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A B S T R A C T

Rheumatoid arthritis (RA) is a chronic autoimmune disease and rheumatoid factor (RF) and anti-citrullinated
protein antibodies (ACPA) are the most frequently detected autoantibodies (autoAbs). To date, more than 20% of
RA cases are still defined as seronegative forms (seronegative RA, SN-RA). The aim of this study was to identify
new antigenic targets of autoAbs in RA patients, which can also be recognized in SN-RA. Using a proteomic
approach, we tested sera from SN-RA patients by analyzing synovial fluid (SF) proteins from these patients. Sera
from SN-RA patients revealed a strong reactive spot, corresponding to alpha 1 antitrypsin (A1AT). Reverse-phase
nanoliquid chromatography and tandem mass spectrometry (Matrix Assisted Laser Desorption/Ionization-Time
Of Flight, MALDI-TOF/TOF) confirmed the presence of A1AT in SF and showed that homocysteinylation was one
of the post-translational modifications of A1AT. Homocysteinylated (Hcy)-A1AT immunoprecipitated from SN-
RA patients' SFs and in vitro modified Hcy-A1AT were used as antigens by Enzyme-Linked ImmunoSorbent Assay
(ELISA) to test the presence of specific autoAbs in sera from 111 SN-RA patients, 132 seropositive (SP)-RA
patients, and from 95 patients with psoriatic arthritis, 40 patients with osteoarthritis, and 41 healthy subjects as
control populations. We observed that a large portion of SN-RA patients (75.7%), and also most of SP-RA pa-
tients' sera (87.1%) displayed anti-Hcy-A1AT autoAbs (anti-HATA). Native A1AT was targeted at a lower rate by
SP-RA patients autoAbs, while virtually no SN-RA patients' sera showed the presence of anti-native A1AT
autoAbs. In conclusion, anti-HATA can be considered potential biomarkers for RA, also in the SN forms. The
discovery of novel autoAbs targeting specific autoantigens can represent higher clinic significance for all RA
patients’ population.
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1. Introduction

Rheumatoid arthritis (RA) is an inflammatory autoimmune disease
that causes pain, swelling and stiffness in the affected joints. The cur-
rent classification criteria for RA include two autoantibodies (autoAbs),
that are rheumatoid factor (RF) and anti-citrullinated protein anti-
bodies (ACPA) [1]. Several studies have reported the presence of these
autoAbs in sera of subjects that eventually develop RA up to 10 years
before the onset of the clinical manifestations [2], emphasizing their
key role in the diagnosis of the disease. The recent recognition of var-
ious autoAbs against post-translationally modified proteins opened new
perspectives to diagnosing RA and predicting the course of the disease
[3]. Nevertheless, it is possible that some patients display clinical
manifestations suggestive of RA, but they are persistently negative for
the conventional RA immunological tests. These are referred as “ser-
onegative RA” (SN-RA) patients.

The concept of SN-RA arose in 1978 from the observation of a
number of patients with the classical clinical manifestations, but per-
sistently negative for the RF. SN-RA patients may develop ACPA and RF
in the serum, evolving into a seropositive RA, or remain SN. The lack of
evidence of circulating autoAbs in these cases may represent a real
absence or can be the consequence of the limits of the currently
available methods for the detection of new antigenic targets/new Ab
specificities. In this context, the discovery of novel autoAbs targeting a
specific molecule may be useful and have higher clinic significance for
RA patients.

By a molecular point of view, many processes are involved in RA
pathogenesis. As above mentioned, post-translational modifications
(PTMs) can occur in the disease and play a leading role in favouring an
autoimmune response; particularly, citrullination and carbamylation
have been extensively studied and immunologically characterized
[4,5]. Recently, other autoAbs recognizing post-translationally mod-
ified proteins have also gained attention. They include autoAbs directed
to fragmented immunoglobulin (anti-hinge Abs), proteins modified by
molecules formed under oxidative stress [6], and autoAbs recognizing
acetylated proteins [7]. Therefore, it can be assumed that PTMs play an
important role in inducing autoimmunity and, specifically, many of
them are widely described in rheumatic autoimmune diseases [8], in
which they can result from the action of environmental factors (i.e.,
smoke, air pollution) [9], in genetically predisposed subjects (i.e., HLA
shared epitope) [10–12]. In this regard, Padyukov et al. [13,14] per-
formed a genome-wide association study in ACPA-positive and ACPA-
negative RA patients. More than 1.7 million single nucleotide poly-
morphisms were studied for association with the disease. The com-
parison between the two groups displayed significant risk allele fre-
quency differences, which were mainly confined to the HLA region.
These data support the idea that genetic backgrounds contribute dif-
ferently to the two RA disease subsets characterized by ACPA status
[13,14].

In the light of all these considerations, the aim of the present study
was to identify new possible specific antigenic target(s) of autoAbs in
RA, as well as the immunological characterization, with a particular
focus on SN-RA patients. For this purpose, we used an autoAb-based
screening method, a proteomic approach using synovial fluid (SF) that
represents a precise, well-established, and at the vanguard tool for the
detection of target antigens.

