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Summary

Recently we reported the first known incidence of antibodies possessing catalytic
sialidase activity (sialidase abzymes) in the serum of patients with multiple
myeloma and systemic lupus erythematosus (SLE). These antibodies desialylate
biomolecules, such as glycoproteins, gangliosides and red blood cells.
Desialylation of dying cells was demonstrated to facilitate apoptotic cell clear-
ance. In this study we assessed the possibility to facilitate dying cell clearance
with the use of F(ab), fragments of sialidase abzymes. Two sources of sialidase
abzymes were used: (i) those isolated from sera of patients with SLE after pre-
liminary screening of a cohort of patients for sialidase activity; and (ii) by creat-
ing an induced sialidase abzyme through immunization of a rabbit with synthe-
tic hapten consisting of a non-hydrolysable analogue of sialidase reaction conju-
gated with bovine serum albumin (BSA) or keyhole limpet haemocyanin (KLH).
Antibodies were purified by ammonium sulphate precipitation, protein-G affin-
ity chromatography and size exclusion-high performance liquid chromatogra-
phy (HPLC-SEC). Effect of desialylation on efferocytosis was studied using
human polymorphonuclear leucocytes (PMN), both viable and aged, as prey,
and human monocyte-derived macrophages (MoMa). Treatment of apoptotic
and viable prey with both disease-associated (purified from blood serum of SLE
patients) and immunization-induced (obtained by immunization of rabbits)
sialidase abzymes, its F(ab), fragment and bacterial neuraminidase (as positive
control) have significantly enhanced the clearance of prey by macrophages. We
conclude that sialidase abzyme can serve as a protective agent in autoimmune
patients and that artificial abzymes may be of potential therapeutic value.
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Introduction

Catalytically active antibodies (abzymes) attract much
attention due to a few unique features being clearly associ-
ated with some disorders (particularly autoimmune) where
their role could be protective or pathogenic, depending on
the type of disease and abzymes characteristics. Recently we
have discovered a novel class of catalytically active antibod-
ies possessing sialidase activity (sialidase abzymes: SA) [1].
SA were found in patients with multiple myeloma [1] or
systemic lupus erythematosus (SLE) [2], but not in rheu-
matoid arthritis, paraprotein syndrome, multiple sclerosis
patients or normal healthy blood donors (NHD) [3].

It is generally accepted that impaired clearance of
apoptotic cells and the accumulation of necrotic material in
various tissues may cause chronic inflammatory autoim-
mune diseases, such as SLE [4]. Artificial desialylation of
dying lymphocytes with bacterial neuraminidase greatly
enhanced clearance by human monocyte-derived
macrophages (MoMa) of both apoptotic cells and apoptotic
cell-derived microvesicles (ACMV) [5]. Cellular sialidase
Neul is activated during the execution phase of apoptosis
and exposed on the surfaces of apoptotic cellsy ACMY, as
well as other intracellular molecules [6]. At the cell surface,
sialidase is responsible for the desialylated glycoprofile of
dying cells [7] and their neighbours [8]. Recently it was
demonstrated that sialylation of ‘eat-me’ signals regulates
their functions [9].

In this study we analysed whether F(ab), fragments of SA
facilitate the clearance of dying cells. Viable and aged
human peripheral blood-derived granulocytes served as
prey for MoMa. Our data demonstrated that F(ab), frag-
ments of abzymes with sialidase activity significantly facili-
tate the clearance by human MoMa of apoptotic prey.

Materials and methods

Patients

Peripheral blood serum samples of 62 patients diagnosed
with SLE, including 52 female and 10 males, with Systemic
Lupus Erythematosus Disease Activity Index (SLEDAI) > 4
[10], mean value=10-7; age range 17-70 years, mean
American College of Rheumatology (ACR) 5-83; mean
disease duration of 100 months (2-420 months) were ana-
lysed; clinical data are detailed in the Supporting Informa-
tion, Table S1. An informed consent was obtained from all
patients and was approved by the Review Board of the Lviv
National Medical University, in accordance with the regula-
tions of the Ministry of Health Protection of Ukraine.

