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Abstract

Immunoglobulins (Ig) or antibodies are heavy plasma proteins, with sugar chains added to amino
acid residues by N-linked glycosylation and occasionally by O-linked glycosylation. The
versatility of antibodies is demonstrated by the various functions that they mediate such as
neutralization, agglutination, fixation with activation of complement and activation of effector
cells. In addition to this plethora of functions, some antibodies express enzymatic activity.
Antibodies endowed with enzymatic properties have been described in human autoimmune
manifestations for more than a decade in a variety of disorders such as autoimmune thyroiditis,
systemic erythematosus (SLE), scleroderma, rheumatoid arthritis (RA), multiple sclerosis (MS)
and acquired hemophilia (AH). Antibodies isolated from these conditions were able to specifically
hydrolyze thyroglobulin, DNA, RNA, myelin basic protein (MBP), and factor VVIII (FVIII) or
factor IX (FIX), respectively. The therapeutic relevance of these findings is discussed.
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1. Introduction

Pioneering studies performed in the 20t century showed that administering an animal with
almost any organic chemical could induce production of antibodies that would bind
specifically to the chemical. Today, antibodies are recognized to elicit an almost unlimited
range of reactivities including responses to compounds only recently synthesized in the
laboratory and not previously existing in nature. In addition, molecules differing in the
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smallest detail could be distinguished by their reactivity with different antibodies. The
highly evolved machinery of the immune system to produce structurally and functionally
complex molecules like antibodies offers tremendous opportunities for chemists. Whereas
chemistry provided the framework for understanding the molecular basis of biomolecular
structure and function, the immune system provided a highly evolved synthetic and selective
process of nature. The combination of the two was theorized and proved to generate new
classes of molecules with novel functions. Indeed, one example of this productive interplay
is the generation of catalytic antibodies. Linus Carl Pauling, one of the most influential
chemists of the 20t century proposed that if the structure of the antigen-binding site of
antibodies were to be produced in a random manner, the antigen-binding site of some of the
antibodies would resemble the active site of enzymes and the latter antibodies could express
enzymatic activity [1]. It took scientists many years of active research and availability of
unique techniques to report finally in 1986 the first antibodies with catalytic activity [2, 3].
Antibodies expressing such an activity are termed as antibody-enzymes (abzymes) or
catalytic antibodies. Following the era of artificial induction of abzymes in laboratory
animals, the presence of abzymes was also documented in healthy humans (in the absence of
deliberate immunization) and in several pathological conditions. The present review is a
summary of our existing knowledge of catalytic antibodies in autoimmune disorders and
presents the current understanding on their mechanisms at play that may hallmark their role
in the pathophysiology.

2. Spontaneous occurrence of catalytic antibodies in physiology and

pathology

2.1 Abzymes under physiological conditions

Catalytic antibodies are generated spontaneously by the immune system in the absence of
immunization by an exogenous peptide or a protein. Catalytic IgG and IgM have been
documented in the serum of healthy individuals [4-6], and antibodies with protein kinase
and deoxyribonuclease activities have been detected in the milk of healthy mothers [7, 8]. In
the beginning of the past decade, Wentworth et al., demonstrated that all antibodies are
potentially endowed with bactericidal activity. However, this activity is also shared with
other non-immunoglobulin molecules such as chicken ovalbumin and -galactosidase [9].
Nonetheless, these observations suggested that “naturally occurring” catalytic antibodies
participate directly in the elimination of the biochemical wastes released by the metabolism
of the organism [10] and pointed towards an intrinsic protective role of antibodies under
physiological conditions. This role is independent of the capacity of antibodies to neutralize
circulating exogenous antigens, to facilitate their endocytosis by antigen-presenting cells and
to participate in their elimination from the organism.