Reverse-phase nanoliquid chromatography (nanoLC) and tandem
mass spectrometry (Matrix Assisted Laser Desorption/Ionization-Time
Of Flight, MALDI-TOF/TOF) have allowed discovering some PTMs of
the protein(s) in SF. Finally, we analyzed the presence of specific serum
autoAbs using Enzyme-Linked ImmunoSorbent Assay (ELISA).

2. Material and methods

2.1. Patients, serum and SF sample preparation

For this study consecutive patients, attending the Arthritis Center of
Sapienza University of Rome and the Unit of Allergology, Immunology
and Rheumatology, Campus Bio-Medico University of Rome, were en-
rolled.

They presented clinical features that were consistent with a diag-
nosis of RA, as stated in the 2010 American College of Rheumatology
(ACR) classification criteria [1]. SN-RA cases were defined as persis-
tently negative (at least 2 times) for conventional RA tests (RF and
ACPA). Both seropositive (SP)- and SN-RA patients’ sera have also been
previously tested for the presence of anti-fetal calf serum carbamylated
proteins (anti-FCS CarP) Abs by ELISA [15].

Consecutive patients with psoriatic arthritis (PsA), with osteoar-
thritis (OA), and age- and sex-matched healthy subjects (HS) were also
included in the study.

After obtaining informed consent from each patient, in accordance
with the Declaration of Helsinki, a venous blood draw was performed.
After collection, the whole blood was allowed to clot, by leaving it at
room temperature for 15–30 min. Then, the clot was removed by cen-
trifuging at 2000×g for 10 min in a refrigerated centrifuge. The serum
samples obtained were aseptically aliquoted and stored at −80 °C until
the assay.

SFs were obtained during joint aspiration from consecutive SN-RA
patients with swollen and tender joints, attending the Arthritis Center
of Sapienza University of Rome. SF samples were centrifuged at
1000×g for 15 min to remove cells and cellular debris [16]. The su-
pernatants were aseptically removed and stored at −80 °C in aliquots
until the subsequent analyses.

All experiments involving patients were approved by the local
Ethical Committee (Prot. N. 5460).

2.2. Digestion of hyaluronic acid and depletion of abundant proteins in SF
samples

In order to facilitate the handling of SF, we used a highly active
hyaluronidase (HSE) from S. hyalurolyticus (Sigma Aldrich, USA) to
digest hyaluronic acid and thereby reduce viscosity.

Following the protocol developed by Liao and colleagues [17], only
microgram quantities of the enzyme were needed to treat 1 ml of SF, so
very small amounts of exogenous protein were introduced during di-
gestion.

HSE buffer (60 mM NaOAc, 1 mM EDTA [pH 6.0]) was added to 1
vial of HSE to a final concentration of 1300 units/ml, to prepare en-
zyme stock solution. Hyaluronic acid digestion was carried out by
mixing 1 ml of SF with 40 μl of 25x HSE buffer and 100 μl of the HSE
stock solution. The reaction mixture was incubated at 37 °C for 4 h,
after which significant reduction in sample viscosity was observed.
HSE-treated SFs were centrifuged at 14,000×g for 15 min to pellet
insoluble material [17].

Human albumin (HA) is the most abundant protein in SF. Although
IgG levels in normal SF are low, in patients with RA their levels are
similar to those of serum, with an average of 9.5 mg/ml. In order to
remove HA and IgG, HSE-treated SFs were subjected to affinity deple-
tion with Aurum Serum Protein Mini kit (BioRad Laboratories, USA).
This process was estimated to enrich the remaining SF components by
effectively removing up to 90% of the abundant proteins. These two
proteins can mask the presence of many co-migrating proteins, as well
as limit the amount of total protein that can be resolved through 2
dimensional electrophoresis (2DE) or other techniques. For these rea-
sons, this kit was used to maximize resolution of proteins of interest in
SF, improving and supporting protein discovery and identification, and
optimizing the subsequent SF analysis by monodimensional and 2DE
[18].
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2.3. Analysis of SF samples

A pool from 5 SN-RA patients' SFs, digested with HSE and HA/IgG
depleted (hereafter simply referred as SFs), was loaded into 2DE.
Isoelectrofocusing (IEF) was firstly performed on 7-cm ReadyStrip im-
mobilized pH gradient (IPG) Strips with a 3–10 pH range (BioRad
Laboratories, USA), by the use of the Protean IEF Cell Apparatus
(BioRad Laboratories, USA), and then performed on 7-cm ReadyStrip
IPG Strips with a 5–8 pH range (BioRad Laboratories, USA), to better
resolve this specific pH region. The second dimension was performed on
a 10% Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis
(SDS-PAGE), after equilibrating the strips for 10 min in SDS
Equilibration buffer, containing 50 mM Tris HCl pH 8.8, 6 M urea, 30%
glycerol, 2% SDS, 2% dithiothreitol (DTT), and 2.5% iodoacetamide
(IAA). Gels were then stained by colloidal Coomassie blue (Sigma
Aldrich, USA) or used for Western blot analysis alternatively, in-
cubating with a pool from 5 SN-RA patients' sera diluted 1:50.
Horseradish peroxidase (HRP)-conjugate goat anti-human IgG (BioRad
Laboratories, USA) were used as second Abs, and the reactions were
developed using 3-3’ diaminobenzidine (Sigma Aldrich, USA) as a
substrate, in the presence of H2O2 (Roche Diagnostics, Switzerland).