Animals

Eight rabbits were used — two were immunized with 2,3-
dehydro-2-deoxy-N-acetylneuraminic acid (DANA)-BSA,
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two with bovine serum albumin (BSA), two with DANA-
keyhole limpet haemocyanin (KLH) and two with KLH.
Immunization was performed according to Kit et al. [11]
using a mixture of DANA-protein conjugates (20 pg/
injection) synthesized as described [3], and Freund’s adju-
vant (50 ul/injection) in phosphate-buffered saline (PBS)
(total volume 400 ul) (complete Freund’s adjuvant was used
during the first immunization and incomplete Freund’s
adjuvant at the second and third immunizations; the fourth
immunization was with protein adjuvants alone. Blood was
collected 10 days after the fourth immunization. Food and
water were available ad libitum and all experiments with
animals were approved by the Bioethics Committee of Insti-
tute of Cell Biology, NAS, Ukraine.

Culture and isolation of cells

Human leukaemia Jurkat T cells, primary human
polymorphonuclear leucocytes (PMN) and MoMa from
healthy volunteers were used. Monocytes were isolated from
peripheral blood by LymphoPrep® gradient according to
the manufacturer’s recommendations for isolation of the
peripheral blood mononuclear cell (PBMC) fraction.
Plastic-attached cells of the PBMC fraction were then cul-
tured for 7 days in the presence of granulocyte—macrophage
colony-stimulating factor (GM-CSF) (100 U/ml) and
autologous serum (added at days 1, 3 and 5) to generate
MoMa. After 7 days of differentiation, the MoMa popula-
tion was tested. They typically contain > 95% CD11b" cells,
>90% CD14" cells and >85% CD89* cells. Phagocytosis
was assessed by incubation of PMN (freshly isolated or aged
for 24 h) with SA, its F(ab), fragment or Clostridium
perfringens neuraminidase (each at normalized activity of
30 mU) for 3 h at 37°C in Ringer buffer. Cells were washed
thoroughly three times with Ringer solution and incubated
with human MoMa. Uningested PMN were analysed by
flow cytometry (after prestaining with carboxyfluorescein
diacetate succinimidyl ester (CFSE) [12]) or in the
haemocytometric chamber using a Zeiss Axiolmager Al
microscope. The percentage of prey cells that had been
bound to or taken up by MoMa was calculated (prey disap-
pearance) and normalized according to prey disappearance
values treated in the same way, but added to wells with full
medium without MoMa.

Induction and inhibition of apoptosis

Cell viability was controlled by annexin V/PI staining.
Apoptosis was induced by irradiation of Jurkat cells with
ultraviolet light type B (UV-B) (180 mJ/cm? 60 s), or by
ageing of PMN.

Flow cytometry

Analyses employing fluorescence-labelled lectins [13] were
performed using a fluorescence activated cell sorter
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(FACS)Scan flow cytometer (BD Biosciences, San Jose, CA,
USA). Propidium iodide (PI) was used to counterstain
necrotic cells further excluded from analysis. Lectins PNA
(peanut agglutinin) and SNA (Sambucus nigra agglutinin II,
0.2,6-sialil specific) were from Lectinotest Laboratory (Lviv,
Ukraine).

Antibody purification

Isolation of immunoglobulin (Ig)G fractions from blood
serum was performed according to the reported procedure
[2]; the purification methods used in this study are summa-
rized in the Supporting Information, Fig. S1. Specifically,
blood serum proteins were precipitated three times with
ammonium sulphate (50% saturation), the pellet was dis-
solved in 150 mM NaCl, 20 mM Tris-HCl buffer, pH 7-5,
and dialyzed against the same buffer. IgGs were purified by
affinity chromatography employing a protein G-sepharose
column. IgG was eluted from the column with 0-1 M
glycine-HCI, pH 2-6, neutralized immediately by 1 M Tris-
HCI buffer, pH 8:8, and dialyzed for 18 h against 100 mM
NaCl, 20 mM Tris-HCI buffer, pH 7-5. Protein concentra-
tion was measured using the NanoDrop ND-1000
spectrophotometer using the extinction coefficient of IgG,
preloaded in the device (NanoDrop Technologies, Wilming-
ton, DE, USA). The IgG antibodies were tested for sialidase
activity.

High-performance liquid chromatography (HPLC)

Size exclusion (HPLC-SEC) was performed in PBS, pH 68,
on the Perkin Elmer HPLC series 200 HPLC system
using a Bio-Sil SEC 250 7-8 X 300 mm column (Bio-Rad,
Hercules, CA, USA) at a 1 ml/min flow rate. The fractions
corresponding to the main peak were collected and
used for further analysis. Analysis of immune complexes
was performed using the same setup in 0-1 M glycin-HCI
with 0-05% azide, pH 2:6, supplied at a 1 ml/min flow
rate.