2.2 Abzymes under pathological conditions

The group of Sudhir Paul from the University of Texas (USA) reported the first example of
an abzyme under pathological conditions in bronchial asthma patients, in which the
antibodies were able to cleave the vasoactive intestinal peptide [11]. Since then, DNA- and
RNA-hydrolyzing antibodies have been isolated from the serum of patients with different
systemic autoimmune diseases: systemic lupus erythematosus, sclerodermia, rheumatoid
arthritis or multiple sclerosis [12—14]. Proteolytic antibodies specific for thyroglobulin (Tg)
[15] have been reported in patients with thyroiditis. Amyloid B peptide (AB)-hydrolyzing
IgM antibodies were recently found in the sera of patients with Alzheimer’s disease (AD)
[16]. Myelin basic protein (MBP)-hydrolyzing antibodies were documented in patients with
multiple sclerosis [17-19]. Levels of 1gG with amidase activity were higher in patients with
sepsis [20]. Abzymes to coagulation factors. such as factor VIII (FVIII), in patients with
hemophilia A [21-23] and to FVIII and FIX in patients with renal graft transplant [24] and
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acquired hemophilia [25, 26], were documented (summary in Table 1). In the present
review, we will concentrate only on abzymes documented in autoimmune diseases.

3. Antigen specificity and possible role of abzymes found in autoimmune
conditions

3.1 DNA- and RNA- hydrolyzing abzymes

The research group of Alexander Gabibov from the Shemyakin and Ovchinnikov Institute of
Bioorganic Chemistry (Moscow, Russia) first described the cleavage of antibody-mediated
phosphodiester bond [12]. The results from their group described how autoantibodies
purified from the sera of patients with SLE and other diseases with autoimmune
manifestations caused the cleavage of phosphodiester bond [12, 27, 28]. Polyclonal 1gG
antibodies purified from sera of several patients with SLE and hepatitis B had RNA-
hydrolyzing activities that differ from the weak RNase A-type activities found in the sera of
healthy donors [13]. Kinetic studies performed using the flow linear dichroism technique of
the DNA abzymes to DNA substrates showed a rather efficient binding. Not surprisingly,
based on the fact that abzymes are slow catalysts when compared to the kinetic values
determined for conventional DNases, the reaction turnover values for the DNA-abzymes
were two-fold lower [29].

Gololobov et al., convincingly demonstrated the correlation between the presence of DNA-
hydrolyzing activity of autoantibodies and the stage of development of SLE [30]. In an
attempt to understand the role of DNA-hydrolyzing antibodies, Kozyr et al., [31]
demonstrated the cytotoxicity of anti-DNA autoantibodies isolated from sera of SLE and
chronic lymphocytic leukemia patients on a permanent cell line - L929. DNA-hydrolyzing
properties of the same autoantibody preparations were analyzed in parallel. The data
obtained outlined the correlation between cytotoxicity and DNA-hydrolyzing properties of
the autoantibodies. In a similar line of evidence, Lee et al., [32] investigated the substrate
specificity of catalytic activity of an anti-DNA monoclonal autoantibody, G1-5, which was
obtained from an MRL-Ipr/lpr mouse by hybridoma technology. The antibody catalyzed
hydrolysis of single- and double-stranded DNA with a higher substrate specificity for
thymine than adenine by either beta-glycosidic or phosphodiester bond cleavage. Treatment
of human promyelocytic leukemia cells (HL60) with the antibody promoted cell death and
induced the activation of caspases. The pan-caspase inhibitor inhibited the cell death
induced by the antibody. Furthermore, the antibody bound to cell membrane and penetrated
into the cells.

The presence and role of DNA-abzymes in conditions such as SLE is difficult to
comprehend. There is no convincing data to date for the role of DNA-hydrolyzing
antibodies in SLE. However, given the cytotoxic activity of DNA-abzymes towards
leukemic cell lines, one could envisage their possible use in malignant conditions. DNA-
hydrolyzing abzymes may be a therapeutic option to dissolve tumors. Nevertheless, the lack
of understanding of different DNA-hydrolyzing antibodies and their possible intracellular
mechanism of action delays implementation.

