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ABSTRACT ARTICLE HISTORY

Protein posttranslational modifications (PTMs) arise in a number of normal cellular biological pathways
and in response to pathology caused by inflammation and/or infection. Indeed, a number of PTMs have
been identified and linked to specific autoimmune responses and metabolic pathways. One particular
PTM, termed isoaspartyl (isoAsp or isoD) modification, is among the most common spontaneous PTM
occurring at physiological pH and temperature. Herein, we demonstrate that isoAsp modifications arise
within the ZAP70 protein tyrosine kinase upon T-cell antigen receptor (TCR) engagement. The enzyme
protein L-isoaspartate O-methyltransferase (PCMT1, or PIMT, EC 2.1.1.77) evolved to repair isoaspartyl
modifications in cells. In this regard, we observe that increased levels of isoAsp modification that arise
under oxidative stress are correlated with reduced PIMT activity in patients with systemic lupus
erythematosus (SLE). PIMT deficiency leads to T cell hyper-proliferation and hyper-phosphorylation
through ZAP70 signaling. We demonstrate that inducing the overexpression of PIMT can correct the
hyper-responsive phenotype in lupus T cells. Our studies reveal a phenotypic role of isoAsp modification
and phosphorylation of ZAP70 in lupus T cell autoimmunity and provide a potential therapeutic target
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through the repair of isoAsp modification.

Introduction

Protein posttranslational modifications (PTMs) potentially
regulate important biological functions of the modified pro-
teins, such as protein maturation and stability, catalytic
activity of the enzymes, cellular metabolism, and extracellu-
lar communications. As an inherent response to physiologi-
cal changes, PTMs also allow immune cells to respond
rapidly to both foreign and self-antigens. One notable exam-
ple is within the signaling cascade, which is generally
achieved by a series of tyrosine and serine/threonine protein
kinases to phosphorylate signaling proteins in immune cells.
For example, ERK and MEK are activated by phosphoryla-
tion in the Toll-like receptor (TLR) pathway triggered by
bacteria or virus and in the T cell receptor (TCR) pathway
upon the presentation of the foreign antigen peptide [1-3].
T cell signaling abnormalities have been extensively investi-
gated in many autoimmune diseases including systemic
lupus erythematosus (SLE), multiple sclerosis (MS), and
rheumatoid arthritis (RA) [4-7]. Impaired ERK pathway sig-
naling in lupus CD4 T cell subsets contributes to the disease

pathogenesis of SLE [8]. Mutation of phosphorylation sites
of tyrosine 315 and 319 in ZAP70 is associated with auto-
immune arthritis [9].

In addition to phosphorylation, methylation is also linked
to the onset and development of autoimmune diseases such
as SLE and MS [10]. Failure to maintain the methylation
status of CpG dinucleotide triggers T cell autoreactivity and
may contribute to the pathogenesis of SLE [11,12]. Other
PTMs including symmetric dimethylated snRNPs, modified
by protein arginine methyltransferase (PRMT), are recog-
nized by anti-Sm autoantibodies in human lupus [13,14]. Of
interest, evidence demonstrated that the PRMT family of
enzymes serves as a key regulator in T cell activation
[15,16]. For example, vav guanine nucleotide exchange fac-
tor 1 (Vavl) is a critical TCR signaling protein which
requires arginine methylation by PRMT for further nuclear
localization and IL-2 induction in response to CD28 costim-
ulation. Moreover, transmethylation inhibitor, methyl
4-(adenin-9-yl)-2-hydroxybutanoate (DZ2002), was found to
abolish Vavl methylation in CD4 T cells and ameliorate
autoimmune disease development in both experimental
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autoimmune encephalomyelitis (EAE) and MRL-Fas?" mouse
models [17]. Thus, it is important to study the PTMs and
potential repair pathways that modulate T-cell responses as
new therapeutic approaches that may alter the course of
autoimmunity.

Isoaspartyl (isoAsp) modification is derived from aspar-
tate isomerization or asparagine deamidation and is one of
the most common spontaneous, nonenzymatic PTMs occur-
ring in the physiological pH and temperature [18]. IsoAsp
modification of protein alters its structure and/or the bio-
logical functions associated with T cell immune responses
[19,20]. Early studies demonstrated that isoAsp modification
of asparagine 52 in the CD4 molecule reduced the binding
affinity for HIV-1 gp120 [21]. Notably, signaling of LFA-1 (a
family of leukocyte integrins) through ZAP70 is critical for
normal T cell functions [22,23], and isoAsp modification
can cause switching of such integrin-ligand recognition [24].
The isoAsp at residue 317 of the IL-1 receptor type II lost
IL-1p binding capacity due to the conformational change
introduced by isoAsp residue [25].

Our earlier studies demonstrated that isoAsp levels accu-
mulated systemically over age in lupus-prone MRL mice,
including kidney and brain, the major target organs of auto-
immune pathology in SLE [26]. To keep the structural and
functional integrity of proteins, the enzyme protein
L-isoaspartate O-methyltransferase (PCMT1, or PIMT, EC
2.1.1.77) is the only known isoAsp repair enzyme present in
eukaryotic cells, bacteria and plant cells [27]. Increased
isoAsp modification due to deficiency of PIMT leads to
aberrant T cell hyperproliferation and autoantibody produc-
tion, which are key phenotypes in human SLE [28]. However,
the precise molecular mechanism of isoAsp modification
and the isoAsp repair enzyme, PIMT, in lupus T cell auto-
immunity has yet to be defined.

In this work, we report evidence that isoAsp modifica-
tion in erythrocytes under oxidative stress is higher in SLE
patients compared to healthy donors/subjects. Moreover, the
increased isoAsp modification is correlated to reduced PIMT
enzyme activity, i.e. isoAsp repair efficiency. Overexpression
of PIMT suppresses lupus T cell hyperproliferation mediated
by the isoAsp-modified ZAP70 TCR signaling pathway. We
found that Asp 92, Asp 290, Asp 303, and Asp 394 in
ZAP70 are highly susceptible to isoAsp modification.
Moreover, ZAP70 is abnormally isoAsp modified upon TCR
engagement in PIMT-deficient T cells compared to wild-type
T cells. In sum, our results reveal how isoAsp modification
and PIMT repair processes influence T cell responses and
suggest a novel therapeutic target, isoAsp-modified ZAP70,
for the treatment of T cell-mediated disorders.

