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Abstract

Protein phosphatase 2A (PP2A) composed of a scaffold, a catalytic and multiple regulatory
subunits is a ubiquitously expressed serine/threonine phosphatase. We have previously shown that
the PP2A catalytic subunit is increased in T cells from patients with systemic lupus erythematosus
(SLE) and promotes IL-17 production by enhancing the activity of Rho-associated kinase (ROCK)
in T cells. However, the molecular mechanism whereby PP2A regulates ROCK activity is
unknown. Here we show that the PP2A regulatory subunit PPP2R2A is increased in T cells from
people with SLE and binds to, dephosphorylates and activates the guanine nucleotide exchange
factor GEF-H1 at Ser885 which in turn increases the levels of RhoA-GTP and the activity of
ROCK in T cells. Genetic PPP2R2A deficiency in murine T cells reduced Th1 and Th17 but not
regulatory T cell differentiation and mice with T cell-specific PPP2R2A deficiency displayed less
autoimmunity when immunized with myelin oligodendrocyte glycoprotein peptide. Our studies
indicate that PPP2R2A is the regulatory subunit that dictates the PP2A-directed enhanced Th1 and
Th17 differentiation and therefore it represents a therapeutic target for pathologies linked to Thl
and Th17 cell expansion.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease with a complex
pathogenesis. The expression of autoimmunity and organ inflammation involves altered
production of cytokines by T cells (1-3). Specifically, decreased IL-2 production may
account for the reported decreased cytotoxic T cell function and the decreased function and
numbers of regulatory T cells (2), whereas increased production of IL-17 and IFN-y may
contribute directly to organ inflammation (4).
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Small GTPase proteins of the Rho family are critical regulators of T-cell-mediated immune
responses, including T-cell receptor (TCR)-mediated signaling, cytoskeletal reorganization,
and the acquisition of the appropriate T-cell effector program (5). Rho-GTPase mediates
downstream signaling through the activation of serine/threonine Rho-associated kinase
(ROCK) (6). ROCK activity is up-regulated in patients with SLE (7) and its inhibition
effectively decreases the secretion of proinflammatory cytokines 1L-21, IL-17, and IFN-7y in
T cells (8, 9), differentiation of Th1l and Th17 cells (10) and the autoimmune disease in
animals (8, 11).

PP2A is a ubiquitously expressed and highly conserved serine/threonine phosphatase that
plays an essential role in multiple cellular processes including cell division, cytoskeletal
dynamics and various signaling pathways (12). The PP2A core enzyme consists of the
scaffold subunit A (PP2A,) and the catalytic subunit C (PP2A¢). To form a functional
holoenzyme, the core enzyme interacts with one of the many regulatory subunits (PP2Ag),
which define its specificity (13). We have previously shown that the mRNA and protein
levels as well as the catalytic activity of PP2Ac are increased in T cells from patients with
SLE (14, 15). PPZAc has been identified as a lupus susceptibility gene (16) with an intronic
SNP to control its transcription (17). Transgenic mice which overexpress PP2Ac in T cells
develop glomerulonephritis in an IL-17-dependent manner (18) which was linked to
increased ROCK activity (19). However, to date the molecular mechanism by which PP2Ac
regulates ROCK activity is unknown.

Previously, we showed that the PP2A regulatory subunit B (PPP2R2B) accounts for the
decreased IL-2 deprivation-induced T-cell apoptosis (20) and limits CD8" T cell lifespan
(21), and that another regulatory subunit PPP2R2D suppresses IL-2 production and Treg
function (22). Since the specificity of PP2A function is governed by its use of a particular
regulatory subunit (13) it is logical to propose that other regulatory subunits control
additional distinct T cell functions. Based on our previous finding that PP2Ac leads to
enhanced ROCK activity (19) and a report that the PP2A regulatory subunit Ba. (PPP2R2A)
is involved in the ROCK pathway-mediated control of the endothelial contractility and
vessel lumen integrity (23), we hypothesized that PPP2R2A is involved in ROCK activation
in T cells. Here we demonstrate that PPP2R2A dephosphorylates and activates the guanine
nucleotide exchange factor GEF-H1 which in turn increases the levels of RhoA-GTP and the
activity of the ROCK which promotes IL-17 and IFN-y production. Mice lacking PPP2R2A
in T cells develop less autoimmune disease.

Materials and methods

Patients enrolled in the study and T cell isolation

A total of 15 patients with systemic lupus erythematosus and 11 healthy donors were
enrolled in this study. Primary T cells were purified from peripheral venous blood obtained
from healthy volunteers as well as patients. The blood was incubated for 30 min with a
rosette T cell purification kit (Stem Cell Technologies) that contained a tetrameric Ab
mixture against CD14, CD16, CD19, CD56, and glyA that attaches non-T cells to
erythrocytes. Lymphocyte separation medium (17-829E, Lonza) was subsequently used to
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separate these complexes from T cells. Studies were approved by the Institutional Review
Board of Beth Israel Deaconess Medical Center (BIDMC).