After the staining, selected blue-stained spots were excised from gel
and subjected to tryptic proteolysis. Briefly, after some wash steps in
50 mM ammonium bicarbonate and 50% acetonitrile (ACN) in 50 mM
ammonium bicarbonate to destain the spots, and a step to dry them
with absolute ACN, 100 ng of trypsin in 25 mM ammonium bicarbonate
were added, and let to incubate overnight at 37 °C. MALDI-TOF mass
spectrometry (MS) analyses of peptide tryptic mixtures were performed
by an AutoFlex II instrument (Bruker Daltonics, USA), equipped with a
337 nm nitrogen laser and operating in reflector mode. Identification by
peptide mass fingerprint (PMF) was performed, using the Mascot search
engine (version 2.6.2) against human SwissProt database [(SwissProt
2019_02 (559228 sequences; 200905869 residues)]. Up to two missed
cleavage, 50 ppm measurement tolerance, oxidation at methionine
(variable modification) and carbamidomethylation at cysteine (fixed
modification) were considered. Identifications were validated when the
probability-based MOlecular Weight SEarch (MOWSE) protein score
was significant, according to Mascot.

Reverse-phase nanoLC-MALDI-TOF/TOF were used to analyze SF,
not only in order to identify the proteins, but also to discover proteins
PTMs.

Five μg of proteins from SF were treated with 10 mM DL-DTT and
incubated for 30 min at 56 °C for cysteine reduction, then the cysteines
were alkylated with 55 mM IAA (20 min at room temperature, in the
dark). The proteins in the sample were precipitated overnight at
−20 °C, using four volumes of 100% acetone, and subsequently re-
suspended in 30 μl of a solution containing 50 mM ammonium bi-
carbonate and 2 M urea. Protein mixture was digested overnight at
37 °C with 0.2 μg of trypsin. The peptide mixture obtained was desalted
and filtered through a C18 microcolumn ZipTip (Merck Millipore,
USA), and eluted from the C18 bed, using 10 μL of 80% ACN/0.1%
trifluoroacetic acid (TFA). The organic component was once again re-
moved by evaporation in a vacuum centrifuge and peptides were re-
suspended in a suitable nanoLC injection volume (typically 3–10 μl) of
2.5% ACN/0.1% TFA. A more detailed description of this protocol is
given in Supplementary File 1, following the procedure described by
Del Ben and colleagues [19].

2.4. Isolation of homocysteinylated alpha 1 antitrypsin (Hcy-A1AT) from
SF

Homocysteinylated (Hcy) proteins were immunoprecipitated by
affinity chromatography from a pool of 5 SN-RA patients' SFs, using
rabbit IgG anti-Hcy proteins (5 μg; Abcam, UK). Subsequently, im-
munoprecipitated Hcy proteins were used to isolate modified A1AT,
using goat IgG anti-A1AT (5 μg; Abcam, UK). In every reaction,

irrelevant IgG were used as a negative control (5 μg). In brief, following
manufacturer's instructions for Thermo Scientific Pierce Direct IP Kit
(ThermoFisher Scientific, USA), the SF pool was mixed with Control
Agarose Resin slurry and stirred in a rotary shaker for 1 h at 4 °C, to
preclear nonspecific binding. After centrifugation (1000×g for 1 min),
proteins of interest were immunoprecipitated from the precleared
samples, as indicated.

The immunoprecipitated (IP) samples underwent buffer exchange
and concentration by Amicon Ultra-0.5 Centrifugal Filter Devices
(Merck Millipore, USA) and then used for the subsequent analyses.

Protein content was determined by the Bradford assay (BioRad
Laboratories, USA).

2.5. Protein modification

For in vitro modification of A1AT, the protocol described by Perla
et al. [20] and Perla-Kajan et al. [21] was carried out. Briefly, native
A1AT (Abcam, UK) was dissolved at 1 mg/ml in 0.1 M phosphate-
buffered saline (PBS) pH 7.4, 0.2 mM EDTA, 0.9 M NaCl, and modified
by incubating with 50 mM L-Hcy-thiolactone-HCl (Sigma Aldrich, USA)
for 16 h at 37 °C [22,23]. The protein sample underwent buffer ex-
change and concentration by Amicon Ultra-0.5 Centrifugal Filter De-
vices (Merck Millipore, USA) and then used for the subsequent analyses.
Protein content was determined by the Bradford assay (BioRad La-
boratories, USA).

2.6. SDS-PAGE and Western blot of protein samples

In order to check HA/IgG depletion, SF samples containing 30 μg of
proteins were separated onto a 10% SDS-PAGE in denaturing condi-
tions, before and after the depletion protocol. Gel was stained with
colloidal Coomassie blue (Sigma Aldrich, USA).