Methods
Mice

B10.BR, MRL/Mp (MRL+/+), and MRL/Mp-Fas®" (MRL/lpr)
mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). AND transgenic mice expressing an a/pf TCR
(Vall*, VB3*), which recognizes the amino acids 88-104 of
pigeon cytochrome C (PCC 88-104), were maintained and

screened as described previously [26]. PIMT~ mice were
obtained by intercrossing PIMT*- C57BL/6 mice and
screened for PCR genotyping with the presence of the neo
cassette and the absence of the PIMT gene from tail DNA,
as described previously [28]. All animals were bred and
maintained in specific pathogen-free facilities at the Yale
Animal Resources Center.

Patients and sample processing

Human peripheral blood was drawn from healthy (n=28; 20
women, median age 41 vyears, range 26-56 years) and
patients with SLE adults (n=20; 20 women, median age 37.5
years, range 24-63 years). All SLE-affected individuals met
the 1997 revised ACR criteria for diagnosis of SLE. The
study was approved by the institutional review committees
(IRB) of Yale University. The IRB-approved informed con-
sent was obtained from all study subjects before blood
sampling.

For oxidative treatment of human erythrocytes, heparin-
ized human blood was centrifuged at 3,400rpm for 10min
to remove the plasma and buffy coat and followed by wash-
ing the packed erythrocytes at least three times with iso-
tonic saline (0.9% NaCl). Then, the packed erythrocytes
were incubated with 500 uM t-butyl hydroperoxide (t-BHP)
in 10% final hematocrit in a shaking incubator at 37°C for
18h. Oxidized erythrocytes were washed seven times with
the same isotonic saline to remove t-BHP [29].

Plasmid construction, recombinant retrovirus
preparation, and T cell infection

For PIMT-MSCV-I-Thyl.1 construct, mouse PIMT gene was
amplified by PCR from Amplified Mouse Brain cDNA
library (Open biosystems) using primers (forward:
5'-GTGGTAGATCTTCTCACTCTTGGGGAAACTGC
TAG-3" and reverse: 5'-GGTGTCGACTGGTCAAGCTCA
CGTTGCTTTCA-3'), which includes Bgl II and Sal I sites.
The amplified PCR product was confirmed by DNA
sequencing and then cloned into MSCV-I-Thyl.1 retroviral
vector. Retroviral transduction into murine T cells is
described elsewhere [30]. In brief, retroviral stock was pre-
pared by cotransfection of MSCV-I-Thyl.1 (empty vector)
or PIMT-MSCV-I-Thyl.1 construct and pEco retroviral
packaging vector into 293T cells using Lipofect AMINE 2000
(Invitrogen). Seventy-two hours post-transfection,
virus-containing supernatant was harvested and filter steril-
ized. Murine primary CD4 T cells were purified by negative
selection (StemCell Technologies) from spleen and lymph
node and stimulated by Dynabeads Mouse T-activator
CD3/28 (Invitrogen) in the presence of recombinant mouse
IL-2 (R&D systems). After 24hours, T cells were infected
with the above virus stock by spinoculation in the presence
of polybrene and rIL-2. Infected T cells were further
expanded by restimulation with CD3/28 Dynabeads or
pigeon cytochrome c 88-104 in the presence of mitomycin
C-treated CH 27 B lymphoblastoid cells as antigen-
presenting cells.



For characterization of retrotransduced PIMT enzyme in
primary murine CD4 T cells, RT-PCR and immunoblot
were performed in Thyl.1*CD4" T cells after 5 days of ret-
roviral transduction. RT-PCR primers for mouse PIMT and
GAPDH are forward: 5'-GCCTCATATGCACGCATATGC
ACTAG-3' and reverse: 5'-TCAGCGTATCCCATTCTTCC-3'
and forward: 5-AAACCCATCACCATCTTCCA-3" and
reverse: 5-GTGGTTCACACCCATCACAA-3', respectively.
The expected amplicon length of RT-PCR for mouse PIMT
and GAPDH are 269bp and 198bp, respectively.

Adoptive transfer of retrotransduced PIMT-T cells into
(MRLxB10) mPCC transgenic F, recipient mice

The pigeon cytochrome C (PCC)-specific TCR-transgenic T
cells were isolated from MRL.AND and B10.AND mice as
donor cells. After retrovirus infection as described above,
Thyl.1*-CD4 infected T cells were sorted by FACS for
adoptive transfer. We used (MRLxB10) F, mice with or
without expression of PCC as a membrane Ag
(mPCC-transgenic F, or nontransgenic F,, respectively; gen-
erous gift of Dr. Joe Craft, Yale University) as the recipient
mice [31]. The recipient mice were i.p. injected with 3%
thioglycollate to elicit antigen-presenting macrophages for
24hours and then 5x10° CD4 T donor cells adoptive trans-
ferred via ip. At different time points, cells from the peri-
toneal cavity, spleen and lymph nodes were harvested,
stained with CD4-APC and analyzed by flow cytometry for
the T cell functions described below.