Primary antibodies against PPP2R2A (#5689), p-MYPT1 (#5163) and p-SMAD2 (#3108)
were purchased from Cell Signaling Technology. Primary antibody against p-SMAD3
(07-1389) was purchased from Millipore. Primary antibody against p-actin (#A5316) was
from Sigma. Primary antibody against p-GEF-H1 (S-C380996) was bought from LifeSpan
Biosciences Inc. Primary antibody against GEF-H1 (MA5-15027), and secondary antibodies
including Goat anti-Mouse 1gG (H+L) (#31430) and Goat anti-Rabbit 1gG (H+L) (#31460)
were purchased from ThermoFisher Scientific. Anti-human CD3 antibody (clone OKT3)
was purchased from Biolegend. Anti-human CD28 antibody (RUO, #556620) was from BD
Biosciences. Normal mouse 1gG (#sc-2025) was from Santa Cruz Biotechnology.

and stimulation

Human T cells were cultured in RPMI 1640 medium (Corning Life Sciences) supplemented
with 10% fetal bovine serum (FBS, Corning Life Sciences) and 1% penicillin/streptomycin
(Corning Life Sciences). All cells were maintained in a humidified incubator at 37 °C with
5% CO». T cells were stimulated with plate bound OKT3/anti-CD3 antibody (1 pg/ml) and
anti-CD28 antibody (1 pg/ml) for indicated time points. Cells were used for protein
extraction and ROCK activity assays.

Western blotting

Cell lysates were prepared using RIPA buffer (Boston BioProducts) containing protease
cocktail inhibitor (cOmplete Mini EDTA- free, Roche) and phosphatase cocktail inhibitor
(Phostop, Roche). Protein concentration was determined by coomassie protein assay reagent
(Sigma-Aldrich). Twenty pg of total protein was resolved by a NUPAGE 4-12% Bis-Tris gel
(Life Technologies), and transferred to PVDF membrane (Thermo Fisher Scientific). After
blocking with 5% non-fat milk (M-0841, LabScientific), the membrane was incubated with a
primary antibody overnight at 4 °C. Subsequently, the membrane was incubated with a
secondary antibody for 90 minutes at room temperature. Western ECL substrate (1705061,
Bio-Rad) was used to develop the immunoblot. The picture was captured and analyzed by
Image Lab (\Version 5.2.1) using ChemiDoc™ XRS+ System (Bio-Rad). When probing for
multiple targets, stripping and re-probing a single membrane were applied. The membrane
was stripped using mild stripping buffer (46430, Thermo Scientific) for 5 minutes at room
temperature in order to avoid stripping out the sample protein on the membrane. The results
were quantified by plotting the intensity of the band. B-actin was used as the loading control.

Transfections in T cells

Control siRNA (Cat#AM4611) and siRNA targeting PPP2R2A (Cat#AM16708) were
purchased from Ambion Inc. PPP2R2A plasmid was obtained from Addgene (Plasmid
#13804). Plasmid or siRNA transfections in primary human T cells were carried out using
the Nucleofector system (Lonza). Five million freshly isolated T cells were resuspended in
100 ul of Nucleofector solution and the respective amounts of plasmid or siRNA were
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added. For plasmid transfection, 2 ug of plasmid per million cells were used. In the case of
SiRNA, 37.5, 75, or 150 nM of siRNA were transfected into T cells. Cells were transfected
using the program U-014 and were rescued immediately in pre-warmed RPMI media
supplemented with 10% FBS and 1% penicillin-streptomycin. Cells transfected with plasmid
or siRNA were harvested at the indicated post-transfection time and subjected to protein
analysis.

Real-time PCR analysis

Total RNA was isolated from T cells with RNAeasy Plus micro kit (QIAGEN). The isolated
RNA was transcribed into cDNA using the RNA to cDNA premix (Clontech) according to
the manufacturer’s instructions. SYBR green were purchased from Roche and the assays
were performed on 96-well reaction plates (Life Technologies). The real time PCR was
performed on StepOnePlus system (Life Technologies). In all experiments B-actin was used
as a reference gene to normalize gene expression. Mouse B-actin (Forward:
CTAAGGCCAACCGTGAAAAG; Reverse: ACCAGAGGCATACAGGGACA), PPP2R2A
(Forward: AAGGTGGGAGAGTTGTCATCTT,; Reverse:
AGCTTTTCAAGTAGTCAAATTCTGG), IFN-y (Forward:
CTCTTCCTCATGGCTGTTTCT,; Reverse: TTCTTCCACATCTATGCCACTT), IL-17A
(Forward: TCCAGAAGGCCCTCAGACTA,; Reverse: AGCATCTTCTCGACCCTGAA), T-
bet (Forward: TCAACCAGCACCAGACAGAG,; Reverse:
AAACATCCTGTAATGGCTTGTG), RORC (Forward: ACCTCTTTTCACGGGAGGA,
Reverse: TCCCACATCTCCCACATTG) primers were used.

ROCK activity assay

Activity of Rho-associated Protein Kinase was assessed by Millipore’s ROCK Activity
Assay Kit (#CSA001) which is an enzyme immunoassay for detection of the active ROCK
and DMPK family kinases. Plates were pre-coated with recombinant MYPT1, which
contains a Thr696 residue that may be phosphorylated upon addition of ROCK-I, ROCK-II,
or DMPK. A detection antibody that specifically detects only MYPT1 phosphorylated at
Thr696 was then applied. Subsequently, an HRP-conjugated secondary detection antibody
was added. The amount of phoshorylated substrate was measured by addition of the
chromogenic substrate tetra-methylbenzidine (TMB), which when bound to HRP converts
from a colorless solution to a blue solution (or yellow after the addition of stop solution).
The absorbance signal at 450 nm reflects the relative amount of ROCK activity in the
sample. Lysates from T cells exogenously expressing PPP2R2A or having been subjected to
siRNA-mediated silencing were used for determining ROCK activity as described above.