Strong cation exchange (HPLC-SCX) was performed
using a Shiseido Capcell SCX UG80 1-5 X 150 mm column
with 20 mM MES plus gradient of NaCl (60-200 mM) with
a flow rate of 0-3 ml/min.

Preparation of F(ab),

Antibodies were digested with pepsin and undigested anti-
bodies were removed with protein G sepharose; F(ab), frag-
ments were purified by gel filtration chromatography with
the Toyopearl HW-55F column (0-5% 20 ¢cm) in 50 mM
sodium phosphate, 100 mM NaCl, Tween 20 0-25 M buffer,
pH 70, 0-1% NaN; or by HPLC-SEC using the Bio-Sil SEC
250 column to remove potential contamination with
immune complexes.

Fluorometric assay

Sialidase activity was measured as described previously
[14,15]. Briefly, protein samples (50 ug of protein per
sample) were diluted to equal protein concentrations (esti-
mated by Bradford protein assay) with 0-2 M acetate buffer
(with 5mM CaCl, and MgCl,), pH 4-2, in a final sample
volume at 190 ul; 10 ul of 0-5mM 4-methylumbelliferole
(MU)-NA or 4-MU-Gal (both from BioSynth, Staad, Swit-
zerland) were added and incubated for 3 h. In some cases
4-MU-Gal was used as substrate specificity control. If indi-
cated, sialidase inhibitor DANA (final concentration 15 uM;
Sigma, St Louis, MO, USA) was added to protein samples.
Cleavage of the substrate by sialidase yields MU, a fluores-
cent product. Substrate used without antibody served as a
blank to determine the non-specific degradation of the sub-
strate. Reaction was stopped by the addition of 1 ml of
glycine-carbonate buffer, pH 10-7 and fluorescence was
measured using a Turner Quantech FM109510 (Barnstead
Thermolyne Corporation, Dubuque, IA, USA) fluorometer
(excitation: 365 nm and emission: 430 nm).

Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE)

Antibodies and their (Fab), fragments (3-5 g per well)
under non-reducing or reducing conditions [in the pres-
ence of 2% P-mercaptoethanol (B-ME), correspondingly]
was performed in 5-16% gradient gels containing 0-1%
SDS using the Laemmli system.

Statistics

Statistical significance was assessed with Student’s f-test.
Three levels of significance were used: *P < 0-05; **P < 0-01;
P <0-001.

Results

Two sources of abzymes with sialidase activity and their
F(ab), were used in the current study: (i) those isolated
from sera of SLE patients after preliminary screening of a
cohort of patients for sialidase activity in the globulin frac-
tion of their sera; and (ii) by creating immunization-
induced abzymes after rabbit immunization with haptens
consisting of DANA, a non-hydrolysable analogue of the
sialidase reaction, conjugated to BSA or KLH via a zero-
length cross-linking reaction [3]. The IgG fractions
obtained after ammonium sulphate precipitation and
protein-G affinity chromatography were further subjected
to HPLC-SEC chromatography (the antibody purification
scheme is summarized in the Supporting Information, Fig.
S1); the middle of the peaks corresponding to IgG were col-
lected and used for analysis by SDS-PAGE for testing
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Fig. 1. Catalytically active antibodies (abzymes) used for testing. After precipitation with ammonium sulphate and affinity chromatography on
protein-G sepharose, immunoglobulin (Ig)G preparations from patients with systemic lupus erythematosus (SLE) (upper row) or from immunized
rabbits (lower row) were further purified by size exclusion-high performance liquid chromatography (HPLC-SEC) and the shaded fraction was
collected (a) and used to prepare F(ab), fragments, subjected to polyacrylamide gel electrophoresis (PAGE) in denaturating and non-denaturating

conditions (b), as well as testing for the presence of sialidase activity and its inhibition with 2,3-dehydro-2-deoxy-N-acetylneuraminic acid

(DANA) (¢).