Protein samples (native A1AT, in vitro modified Hcy-A1AT, IP Hcy-
A1AT, 10 μg each) and FCS CarP (10 μg), obtained following the pro-
tocol described by Shi et al. [4] and used as a control to exclude Ab
cross-reactivity, were loaded onto a 10% SDS-PAGE in denaturing
conditions. After electrophoresis, the proteins were transferred onto
polyvinylidene difluoride membrane (Amersham Hybond-ECL, GE
Healthcare Europe, Austria) by means of a Trans-Blot transfer cell
(BioRad Laboratories, USA). For the detection of protein PTMs, to im-
prove their retention, the method described by Colasanti et al. was used
[24]. The membranes were then blocked in 5% non-fat dry milk
(Euroclone, Italy) in Tris-buffered saline containing 0.1% Tween 20
(TBS-T) for 1 h at room temperature, rinsed, and incubated with rabbit
IgG anti-A1AT, anti-Hcy proteins (Abcam, UK), and anti-carbamyl-ly-
sine (Cell Biolabs, Inc., USA) as primary Abs, all used at a dilution of
1:1000 in TBS-T containing 5% non-fat dry milk (Euroclone, Italy).
Excess primary Ab was removed by washing the membranes in TBS-T.
The membranes were then incubated with goat anti-rabbit IgG HRP-
conjugate (BioRad Laboratories, USA), diluted 1:3000 in TBS-T with 5%
non-fat dry milk (Euroclone, Italy). The reaction was developed using
the chemiluminescent HRP detection reagent Luminata Forte (Merck
Millipore, USA).

2.7. ELISA to detect serum Abs

Polystyrene 96-well plates (Maxisorp, Nunc, USA) were coated and
incubated overnight at 4 °C with 100 μl/well of (IP or in vitro modified)
Hcy-A1AT in 0.05 M Na2CO3/NaHCO3 buffer, pH 9.6. Coated plates
were then washed 4 times with PBS containing 0.05% Tween 20 (PBS-
T). Plates were blocked for 1 h at 37 °C with 3% non-fat dry milk
(Euroclone, Italy) in PBS-T. After 4 washings, the wells were incubated
for 1 h at 25 °C with patients' sera diluted 1:50 in PBS-T containing 1%
non-fat dry milk (Euroclone, Italy). Rabbit polyclonal specific anti-Hcy
proteins and anti-A1AT Abs (Abcam, UK) were used as a positive con-
trol. After 4 washes with PBS-T, the plates were incubated with goat
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anti-human or anti-rabbit IgG HRP-conjugate (BioRad Laboratories,
USA), diluted 1:3000 in 1% non-fat dry milk (Euroclone, Italy) in PBS-T
for 1 h at 25 °C. The plates were washed 3 times, the bound peroxidase
was revealed incubating with O-phenylenediamine dihydrochloride
(Sigma Aldrich, USA) for 20 min, and color development was stopped
with 2 M H2SO4. Absorbance was measured at 490 nm in a spectro-
photometer (iMark Microplate Reader, BioRad Laboratories, USA). Data
were presented as the mean optical density (OD) corrected for back-
ground (wells without coated antigen). Forty-one HS sera were tested
and a cut-off value was established at a mean of OD ± 3 standard
deviations (SDs) of HS sera.

The intra-assay coefficient of variation (CV) was 2.3% and the inter-
assay CV was 4.3%.

Parallel experiments were performed using native A1AT (Abcam,
UK) as an antigen. The above-described protocol was employed, with
slight modifications: patients’ sera were diluted 1:100 in 1% non-fat dry
milk in PBS-T and color development was stopped with 2 M H2SO4 after
an incubation time of 5 min with O-phenylenediamine dihydrochloride
to reveal the bound peroxidase.

The intra-assay CV ranged from 2.9 to 4.6% and the inter-assay CV
ranged from 4.7 to 6.4%.

2.8. Purification of human Abs

The in vitro modified Hcy-A1AT (100 μg) was coupled to Sepharose
4B (Sigma Aldrich, USA), according to the manufacturer's instructions.
A pool of sera from 5 SN-RA patients positive for anti-Hcy-A1AT Abs
(hereafter referred as anti-HATA) was diluted in PBS and applied to the
Sepharose-galactose column. Bound Abs were eluted with 0.1 M glycine
pH 2.5, and dialyzed against PBS. The concentration of the Ab sample
was determined by the Bradford assay (BioRad Laboratories, USA).
After purification, affinity-purified anti-HATA were tested by ELISA to
exclude variation in binding reactivity, and for the inhibition assay.

2.9. Inhibition assay to test binding specificity

To evaluate the antigen-Ab binding specificity, an inhibition assay
was performed, using the protocol described by Colasanti et al. [25].
Briefly, human purified anti-HATA (1 μg) were incubated overnight in a
polystyrene 96-well plate (Maxisorp, Nunc, USA) with different con-
centrations (0.5–2 μg) of in vitro modified Hcy-A1AT and of IP Hcy-
A1AT, for a total reaction volume of 100 μl each in PBS.

The inhibition assay was also employed to test binding specificity of
rabbit polyclonal anti-Hcy protein Ab. In order to this, the intended Ab
was incubated overnight with in vitromodified Hcy-A1AT, IP Hcy-A1AT
and FCS CarP, following the above-described protocol.

2.10. Statistical analysis

Data were statistically analyzed using GraphPad Prism (Version 6
GraphPad Software, CA, USA). Since values were not normally dis-
tributed according to Kolmogorov-Smirnov, non-parametric statistics
(median and percentiles) have been used. The Spearman rank test was
used to analyze the correlation between autoAb levels and disease ac-
tivity score (DAS) 28, erythrocyte sedimentation rate (ESR) and C re-
active protein (CRP). The Mann Whitney test was used to investigate
the differences between two groups. Receiver operating characteristic
(ROC) analyses were used to evaluate the discriminatory power of the
assays. P values < 0.05 were considered as significant.