T cell proliferation assay

For mouse samples, pooled axillary, inguinal, brachial and
popliteal lymph nodes, and spleens from age-matched female
mice were used for purification of T cells by negative selec-
tion using MHC class II and CD11b microbeads in the
MACS system (Miltenyi Biotec, Auburn, CA). The resulting
T cell populations were > 95% pure as determined by flow
cytometry. The purified 4 x 10° CD4* T cells were cultured
with coated mouse anti-CD3 mAb (5pg/ml) and anti-CD28
mAb (1pg/ml) for 48hours. For human samples, 1 x 10°
PBMC cells were cultured with coated human anti-CD3
mAb (0.54ug/ml) for 48hours. Then, cultures were pulsed
with [*H] thymidine (ICN Chemicals, Irvine, CA) for
18hours before being harvested onto filters with a semiau-
tomatic cell harvester. Radioactivity was counted with a
Betaplate liquid scintillation counter (Wallac, Gaithersburg,
MD). Besides the thymidine incorporation assay, mouse
CD4* T cell proliferation was also examined by CellTrace™
CESE cell proliferation kit (C34554, Molecular Probes)
according to the manufacturer’s protocol.

Intracellular phospho-protein analysis by flow cytometry

Intracellular phosphoprotein staining is described elsewhere
[32]. In brief, cells need to be fixed, permeabilized before
specific phospho-protein staining. For phospho-CREB (S133)
and phospho-ZAP70 (Y319), cells were fixed with 2%
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paraformaldehyde (PFA) at 37°C for 10min, on ice for
I min and centrifuge at 1200rpm for 5min, then permeabi-
lized by adding ice-cold methanol to a final concentration
of 90% on ice for 30min. For phospho-MEK1/2 (S222) and
phospho-ERK1/2 (T202/Y204), cells were fixed with CytoFix
fixation buffer (BD554655) at 37°C for 10min and centri-
fuged at 1200rpm for 5min, then permeabilized with Perm
Buffer III (BD558052) on ice for 30 min. After fixation and
permeabilization, cells were washed with staining buffer
(PBS with 0.5% BSA) and the following antibodies were
used for staining, APC-conjugated anti-CD4 (RM4-5,
BD553051), PE conjugated anti-CD90.1 (OX-7, BD554898)
or FITC conjugated anti-CD90.1 (OX-7, BD554897), AF488
conjugated anti-phospho-CREB (Cell Signaling, 87G3,
#9187), PE conjugated anti-phospho-ZAP70 (17A/P-ZAP70,
BD557881), AF488 conjugated anti-phospho-ERK1/2 (20A,
BD612592), anti-phospho-MEK1/2 (BD612566) and PE con-
jugated F(ab’) anti-rabbit IgG (BD558416). Stained cells were
analyzed by FACSCalibur (BD Biosciences) with FlowJo
software (Tree Star).

IsoAsp modification vapor assay and PIMT-specific
activity assay

To measure isoAsp modification in membrane proteins, oxi-
dized erythrocytes were hemolyzed in hypotonic buffer
(5mM sodium phosphate, pH8.0, 25uM PMSF and 1mM
EDTA). After centrifugation at 15,000rpm for 20min at
4°C, the cytosolic supernatant was assayed for PIMT enzyme
activity and the membrane pellet (after washing twice with
same hypotonic buffer) was assayed for the content of
isoAsp residues. For the isoAsp vapor assay, 1-2mg of eryth-
rocytes membrane protein or 1.5 pg of recombinant human
ZAP70 protein (Sigma, Z2126) was incubated in reaction
buffer (ImM EGTA, 0.004% sodium azide, 0.16% Triton
X-100 and 0.1M sodium phosphate, pH6.8) containing with
8 ug recombinant human PIMT (hPIMTII-pDM2X-his)
[33,34], 1uCi of S-adenosyl-L- [methyl-°H] methionine
(*H-SAM; 0.55mCi/ml; Perkin Elmer), 20uM of cold SAM
in a 50-pl final volume at 37°C for 30min. Fifty pl of STOP
solution (0.4M CAPS, pH10, 5% SDS, 2.2% methanol, 0.1%
m-cresol purple) was added to stop the reaction, and then
50 ul of the mixture was immediately spotted 50 pl on the
filter paper stuck in a microcentrifuge tube within a sealed
vial containing 2.5ml of scintillation vial at 37°C for 1hour
to allow the *H-methanol product of isoAsp *H-methyl
esters to diffuse into the scintillation fluid. The filter paper
with the microcentrifuge tube was removed, and radioactiv-
ity was counted in a f-counter. The amount of isoAsp
formed was calculated by comparison with the radioactivity
formed wusing a standard isoAsp containing delta
sleep-inducing peptide (DSIP; Trp-Ala-Gly-Gly-isoAsp-Al
a-Ser-Gly-Glu; WM. Keck Foundation Biotechnology
Resource Laboratory of Yale University) as the standard
curve. Protein concentration was estimated by using the
method of Bradford (Bio-Rad protein assay kit).
Endogenous PIMT enzyme activity was measured in the
cytosol of erythrocytes. The assay is similar to the isoAsp
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Assay as mentioned above, except the cytosol was incubated
with the isoAsp containing DSIP peptide at 37°C for 5min.
Specific activity was presented as picomoles methyl groups
transferred to isoAsp-DSIP per minute per milligram of protein.

Analysis of isoAsp modification of ZAP70 by
immunoprecipitation, SDS-PAGE, and 3H fluorography
(Hot Gel)

Isolated CD4 T cells from Pcmt1™~ (PIMT-/") and wild-type
mice were stimulated by anti-CD3 and anti-CD28 antibodies
for 2min. Then 70 pg of control or stimulated CD4 T cell
lysate was incubated with 4 pug recombinant human PIMT,
50mM K-MES, 30 pM AdoMet (4uCi of *H-labeled) at
pH6.2 in a 25 pl final volume for 30 min at 30°C. Reactions
were terminated by adding 6 ul of reducing solution
(10%SDS and 500mM DTT) for 10min at 50°C. After in
vitro 3H-methylation labeling by PIMT reaction, samples
were precipitated with anti-ZAP70 (1E7.2, Santa Cruz,
sc-574AC), mixed with Laemmli sample buffer and sub-
jected to SDS-PAGE on NuPAGE Bis-Tris Novex 4-12%
gradient gels using the MES running buffer (Invitrogen).
Electrophoresis was carried out at 125 V for 1h and gel was
fixed by acid (45% MeOH, 10% acetic acid) for 30min,
washed with water for 10 min and soaked in 1M Na-salicylate
for 30min. Then, the gel was dried and exposed to Kodak
X AR-5 film for 3 months for tritium detection.