neuraminidase activity and its inhibition with DANA
(Fig. 1). This type of purification (ammonium sulphate
precipitation, protein G-sepharose affinity chromatography,
HPLC-SEC separation) was reported previously to provide
essentially pure IgG preparations containing SA and lack
immune complexes. The purity was confirmed by HPLC-
SEC at pH 2-6, HPLC-SCX at NaCl gradient (60-200 mM
range; Supporting Information Fig. S2) and by in-gel detec-
tion of abzyme activity (zymogram) [1]. Kinetic parameters
of sialidase reaction were calculated at 0-1-100 mM concen-
trations of 4-MU-NA. Computer analysis with the
EnzymeKinetics module for SigmaPlot software demon-
strated that the observed reaction belongs to a single sub-
strate enzymatic reaction, described by the classical
Michaelis—Menten equation, which allowed us to determine
basic kinetic constants: K., =677 UM; Ve = 0-028 wmol/
min/mg and Kcat=4-451 min™'. The amount of cleaved
reaction product (MU) was linearly proportional to the SA
amount in the reaction mixture (Supporting Information,
Fig. S3). IgG fractions containing SA were treated with

20

pepsin to obtain F(ab), fragments which would maintain
the sialidase activity but, due to the lack of the Fc region,
would not be able to opsonize the treated cells.

Treatment of viable and apoptotic (UV-B irradiated)
Jurkat cells with SA, their F(ab), fragments or C. perfringens
neuraminidase, all at 30 mU, 3 h incubation at 37°C in
Ringer buffer, revealed the decrease of 2,6-sialic acid resi-
dues [quantified by SNA-fluorescein isothiocyanate (FITC)
lectin binding]. The mean fluorescence intensity (MFI) of
lectin binding (normalized to untreated cells) was 68 and
78% for viable cells and apoptotic cells treated with SA,
respectively. The relative MFI values for the treatments with
F(ab), fragment of the abzyme and for C. perfringens
neuraminidase were 84/87% (V/A) and 47/60% (V/A),
respectively. At the same time, desialylation of human
THP-1 cells or HeLa cells with SA (60 mU/10° cells for 1 h)
had no significant influence on their adhesive properties.

The SA and their F(ab), fragments were used to
desialylate viable and apoptotic (aged 24 h) human PMN
cells and to estimate the effect on phagocytosis by human

© 2014 British Society for Immunology, Clinical and Experimental Immunology, 179: 17-23
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Fig. 2. Sialidase abzymes significantly facilitate clearance of viable and
apoptotic prey [polymorphonuclear (PMN) cells] by human
monocyte-derived macrophages (MoMa). Prey cells were pretreated
with indicated desialylating agents and co-incubated with
macrophages; uneaten cells were counted afterwards. (a) Human
autologous model (PMN+MoMa), treatment with sialidase abzymes
from patients with systemic lupus erythematosus (SLE) blood. (b)
Human allogeneic model (PMN+MoMa), treatment with
sialidase-abzymes from immunized rabbits. A typical experiment (of
two replicates, each including an abzyme isolated from distinct
patient/rabbit) is shown.

allogenic and autologous MoMa. As depicted in Fig. 2,
treatment of PMN with F(ab), fragments of abzymes with
sialidase activity isolated from blood serum of patients with
SLE significantly increased prey numbers disappeared from
the system (bound and ingested by MoMa). Similarly, treat-
ment of PMN with F(ab), fragments of abzymes with
sialidase activity isolated from immunized rabbits also sig-
nificantly increased the clearance of apoptotic prey.

Discussion

Treatment with F(ab), fragments of SA resulted in lower
levels of Jurkat cells desialylation and reduced engulfment
of apoptotic prey by MoMa in comparison to the bacterial
neuraminidase with the same enzymatic activity. Neverthe-
less, the possibility of using F(ab), fragments of SA opens
new perspectives for the development of novel treatment

strategies for SLE and other clearance-related disorders.
Moreover, in this study we demonstrated that abzymes
with sialidase activity formed by rabbit immunization with
specific conjugates of sialidase inhibitors results in func-
tionally active abzymes, serving as a potential base for the
development of future drugs. Interestingly, until now SA
were found only in patients with SLE or multiple myeloma,
but not in NHD or other rheumatic disorders [3]. While
multiple myeloma is characterized by overgrowth of hyper-
active antibody-producing cells, the reason for the appear-
ance of these abzymes in the blood of patients with SLE
remains a mystery. Interestingly, DNA-hydrolyzing abzymes
have also been reported to be most prevalent in patients
with SLE [16].