3.2 Tg-hydrolyzing abzymes

Thyroglobulin (Tg) is the precursor of thyroid hormones and is a target for autoantibodies in
autoimmune thyroid diseases. Li et al., documented that co-incubation of [125 I]-labeled
thyroglobulin (Tg) with anti-Tg antibodies from the plasma of patients with Hashimoto’s
thyroiditis yielded cleavage of Tg. A Km of 39nM for the reaction mediated by the patient’s
anti-Tg 1gG indicated a strong affinity of the interaction. Interestingly, control 1gG purified
from the plasma of healthy blood donors did not hydrolyze Tg [15]. However, the
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pathophysiological role of Tg-hydrolyzing 1gG in Hashimoto’s thyroiditis remains unclear.
Tg functions in the thyroid and is found at only very low levels in blood under physiological
conditions. Clearance of Tg in the blood by catalytic antibodies may facilitate the reduction
of autoimmune reactions against this protein and be of potential benefit for patients.
However, anti-Tg antibodies have been shown to access the thyroid; administration of anti-
Tg antiserum and implantation of Tg-antibody-secreting hybridomas in experimental
animals results in thyroid dysfunction. Moreover, B lymphocytes synthesizing anti-Tg Abs
are preferentially found within the human thyroid compared with the spleen and other
lymphoid organs. In this respect, entry of catalytic antibodies in the thyroid may lead to the
destruction of Tg and to the depletion of the thyroid hormones T3 and T4, which are formed
from Tg through iodination and peptidase processing.

3.3 AB peptide-hydrolyzing abzymes

Alzheimer’s disease (AD), a neurodegenerative disorder characterized by progressive
dementia, judgment impairment, delusions and irritability, affects many elderly. Recent
evidence classified Alzheimer’s disease as a possible autoimmune disorder that develops
due to pathogen mimicry of key Alzheimer’s disease-related proteins [33]. Some consider
deposition of beta-amyloid (AB) as an important early event in the pathogenesis of AD. The
presence of increased AP concentrations in the AD brain may induce neurodegenerative
effects. Clearance of AP thus represents a potential therapeutic approach, possibly with the
use of monoclonal AB-binding IgGs. However, a monoclonal Ap-binding 1gG administered
peripherally to AD patients developed magnetic resonance imaging abnormalities consistent
with vasogenic edema, highlighting the deleterious effect of this therapy [34].

Taguchi et al. [16] recently reported that IgMs purified from the sera of AD patients
hydrolyzed A at rates superior to IgMs from age-matched humans without dementia.
Interestingly, IgMs from non-elderly humans expressed the least catalytic activity. The
reaction rate 4.4 x 1073 uM Ap/uM IgM/min was sufficient to afford appreciable
degradation at physiological AB and IgM concentrations found in peripheral circulation.
These results raise the possibility of administering catalytic IgM as therapeutic molecules
for treatment of AD. We [35] reported that IgMs may also activate microglial cells via
cellular Fc receptors. The use of catalytic IgM as treatment agents is not of concern if only
trace amounts of the IgMs are present in the brain because of proscribed passage of
peripheral IgM across the BBB and limited secretion by B cells resident in the central
nervous system. In mouse AD models, clearance of amyloid plaques from the brain
parenchyma induced by AB-binding 1gGs is accompanied by A deposition in the blood
vessels and microhemorrhages [36]. Abzymes may exert lesser undesirable effects than
conventional Ap-binding 1gGs, because the Ap fragments generated by the abzyme reaction
are less amyloidogenic than intact A, and hence reduce the opportunity for amyloid re-
deposition in the blood vessels. Based on these concepts, one can infer fewer deleterious
effects from catalytic IgMs than from IgG class AB-binding classical antibodies. Catalytic
IgM autoantibodies can help clear Ap, and they open the possibility of using catalytic Abs
for AD immunotherapy.

3.4 MBP-hydrolyzing abzymes

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the human CNS with
heterogeneous pathophysiological and clinical manifestations and a very complicated
etiology [37, 38]. B cells, plasma cells, and antibodies are commonly found in active central
nervous system lesions in MS patients and are thus tightly associated with the diagnosis. It
is, nevertheless, unclear whether the 1g molecules present in the lesions actively contribute
to the pathogenesis or the progression of the disease. Accumulated recent evidence supports
a pathogenic role for these antibodies [39].
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The first description of catalytic antibodies to MBP was documented in SJL mice, with
induced autoimmune encephalomyelitis [17]. Since then, hydrolytic anti-MBP antibodies
were isolated from MS patients [18], in addition, the hydrolytic activity of the anti-MBP
antibodies correlated with the expanded disability status [19, 40]. Six preferential sites of
cleavage of the MBP molecule by abzymes isolated from patients with MS were identified
[18, 41]. Interestingly, all the identified cleavage sites were located c-terminus to either
arginine or lysine residues thus providing an insight into the possible of mechanism of
action of abzymes (a serine protease-like activity). Surprisingly, aprotinin, a binding
inhibitor of trypsin, was unable to block the abzyme-mediated hydrolysis. The mechanism
of action of these abzymes and comparison to conventional serine proteases would be of
considerable interest to protein biochemists studying the structure-function relationship of
proteins.