Identification of isoAsp residues by mass spectrometry

For in vitro aging, recombinant human ZAP70 (Sigma-
Aldrich, Z2126) was incubated at 37°C for 2 weeks and
kept at —80°C until used. IsoAsp residue mapping of
rhZAP70 was identified by PIMT-mediated '®0-labeling of
isoaspartic acid by mass spectrometry as described previ-
ously with slight modification [35]. In brief, a minimum
10pg of rhZAP70, native or aged form, was denatured by
NH,HCO,, reduced by DTT, tryptic digested, lyophilized
and reconstituted with 30-oxygen water (Cambridge Isotope
Laboratories, OLM-240-97-1). Then, PIMT methylation was
carried out as described above and then methylation reac-
tion was quenched by guanidine HCI. After alkylation by
iodoacetic acid, samples were separated on a Waters nano-
ACQUITY (75 pm x 250mm eluted at 300nl/min) with MS
analysis on an Orbitrap Elite mass spectrometer. Collected
LC-MS/MS data were processed using Proteome Discoverer
Software (v. 2.2, Thermo Fisher Scientific) and searches
were carried out in MASCOT Search Engine (Matrix
Science). The specific replacement of *O with 130 at isoAsp
residue results in a mass shift of 2 daltons. Manual MS/MS
inspection of the modified peptides was also carried out to
ensure correct assignments/localizations of the isoAsp sites.

Statistical analysis

Statistics were performed using a Students unpaired
two-tailed t test unless indicated. A value of p<0.05 was
regarded as significant.

Results

IsoAsp PTMs and its repair enzyme, PIMT, are
associated with lupus autoimmunity

CD4+ T cell responses from lupus-prone MRL mice and
from human SLE patients (and normal human controls)
were examined for response to stimulation with anti-CD3.
Aberrant T cell hyperproliferation is characterized in both
the lupus-prone mouse model (Figure 1(a)) and in humans
with SLE (Figure 1(b)). Previous data demonstrated that a
lack of PIMT leads to a similar phenotype of T-cell hyper-
proliferation [28]. Moreover, isoAsp modification within
intracellular proteins in lupus-prone MRL T cells accumu-
lates over age and is increased upon TCR engagement [26].
Therefore, we next investigated whether levels of isoAsp
modification and/or activity of its repair enzyme, PIMT, is
associated to human lupus.

Erythrocytes provide an excellent source of cellular pro-
teins for studying nonenzymatic isoAsp modification since
de novo protein biosynthesis does not occur in RBCs. Thus,
the ability to repair modified self-proteins completely relies
on the existing expression level of PIMT [36]. The increased
oxidative stress in SLE patients plays a critical role in con-
tributing to immune dysfunction as described in depth in
our previous review and others [37,38]. Under oxidative
stress, isoAsp levels in erythrocyte membrane proteins
increase compared to control erythrocytes as shown in
Figure lc. However, t+-BHT treated erythrocytes from SLE
patients are more susceptible to forming isoAsp modifica-
tion within membrane proteins compared to healthy donors/
subjects (Figure 1c). Moreover, isoAsp formation is directly
correlated to reduced isoAsp enzyme repair efficiency, i.e.
PIMT specific activity, among SLE patients (Figure 1d).
However, the fold changes of isoAsp modification under
oxidative stress in donors/subjects compared to control
group remains similar in healthy individuals regardless of
differences in PIMT specific activity.

PIMT overexpression ameliorates aberrant lupus T cell
hyperproliferation

Understanding that PIMT-deficient and MRL lupus-prone
mice share the same phenotype of T cell hyperproliferation
and elevated isoAsp levels in T cells, we next examined if T
cell hyperproliferation could be corrected via repair of the
isoAsp modification by the PIMT enzyme. The mouse PIMT
gene was cloned into the MSCV-Thyl.1 retrovector that
expresses Thyl.1 (CD90.1), a surface marker to allow track-
ing of the infected cell population by flow cytometry. The
percentage of CD4*'Thyl.1* cells demonstrated that the
infection efficiency of retrovirus with MSCV vector only
(Mock) or PIMT-MSCV is similar in both PIMT+/+ and
PIMT™~ T cells (Figure 2a). Then CD4*Thyl.1* cells were
purified and measured the expression of retrotransduced
PIMT by RT-PCR (Figure 2b) and by Western blot (Figure
2¢). As indicated, PIMT protein is specifically produced by
transfection of PIMT~ T cells. Importantly, isoAsp detec-
tion (vapor assay) confirmed that the high isoAsp content in
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Figure 1. Isoaspartyl modification and its repair enzyme, PIMT, are associated with lupus autoimmunity. T-cell hyperproliferation was characterized in cells pre-
pared from lupus-prone mice (a) and SLE patients (b). CD4 T cell proliferation assay either from lupus-prone MRL+/+, MRL/Ipr and control B10. BR mice (n=3 for
each strain of mouse model) or from SLE patients (n=20) and healthy donors/subjects (n=10) were measured in traditional *H-thymidine incorporation assay as
described in Methods. (c) The isoAsp amount in erythrocyte membrane proteins under oxidative stress from SLE patients (n=28) and healthy donors/subjects
(n=20) were measured by isoAsp vapor assay as described in Methods. (d) The linear association of PIMT and isoAsp amount (slope) was significantly different
between healthy donors/subjects and SLE patients (p=0.01). Specifically, with 1 unit increase in PIMT activity, SLE patients have 0.212 units decrease in fold
change of isoAsp amount (oxidative stress group/control group). (*p <0.05 and **p <0.005 by Student’s t-test).