RhoA activation assay

RhoA activation was determined using RhoA Activation Assay Kit (STA-403-A, Cell
Biolabs Inc.) per manufacturer’s instruction. Briefly, protein lysate was prepared using lysis
buffer provided in the kit. Then protein lysate was incubated with Rhotekin RBD Agarose
bead slurry which can bind to RhoA-GTP (active form) for 1 hour with rotation at 4 °C.
After that, Rhotekin RBD Agarose bead slurry was pelleted by centrifugation and the bound
protein was eluted by sample buffer for western blot analysis using a RhoA antibody
provided in the kit.
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Co-immunoprecipitation (Co-IP)
Co-IP experiments were conducted using Pierce™ Classic Magnetic IP/Co-IP Kit (88804,
ThermoFisher) according to manufacturer’s instructions. Briefly, protein lysates were
prepared using ice-cold IP lysis buffer containing protease cocktail inhibitor (cOmplete Mini
EDTA- free, Roche). Then antigen/antibody mixture was made by overnight incubation of
protein lysate with an antibody against PP2Ac (#05-421, Millipore), or normal mouse 1gG
(sc-2025, Santa Cruz Biotechnology), as indicated. Subsequently, the mixture was added to
the tube containing pre-washed magnetic beads and incubated for 1 hour at room
temperature under continuous mixing. The beads were then collected on a magnetic stand
and washed, and the protein complex was eluted from the beads for western blot analysis.

Generation of PPP2R2A conditional knockout mice

PPP2R2A conditional ready mice containing a neomycin genetic insert in a non-coding
region of PPP2R2A that is flanked with FRT recombinase sites were purchased from the
Nanjing Biomedical Research Institute (NBRI) of Nanjing University (Strain # T001370).
To generate PPP2R2A-flox (R2A/fly mice, PPP2R2A conditional ready mice were crossed
with ROSA26::FLPe knock in mice (The Jackson Laboratory, Stock No: 009086) to excise
the neomycin insert flanked by FRT sites leaving a wild type gene with loxp sites flanking
exon 3 of PPP2R2A. Then R2AMfl mice were crossed with B6.Cg-Tg-Lck-iCre (LckCre)
mice (distal promoter, The Jackson Laboratory, Stock No: 012837) to generate conditional
knockout mice (LckCr® R2AMM) in which PPP2R2A is deleted in T cells. Both age- and sex-
matched male and female mice at the age of 8-12 weeks were used for experiments. All
mice were bred and housed in a specific pathogen-free environment in a barrier facility in
accordance with the Beth Israel Deaconess Medical Center Institutional Animal Care and
Use Committee (IACUC).

Apoptosis detection

Two million of thymocytes cultured in 96-well plates with 1 pg/mL of anti-CD3 overnight
were stained subsequently with Zombie Aqua (ZA, BioLegend, 423101) for 15 minutes at
room temperature, surface antigens (CD4, CD8) at 4 °C for 15 minutes, and 2 L of annexin
V (BD Pharmingen, 556570) in 200 uL of 1x binding buffer at room temperature for 15
minutes. Cells cultured under Thl or Th17 polarization conditions were stained with ZA and
annexin V as mentioned above. The cells were washed by PBS between each stain.
Apoptotic cells were detected by FACS. Apoptotic thymocytes were analyzed by gating
single cells and exclusion of dead cells, while apoptotic Thl and Th17 cells were analyzed
by gating single cells.

In vitro T cell differentiation

Naive CD4* T cells were purified by a mouse CD4*CD62L* T Cell Isolation Kit |1
(Miltenyi Biotec). Purified naive T cells were stimulated with plate-bound goat anti-hamster
antibodies, soluble anti-CD3 (0.25 pg/ml,145-2C11; Biolegend) and anti-CD28 (0.5 pg/ml,
37.51; Biolegend) for ThO-non-polarized condition culture. In addition to ThO-non-polarized
condition, the following stimulation was used for each polarizing condition: 1L-12 (20
ng/ml; R&D Systems) and anti-1L-4 (10 pg/ml, C17.8; Biolegend) for Th1; IL-6 (3 ng/ml;
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R&D Systems), TGF-p1 (0.3 ng/ml; R&D Systems), anti-1L-4 (10 pg/ml, C17.8; Biolegend)
and anti-IFN-y (10 pg/ml; XMG1.2; Biolegend) for Th17; and IL-2 (20 ng/ml; R&D
Systems), TGF-B1 (3 ng/ml), anti-1L-4 (10 ug/ml) and anti-IFNy (10 pg/ml) for Treg.

Cell proliferation

Naive CD4* T cells were stained with CellTrace Violet (C34557, ThermoFisher Scientific)
according to the manufacturer’s instructions. Then, cells were cultured under Thl- or Th17-
polarization conditions for two days before FACS analysis.

Flow cytometry

Cells were stained with fluorescence-tagged antibodies purchased from eBioscience, BD
Biosciences, Invitrogen or BioLegend (Supplemental Table 1) and analyzed using a Cytoflex
flow cytometer. Flow cytometry data were analyzed using CytExpert version 2.0. For
intracellular cytokine staining, cells were stimulated for 4 hours with 50 ng/ml of phorbol
myristate acetate (PMA) and 1 uM of ionomycin in the presence of 1 ug/ml of brefeldin A,
harvested, fixed and stained with BD Cytofix/Cytoperm Fixation/Permeabilization Solution
Kit.

