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Identification of Aldolase as a Target Antigen in
Alzheimer’s Disease

Felix Mor,"*" Marina Izak,*" and Irun R. Cohen?*

Alzheimer’s disease (AD) is the most common human neurodegenerative disease, leading to progressive cognitive decline and
eventually death. The prevailing paradigm on the pathogenesis of AD is that abnormally folded proteins accumulate in specific
brain areas and lead to neuronal loss via apoptosis. In recent years it has become evident that an inflammatory and possibly
autoimmune component exists in AD. Moreover, recent data demonstrate that immunization with amyloid-f peptide is thera-
peutically effective in AD. The nature of CNS Ags that are the target of immune attack in AD is unknown. To identify potential
autoantigens in AD, we tested sera IgG Abs of AD patients in immunoblots against brain and other tissue lysates. We identified
a 42-kDa band in brain lysates that was detected with >50% of 45 AD sera. The band was identified by mass spectrometry to be
aldolase A. Western blotting with aldolase using patient sera demonstrated a band of identical size. The Ab reactivity was verified
with ELISAs using aldolase. One of 25 elderly control patients and 3 of 30 multiple sclerosis patients showed similar reactivity (p <
0.002). In enzymatic assays, anti-aldolase positive sera were found to inhibit the enzyme’s activity, and the presence of the
substrate (fructose 1,6-diphosphate) enhanced Ab binding. Immunization of rats and mice with aldolase in complete Freund’s
adjuvant was not pathogenic. These findings reveal an autoimmune component in AD, point at aldolase as a common autoantigen
in this disease, and suggest a new target for potential immune modulation. The Journal of Immunology, 2005, 175: 3439-3445.

Izheimer’s disease (AD)? is the most common human

neurodegenerative disease, leading to progressive de-

cline in cognitive functions and death. As life expect-
ancy increases, the incidence of AD and the health care expendi-
tures for patients suffering from this incurable disease are
increasing in Western societies. In the U.S., 1.9—4 million people
suffer from AD, generating an annual cost of 141 billion dollars
(1). AD combines with stroke as the third most common cause of
death in the U.S.

The accepted paradigm for AD pathogenesis was that abnor-
mally folded proteins (mainly amyloid- and -7) accumulate in the
CNS and lead to progressive neuronal loss, particularly in the cor-
tex and hippocampus (2); this manifests clinically as a relentless
deterioration in cognitive functions (3). In recent years, it has be-
come evident that local inflammation is important in AD (4-7) and
in other neurodegenerative diseases such as Parkinson’s disease
(4) and prion disease (8). Pathologically, immune system compo-
nents (Abs, complement, and T cells (9)) have been detected in the
brains of AD patients. Recently, patients with AD were found to
manifest T cell reactivity to amyloid-8 peptide (10) and Abs to
glial fibrillary acidic protein (GFAP) (11) and to other selected
autoantigens (12). Other studies have detected Abs against unchar-
acterized Ag(s) in the choroid plexus (13), Abs to microglial cells
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(14), and Abs to myelin basic protein (15). Epidemiological stud-
ies have linked anti-inflammatory therapy to a lower incidence of
AD (16). Moreover, recent work in animal models of AD have
shown that the immune system can be recruited to clear amyloid
deposits by active immunization to amyloid-f3 (17) or by passive
transfer of Abs to amyloid-g (4).

These experimental results and the lack of any disease-modify-
ing treatment for this devastating illness have prompted clinical
trials of amyloid-B immunization in AD patients (18, 19). How-
ever, the human study of amyloid-f vaccination was stopped pre-
maturely because some of the patients developed meningo-enceph-
alitis, possibly as a result of the induction of autoimmunity (4, 18,
20). A recent study in mice reported autoimmune encephalomy-
elitis after immunization with amyloid-B peptide (21). Thus, we
need to find new CNS Ags that can be used safely for immune
intervention in patients with AD without risking autoimmune CNS
attack. Immune mechanisms are part of the pathogenesis of AD
and provide a window of opportunity in the design of therapy.