PIMT deficient-CD4 T cells could be repaired back to the
native Asp amino acid by retrotransduced PIMT enzyme
that isomerizes the isoAsp residue (Fig. 2d).

Figure 3a describes the strategy for MSCV retrovirus
infection of PIMT~~ T cells, cell stimulation and CFSE pro-
liferation assay for CD4 T cells. The PIMT-deficient CD4 T
cells are hyperproliferative compared to wild-type CD4 T
cells in vector-only control retrotransduced population. The
overexpression of PIMT can suppress isoAsp-mediated T-cell
hyperproliferation (Supplementary Figure la, top panel). As
shown in Figure 2a, not all CD4 T cells are infected by ret-
rovirus, serving as the perfect internal control. We found
that there is no suppressive effect on T cell proliferation in
the nonretrotransduced population (Thyl.1" T cells) either
from wild type or PIMT~ strain (Supplementary Figure la,
bottom panel). Moreover, the inhibitory effect of retrotrans-
duced PIMT on T cell proliferation lasts upon restimulation
by anti-CD3/28 (Figure 3b). Although the aberrant T cell
hyperproliferation in PIMT"/~ mouse could not be com-
pletely corrected by retrotransduced PIMT enzyme, the per-
centage of alive proliferating PIMT/~ CD4 T cells
(CD4*EMA"CD90.1*gated population) upon 2°¢ anti-CD3/28

stimulation is significantly inhibited by retrotransduced
PIMT compared to cells transduced with vector only.

We next examined the inhibitory effect of PIMT on lupus
T cell hyperproliferation. In the AND T cell transgenic
mouse model, the CFSE proliferative index remains similar
in Mock or PIMT-MSCV CD4 T cells upon 1% stimulation
by anti-CD3/28 either from B10 or lupus MRL background
(Supplementary Figure 1b). However, the inhibitory effect of
PIMT (reduced from 96% of Mock to 69% of PIMT-MSCV)
was observed in MRL AND T cells upon 2™ stimulation by
PCC 88-104 peptide as antigen in the presence of CH27
cells as antigen-presenting cells (Figure 3c). In addition,
there is no such proliferative inhibitory effect by retrotrans-
duced PIMT found in B10.AND CD4 T cells (Figure 3c)
and in nonretrotransduced population (Thyl.1" CD4 T cells)
(data not shown).

We next examined whether hyperactivation of autoreactive
lupus CD4 T cells could be reduced by retrotransduced PIMT
when T cells encounter the ubiquitous self-Ag in vivo.
PCC-specific TCR-transgenic CD4 T cells, which were iso-
lated from MRL.AND mice were infected with PIMT-MSCV
or vector-only retrovirus, CFSE labeled, and adoptively
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Figure 2. Characterization of retrotransduced PIMT enzyme in primary murine CD4 T cells. (a) The infection efficiency of retrovirus carried PIMT (PIMT-MSCV) or
MSCV vector only (Mock) was similar in all groups as determined by flow cytometry after five days infection, i.e. the percentage of CD4*Thy1.1* cells.
Retro-transduced PIMT mRNA expression by RT-PCR (b) and protein expression by western blot (c) was measured in purified CD4*Thy1.1* T cells infected by
PIMT-MSCV or vector only (Mock) as described in Methods; GAPDH serves as loading control as shown in the bottom panel in (b) and (c). (d) The isoAsp amount
was measured by vapor assays as same as in Figure 1 from CD4*Thy1.1* T cell lysate from PIMT-MSCV or vector only (Mock) group. Data represent mean=+SD
and are representative of more than two independent experiments. (*p <0.05 by Student’s t-test).

transferred to F, recipients [(MRL x B10) F,] with or without
expression of PCC as a membrane Ag (mPCC-transgenic F,
or nontransgenic F,, respectively). There was no cell division
in Thyl.1*CD4* TCR-transgenic T cells in nontransgenic F1
mice based on CFSE dilution index (data not shown).
However, PIMT-MSCV retrotransduced Thyl.1*CD4* MRL
TCR-transgenic T cells had significantly reduced proliferation
compared to donor cells infected with vector only in perito-
neal cavity or in spleen from mPCC-transgenic F, recipients
(Figure 3d). In addition, the adoptive transfers of B10.AND
to nontransgenic or mPCC-expressing (MRL x B10) F, recip-
ients were performed in parallel. However, there was no dif-
ference in the percentage of proliferating Thyl.1* CD4* B10
TCR-transgenic cells found in mPCC-expressing (MRL x
B10) F, recipients between PIMT-MSCV and Mock group
(data not shown). Taken together, our data demonstrated that
PIMT ameliorates isoAsp modification-mediated T cell hyper-
proliferation in vitro and in vivo.

PIMT negatively regulates antigen triggered ZAP70
phosphorylation

Abnormalities of T cell signaling in SLE are characterized in
both murine and human lupus [4,39]. We next investigated
the downstream pathways of how PIMT activity may alter