Experimental autoimmune encephalomyelitis (EAE)

EAE was conducted as previously described (24). Briefly, on day 0, 8-week-old mice were
subcutaneously immunized with 100 pg MOG35-55 peptide emulsified in complete
Freund’s adjuvant (Sigma) containing 4 mg/mL Mycobacterium tuberculosis extract
(H37Ra, Difco), distributed between the two hind flanks. On days 0 and 2, 100 ng/mouse
pertussis toxin (PT) (List Biological Laboratories) was given by intraperitoneal injection.
Mice were monitored and weighed daily until day 28 of the experiment. The following
clinical scores were used: 1, limp tail; 2, hind-limb paresis; 3, hind-limb paralysis; 4,
tetraplegia; and 5, moribund.

Single cell isolation

Spines were perfused with PBS and digested with collagenase type 1V (300 U/ml,
Worthington Biochemical) and DNAse | (100 ug/ml, Roche) in Hank’s balanced salt
solution (HBSS) for 30 min at 37 °C for single cell dissociation as previously described
(24).

Histological staining and analysis

Sections from 10% formalin-fixed spinal cords were stained with H&E. Spinal cord sections
were scored by an investigator blinded to experimental group as follows (24): 0, no
infiltration (<50 cells); 1, mild infiltration of nerve or nerve sheath (50-100 cells); 2,
moderate infiltration (100-150 cells); 3, severe infiltration (150-200 cells); and 4, massive
infiltration (>200 cells).

Statistics

All statistical analyses were conducted using GraphPad Prism 7 (GraphPad software Inc.).
Statistical differences between 2 populations were calculated by unpaired ¢test (two-tailed).
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Pearson correlation coefficient was used to measure the strength of the linear relationship
between PPP2R2A and p-MYPT expression. For the EAE model, clinical scores of each
group were compared using two-way ANOVA. A P value of < 0.05 was considered
statistically significant.

PPP2R2A expression is increased in T cells from patients with SLE and correlates with
ROCK activity.

We have previously shown that increased PP2A activity in T cells (14) contributes to
increased IL-17 production in mice and patients with SLE (18). Because PP2A regulatory
subunits appear to account for specific cell functions in a specific manner (13), we asked
which regulatory subunit accounts for the increased production of IL-17. Western blot
analysis of lysates of T cells from patients with SLE revealed increased expression of
PPP2R2A compared to T cells from healthy subjects (Table 1, Figures 1A and 1B). We had
previously shown that increased PP2A activity in murine T cells causes increased ROCK
activity (19). We determined phosphorylation of myosin phosphatase target subunit 1
(MYPTL), an indicator of ROCK activity, in T cell lysates from patients with SLE and found
it increased compared to the ROCK activity in T cell lysates from healthy subjects (Figures
1C and 1D), which corroborated our previous findings in engineered mice overexpressing
PP2A in T cells (19). Interestingly the levels of PPP2R2A correlated strongly with the levels
of phosphorylated MYPT1 (P= 0.009, Figure 1E). These results suggested that PPP2R2A is
probably the PP2A regulatory subunit which is involved in the activation of ROCK.

PPP2R2A controls the RhoA/ROCK activity in human T cells

Because PPP2R2A levels correlated with ROCK activity, we investigated whether PPP2R2A
regulates the activation of ROCK in human T cells. As shown in Figure 2A, reduction of
PPP2R2A levels by siRNA in T cells mitigated and conversely, forced expression of
PPP2R2A increased the ROCK activity in T cells (Figure 2B). In agreement with this
finding, Western blot analysis showed that silencing PPP2R2A suppressed whereas
overexpression of PPP2R2A promoted the levels of phosphorylated MYPT1 (Figures 2C
and 2D), the downstream substrate of ROCK. Since ROCK is a downstream effector
molecule of the GTPase RhoA we determined the levels of RhoA-GTP (active form) in T
cells after silencing PPP2R2A and found them to be decreased (Figure 2E). These results
confirmed that PPP2R2A controls the activity of the RhoA/ROCK pathway in T cells.

PPP2R2A deficiency in T cells does not impair T cell development in the thymus and the

spleen

To address the function of PPP2R2A in T cells in a definitive manner, we crossed
PPP2R2AM (R2AM/T mice with LckC™ mice (distal promoter) to generate conditional
knockout mice (LckCre R2AM) where PPP2R2A deletion is limited to T cells, as described
in Materials and methods. We next determined the role of PPP2R2A in T cell development
in R2AM and LckCreR2AMM mice. We examined the deletion efficiency in thymocytes and
found that a relative deletion of PPP2R2A in thymocytes which is probably due to the
presence of approximately 18% of single positive (CD4*CD8~or CD4~CD8") cells (Figures
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3B and 3C) which are note deleted when the cre is driven by the distal promoter of Ick. In
addition, there were no significant differences in the percentage and absolute numbers of T
cell subsets in the thymi from R2AM and LckCreR2AM mice (Figures 3B-3D). In order to
determine the effect of PPP2R2A deficiency in the survival of thymocytes, we used a CD3
antibody to stimulate thymocytes imitating TCR stimulation during double positive (DP) cell
development. Thymocytes isolated from R2A™f and LckCeR2AM mice were stimulated
with CD3 antibody overnight and stained for Annexin V expression. As shown in Figures
3E-3G, CD3 antibody stimulation produced a similar percentage of apoptotic double
negative (DN) or DP cells in R2Af/ and LckCreR2AM thymocytes. Furthermore, there
were no significant differences in the percentage and absolute numbers of T cell subsets in
spleens from R2AMM and LckCreR2AM mice (Figures 3H-3J). These results suggested that
PPP2R2A deficiency in T cells does not impair T cell development in the thymus and T cell
subset distribution in the spleen.