In the present study, we used immunoblotting with AD sera and
identified aldolase A as a major autoantigen in AD patients. Im-
munization of autoimmune-susceptible Lewis rats with aldolase A
did not lead to clinically or histologically detectable disease.

Materials and Methods

Patient selection

Forty-five patients with AD were randomly selected from the patients ad-
mitted to Internal Medicine A, Rabin Medical Center, Hasharon Hospital.
All patients had dementia and were previously diagnosed as suffering from
AD. Patients with multiple cerebrovascular accidents or Parkinson’s dis-
ease were excluded. Control sera were obtained from age-matched elderly
patients with preserved cognitive functions and from patients with multiple
sclerosis (MS). Sera were obtained after informed consent from patients or
from legal guardians.

Tissue isolation

Samples of tissues were homogenized using 1% Nonidet P-40 in 0.9%
NaCl, 50 mM Tris, 1| mM EDTA, containing protease inhibitors (Sigma-
Aldrich) (22). Brain, heart, liver, thymus, spinal cord, intestine, and fat
tissue were homogenized with a tissue homogenizer in this buffer.
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Antigens

Rabbit muscle aldolase and glutamic-oxaloacetic transaminase type I from
porcine heart were purchased from Sigma-Aldrich. Purified human glial
fibrillary acidic protein was purchased from Biodesign International. CFA
was prepared with IFA, into which we added 4 mg/ml Mycobacterium
tuberculosis H37Ra (Difco).

Western blotting

Cell suspensions of thymocytes or tissue homogenates were lysed in lysis
buffer. The protein concentration was determined using the Bio-Rad Dc
protein assay, based on the Lowry method (Bio-Rad Laboratories). From
cell and tissue lysates, 50 pg of protein were loaded in each well. After
electrophoresis in 12% SDS gel in a minigel apparatus (Bio-Rad), the gels
were electrotransferred to nitrocellulose membranes (Schleicher &
Schiill) (22).

The nitrocellulose membranes were washed with distilled water for 5
min and then blocked for 60 min using a blocking solution composed of
2% milk powder (blotting grade blocker, nonfat dry milk; Bio-Rad) in
PBS. After 3 X 10-min washes in PBS/0.05% Tween 20 (Sigma-Aldrich),
sera (diluted 1/1000) were incubated with the membranes in blocking so-
lution for 60 min. After another series of washes in PBS/0.05% Tween 20
(3 X 10 min), the membranes were incubated with a secondary Ab (per-
oxidase-conjugated goat anti-human IgG H+L; Jackson ImmunoResearch)
at a 1/2500 dilution in blocking solution for 60 min. After another 3 X
10-min washes, the membranes were incubated with the ECL reagent for
2 min and were exposed to x-ray film for 15-90 s. For size determination,
we used prestained, broad-range protein standard markers (Fermentas).

Q Sepharose ion exchange chromatography

A brain lysate was obtained from Lewis rats. A free-flow column was
packed to a volume calculated as a ratio of 10 mg of protein per 1 ml of Q
Sepharose free-flow beads (Pharmacia). After equilibration of the column
with 3 volumes of 20 mM Tris-HCI, the lysate was loaded and the flow-
through fraction was collected. The proteins bound to the Q Sepharose
column were eluted with increasing concentrations of NaCl (0.1-2.0 M).
The different fractions were run on SDS-PAGE, and the protein bands were
examined in Western blots. The 42-kDa band was found in the flow-
through fraction. The enriched fraction was lyophilized, run in gel, and
subjected to enzymatic digestion and mass spectrometry (22).

In gel digestion and mass spectrometry

The identified band was excised from the gel and subjected to trypsin
digestion, and peptide fragments were analyzed by the Mass Spectrometry
Unit of the Weizmann Institute using a MALDI mass spectrometer. Anal-
ysis was performed with the Bruker REFLEX reflector time-of-flight in-
strument with SCOUT multiprobe (384) inlet and grindless delayed ex-
traction ion source. The protein was identified using the ProFound program
(version 4.10.5; The Rockefeller University Edition).