(reduce) T-cell signaling. CD4 T cells were isolated from
B10 or MRL AND transgenic mice and infected with
PIMT-MSCYV or vector only as the similar strategy described
in Figure 3a. In day 7, cells were re-stimulated with
PCCB88-104 as Ag for 30min in the presence of CH27 cells
as the antigen-presenting cells. The phosphorylation status
of four TCR signaling molecules, ZAP70, MEK1/2, ERK1/2
and CREB, were simultaneously analyzed by flow cytometry.
As shown in Figure 4a, ZAP70 was hyperphosphorylated
upon Ag stimulation in Mock group of MRL.AND CD4 T
cells compared to B10.AND CD4 T cells in either Thyl.1*
(top panel) or Thyl.l- (bottom panel) population. In addi-
tion, the hyperphosphorylation of ZAP70 upon Ag stimula-
tion in MRL T cells was profoundly increased over age (11
months old compared to 14 weeks old). Interestingly, we
found that tyrosine phosphorylation (Tyr 319) of ZAP70
upon Ag stimulation was suppressed by overexpression of
PIMT in both B10 and MRL.AND CD4 T cells (Figure 4a,
top panel, red dotted line). As an internal control, there was
no difference in percentages of phospho-ZAP70 population
in Thyl.1'CD4" cells upon Ag stimulation between
PIMT-MSCV and Mock group (Figure 4a, bottom panel).
However, there was no such inhibitory effect of PIMT on
another TCR signaling molecules, i.e. MEK1/2, ERK1/2 and
CREB, as shown in Figure 4b. Except in old MRL.AND
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Figure 3. PIMT ameliorates aberrant lupus T cell hyperproliferation. (a) Schematic representation of strategy for MSCV retrovirus infection, cell stimulation and
CFSE proliferation assay on CD4 T cells. The CD4 T cells labeled with CFSE dye and transduced with a retroviral vector expressing PIMT (MSCV-PIMT) or empty
vector (Mock) were incubated for another four days to analysis T cell proliferation or stimulated either by CD3/CD28 Dynabeads or antigen again for further
proliferation analysis. (b) Upon second stimulation by CD3/28 Dynabeads, flow cytometry of CFSE diluting index from CD4* EMAThy1.1* T cells transduced with
PIMT-MSCV or Mock from PIMT~~ and wild type mouse. EMA (ethidium monoazide), a viability marker. Bottom, the percentages of proliferating CD4* EMAThy1.1*
T cells are represented as mean +SD. *p <0.05 by Student’s t-test. (c) Flow cytometry of CFSE diluting index from CD4* Thy1.1* T cells transduced with PIMT-MSCV
or Mock from B10 or MRL AND transgenic mouse upon PCC88-104 peptide stimulation in the presence of mitomycin c-treated CH27 B cells at Day 12. (d)
CFSE-labeled MRL.AND transgenic CD4 T cells transduced with MSCV-PIMT or Mock were intraperitoneal (i.p.) injected into mPCC-transgenic (MRLxB10) F, recipient
mice. Before adoptive transfer, recipient mice were i.p. injected with 3% thioglycollate to elicit antigen-presenting macrophage. Three days later, CFSE diluting
index of CD4*Thy1.1* population was shown in peritoneal cavity (top panel) or in spleen (bottom panel). (n>3 per group). Data are representative of more than
four independent experiments in (b, ¢) or two independent experiments in (d).

T cells, PIMT could suppress serine phosphorylation (Ser
222) of MEK1/2 upon Ag stimulation (from 43.7% to 22.6).

IsoAsp PTMs influence ZAP70 TCR signaling pathway

Upon TCR engagement, CD4-associated Lck kinase phos-
phorylates the ITAM motif of the CD3 complex. Then,
ZAP70 is recruited by the doubly phosphorylated ITAMs
and is subsequently phosphorylated at Tyr 319 by Lck,
which leads to activate the ZAP70 catalytic activity and its
autophosphorylation at Tyr 315 [9]. In our study, MRL T
cell hyperproliferation is suppressed by retrotransduced
PIMT, but there is no proliferative inhibition by PIMT on
normal T cells (Figure 3). However, PIMT expression sup-
presses Tyr 319 phosphorylation of ZAP70 upon Ag stimu-
lation in MRL CD4 T cells as well as in normal CD4 T cells
(Figure 4). A simple mechanism of how PIMT restores/
repairs normal ZAP70 phosphorylation upon Ag stimulation
in both normal and lupus-prone mouse strain is that
PIMT repairs the isoAsp modifications in the ZAP70 pro-
tein itself. Although spontaneous isoAsp formation occurs in

physiological pH and temperature, isoAsp formation can be
exacerbated under microenvironmental changes such as oxi-
dative stress, heat shock and aging [40]. To test our hypoth-
esis, recombinant human ZAP70 (rhZAP70) in a solution of
25mL HEPES, 150mM NaCl, 0.5mM DTT and 50% glyc-
erol, pH 7.5, was incubated at 37°C for 2 weeks followed by
measuring the isoAsp content. We found that isoAsp con-
tent was dramatically increased in aged rhZAP70 protein
compared to native form (Figure 5a). By examining the
amino acid sequence of ZAP70, there are eight putative
isoAsp hot spots, i.e. Asp/Asn-Gly, Asn-Ser and Asn-His, in
ZAP70 protein (Figure 5b). Of interest, two of eight isoAsp
hot spots, aa 288-291 (NSDG), are located in interdomain-B
(I-B, SH2 kinase linker) and near two regulatory tyrosine
residues (Tyr 315 and Tyr 319) [41].

It is challenging to distinguish isoAsp residues from Asp
or Asn since the residues have similar charges, structures
and even identical masses. We performed a novel technique
by using 18-oxygen labeled water coupled with PIMT meth-
ylation for isoAsp analysis as described previously [35]. For
example, the isoAsp-containing snRNP peptide, a known
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Figure 4. PIMT suppresses ZAP70 (Tyr 319) phosphorylation upon Ag stimulation. B10.AND and MRL.AND transgenic CD4 T cells were retrotransduced with
PIMT-MSCV or vector only (Mock) as similar described in Figure 3a. After 30min upon second stimulation by the PCC88-104 peptide, intracellular staining for
phosphor-ZAP70 at Tyr 319 residue (a) is shown in CD4*Thy1.1* (top panel) and in CD4*Thy1.1" (bottom panel) population. The other TCR signaling proteins,
phosphor-MEK1/2, phosphor-ERK1/2, and phosphor-CREB, were simultaneously analyzed as shown in (b). Young, 12-14 weeks old. Old, 11 months old. Data are

representative of two independent experiments.

lupus autoantigen, can be successfully distinguished from
Asp form of snRNP peptide by mass spectrometry analysis
due to the two daltons shift from 16-oxygen to 18-oxygen
introduced by PIMT reaction (data not shown). We then
next identified the location of isoAsp residues and quanti-
tated the isoAsp contents in aged rhZAP70 compared to

native thZAP70. We found that Asp 92 in N-SH2 domain,
Asp 290 and Asp 303 in interdomain-B (I-B) and Asp 394
in kinase domain were converted to isoAsp during the in
vitro aging process (Figure 5C and Supplementary Table 1).