PPP2R2A deficiency in T cells reduces Thl and Th17 cell differentiation

To investigate whether PPP2R2A is crucial for /n vitro T cell differentiation, we isolated
naive CD4™ T cells from the spleens of R2AM or LckCre R2AMM mice and cultured them
under Thl-, Th17-, and Treg-polarizing conditions /n vitro. As presented in Figures 4A-4C,
loss of PPP2R2A expression (Figure 4A) reduced the percentage of IFN-y (Th1)- and IL-17
(Th17)-producing cells but not of Foxp3-expressing cells (Treg cells) (Figures 4B and 4C).
Moreover, PPP2R2A deficiency significantly downregulated the mRNA expression level of
IFNG and TBXZ21 (T-bet) in Thl cells, and /L17A and RORC in Th17 cells (Figure 4D).
However, lack of PPP2R2A expression did not affect the proliferation (Figures 4E and 4F)
and apoptosis (Figures 4G and 4F) of Th1 or Th17 cells, indicating that the reduced numbers
of Thl and Th17 cells are not due to reduced proliferation and increased apoptosis. To
further confirm these findings, splenocytes isolated from R2AM/ or LckCre R2AM mice
were ex vivo stimulated with phorbol myristate acetate (PMA) and ionomycin for 4 hours.
As shown in Supplemental Figures 1A and 1B, PPP2R2A deficiency in T cells decreased the
percentage of IFN-y- and IL-17-positive T cells among splenocytes. These results suggested
that PPP2R2A deficiency in T cells inhibits Th1l and Th17 cell differentiation.

PPP2R2A deficiency impairs GEF-H1/RhoA/ROCK pathway in Thl and Th17 cells

RhoA can be activated through the exchange of GDP for GTP, which is promoted by the
Rho guanine nucleotide exchange factor 2 (ARHGEF2), also known as GEF-H1 (25).
Phosphorylation of GEF-H1 at Ser 885 renders it inactive (25). Since PP2A is a serine
threonine phosphatase, we determined whether PPP2R2A affects the phosphorylation status
of GEF-H1 and subsequently the RhoA/ROCK activity comparing GEF-H1 and MYPT1
phosphorylation levels between mice with genetic deletion of PPP2R2A (LckCeR2AM/ in
T cells and wild type (R2A™T) mice. As depicted in Figures 5A and 5B, lack of PPP2R2A
expression (LckCeR2AMM) increased the phosphorylation levels of GEF-H1 while it
decreased the levels of phosphorylated MYPT1, the indicator of ROCK activity in both Thl
and Th17 cells. In addition, RhoA-GTP levels were decreased in PPP2R2A-deficient
(LckCrer2AMM as compared to PPP2R2A-sufficient (R2AM/) Th1 and Th17 cells (Figure
5C). Moreover, co-immunoprecipitation experiments disclosed decreased binding of PP2A
catalytic subunit C (PP2Ac) to GEF-H1 in the absence of the regulatory subunit PPP2R2A
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in Thl and Th17 cells (Figure 5D). Taken together, these results suggest that PP2Ac binds
and activates GEF-H1 through PPP2R2A, leading to increased RhoA/ROCK activity (Figure
5E). In addition, a previous study showed that PP2Ac deficiency decreased Th17
differentiation through decreased phosphorylation of SMAD?2 but increased phosphorylation
of SMAD3 in T cells upon TGF-B stimulation (26). In order to examine whether this
mechanism was involved in the decreased Th17 differentiation caused by PPP2R2A
deficiency, we checked the phosphorylation status of SMAD2 and SMAD3 in Th17 cells. As
shown in Supplemental Figures 2A and 2B, PPP2R2A deficiency did not significantly affect
the phosphorylation status of SMAD2 and SMAD3 in Th17 cells, indicating that another
regulatory subunit of PP2A rather than PPP2R2A is probably involved in the
phosphorylation of SMAD2 and SMAD3.

PPP2R2A deficiency in T cells mitigates experimental autoimmune encephalomyelitis

(EAE)

To determine the role of PPP2R2A-deficient T cells in the regulation of Th1- and Th17-
driven autoimmune disease, we immunized R2Af/T and LckCreR2AM mice with myelin
oligodendrocyte glycoprotein peptide of amino acids 35-55 (MOG 35-55) to induce EAE.
As shown in Figure 6A, LckCeR2AM mice showed significantly reduced clinical score as
compared to R2A mice (P = 0.0187). Histology scores of spinal cords from
LckCreR2AM EAE mice were significantly decreased as compared to those from R2AT/
EAE mice (Figures 6B and 6C). This observation was further confirmed by assessing the
absolute numbers of spinal cord-infiltrating cells by flow cytometry. The number of spinal
cord-infiltrating CD4 (Thy1.2*CD4"), CD8 (Thy1.2*CD8*), and double negative (DN,
Thy1.2*CD4~CD8") cells was significantly reduced in the spinal cords from LckCreR2Af/
mice when compared to those from R2AM/l EAE mice (Figures 6D-6F). Moreover, the
number of IFN-y- (Thy1.2*CD4*IFN-y*, Thy1.2*CD8*IFN-y*; and
Thy1.2*CD4~CD8”IFN-y™; Figures 6G—61) and IL-17A- (Thy1.2*CD4*IL-17A",
Thy1.2*CD4~CD8IL-17A* and Thy1.2*CD8*IL-17A*; Figures 6J-6L) producing cells
were significantly reduced in LckCeR2AM mice when compared to R2AT EAE mice.
Collectively, PPP2R2A deficiency in T cells protects against Th1- and Th17-driven
autoimmune disease in mice.