Enzyme inhibition assay

Aldolase activity was measured after incubation of the enzyme with fruc-
tose 1,6-diphosphate and hydrazine (Sigma-Aldrich) (23). The test serum
was first incubated with enzyme for 1 h at 37°C, and then the mixture was
added to the hydrazine solution. The substrate, at concentrations from 12
mM to 16 uM, was added immediately before the start of readings. The
product was measured by the change in absorbance at 240 nm in a Power-
Wave microplate spectrophotometer (Bio-Tek Instruments). Change in ab-
sorbance was measured every 6 s for several minutes in microtiter wells.
Control assays were performed without serum or with control serum.

Animal immunization

Inbred female Lewis rats and mice were supplied from the Weizmann
Institute animal breeding center and were used at 2-3 mo of age. The
experiments were approved by the Animal Welfare Committee. Groups of
eight female Lewis rats were immunized in both hind footpads with 50 ug
of rabbit muscle aldolase A (Sigma-Aldrich) in CFA. The rats were ob-
served for signs of disease from day 10 postimmunization. Twenty-five
days after immunization, the rats were sacrificed and their tissues were
studied by histological examination. The tissues (heart, muscle, liver, ce-
rebrum, cerebellum, and spinal cord) were embedded in paraffin, and sec-
tions were stained with H&E. Groups of six female NOD and six female
C57BL mice were injected s.c. with aldolase in CFA (50 wg/mouse). On
the day of immunization and after 48 h, the mice received 200 ng of
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pertussis toxin i.p. The immunized mice were scored for clinical signs for
3 wk, and then they were sacrificed and tissues were analyzed for histo-
logical lesions.

Aldolase T cell line

Popliteal lymph node cells from rats immunized 25 days previously with
aldolase in CFA were stimulated in vitro with aldolase (10 wg/ml) in stim-
ulation medium, as described (24). The T cell line was expanded by stim-
ulation every 10—12 days with Ag and irradiated thymocytes as APCs (25).
Lewis rats were injected with 2 X 107 T cell line blasts, and were clinically
scored for 2 wk after inoculation. Tissues were examined by histology 10
days after inoculation.

ELISAs

ELISA microtiter plates (Maxisorp, Nunc) were coated with Ags (rabbit
muscle aldolase or as a control enzyme of similar molecular size, 10 pwg/ml
pig heart glutamic-oxaloacetic transaminase in 0.1 M carbonate buffer) for
1 h at 37°C. Next, blocking was done with 2% low-fat milk powder (Bio-
Rad) for 1 h at 37°C. After washing with PBS/Tween, the sera were diluted
1/70 in 2% milk and incubated for 1 h at 37°C. After three washes (0.05%
Tween 20 in PBS), a secondary Ab anti-human IgG coupled to alkaline
phosphatase diluted 1/2000 in 2% milk was applied for 1 h at 37°C. In the
next step, the wells were washed with 0.05% Tween 20 in PBS and incu-
bated with an alkaline phosphatase substrate tablet (Sigma-Aldrich) in di-
ethanolamine buffer for 20-30 min. The OD was read using an ELISA
reader at 405 nm. Sera were considered positive if the OD value exceeded
the mean + 2SD of control sera: mean = SD; OD of control sera was
0.26 = 0.075. An OD >0.41 indicated a positive result.

ELISA with addition of fructose 1,6-diphosphate

To test the effect of the enzyme substrate on the binding of Ab to aldolase,
we coated test wells with aldolase in fructose 1,6-diphosphate (12 mM) in
0.1 M Tris, pH 7.3, or in 0.1 M Tris without fructose. Blocking, sera
dilution, and secondary Ab were done in 2% milk (Bio-Rad) as above. Sera
from AD patients were diluted 1/50 and 1/250.