Belogurov et al., [42] reported on the recognition and degradation of MBP peptides by
serum autoantibodies as a novel biomarker for MS. The authors made use of a constructed
MBP-derived recombinant “epitope library” that spanned the entire MBP molecule to define
the epitope-binding/-cleaving activities of autoantibodies isolated from the sera of 26 MS
patients and 11 healthy individuals. The levels of autoantibodies to MBP fragments as well
as to whole MBP and myelin oligodendrocyte glycoprotein molecules were significantly
higher in the sera of MS patients than in those of healthy donors. Patients with MS (77% of
progressive and 85% of relapsing-remitting) and no healthy donors were positive for
catalysis, showing pronounced epitope specificity to the encephalitogenic MBP peptide 81—
103. Based on these results, anti-MBP binding and cleavage by abzymes may be regarded as
a specific feature of MS as compared to healthy donors and may serve as an additional
marker of disease progression.

3.5 Coagulation factor-hydrolyzing abzymes

Acquired hemopbhilia (AH) is a severe hemorrhagic autoimmune disorder that occurs in
about 1/1,000,000 individuals each year. It is characterized by the spontaneous development
of autoantibodies directed against endogenous factor VII1 (FVIII), the co-factor of activated
factor IX (FIX) in the coagulation cascade. Clinical features include bleeding in mucosal
and soft tissues, hematuria, hematemesis or melena and prolonged post-partum or post-
operative bleeding [43]. In most patients, anti-FVI1I autoantibodies are idiopathic. However,
the disorder is associated with other conditions in about 40-50% of cases, which mainly
occur in relation to post-partum, autoimmune diseases, malignancies and drug
administration [44]. Mortality in patients with AH is documented between 6.2 and 44.3
percent one year following diagnosis [45].

Anti-FVII1 autoantibodies, also referred to as FVIII inhibitors, neutralize FVIII pro-
coagulant activity by sterically preventing the interaction of FVIII with activated FIX, von
Willebrand factor, phospholipids, thrombin and factor X. In a previous study, we
documented that pooled IgG from healthy donors exhibited moderate FVI11-hydrolyzing
activity [25]. Purified 1gG from 21 of 45 patients with AH demonstrated FVI1I1 hydrolysis
rates significantly greater than control 1gG. Three of four patients followed over the course
of the disease had rates of FVIII hydrolysis that co-evolved with inhibitory titers in plasma,
suggesting that IlgG-mediated FVII1 hydrolysis participates, in part, in FVI1II inactivation.
However, due to the complex etiology of the disease, no known clinical parameter,
including the presence of FVIlI-hydrolyzing 1gG (Fig 1), can predict the outcome of the
disease, thus arguing against a significant role for FVIlI-hydrolyzing 1gG in acquired
hemophilia [25].

FIX inhibitors have occasionally been reported in patients with acquired hemophilia, alone
[46-50] or in combination with FVIII inhibitors [51, 52]. We recently documented that 19G
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from some patients with acquired hemophilia significantly proteolyze and activate FIX [26].
The natural enzyme that activates FIX under physiological conditions in circulation is
activated factor X1 (FXIla). The sites of cleavage on the FIX molecule are R145 and R180.
The cleavage at these two sites results in the release of an 11 kDa activation peptide. In our
study, following incubation of FIX with patients’ 1gG, we identified N-terminal sequences
of 1Y and 181V. We do not know, however, if R145 is another cleavage site for the
abzymes, but given that FIX is activated on incubation with patients’ 1gG, theoretically this
cleavage must be occurring. Figure 2 gives a summary of the cleavage sites on FIX by FXla
and by patients’ 1gG.