Discussion

In this communication we present first evidence that PPP2R2A, a regulatory subunit of
PP2A, controls the production of IL-17 and IFN-y through a distinct pathway which
involves the dephosphorylation and activation of GEF-H1, the production of RhoA-GTP and
the activation of ROCK. At the translational level we show that the levels of PPP2R2A are
increased in T cells from patients with SLE and correlate with the levels of phosphorylated
MYPTL, an indicator of ROCK activity. It has been accepted that regulatory subunits of
PP2A define PP2A functional specificity (13). Previously, we had shown that PPP2R2B
(BB) controls the I1L-2 deprivation-induced T cell apoptosis (20) and CD8+ T cell lifespan
(21) and that PPP2R2D suppresses I1L-2 production and Treg cell function (22). Our current
report builds on the premise that each regulatory subunit controls a distinct function of T
cells.
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SLE is an autoimmune disorder which is characterized by diverse T cell effector dysfunction
involving both CD4* and CD8" cells (1-3). We have established previously that the catalytic
subunit PP2Ac is increased in T cells isolated from SLE patients and causes decreased
production of IL-2 by dephosphorylating the transcriptional enhancer pCREB (14). In
subsequent studies we showed that transgenic mice overexpressing PP2Ac in T cells develop
an IL-17-dependent glomerulonephritis (18), which was attributed to epigenetic
modification of proinflammatory genes and increased ROCK activity (19), which in turn
increased the activity of the /L-Z7nominal transcription factor IRF4 (8). IL-17, a
proinflammatory cytokine, is produced rapidly and in large amounts by CD4* T cells,
(TCR)y6* and CD4CD8™ (double-negative) TCRap* T cells (27-29) which are present in
the periphery and in the kidney tissue of patients with lupus nephritis (29).

The abundance of PP2A in all cells and the large number of its regulatory subunits point to a
complicated landscape whereby PP2A controls cell function (13). In T cells two subunits
PPP2R2B and PPP2R2A control distinct functions. With regard to the study of T cells from
patients with SLE, the involvement of PP2A in the immunopathogenesis of the disease
appears to be even more complicated in view of the fact that the expression of PPP2R2B is
decreased (20) whereas that of PPP2R2A is increased, as shown in this study.

We provide evidence that PPP2R2A directly interacts with GEF-H1 leading to its
dephosphorylation and activation in T cells. GEF-H1 exhibits a variety of cellular functions
(25) including the regulation of innate immune defences through various signalling
pathways (30, 31). In addition, GEF-H1 is required to maintain neutrophil motility and
migration in response to shear stress (32), and contributes to pulmonary endothelial cell
barrier dysfunction and exacerbation of lipopolysaccharide-induced inflammation (33).
GEF-H1 activates RhoA GTPase through the exchange of GDP for GTP (34) (35).
Phosphorylation of GEF-H1 at Ser 885 creates a high-affinity binding site at the 14-3-3
scaffold that inhibits the exchange activity of GEF-H1 (36). A previous report showed that
GEF-H1 activation in response to the G-protein-coupled receptor (GPCR) ligands requires
dephosphorylation by PP2A (37). Here we demonstrate that PPP2R2A is requisite for GEF-
H1 dephosphorylation and IL-17 and IFN-y production in T cells.

The current set of experiments addresses a previously unanswered question that is how can a
phosphatase increase the activity of the kinase ROCK which is active when phosphorylated
(19). The ROCK family is composed of two ubiquitously expressed serine/threonine kinases,
ROCK1 and ROCK2 (38). These proteins are involved in several important pathways and
have important functions in different types of cells, including endothelial cells and smooth
muscle cells. Specifically, ROCK has been associated to the pathogenesis of SLE (7)
through its capacity to regulate cytoskeletal proteins and enhance the ability of T cells to
enter inflamed tissues (39) and its ability to activate the transcription factor IRF4 that
enhances IL-17 production (8). More importantly, ROCK inhibitors have been shown to
limit skin inflammation in patients with psoriasis by limiting the entry of T cells in the skin
(40), the secretion of proinflammatory cytokines IL-21, IL-17, and IFN-y in T cells (8, 9)
and the differentiation of Th1l and Th17 cells (10), and inhibit autoimmune disease in animal
models (8, 11). Our experiments provide the missing link: when PP2Ac is associated with
the regulatory subunit PPP2R2A it dephosphorylates and activates GEF-H1 which in turn
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enhances the production of RhoA-GTP and activates ROCK. Data presented in this study
demonstrate clearly that PPP2R2A deficiency decreases Thl and Th17 differentiation and
thus making PPP2R2A a promising target to treat autoimmune and inflammatory disorders.
Indeed, we present evidence that PPP2R2A deficiency in T cells alleviates Th1- and Th17-
driven EAE in mice.