Results
AD serum IgG reacts to a 42-kDa band

Lysates of rat tissues were run in PAGE, followed by transfer to
nitrocellulose paper. To identify IgG Abs to tissue components, we
analyzed the serum of a typical patient with AD. The serum was
tested in immunoblot against a panel of rat tissues (Fig. 1). A
42-kDa band was seen in extracts of brain, heart, thymus, spinal
cord, and fat, and was absent from liver and intestine.

Forty-four additional sera from AD patients were tested in im-
munoblot against brain and heart lysates. Twenty-two additional
patients were found to be strongly positive for reactivity to the
42-kDa band. A similar analysis of 20 healthy blood donors and 25
elderly patients without dementia were negative for Abs to the
42-kDa band in Western blots (data not shown). We could not
correlate the presence of the 42-kDa band with any specific clinical
manifestation or severity of AD.
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FIGURE 1. Tissue expression of the 42-kDa band. Tissue lysates (50

g of protein) were separated on 12% SDS-PAGE and electro-transferred
to nitrocellulose membranes. After incubation with the test Alzheimer’s
disease serum (1/1000), the membranes were incubated with secondary
HRP anti-human IgG, and the Ab binding was measured using the ECL
method.
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Table I. Mass spectrometry of the 42-kDa band
Measured Computed Error
Mass (M) Mass (%) Residues Sequence
1051.562 1051.577 —0.001 14-22 KELADIAHR
1064.502 1064.504 —0.000 141-149 DGADFAKWR
1106.562 1106.571 —0.001 323-331 AAQEEYIKR
1129.602 1129.624 —0.002 313-322 AWGGKKENLK
1192.592 1192.599 —0.001 140-149 KDGADFAKWR
1341.682 1341.703 —0.002 88-99 ADDGRPFPQVIK
1487.762 1487.794 —0.002 29-43 GILAADESTGSIAKR
1590.852 1590.836 0.001 319-331 ENLKAAQEEYIKR
1645.812 1645.801 0.001 43-56 RLQOSIGTENTEENR
1645.812 1645.801 0.001 44-57 LQSIGTENTEENRR
1651.872 1651.838 0.002 1-14 MPHPYPALTPEQKK
1651.872 1651.823 0.003 244-258 FSNEEIAMATVTALR
1801.932 1801.902 0.002 43-57 RLQOSIGTENTEENRR
1807.982 1807.944 0.002 290-304 CPLLKPWALTFSYGR
1823.952 1823.919 0.002 244-259 FSNEEIAMATVTALRR
2053.252 2053.152 0.005 23-43 IVAPGKGILAADESTGSIAKR
2122.212 2122.083 0.006 154-173 IGEHTPSSLAIMENANVLAR
2257.092 2257.028 0.003 343-364 YTPSGQSGAAASESLFISNHAY

The 42-kDa band is an autoantigen

We tested human tissues to verify that the Ab detected to the rat
tissue Ag was an autoantibody. The band was clearly present in
human brain lysate and was absent from human liver and skin
(data not shown). Thus, the pattern of tissue reactivity was similar
for rat and human tissues, indicating that the IgG Ab detected was
an autoantibody.

The 42-kDa band is aldolase A

To identify the 42-kDa Ag, we used the lysate of rat brain that
showed the highest level of expression of the Ag. The lysate was
subjected to anion exchange chromatography and the 42-kDa pro-
tein was found not to bind to quaternary ammonium (mono Q
Sepharose). The band was then collected from the flow-through
and lyophilized. In the next step, the lyophilized material was sep-
arated by PAGE. The 42-kDa band was excised from the gel and
was subjected to in-gel digestion and mass spectrometry. The mass
spectrometry detected 18 different peptides that together covered
39% of the rat aldolase A sequence (Table I; Fig. 2). The protein
was identified by searching a comprehensive, nonredundant pro-
tein database using the ProFound program (version 4.10.5; The
Rockefeller University Edition). This finding identified the protein
to be rat aldolase A with a high degree of probability (probability
1.0e + 000; Z score, 2.33). To confirm that the serum reacted to
intact aldolase A, we used purified rabbit muscle aldolase A. Var-
ious amounts of the rabbit aldolase were run in a gel in parallel to
the brain lysate. As can be seen in Fig. 3, the AD serum stained a
band of identical size in both the aldolase and tissue preparations.