A possible explanation for the appearance of abzymes
with sialidase activity in the sera of patients with SLE is that
increased sialidase activity on the surface of apoptotic cells
[1,17] and its prolonged exposure to the immune system
during impaired cell clearance results in the formation of
anti-idiotypic antibodies against the active centre of a
sialidase which, in turn, allows stabilization of the transi-
tional intermediate of the catalyzed sialidase reaction and
reduction of the energy barrier needed to perform sialic
acid cleavage [18,19]. This hypothesis is supported by the
fact that all four known human sialidases share a significant
structural similarity to the active centre [20]. Monospecific
antibodies against each particular sialidase display cross-
reactivity in blocking sialidase activity (probably by binding
to the active centre); for example, as reported previously by
us, an increase in Neul activity at apoptosis [7] was inhib-
ited by anti-Neul antibodies to 11-6 + 2-6% of initial activ-
ity; by anti-Neu2 antibody to 47-5 % 4-4%; by anti-Neu3
antibody to 33-4 + 4-9%; by anti-Neu4 to 22-6 + 4-1; and by
a combination of Neu2 and Neu3 to 20-2 +4-8% of initial
activity. Abzymes with sialidase activity are prone to play a
protective role in the organism by enhancing apoptotic cell
desialylation and subsequent efferocytosis. Although
abzymes can be both protective (e.g. secretory sIgA abzymes
hydrolysing HIV gp120) [21] or deleterious (hydrolysing
myelin basic protein) [22], or even combining two distinct
activities [23], growing evidence suggests important func-
tional roles for catalytic antibodies in homeostasis, autoim-
mune disease and protection against infection [21,22,24].
One should also keep in mind the multifarious roles of
sialic acids in immunity [25], probably causing abzymes
with sialidase activity to influence a plethora of functions.
Despite the well-characterized functions of all four human
sialidases, none of them was found in relevant amounts in
blood or other body fluids (lymph) [26].

The hypothesis of abzyme formation as antibody against
transitional intermediates of catalytic reactions was the base
to employ conjugates of DANA with BSA and KLH,
perform immunization and obtain abzymes with sialidase
activity. DANA is a sialidase inhibitor, an uncleavable ana-
logue of transitional state intermediate during sialic acid
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trimming [27]. Recent studies have shown that by utilizing
haptens for immunization one can induce abzymes with
exotic specificities, such as hydrolyzing cocaine [28,29] or
organophosphorus nerve poisons [30].

In summary, the ability of catalytically active antibodies,
endowed with sialidase activity to facilitate the clearance of
apoptotic cells by human macrophages, opens possibilities
for the development of new therapeutic strategies for
clearance-associated disorder. Induced formation of mono-
clonal SA will eventually allow determination of their
sequence and production of humanized therapeutic SA as a
single-domain antibody or other small forms, still main-
taining sialidase activity to be used for efferocytosis modu-
lation in clearance-related disorders [3].
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig S1. Scheme of immunoglobulin (Ig)G and F(ab), puri-
fication, used in the current study.

Fig S2. Abzymes obtained after purification with ammo-
nium sulphate precipitation, protein-G affinity chromatog-
raphy and size exclusion-high performance liquid
chromatography (HPLC-SEC) are essentially pure, as can be
seen for rabbit abzymes at (a) further fractionated using
HPLC- strong cation exchange (SCX) in the NaCl gradient
and subsequent measurement of sialidase activity of each
fraction; they are also not contaminated with immune com-
plexes, as demonstrated for systemic lupus erythematosus
(SLE) abzyme at (b) during HPLC-SEC at acidic condi-
tions, pH 2-6.

Fig S3. Kinetic parameters of sialidase reaction catalyzed by
sialidase-abzymes from immunized rabbits. (a) Michaelis—
Menten plot; (b) Lineweaver—Burk plot: the incubation
time for all samples was 180 min; (c) dose-dependent effect
on reaction product [methylumbelliferole (MU)] accumu-
lation at different amounts of abzymes in the reaction
medium. Reaction was carried out at 100 uM of 4-Mu-NA
for 240 min. Main kinetic constants are indicated on the
Lineweaver—Burk plot.

Table S1. Serological features and cinical data of studied
systemic lupus erythematosus (SLE) patients.
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