The complexity of the biochemical abnormalities in patients with SLE requires an exact
understanding of the malfunctioning signaling pathways. The fact that the regulatory subunit
PPP2R2B is decreased whereas PPP2R2D and PPP2R2A are increased in T cells from
patients with SLE and each contributes to the pathogenesis of the disease through distinct
mechanisms dictates the need to develop drug modulators of each subunit. Such modulators
may be used to correct a specific immune cell abnormality. Such an approach has been used
successfully with modulators of the regulatory subunits of PP1, another abundant
phosphatase (41, 42). In conclusion, PP2A comprising the PPP2R2A regulatory subunit
dephosphorylates GEF-H1 which leads to ROCK activation. Targeting PPP2R2A represents
an exploitable therapeutic target for SLE and other autoimmune diseases.
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Key points:
PPP2R2A promotes Thl and Th17 but not Treg cell differentiation

PPP2R2A deficiency impairs GEF-H1/RhoA/ROCK pathway in Thl and
Th17 cells

PPP2R2A deficiency in T cells mitigates experimental autoimmune
encephalomyelitis
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Figure 1. PPP2R2A expression is increased in T cells from patients with SLE and correlates with
ROCK activity.

(A) Western blot showing PPP2R2A expression in T cells from healthy donors and SLE
patients. H: Healthy donors; L: Lupus patients. (B) Quantification of PPP2R2A expression
in T cells from healthy donors and SLE patients. Healthy donors: n=11; SLE patients: n=15.
(C) Western blot showing p-MYPT1 expression in T cells from healthy donors and SLE
patients. (D) Quantification of p-MYPT in T cells from healthy donors and SLE patients.
Healthy donors: n=7; SLE patients: n=10. (E) Correlation between expression levels of
PPP2R2A and pMYPT1 from T cells from healthy donors (filled dots, n=7) and patients
with SLE (open dots, n=10). HC: Healthy controls. *P<0.05by unpaired ¢test with Welch’s
correction. The samples were collected from three independent times.
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Figure 2. PPP2R2A controls the RhoA/ROCK activity in T cells.
(A-B) T cells were nucleofected with (A) Control siRNA (siCTR) or siRNA targeting

PPP2R2A, or (B) GFP or PPP2R2A plasmid by using Amaxa Nucleofector electroporation
for 24 hours. Then T cells were stimulated with anti-CD3 and anti-CD28 antibodies for 48
hours before protein lysate was extracted for Rock activity measurement using ROCK
Activity Assay Kit. (C-D) T cells were nucleofected with (C) siControl or various amounts
of siRNA targeting PPP2R2A, or (D) GFP or PPP2R2A plasmid by using Amaxa
Nucleofector electroporation for 24 hours. Then T cells were stimulated with anti-CD3 and
anti-CD28 antibodies for 48 hours before protein lysate was extracted for western blot
analysis using antibodies as indicated. The concentrations were for siCTR 150 nM, and for
SiPPP2R2A 37.5, 75, or 150 nM. Left: immunoblot; Right: quantification. (E) T cells were
nucleofected with siControl or siRNA targeting PPP2R2A by using Amaxa Nucleofector
electroporation for 24 hours. Then T cells were stimulated with CD3 and CD28 antibodies
for 48 hours before protein lysate was extracted for RhoA-GTP measurement using RhoA

Activation Assay Kit. Left: immunoblot; Right: quantification data. *P<0.05, **P<0.01, and

***P<0.001 by unpaired t test. The data were obtained from four (A-B) or three (C-E)
independent experiments and each experiment was duplicate.
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Figure 3. PPP2R2A deficiency in T cells does not impair T cell development in the thymus and
the subset distribution in the spleen.

(A) Total protein was extracted from thymocytes isolated from R2Af/ or Lckerer2 ATl
mice and subjected to Western blot analysis. (B-D) Thymocytes isolated from R2AM/ or
LckereR2AMM mice were stained with CD4 and CD8 antibodies and analyzed by flow
cytometry. (B) Representative flow cytometry plots. Cumulative data (n=6 mice/group)
depicting the percentages (C) and absolute numbers (D) of thymocyte cell populations. DN:
Double negative; DP: Double positive. (E-G) Thymocytes isolated from R2Af/ and
LckereR2AMM mice were stimulated with CD3 antibody (1 pg/ml) overnight, and
subsequently stained with Annexin V, CD4 and CD8 antibodies followed by FACS analysis.
(E and F) Representative flow cytometry plots. (G) Cumulative data (n=6 mice/group)
depicting the percentage of Annexin V-positive DN or DP thymocytes. (H-J) Splenocytes
isolated from R2AM or LckeeR2AM mice were stained with CD3, CD4 and CD8
antibodies and analyzed by flow cytometry. (H) Representative flow cytometry plots.
Cumulative data (n = 6 mice/group) depicting the percentages (1) and absolute numbers (J)
of splenic CD3, CD4 or CD8 positive cells. All the data were obtained from two

independent experiments.
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Figure 4. PPP2R2A deficiency in T cells reduces Thl and Th17 cell differentiation in vitro.
(A-C) After R2AT and LckCeR2AMM naive CD4* T cells were cultured under Thi -, Th17

- or Treg-polarizing conditions for 3 days, total protein was isolated for Western blot
analysis (A), or cells were stained with the indicated antibodies before FACS analysis (B-C).
Representative flow cytometry plots are shown in (B). Cumulative data (77 = 8 mice/group)
depicting the percentages of IFN-y (Th1)- and IL-17A (Th17)-producing cells and Foxp3
(Treg)-expressing cells are shown in (C). (D-H) After R2AMf and LckereR2ANM naive
CD4* T cells were cultured under Thl-, or Th17- polarizing conditions for 2 days (E and F),
or 3 days (D, G and H) /n vitro, total RNA (D) was isolated for gqPCR analysis (17 =6 mice/
group), or cells were collected for cell proliferation (E and F) or apoptosis (G and H)
analysis using flow cytometry. Representative flow cytometry plots are shown in (E and G).
Cumulative data (/7= 6 mice/group) depicting proliferation index (F) or the percentages of
apoptotic cells (H). ****P<0.0001 by unpaired 7 test. The data were obtained from four (A-
C) or three (D-H) independent experiments.
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Figure 5. PPP2R2A deficiency impairs the GEF-H1/RhoA/ROCK pathway in Thl and Th17
cells.