3. Results

3.1. Demographic, clinical, serological and therapeutic features of RA
patients

The characteristics of the patients included in this group are

summarized in Tables 1 and 2, divided into SN- and SP-RA patients,
respectively. All the patients were previously screened for conventional
serological tests (ACPA and RF) and for the presence of anti-FCS CarP
Abs. SN-RA patients’ sera were found to be negative for both ACPA and
RF. For this study, no RA patients with skin involvement were enrolled.

3.2. Identification of Hcy-A1AT as an antigenic target in SF of SN-RA
patients

In order to identify a possible antigenic target, SF from SN-RA pa-
tients were initially digested with HSE, depleted of HA/IgG and protein
content separated by SDS-PAGE, to assess the protocol successfully (Fig.
S1).

At first, SF protein separation by 2DE on strip with 3–10 pH range
revealed several spots, with molecular weights approximately between
40 and 70 kDa, most of all in the 5–8 pH region (Fig. S2). Consequently,
SF protein separation was optimized, by using IPG strips focused in 5–8
pH range. After IEF, a 2DE gel was run and stained (Fig. 1A, upper
panel), and simultaneously another gel was transferred onto ni-
trocellulose membrane, and analyzed with a pool of sera from 5 SN-RA
patients. The Western blot analysis detected an antigen more strongly
recognized by SN-RA patients’ serum Abs, as shown in Fig. 1A (lower

Table 1
Demographic, clinical, serological and therapeutic features of SN-RA patients
(n = 111).

Characteristics Value

Demographic parameters
Sex, female/male 88/23
Age, median (25°–75° percentile), years 55 (46.25–66.75)
Disease duration, median (25°–75° percentile), months 72 (24–132)
Clinical and serological parameters
DAS28ESR, median (25°–75° percentile) 2.95 (2.1–3.76)
ESR, median (25°–75° percentile), mm/h 23 (10–45.25)
CRP, median (25°–75° percentile), mg/dl 0.4 (0.185–1)
Anti-FCS CarP Abs positive, n. (%) 24 (21.6)
Concomitant treatment(s)
Methotrexate, n. (%) 51 (45.9)
Targeted synthetic DMARDs, n. (%) 31 (27.9)
Biologic DMARDs, n. (%) 29 (26.1)
Glucocorticoids, n. (%) 34 (30.6)

DAS, Disease Activity Score; ESR, Erythrocyte Sedimentation Rate; CRP, C
Reactive Protein; Anti-FCS CarP Abs, Anti-Fetal Calf Serum Carbamylated
Proteins Antibodies; DMARDs, Disease Modifying Anti-Rheumatic Drugs.

Table 2
Demographic, clinical, serological and therapeutic features of SP-RA patients
(n = 132).

Characteristics Value

Demographic parameters
Sex, female/male 99/33
Age, median (25°–75° percentile), years 59.5 (53–70.5)
Disease duration, median (25°–75° percentile), months 48 (24–120)
Clinical and serological parameters
DAS28ESR, median (25°–75° percentile) 3.25 (1.9–4.15)
ESR, median (25°–75° percentile), mm/h 39 (17.75–71.25)
CRP, median (25°–75° percentile), mg/dl 0.5 (0.2–1.3)
RF positive, n. (%) 121 (91.7)
ACPA positive, n. (%) 99 (75)
Anti-FCS CarP Abs positive, n. (%) 80 (60.6)
Concomitant treatment(s)
Methotrexate, n. (%) 66 (50)
Targeted synthetic DMARDs, n. (%) 26 (19.7)
Biologic DMARDs, n. (%) 40 (30.3)
Glucocorticoids, n. (%) 61 (46.2)

DAS, Disease Activity Score; ESR, Erythrocyte Sedimentation Rate; CRP, C
Reactive Protein; Anti-FCS CarP Abs, Anti-Fetal Calf Serum Carbamylated
Proteins Antibodies; DMARDs, Disease Modifying Anti-Rheumatic Drugs.
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panel). The PMF indicated the antigen as A1AT (Fig. 1B).
Reverse-phase nanoLC-MALDI-TOF/TOF MS analysis confirmed the

presence of A1AT in SN-RA SF and revealed homocysteinylation as one
of the PTMs of this protein (Fig. 1C and Supplementary File 2).

3.3. Protein samples and specificity of Abs targeting PTMs

SFs were tested for the presence of Hcy-A1AT also by im-
munoprecipitation, and used to isolate Hcy-A1AT, first using polyclonal
anti-Hcy proteins and then anti-A1AT Abs. In order to verify a possible
Ab cross-reactivity with other PTMs, anti-carbamyl-lysine Abs and FCS
CarP were also used. The IP Hcy-A1AT, the FCS CarP, the in vitro
modified Hcy-A1AT (all purified by buffer exchange and concentrated)
and native A1AT were analyzed by Western blot, using anti-Hcy pro-
teins, anti-carbamyl-lysine and anti-A1AT Abs. As shown in Fig. 2A–C,
no Ab cross-reactivity occurred.