AD sera react to aldolase in ELISA

To simplify the assay for Ab reactivity to aldolase, we tested 45
AD patient sera, 25 control elders, and 30 patients with MS to
rabbit aldolase in the ELISA. We coated the wells with 1 ug of
aldolase and incubated the sera (diluted 1-70 in 2% nonfat milk
(Bio-Rad) in PBS. We found that 23 of the 45 AD patients showed
positive reactivity to aldolase (Fig. 4). There was a strong corre-
lation between positivity in Western blot (42-kDa band) and pos-
itive ELISA reactivity to aldolase. Among the control elders, only
1 of 25 patients showed low aldolase reactivity (Fig. 4), and 2 of
30 MS patients showed low positive reactivity (data not shown).
The differences in reactivities between the AD and control groups
were highly significant (mean = SD; AD patients, 0.719 = 0.706;
control elderly subjects, 0.26 £ 0.075; MS patients, 0.33 = 0.146;
2-tailed ¢ test, p value of AD vs MS was 0.00132; AD vs elder
controls was 0.00121).

Anti-aldolase positive serum inhibits enzyme activity

We examined the effects of anti-aldolase Abs on aldolase activity
using a previously described method (23). The reciprocal enzyme
VO was calculated and plotted against the reciprocal of the sub-
strate concentration (Lineweaver-Burke plot), and the change in
K., was calculated. As shown in Fig. 5, sera from AD patients
inhibited aldolase enzyme activity, causing an increase in K., from
0.435 mM to 0.869 mM (with serum from AD7) and 1.239 (with
serum from AD45). This increase in K, is compatible with com-
petitive inhibition of enzyme activity (26). A similar phenomenon
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FIGURE 2. Coverage map and error map of peptides detected by mass spectrometry. The 18 peptides comprised 39% of the rat aldolase A sequence.
The left panel shows the peptides identified in mass spectrometry (in black) relative to the potential peptides from aldolase A. The middle panel shows the
positions of the peptides identified relative to the protein sequence. The right panel shows the relation between the percentage error (the difference between
measured molecular peptide mass to the calculated peptide mass divided by peptide mass, expressed in percentage) to the peptide mass. Each dot represents

a peptide identified.
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FIGURE 3. Western blot of aldolase with AD serum. Rat brain, rat
heart, and rabbit muscle aldolase A (1-16 wg) were run in parallel and
tested in immunoblot with a positive AD serum.

of inhibition of enzymes by autoantibodies to transglutaminase and
mitochondrial M2 has previously been described (27, 28).

Enhancement of Ab binding to aldolase by added substrate

To test the effect of the fructose 1,6-diphosphate substrate on Ab
binding to aldolase, we performed the ELISA coating the enzyme
in the substrate solution. Fig. 6 shows that in all AD sera tested, the
binding of anti-aldolase Ab was significantly enhanced by the ad-
dition of the substrate. Similar analysis of Ab binding in elderly
controls did not show significant differences with relation to the
presence of fructose 1,6 diphosphate. Crystallography studies have
shown a significant conformational change in aldolase after bind-
ing fructose 1,6-diphosphate (29). Thus, the AD Abs may actually
target the aldolase conformation induced by the binding of fructose
1,6 diphosphate. This finding can be interpreted to suggest that the
in vivo immune response to the enzyme was driven by the enzyme-
substrate complex.