Interestingly, there was no significant correlation between FVIII-hydrolyzing and FIX-
hydrolyzing IgG thus suggesting that the two populations of abzymes may be different. Our
results identified 1gG abzymes as novel molecules able to hydrolyze and activate FIX under
pathological conditions. Although the estimated enzymatic kinetics of proteolytic I1gG are
low compared to those of classical enzymes, this may be compensated by the long-half life
and substantially higher concentration of 1gG in the circulation. Interestingly, patients who
survived 12 months after diagnosis statistically tended to have higher levels of FIX-
activating IgG than deceased patients (P<0.1), although the difference did not reach
statistical significance. Taken together, the data suggested that, in certain underlying
pathologies, IgG-mediated FIX activation may be beneficial and represent an anti-
hemorrhagic mechanism that compensates, at least in part, for the inhibition of endogenous
FVIII by the patients’ anti-FVI11 autoantibodies. In support, in vitro addition of picomolar
levels of activated FIX to plasma partly restores thrombin generation, provided that residual
FVIII in plasma was >3%. Our results raise the issue of the therapeutic relevance of the
passive administration of proteolytic FIX-activating antibodies; abzymes would
advantageously combine the capacity for “turn-over” that characterizes enzymatic activities,
low risk for thrombotic complications owing to their low catalytic rates of FIX activation,
with long half-life typical of IgG molecules.

4. The possible origin of abzymes

A major question regarding abzymes is their origin. It is unclear if antibodies endowed with
catalytic activity are an intrinsic part of the physiological immune system or if the catalytic
function of antibodies is gained solely after proper stimulation of the immune system by an
appropriate immunogen. An important issue relates to the increased prevalence of abzymes
under pathological conditions (Table 1). The presence of catalytic antibodies under
pathological conditions has been described in a large number of pathologies including
multiple myeloma, asthma, Hashimoto’s thyroiditis, systemic lupus erythematosus,
scleroderma, rheumatoid arthritis, multiple sclerosis, HIV-related immune
thrombocytopenia, hemophilia A, severe sepsis and acquired hemophilia [5, 15, 17, 18, 20,
22, 31, 40, 53-56].

The origin of disease-associated catalytic antibodies under pathological conditions is far
from clear. In the absence of deliberate immunization, disease-associated catalytic
antibodies may have been “induced” by the antigen implicated in the disease. Secondly, the
increased occurrence of catalytic antibodies in pathology may result from the loss of
repressive control over catalytic antibody-producing clones generated spontaneously under
physiological conditions (as seen in the case of MLR/Ipr mice that lack functional Fas
signalling and hence generate higher numbers of catalytic 1gG-producing B cell clones upon
active immunization [57]). A third explanation for the origin of catalytic antibodies in
pathological conditions is based on idiotypic network and exacerbated self-recognition in
autoimmune diseases [12].
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In several instances, the target antigen for catalytic antibodies is the antigen central to the
pathogenesis. Thus, thyroglobulin-hydrolyzing 1gG was documented in patients with
Hashimoto’s thyroiditis [15] as well as FVIlI-hydrolyzing 1gG in patients with hemophilia A
[22] and acquired hemophilia [25], myelin basic protein-hydrolyzing 1gG in patients with
multiple sclerosis [17-19] and AB-peptide hydrolyzing antibodies in patients with
Alzheimer’s disease. The affinities of antibodies observed for antigen recognition were in
the nanomolar range for thyroglobulin- [15] and FVII1- [22] cleaving antibodies. Since the
high-affinity recognition of antigen is a known property of the V-domain affinity
maturation, expression of the catalytic activity must be compatible with clonal selection
under specific immunological circumstances, such as disease-associated conditions in which
proteolytic antibodies have been identified.

Target antigens for disease-associated hydrolytic antibodies include prothrombin, vasoactive
intestinal peptide (VIP), thyroglobulin, DNA, RNA, the anti-platelet integrin GPllla (33),
FVIII and FIX. In some cases, however, the target antigen is not central to the pathology in
which the catalytic antibodies are detected. Thus, the presence of DNA- and RNA-
hydrolyzing antibodies in patients with multiple sclerosis [14], FVI1I1- and FIX- hydrolyzing
abzymes in patients with severe sepsis and/or renal graft transplant [20, 24] and FIX-
hydrolyzing abzymes in patients with acquired hemophilia [26] argues against the
hypothesis of an antigen-driven generation of catalytic antibodies. In the latter disorders, the
picture is complicated by the systemic and/or the highly inflammatory nature of the disease.
This suggests that the catalytic antibodies under pathological conditions may not be solely
directed/linked to the antigen implicated in the disease. The catalytic antibodies may
complement the general alteration of the immune response. In this respect, the pathological
immune response may be directed towards different antigens, some of which are directly
relevant to the disease, some of which are not, or alternatively, may be directed against a
single antigen that may not be related to the disease.