By ELISA, we tested anti-Hcy proteins Ab previously blocked with in
vitro modified Hcy-A1AT, IP Hcy-A1AT and FCS CarP, respectively
(Fig. 2D). No change in reactivity resulted when the Ab was pre-in-
cubated with FCS CarP. On the contrary, the Ab reactivity was gradu-
ally reduced by the incubation with both Hcy proteins, in a dose-de-
pendent manner (Fig. 2D).

All together, these experiments confirmed that the protocols for
protein isolation were correctly performed and that no Ab cross-

reactivity occurred, concluding that Abs were specific for the intended
PTMs.

3.4. Detection of Abs directed to Hcy-A1AT and native A1AT

ELISAs were carried out using as antigens both the in vitro modified
and the IP Hcy-A1AT, and the results were virtually the same.

The analysis of the sera by ELISA showed that 84/111 (75.7%) SN-
RA patients, 115/132 (87.1%) SP-RA (RA) patients, 24/95 (25.3%)
patients with PsA, 6/40 (15%) patients with OA, and 0/41 HS displayed
anti-HATA (Fig. 3B). The occurrence of anti-HATA IgG was significantly
greater in patients with RA, SN-RA, PsA and OA compared with HS
(P < 0.0001 for all the groups versus HS). Moreover, the occurrence in
all RA (SN and SP) patients was also significantly greater with respect to
PsA and OA patients (P < 0.0001, respectively). ODs of anti-HATA IgG
are reported in Fig. 3B. No significant correlation was found between
anti-HATA and clinical or serological parameters in SN- or SP-RA pa-
tients.

In the cohort of SN-RA, the percentage of patients positive for anti-
HATA was higher than the percentage of patients positive for anti-FCS
CarP Abs, previously tested and reported in Table 1.

Of note, 54.5% (72/132) of SP- and only 1.8% (2/111) of SN-RA
patients showed anti-native A1AT Abs (Fig. 3A).

ROC analysis showed the statistically significant differences

Fig. 1. Identification of homocysteinylated (Hcy)-alpha 1 antitrypsin (A1AT) as an antigenic target in synovial fluid (SF) of seronegative (SN)-RA patients. (A) Two-
dimensional electrophoresis (top) and immunoblotting (bottom) of a pool of SFs from 5 SN-RA patients using a pool of sera from 5 SN-RA patients. The spot
(indicated by the red arrow) was excised and analyzed by mass spectrometry (MS). (B) Peptide mass fingerprint (PMF) related to A1AT. Covered sequence is
indicated in the box, in red boldface and underscored. (C) MS/MS spectrum (left) and ion fragmentation pattern (right) of 1840.9 m/z. Y ion containing the
homocysteine modification is red circled in the spectrum (left) and indicated in red in the table (right).
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between SN-RA patients and HS (Area under curve, AUC = 0.9204,
Fig. 4A) and between the whole RA patients’ population and HS
(AUC = 0.9517, Fig. 4B) for the presence of anti-HATA. The ROC
curves for anti-HATA, discriminating between SN-RA patients and dis-
ease controls (AUC = 0.6539) and between the whole RA population
and disease controls (AUC = 0.819), are reported in Fig. 4C and D.

The pre-absorption of the human affinity-purified anti-HATA with
Hcy-A1AT protein preparations completely inhibited the Ab reactivity,
confirming the specificity of the ELISA (data not shown).

These findings strongly suggest a role for Hcy-A1AT as an antigenic
target for autoAbs in RA patients’ sera, including SN-RA patients.

4. Discussion

Identifying potential specific antigenic targets in RA patients is
considered as a particular challenge, especially in the SN-RA forms,
which represent about 20% of the total RA population. Indeed, in SN-
RA subjects a definite diagnosis of RA is sometime difficult. Generally,
the lack of molecular targets of Abs is actually due to limited metho-
dological approaches, rather than a real absence. In order to this, we

used an autoantibody-based screening method (immunoproteomic and
MS) for the recognition of target proteins in SF of SN-RA patients,
combined with the SF analysis (reverse-phase nanoLC-MALDI-TOF/
TOF) for the identification of proteins and their PTMs.

In order to identify specific biomarkers for SN-RA, we firstly carried
out a 2DE-MS analysis, which revealed the presence of A1AT in SF of
these patients. However, ELISA didn't point out the presence of Abs
recognizing the native A1AT in SN-RA patients' sera. Consequently, we
performed the SF analysis by reverse-phase nanoLC-MALDI-TOF/TOF
MS, which allowed us to identify the presence of some A1AT PTMs.
ELISA showed Hcy-A1AT as an antigenic target of autoAbs in sera from
SN-RA patients and in whole RA patients' population.

We also showed the specificity of the anti-Hcy proteins Ab, since no
reactivity toward FCS CarP was revealed by Western blot, neither
crossing the use of specific (un)modified antigen/Ab. ELISA (inhibition
assays) also confirmed this aspect.