Next, we examined whether isoAsp modification accrues
in ZAP70 protein in vivo. The PIMT-deficient mouse, which
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Figure 5. Isoaspartyl modification in aged ZAP70 protein. (a) The isoaspartyl (isoAsp) content was measured in aged (incubation for 2 weeks at 37°C) or in native (unaged)
form of human recombinant ZAP70 protein. Data are representative of two independent experiments. (b) Amino acid sequence of human ZAP70. Putative isoAsp hot spots are
shown in red bold and Tyr 315 and Tyr319 phosphorylation sites are shown in blue bold and underlined. The locations of isoAsp residue identified by mass spectrometry
(Supplementary Table 1) in this study are indicated with red reversed caret. (c) Top panel: The functional domains of ZAP70 structure. Phosphorylation site for downstream Lck
kinase (Y319) is indicated at the bottom. The locations of isoAsp residue that arose during in vitro aging of human recombinant ZAP70 are indicated on the top, D92, D290,
D303, and D394. I-A; interdomain A. I-B; interdomain B. Bottom panel: highlighted D92, D290, D303, and D394 residues in the crystal structure of human ZAP70 (PDB 20Z0).
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Figure 6. Isoaspartyl modification alters ZAP70 TCR signaling pathway. CD4 T cells were isolated from PIMT~'~ or wild-type mice and stimulated with anti-CD3
and anti-CD28 mAb. (a) Cells lysates were labeled with 3H-SAM by in vitro PIMT reaction, then immunoprecipitated by polyclonal anti-ZAP70 antibody followed
by further analysis for 3H fluorography (top panel, Hot Gel) or immunoblot (bottom panel, IB) in parallel as described in Methods. (b) Upon anti-CD3 and
anti-CD28 mAb stimulation, intracellular staining for phosphor-ZAP70 at Tyr 319 residue at different time course in CD4 T cells is shown from PIMT +/+ (top panel)
or from PIMT~"~ (bottom panel) mice. Data are representative of two independent experiments.

lacks the ability to repair isoAsp modifications, provides an
ideal model to decipher the role of isoAsp modification on
ZAP70 signaling molecule. In brief, purified CD4 T cells
were stimulated by anti-CD3 and anti-CD28 for 2minutes
followed by immunoprecipitation of ZAP70. As shown in
Figure 6a, ZAP70 protein was captured and confirmed by
immunoblot (IB) (bottom panel; IB) and isoAsp modifica-
tion of ZAP70 was visually revealed upon TCR engagement
in PIMT deficient CD4 T cells (top panel; Hot Gel). Relevant
to ZAP70 signaling functions, we found that ZAP70 is
hyperphosphorylated at Tyr 319 upon TCR engagement in
PIMT™~ CD4 T cells compared to wild-type CD4 T cells

(Figure 6b). In sum, our data clearly indicate that isoAsp
modification mediated by the ZAP70 TCR signaling path-
way is involved in aberrant hyperproliferative CD4 T cell
immune responses.

Discussion

ZAP70 is an essential TCR-proximal kinase responsible for T
cell signaling [9,42]. The TCR signaling pathway is completely
abolished in Jurkat-derived ZAP70 deficient cell line [43].
Moreover, ZAP70-deficient patients with severe combined
immunodeficiency (SCID) demonstrated a profound defect in



T cell proliferation upon TCR engagement [44]. As mentioned
above, there are two SH2 domains (N-SH2 and C-SH2), two
interdomains (I-A and I-B) and one tyrosine kinase domain in
ZAP70. Recently, crystal structural studies reveal that ZAP70 is
not completely activated while recruitment to doubly phos-
phorylated ITAMs until subsequent phosphorylation by Lck
kinase at Tyr 315 and Tyr 319, which are located in I-B domain
of ZAP70 [41]. Therefore, I-B domain plays a critical role to
switch from autoinhibited ZAP70 to fully activated ZAP70 in
TCR signaling. In this study, we found that four amino acid
residues, Asp 92, Asp 290, Asp 303 and Asp 394, are highly
susceptible to isoAsp modification during in vivo aging process.
Two of the isoAsp residues are located in I-B domain of
ZAP70. Moreover, lack of isoAsp repair not only leads to
isoAsp modification of ZAP70 but also hyperphosphorylation
at Tyr 319 in ZAP70 upon TCR engagement (Figure 6).
Recently, other investigators also observed that isoAsp modifi-
cation is highly associated to protein phosphorylation and
acetylation [45]. These observations suggest that isoAsp modi-
fication may be linked to other PTMs and synergistically mod-
ulates the biological function of proteins.

T cells either from mouse or man appears to have intrinsic
abnormalities that may contribute to their ability to drive
autoantibody production. In lupus T cells, aberrant TCR sig-
naling such as hyperphosphorylated MEK or ERK is charac-
terized as their hyper-responsive phenotype, which are
extensively investigated in both drug-induced and idiopathic
lupus erythematosus [8]. Similarly, PIMT deficiency also
results in aberrant MEK and ERK activation and autoanti-
body production [28,46,47]. Recently, CREB (cAMP-responsive
element-binding protein) and CREM (cAMP-responsive ele-
ment modulator) are believed to play an important role to
regulate cytokine production in lupus T cells [39,48]. In this
study, ZAP70, CREB, ERK1/2 and MEK1/2 were simultane-
ously investigated to determine if overexpression of PIMT
could modulate lupus T cell signaling. In analysis of protein
motifs, there are no isoAsp hot spot sequences in CREB and
only two isoAsp hot spots in ERK1/2 (Asn 218-Ser and Asn
255-His in ERK1; Asn 201-Ser and Asn 238-His in ERK2).
There are eight isoAsp hot spots in MEK1/2, the same with
ZAP70, but MEK1/2 is phosphorylated at Ser residue, not at
Tyr residue in ZAP70. Of note, retrotransduced PIMT only
can suppress Tyr 319-phosphorylation of ZAP70 in activated
lupus T cells regardless of age (Figure 4a) but only can sup-
press Ser 222-phosphrylation of MEK in elder activated lupus
T cells (Figure 4b). We do not know if the phosphorylation
site at Tyr versus Ser affects the susceptibility of protein phos-
phorylation to isoAsp modification and PIMT. Moreover,
there is no isoAsp modification within ZAP70 in unstimu-
lated PIMT deficient T cells until cells were stimulated by
anti-CD3 and anti-CD28 mAb (Figure 6a). This observation
suggests that isoAsp modification may serve as a new PTM
biomarker for assessing cellular signaling transduction and
that PIMT is responsible for isoAsp repair, and downstream
pathways of phosphorylation and phosphatase in signaling
cascade.

