We also sought to explore if SHP-1 activator administra-
tion could ameliorate arthritis when started after the devel-
opment of the initial signs of arthritis (therapeutic
treatment). WT mice were immunized with PG as de-
scribed. When the average visual arthritis score reached ap-
proximately 3, mice were divided into 2 groups with similar
initial disease scores. Regorafenib at 15 mg/kg or vehicle
was administered via oral gavage 5 times a week and body
weights were monitored. Regorafenib treatment started
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after the initial symptoms of arthritis significantly decreased
arthritis severity as indicated by the lower VAS compared
to vehicle (Fig. 8a, b). There was a slight decrease in the
body weight of mice in the activator-treated group (less

% than 10% of the baseline), but no significant difference was
% 1.0- observed between the two groups (Fig. 8¢, d).
o
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their homozygous counterparts for investigating the role
of SHP-1 in autoimmune arthritis.

We found that polyclonally activated T and B cells of
naive Shpl-Tg"* mice showed significantly lower prolif-
eration compared to similar cells of WT mice. In naive
ShpI-Tg*'"~ mice, the extent of polyclonal T cell prolifer-
ation did not differ significantly from that in WT ani-
mals, but proliferation was very low in cultures of
activated B cells from naive ShpI-Tg"'~ mice. It is likely
that anti-CD3/CD28 stimulation induced a stronger re-
sponse in T cells than anti-IgM did in B cells. Therefore,
Shpl overexpression had a lower inhibitory (counter) ef-
fect on T cells than on B cells.

In PG-immunized Shpl-Tg"~ mice, antibody produc-
tion against the immunizing antigen did not differ from
the production by WT animals as seen by comparable
anti-human PG antibody levels in the sera. SHP-1 has
been shown to play a crucial role in T cell signaling and
acts as a regulator of T cell susceptibility to Treg mediated
suppression [34]. Tyrosine phosphorylation profiling of

CD4'CD25" T cells from PG-immunized mice showed
differences between Shpl-Tg*'~ and WT animals in the
phosphorylation of Src (Phospho-Tyr418), STAT4 (Phos-
pho-Tyr693), Met (Phospho-Tyr1356), and Lck (Phospho-
Tyr505), suggesting the involvement of the JAK/STAT
signal transduction pathway in regulating T cell responses
under the condition of increased phosphatase activity (i.e.,
decreased protein tyrosine phosphorylation).

The JAK/STAT pathway plays a major role in cytokine
receptor signaling [35]. The involvement of SHP-1 in
the o/f interferon-stimulated JAK/STAT pathway has
been described using macrophages from motheaten mice
[36]. Tyrosine phosphorylation of several signaling pro-
teins was reduced in SHP-1 overexpressing mice, sug-
gesting that SHP-1 is a crucial regulator of this pathway.
It has been shown that STAT-regulated gene expression
is increased in RA synovial tissue [37], and STAT3 is
constitutively activated in RA [38]. The recently devel-
oped JAK inhibitors for the treatment of RA prevent sig-
nal transduction induced by pro-inflammatory cytokines,
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indicating an important role of the JAK pathway in this
disease. Additionally, JAK inhibitors are orally available,
unlike biologics that act outside the cells and need to be
administered parenterally. In light of this, our finding
that the most downregulated Tyr phosphorylated pro-
teins in the presence of SHP-1 overproduction are asso-
ciated with the JAK/STAT pathway are particularly
interesting. SHP-1 overproduction might lead to the
suppression of pro-inflammatory gene expression via in-
activation of STAT transcription factors, thus disrupting
signal transduction at early checkpoints.

STAT4 has a regulatory function in T helper 1 (Thl)
immune responses [39]. It has been shown that STAT4
phosphorylation both on tyrosine and serine residues is
important for IFNy secretion [40]. It has been found in
B cells that STAT activation can occur in a JAK-
independent route through Lyn, which directly phos-
phorylates STAT3 [41].