R2AMM and LckereR2AMM naive CD4* T cells were cultured under Thi- or Th17-polarizing
conditions for 3 days /n vitro before analysis. (A-B) Protein lysates were prepared for
western blot analysis using the indicated antibodies. (A) immunoblot; (B) cumulative data
(n=4 mice/group). (C) Protein lysates were prepared for RhoA-GTP measurement using
RhoA Activation Assay Kit. Upper: immunoblot; lower: quantification data (n=3 mice/
group). (D) Co-immunoprecipitation analysis of PP2Ac, GEF-H1, and PPP2R2A. The blot
is representative of three independent experiments. (E) Schematic representation of the
signaling pathway which is regulated by PPP2R2A in T cells. *P<0.05, ***P<0.001, and
***%P<0.0001 by unpaired t test. The data were obtained from two (A-B) or three (C)
independent experiments.

J Immunol. Author manuscript; available in PMC 2021 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pan et al. Page 20
A D Infiltrating CD4 T cells ~ E Infiltrating CD8 T cells  F Infiltrating DN T cells
31 = R2A™ 8000 ® 8000 » 8000
S | = LekCeR2AM § > 3 3
a2 £ 6000 ! ! £ 6000 £ 6000
= = = 2 ** 2
g > @ 4000 o 4000 | — o 4000 ok
c1 P=0.0187 3 - 2 2 1
o ] 2 2000 2 2000 _% 2 2000 %
» II., < i - I 0 << 0
0 4 8 12 16 20 24 28 & & & & &
Days after EAE induction & &“ng & @Q']? & GQQ?S‘
& N &

R2AMA

Infiltrating CD4*IL-17A’T cells

K
J Infiltrating CD4*IFN-/"T cells

H |
Infiltrating CD8*IL-17A"T cells

Infiltrating DN IL-17A°T cells

» 8000 «» 8000 «» 8000
5 @ @
2 6000 £ 6000 £ 6000
3 =1 =1
E 4000 @ 4000 @ 4000 *
s =2 = I 1
2 2000 § 2000 § 2000
2 < <
0 0 0
3 o
& & & & & &
T
& K S

L
Infiltrating DN IFN-*T cells

C o *k Infiltrating CD8*IFN-/"T cells

g 4 8000 8000 8000
@ - o ® ®
w3 3 2 2
8 £ 6000 £ 6000 £ 6000
=2 3 *%k = S
25 M c c e
5] o 4000 I 1 o 4000 o 4000
£ s o = * | ILI
al § 2000 § 2000 1 § 2000
E 0 < 0 < 0 o h 0 %

& & $§ & & & & ssf‘

& & & & & & & &
N e N
N N N N

Figure 6. PPP2R2A deficiency in T cells mitigates experimental autoimmune encephalomyelitis
EAE).

(EAE 3Nas induced in R2AM and LckereR2AM mice by immunization with MOG35-55
emulsified in complete Freund’s adjuvant. (A) Clinical scores. Cumulative results of three
independent experiments with total 10 mice per group are shown. Data are shown as Mean +
SEM. P = 0.0187 by two-way ANOVA analysis. (B) Representative H&E staining of spinal
cords. Scale bar: 100 um. (C) Cumulative data elucidating the histopathologic scores for
inflammation (n = 5-7 mice/group). FACS analysis of the number of spinal cord-infiltrating
(D) CD4 (Thyl1.2*CD4"), (E) CD8 (Thy1.2*CD8"), (F) Double Negative (DN,
Thyl.2*CD4~CD8") cells, (G-1) IFN-y- (Thyl1.2*CD4*IFN-y*, Thy1.2*CD8*IFN-y*; and
Thyl1.2*CD4~CD8 IFN-y™) and (J-L) IL-17A- (Thy1.2*CD4*IL-17A%,
Thy1.2*CD4~CD8IL-17A* and Thy1.2*CD8*IL-17A") producing cells. n = 5-6 mice/
group. *P<0.05 and **P<0.01 by unpaired 7 test. The data in (C-1) were obtained from two
independent experiments.

J Immunol. Author manuscript; available in PMC 2021 October 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Pan et al.

Demographic and clinical characteristics of the patients with systemic lupus erythematosus (SLE) and healthy

control subjects

Table 1.

SLE patients

Healthy controls

(15) (11)
Age, mean (range) years 43.1 (26-62) 45.3 (28-60)
Sex, no. (%)
Female 15 (100%) 11 (100%)
Male 0 0
Ethnicity, no. (%)
Caucasian 7 (57.9%) 5 (57.1%)
African American 5 (26.3%) 3(28.6%)
Asian 1 (15.8%) 1 (14.3%)
Hispanic 2 (13.3%) 2 (13.3%)
SLEDAI, mean (range) 3.53 (0-8) -
Lupus nephritis, no. (%) 4 (26.7%) -
Immunosuppressive medications, no. (%) 15 (100%) -
Prednisone 8 (53.3%) -
Hydroxychloroquine 11 (73.3%) -
Azathioprine 3 (20%) -
Mycophenolate Mofetil 5 (33.3%) -
Belimumab 1(6.7%) -
Methotrexate 2 (13.3%) -
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