5. Conclusion

The pathogenic or beneficial effect of catalytic antibodies has never been directly
demonstrated by reproducing the disease in animals through passive administration of
catalytic antibodies isolated from patients’ serum. Reasons include the low amounts of
catalytic Ig that may be purified from the serum of patients and the absence of monoclonal
IgM or IgG with serine protease activity. The availability of a monoclonal antibody with the
desired qualities will aid in answering the relevance of results observed with the serum
polyclonal catalytic antibodies in autoimmune pathologies. Even if monoclonal abzymes are
made available, some issues will require further examination before the full potential of
catalytic antibodies can be understood. Abzymes remain slow catalysts. They may exhibit
slow release of products; the reported affinities in the uM range of antibodies for the
antigens are capable of further improvement. More work still needs to be done to develop
abzymes as irreplaceable tools of clinical application.

Finally, the authors echo the congratulations of the other contributors to this special issue
highlighting the career of Professor Chella David. Chella has inspired so many students and
so much work that it is nearly impossible to express our appreciation. We note that this is a
special issue of the Journal of Autoimmunity/Autoimmunity Reviews in honor of a
distinguished autoimmunologist. This issue is part of a special series of the journal that
recognizes not only critical figures in autoimmunology but also attempts to publish special
issues focusing on cutting-edge immunology that will ultimately impact the care of patients
[58-79]. It is of particular interest that Chella David’s research was classified as
translational immunology long before the concept of translational was recognized. Thank
you, Chella.
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Figure 1. IlgG-mediated hydrolysis of FVI11 versus survival status of patients with acquired
hemophilia

The survival from acquired hemophilia was known in the case of 35 patients. Among these,
fourteen patients were documented as deceased (D, open circles, 158+118.3 xmol/min/mol)
and 21 patients were documented as alive (A, open squares, 166.1+87.1 umol/min/mol), one
year following diagnosis of acquired hemophilia. The significance between the 1gG-
mediated hydrolysis of FVIII and the survival of patients was assessed using the Mann-
Whitney non-parametric test. (ns — no significance).
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Figure 2. Schematic representation of FIX

FIX is comprised of a gamma-carboxyglutamic (GLA), two epidermal growth factor (EGF)-
like domains and a linker (L) domain separated from a catalytic domain by an activation
peptide (AP). Activation of FIX by activated factor XI (FXla) occurs upon cleavage at
residues R145-A146 and R180-\/181 and removal of the AP. The N-terminal sequences of the
Gla and catalytic domains, YNSG and VVGG, respectively, are indicated. The identified
and presumed cleavage sites for patients’ 1gG are indicated. lgG-mediated cleavage at R14°-
A6 js inferred from the molecular weight of the hydrolyzed band (See Figure 2A in [26]).
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Abzymes reported in Pathological Diseases.

Table 1

Pathology

Targeted antigen

Inflammatory disorders

Asthma

Sepsis

Vasoactive intestinal peptide (VIP)
FVIII, FIX

Autoimmune disorders

Hashimoto’s Thyroiditis

Thyroglobulin

Systemic Lupus Erythematosus DNA, RNA
Scleroderma DNA, RNA
Rheumatoid Arthritis DNA, RNA
Multiple Sclerosis DNA, RNA, MBP
Acquired Hemophilia FVIII, FIX
Alzheimer’s Disease AB-peptide
Metabolic disorder

Diabetes Grp94

Infectious disorder

Immune thrombocytopenia associated with HIV-1 infection  Platelet GPIlla

Neoplastic disorders

Multiple Myeloma

Prothrombin

Alloimmune disorders

Hemophilia A

Renal Rejection in Transplantation

FVII
FVIII, FIX
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The presence of abzymes has been reported in many human pathological conditions. The diseases can be separated under 6 broad categories i.e.,
inflammatory, autoimmune, metabolic, infectious, neoplastic and alloimmune disorders. The different known target antigens to the abzymes in

each disease are listed.
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