Pharmacological activation of the SHP-1 phosphatase ac-
tivity has been shown to induce apoptosis in cancer cells
[42]. Regorafenib (sometimes referred to as a “multi kinase
inhibitor”) has been reported to activate SHP-1 by relieving
its auto inhibition and exerts a tumor suppressive effect
[15]. Regorafenib was approved by the FDA in 2012 for the
treatment of metastatic colorectal cancer. To our know-
ledge, there are no published data for the effect of

regorafenib on autoimmune arthritis. We tested 2 different
dosing schedules and 3 doses of this SHP-1 activator in
PG-immunized WT mice. Treatment with daily 20 mg/kg
per os after the 3rd PG immunization prevented the devel-
opment of PGIA in the majority of mice. However, we ob-
served potentially toxic effect appearing as weight loss and
increased mortality rate. Therefore, we decided to conduct
the next therapeutic regorafenib treatment study by admin-
istering 15 mg/kg 5 times a week and monitoring body
weight and general wellness. Therapeutic regorafenib ad-
ministration resulted in decreases in arthritis severity com-
pared to vehicle treatment, likely due to SHP-1 activation.
However, as an SHP-1 activator, regorafenib can indirectly
act on multiple kinases and might also enhance the activity
of other SH2 domain-containing phosphatases; hence, the
specificity of the drug’s effect is not certain. We hypothesize
that inhibition of the JAK/STAT pathway might be an im-
portant aspect of arthritis suppression in the presence of
moderate SHP-1 overproduction. However, caution must
be applied when assessing the therapeutic potential of tyro-
sine phosphatase activation for autoimmune arthritis. In-
hibition of the JAK/STAT signaling can result in non-
selective inhibition of anti-inflammatory cytokines as well
as general immunosuppression. As many signaling path-
ways are inter-related and SHP-1 has diverse effects on
multiple cell types, a better understanding of SHP-1 activity
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and application of more selective phosphatase activators
are necessary for future development of SHP-1-targeting
drugs.

Conclusions

We demonstrated that ShpI-Tg** mice are completely
resistant to the development of PGIA due to robust
SHP-1 overexpression. Partially, arthritis-susceptible
Shpl-Tg*'~ mice are useful for investigating the role of
SHP-1 in autoimmune arthritis such as PGIA. Our re-
sults show that regorafenib treatment prevents the de-
velopment of PGIA in WT mice as well as reduces
arthritis severity when administered after the onset of
the disease, possibly through pharmacological activation
of SHP-1 tyrosine phosphatase. We also demonstrated

that overexpression of SHP-1 in T cells of PG-
immunized mice decreases the tyrosine phosphorylation
of important signaling proteins in the JAK/STAT
pathway.
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Supplementary information accompanies this paper at https://doi.org/10.
1186/513075-020-02250-8.

Additional file 1 Shp7 gene expression in WT and Shp1-Tg samples.
ShpT gene expression was determined by RT-qPCR from spleen samples
of 8-12 weeks old female mice of each genotype (mean +SEM, n=7/
group, **p<0.01, ***p<0.001; ****p<0.0001; one-way ANOVA).

Additional file 2 Spleen cell populations of WT, Shp1-Tg+/+ and Shp1-
Tg+/- mice. CD3+ cells are shown as % of lymphocytes. CD4+ and CD8+
cells are shown as % of CD3+ cells. Total B220+ cells are illustrated as the
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% of lymphocytes. Marginal zone, transitional 1, transitional 2 and follicu-
lar B cells are illustrated as % of B220+ cells. Plasma cells are seen as % of
lymphocytes. Red color indicates statistically significant difference (n=4/
group, Kruskal-Wallis test). B cell subpopulations were defined as: mar-
ginal zone: IgM high, CD21 high, CD23-; transitional 1: IgM high, CD21
low, CD23-; transitional 2: IgM high, CD21 med, CD23+; follicular: IgM
low, CD21 med, CD23+; plasma cells: B220 low, CD19-, CD138+.

Additional file 3 Anti-human PG antibody levels in the sera of naive
and PG-immunized mice. Anti-human PG IgG antibody contents were
measured in the sera of naive and PG-immunized WT and the 2 geno-
types of ShpT1-Tg mice and expressed as optical density at 450 nm
(mean=+SEM, n=5-10/group, one-way ANOVA).

Additional file 4. Serum anti-human PG antibody levels in PG-
immunized and SHP-1 activator-treated or untreated mice. Anti-human
PG antibody content was measured in the sera of PG-immunized mice.
WT mice underwent vehicle or regorafenib treatment, while Shp1-Tg*”
mice did not receive treatment. Serum antibody titers are expressed as
optical density (mean+SEM, n=5/group, one-way ANOVA).
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