Besides the role of PTMs in immune cell signaling, they
also are biomarkers of disease as targets of autoimmunity. It
is well established that patients with RA make robust
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autoimmune responses to citrullinated fibrinogens found in
the inflamed synovial tissue and detectable autoantibodies
against cyclic citrullinated peptide (CCP) [49]. Anti-CCP
autoantibody becomes a standard biological marker for
diagnosis and prognosis of RA. Moreover, emerging data
revealed novel PTM biomarkers associated with autoimmune
diseases and provide PTM-based therapeutic strategies [50].
Recently, Colasanti T. et al. identified autoantibodies against
to novel PTM antigens, homocysteinylated alpha 1 antitryp-
sin, from both seropositive and seronegative RA patients
[51]. Our recent studies demonstrated that citrullinated glu-
cokinase and carbonylated beta subunit of prolyl-4-hydroxy-
lase (P4Hb; also named protein disulphide isomerase,
PDIA1) modulate both insulin homeostasis, the key biolog-
ical function of pancreatic beta cells, and type 1 diabetes
(T1D) autoimmunity [52,53]. Moreover, P4Hb/PDIAl
plasma levels increase in recent-onset T1D patients com-
pared to non-diabetic controls, suggesting that P4Hb/PDIA1
is a potential noninvasive biomarker of pathology in T1D.

In a similar manner as described above, several PTMs
are known to play a critical role in SLE autoimmunity, such
as citrullination and carbamylation [54]. For example, it is
reported that protein citrullination level in PBMCs is
increased in SLE patients [55]. Of interest, autoantibodies
against  specific  PTMs, malondialdehyde-acetaldehyde
adducts (MAA), advanced glycation end-product (AGE) and
carbamylation, were more prevalent in SLE patients com-
pared to controls [56]. Our previous data demonstrated that
lupus-like T and B cell immune responses could be elicited
with isoAsp-modified self-antigens, both snRNPs and cyto-
chrome ¢ [57]. PTMs also clearly influence antigen process-
ing pathways, likely contributing to aberrant autoimmune
responses [58]. Of interest, isoAsp residue was found in
intact U1/Sm snRNP complexes as well as in histone H2B,
key targets of autoantibodies in SLE [59,60].

Herein, we demonstrated that the level of isoAsp modifi-
cation under oxidative stress is higher in peripheral erythro-
cytes from SLE patients compared to healthy individuals
and such increase of isoAsp amount in SLE patients is
dependent on the lack of isoAsp repair efficiency, i.e. PIMT
activity. T cell hyperproliferation is a key phenotype in both
murine and human models of SLE. Interestingly, our data
shown that overexpression of PIMT  suppresses
isoAsp-mediated T cell hyperproliferation in PIMT deficient
T cells and in lupus-prone MRL T cells but not in wild-type
T cells. Our finding aligns with our previous study that the
isoAsp content was higher in lupus-prone MRL T cells com-
pared to wild-type T cells [26]. In addition, we found that
the ZAP70 TCR signaling pathway is down-regulated by
overexpression of PIMT. Moreover, isoAsp-modified and
aberrant hyperphosphorylated ZAP70 is triggered upon TCR
engagement in PIMT-deficient T cells. Taken together, our
studies provide a novel mechanism of how isoAsp modifica-
tion and its repair enzyme, PIMT, alter T cell functions
mediated by the ZAP70 TCR signaling pathway.

To date, PIMT is the only known isoAsp-repairing
enzyme. Interestingly, Dai et al identified high isoAsp con-
tent in major urinary proteins (UNPs) from PIMT-deficient
mice [61]. The study suggests that there are alternative
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proteolytic ~and excretion pathways to metabolize
isoAsp-containing proteins in vivo in addition to the PIMT
enzyme. The alternative isoAsp-containing protein degrada-
tion pathways may compensate for lower PIMT activity that
is found in polymorphisms of the PIMT gene.

SLE is an autoimmune disease thought to be caused by
the combination of genetic and environmental factors such
as infection, smoking, medications and ultraviolet (UV)
light [62]. Aberrant T cell function, either from intrinsic or
extrinsic factors, contributes to the initiation of autoimmu-
nity and the development of organ pathology in lupus.
IsoAsp modification is a spontaneous PTM at physiological
pH and temperature without any enzyme involved but
isoAsp formation is highly dependent on subtle environ-
mental changes including heat shock, oxidative stress, and
UV irradiation. For example, UV-induced D-p-Asp- or
L-isoAsp-formation can be found in elastic fibers of human
skin [63] and in human melanoma cells [64], respectively.
Herein, our study demonstrates that oxidative stress-induced
isoAsp modification is elevated in SLE patients compared to
healthy donors/subjects. Moreover, we describe a model sys-
tem for studying the role of isoAsp modification and its
repair enzyme, PIMT, in the pathways of TCR signaling and
activation. Our results indicate that isoAsp-modified ZAP70
is a potential therapeutic target of PIMT repair for treating
T-cell mediated lupus-like autoimmune disease.
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