As reported by Undas and colleagues [26], the in vitro modification
of the proteins has the addiction of Hcy-thiolactone at N‐termini and
ε‐amines of lysines as an effect (referred as N-homocysteinylation). In
vivo, proteins can undergo a transmethylation reaction, that is the

Fig. 2. Testing of specificity of protein and
antibody samples. Anti-Hcy proteins (A),
anti-Carbamyl-lysine (B) and anti-A1AT (C)
antibodies (Abs) were incubated with im-
munoprecipitated (IP) Hcy-A1AT, Fetal Calf
Serum carbamylated proteins (FCS CarP), in
vitro modified Hcy-A1AT and native A1AT,
by Western blot. The images show the in
vitro modification and immunoprecipitation
protocols had been correctly performed.
The Abs used had shown proper functioning
and specificity, confirming the isolation of
Hcy-A1AT. (D) The specificity of the anti-
Hcy proteins Ab binding to its molecular
target was also showed by ELISA, in which
no changes in reactivity were observed as-
saying the anti-Hcy proteins Ab previously
blocked with FCS CarP, while the binding to
IP and the in vitro modified Hcy-A1AT was
able to abolish the anti-Hcy proteins Ab
reactivity.

Fig. 3. Anti-native A1AT and anti-Hcy-A1AT Abs
(anti-HATA) in patients and healthy subjects (HS).
(A) Box-whisker plot of anti-native A1AT IgG in pa-
tients with (seropositive, SP-)RA, SN-RA, and from
sex- and age-matched HS. Mean values of ODs and
standard deviations (SDs) are indicated. The broken
line represents the cut-off value (mean OD + 3 SDs
for HS = 0.49). The occurrence of IgG Abs was sig-
nificantly greater in RA patients with respect to HS
(P < 0.0001). (B) Box-whisker plot of anti-HATA IgG
in patients with (SP-)RA, SN-RA, PsA, OA, and from
sex- and age-matched HS. Mean values of ODs and
SDs are indicated. The broken line represents the cut-

off value (mean OD + 3 SDs for HS = 0.35). The occurrence of IgG Abs was significantly greater in patients with (SP-)RA, SN-RA, PsA and OA with respect to HS
(P < 0.0001 for all groups versus HS). Moreover, the occurrence in SN- and SP-RA (RA) patients groups was also significantly greater than in PsA and OA
(P < 0.0001, respectively).
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conversion of methionine residues in homocysteine (t-homo-
cysteinylation), but N-homocysteinylation is also possible. In this case,
because of its similarity to the protein amino acid methionine, homo-
cysteine is converted by methionyl-tRNA synthetase (MetRS) to
homocysteinyl-adenylate. Homocysteine does not complete the protein
biosynthetic pathway, but is edited by the conversion to homocysteine-
thiolactone. Accumulation of homocysteine-thiolactone can be detri-
mental because of its ability to modify proteins. Indeed, human plasma
levels of Hcy-proteins seem to be directly related to plasma t- and N-
homocysteinylation levels, and autoAbs against N-ε-Hcy-Lys proteins
are known to be present in human serum [26]. Beside the chronic in-
flammation as a causative factor, higher homocysteine levels in RA
patients could be a consequence of drug assumption. This seems as a
controversial aspect, since Rho and colleagues [27] found that homo-
cysteine blood concentrations did not differ in patients receiving or not
methotrexate, even if this might have been the result of concurrent
folate administration, which is common practice in these patients. On
the other hand, the study of Remuzgo-Martínez et al. [28] showed that
patients with RA, in particular those with ischemic heart disease, dis-
played a decreased expression of the methylene tetrahydrofolate re-
ductase gene, resulting in an elevated plasma level of homocysteine,
which is considered as an independent risk factor for cardiovascular
diseases. However, even though human blood proteins have been found
to contain small amounts of homocysteine, this is a necessary but not a
sufficient condition for developing an autoimmune response so, as well
as for all autoimmune conditions, genetic predisposing factors are also
needed.

In order to estimate the serum concentration of new autoAbs, we
used the antigen directly isolated from SF by immunoprecipitation and
the native protein in vitro modified by incubation with Hcy-thiolactone,
to ensure that they were likewise both recognized from autoAbs in the
sera, and the results obtained were virtually the same. Interestingly, we
observed that a large proportion of SN-RA patients (75.7%), and also a
very large number of SP-RA patients under testing (87.1%) displayed
anti-HATA. Moreover, the percentage of SN-RA patients' sera with anti-
HATA resulted even higher than those presenting serum anti-FCS CarP
Abs. We found that a portion (54.5%) of SP-RA patients displayed Abs

against the native A1AT, which instead does not seem to be an anti-
genic target for SN-RA. We didn't find correlations between the pre-
sence of anti-HATA and disease activity (DAS28), neither with ser-
ological parameters (ESR, CRP). It is likely that a larger cohort of
patients should be tested for a better characterization of these autoAbs.
In a previous study, focused on the presence of Hcy-proteins as mole-
cular targets [26], the existence of Abs anti-Hcy-hemoglobin and anti-
Hcy-albumin in human serum was pointed out, suggesting Hcy-proteins
as “neo-self” antigens. In this 16-year-old work, the authors also as-
sessed that other novel self antigens identified in humans could have
included proteins modified by oxidation or glycation, becoming this the
groundwork for the study of the important role that PTMs would have
played in inducing autoimmunity over the following years. Similarly to
other diseases, PTMs may generate “new” epitopes that could mediate
the ability of “modified self” to trigger autoimmunity. As a result, these
altered pathways of autoantigen presentation may contribute to the
perpetuation of chronic autoimmune diseases [29].

It is known that A1AT levels, associated with some A1AT genotypes,
may be a contributory factor to RA development or tissue destruction
[30]. Moreover, variation of the A1AT gene seems to be associated with
increased ACPA production in RA, defining a distinct subset of patients
with increased disease severity [31]. A1AT was already validated as one
of the target proteins of the immune response in early-stage breast
cancer [32]. Verheul and colleagues [33] found carbamylated A1AT
being an antigenic target of anti-CarP antibodies in RA patients. In this
study, the importance of A1AT in RA is well explained. A1AT is a
protease inhibitor protein belonging to the serpin superfamily and
protects tissues from the action of many enzymes produced by in-
flammatory cells, ranging between 1.5 and 3.5 g/liter in blood, con-
centration that can raise manifold upon acute inflammation. In its ab-
sence, neutrophil elastase is able to break down several molecules
including elastin, an ubiquitous molecule present in connective tissue
matrix, skin, ligaments, blood vessels, and lungs, in which contributes
to the elasticity, resulting in respiratory complications, such as em-
physema, or chronic obstructive pulmonary disease in adults and in
cirrhosis. Beside these actions, A1AT might also exert other anti-in-
flammatory or tissue protecting effects, via dendritic cells or regulatory

Fig. 4. Receiver operating characteristic
(ROC) curves for anti-HATA. (A) SN-RA
patients, and (B) whole RA patients' popu-
lation versus HS. (C) SN-RA patients and (D)
whole RA patients' population versus disease
controls. The area under curve (AUC) from
ROC analysis is 0.9204 (95% Confidence
Interval, CI 0.8795–0.9613) for (A), 0.9517
(95% CI 0.9286–0.9748) for (B), 0.6539
(95% CI 0.5880–0.7199) for (C), 0.819
(95% CI 0.7754–0.8626) for (D).
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T cells [30,34]. This aspect seems to be crucial for considering the role
of A1AT in new treatment programs, which include most of the auto-
immune diseases [35–37].

Preliminary data (not shown) revealed Hcy-A1AT expression at a
cellular level, in lysates from both RA fibroblast-like synoviocytes and
the immortalized human umbilical vein (endothelial) cell line
EA.hy926. In view of the importance of the possible surface exposed
epitopes of this antigen in autoimmunity (also in its post-translationally
modified form), further studies are needed to confirm these data,
especially for SN-RA patients, a disease subset in which is likely that
pathogenic mechanisms underlying the disease may be different (and,
so far, not well elucidated). So, in our opinion, protein expression at
both synoviocyte and endothelium level might be a key factor, which
could be involved in pathogenic mechanism of specific manifestations
(articular and/or cardiovascular) of the disease.

In conclusion, our results obtained with both a proteomic and an
immunological approach, prompt to identify Hcy-A1AT as a “new”
antigenic target in RA. In this contest, we would also emphasize the
importance of individuating a specific molecular target of autoAbs in
RA. The presence of anti-HATA may be considered highly sensitive in
these patients, and also quite specific, since they were detected only in
15% of patients with OA and in 25.2% of patients with PsA (in parti-
cular, this percentage is certainly lower, respect to those observed for
RA patients, so that we can't firmly conclude that these autoAbs can
play a role in PsA). Anyway, the individuation of these single-target
autoAbs may represent a useful and specific tool for RA patients, and
mainly in patients with clinical features suggestive of RA, in which the
tests for detection of “classical” antibody specificities result con-
tinuously negative.
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Abbreviations

A1AT Alpha 1 antitrypsin
Ab(s) Antibody, antibodies
ACN Acetonitrile
ACPA Anti-citrullinated protein antibodies
ACR American College of Rheumatology
Anti-FCS CarP Abs Anti-fetal calf serum carbamylated proteins anti-

bodies
AUC Area under curve

AutoAb(s) Autoantibody(ies)
CI Confidence Interval
CRP C reactive protein
DAS 28 Disease activity score 28
DTT Dithiothreitol
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-Linked ImmunoSorbent Assay
ESR Erythrocyte sedimentation rate
HA Human albumin
Hcy Homocysteinylated
HLA Human Leukocyte Antigen
HRP Horseradish peroxidase
HS Healthy subjects
HSE Hyaluronidase
IAA Iodoacetamide
IEF Isoelectrofocusing
IgG Immunoglobulin G
IP Immunoprecipitated
IPG Immobilized pH gradient
MALDI-TOF Matrix Assisted Laser Desorption/Ionization-Time Of

Flight
MetRS Methionyl-tRNA synthetase
MOWSE MOlecular Weight SEarch
NanoLC Nanoliquid chromatography
OA Osteoarthritis
OD(s) Optical density(ies)
PBS Phosphate-buffered saline
PBS-T PBS containing 0.05% Tween 20
PMF Peptide mass fingerprint
PsA Psoriatic arthritis
PTM(s) Post-translational modification(s)
RA Rheumatoid arthritis
RF Rheumatoid factor
ROC Receiver operating characteristic
SD(s) Standard deviation(s)
SDS-PAGE Sodium Dodecyl Sulphate-PolyAcrylamide Gel

Electrophoresis
SF(s) Synovial fluid(s)
SN-RA Seronegative rheumatoid arthritis
SP-RA Seropositive rheumatoid arthritis
TBS Tris-buffered saline
TBS-T TBS containing 0.1% Tween 20
2DE Two (2) dimensional electrophoresis
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