ALDOLASE AUTOANTIBODIES IN AD

Testing for pathogenicity of immunization

To test whether induction of autoimmunity to aldolase might be
pathogenic, we immunized Lewis rats with rabbit aldolase in CFA.
Lewis rats are known to be susceptible to several experimental
autoimmune diseases: adjuvant arthritis (30), experimental auto-
immune encephalomyelitis (31), myocarditis (32), uveitis (20), and
others (33). The immunized rats did not manifest clinical signs of
muscle weakness or paralysis. Histological examination of various
tissues (heart, muscle, liver, cerebrum, cerebellum, spinal cord)
showed normal organ architecture without inflammation. T cell
proliferation from the immunized rats showed Ag-specific reactiv-
ity to aldolase A (data not shown). Moreover, immunoblot of rat
tissue lysates with serum from aldolase-immunized rat detected a
band of identical size (Fig. 7) to that detected with the AD serum.
It is known that CNS pathology, absent in active autoimmuniza-
tion, can be mediated by activated T cell lines (34). However, an
anti-aldolase T cell line of the Th1 phenotype did not cause disease
upon adoptive transfer (data not shown). Histological analysis of
brain, spinal cord, muscle, and heart of the rats after inoculation
with the aldolase-specific T cell line did not show signs of
inflammation.

To further test the pathogenic potential of aldolase immunization,
we inoculated six NOD and six C57BL mice with aldolase in CFA
(50 wg/mouse, with 200 ng of pertussis toxin) injected i.p. on the day
of immunization and after 48 h. NOD mice are known to spontane-
ously develop type I diabetes and thyroiditis. Moreover, both NOD
(35) and C57BL (36) mice are susceptible to experimental autoim-
mune encephalomyelitis. None of the mice developed clinical signs of
CNS or muscle disease, and histological analysis of brain, spinal
cord, muscle, and heart did not reveal signs of inflammation.
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FIGURE 5. Inhibition of aldolase activity by AD serum. Aldolase ac-
tivity was examined in several concentrations of fructose 1,6-diphosphate
(12 mM to 16 uM) in the presence of AD serum (final dilution 1/140) or
control serum. The reciprocal of VO was plotted against the reciprocal of
substrate concentration (Lineweaver-Burk plot).

Discussion

Current concepts regarding the pathogenesis of AD include the
participation of the immune system (4). In contrast with the dom-
inant role of the adaptive immune system in MS, the major players
that are considered to be operative in AD belong to the innate
immune system (4, 37, 38). Previous efforts to detect the involve-
ment of the adaptive immune system in the pathogenesis of AD
included the search for autoantibodies found in other autoimmune
diseases (39), as well as attempts to identify novel reactivities (11,
15, 40—47). These studies sought Abs to molecules linked to AD
pathogenesis, such as amyloid-3 peptide (42, 46-48) or
GFAP (11, 40).

Our approach to the analysis of autoantibodies in patients with
AD was based on an unbiased Western blot methodology that ex-
ploited the immunoglobulins present in AD serum; the blots de-
tected an autoantigen that was subsequently identified by mass
spectrometry to be aldolase A. The Abs to aldolase were specific
for AD sera. We tested the IgG reactivity of our patient and control
groups to GFAP (data not shown). The reactivity to GFAP was not
different in our AD patient group from the control elderly patients
and MS patients (mean OD AD, 0.42 = 0.25; control elderly sub-
jects, 0.35 = 0.16; MS, 0.42 = 0.20). We previously used this
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FIGURE 6. Enhancement of IgG Ab binding by addition of fructose
1,6-diphosphate. ELISA of binding to aldolase was performed in the pres-
ence or absence of fructose 1,6-diphosphate. In all dilutions the presence of
substrate augmented Ab binding for all AD sera tested. The results depicted
are from a serum dilution of 1/250.
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FIGURE 7. Western blot analysis of rat tissue extracts probed with day
25 aldolase/CFA immunized serum. Serum was diluted 1/1000. Aldolase-
immunized rat serum IgG reactivity was similar to the AD serum IgG
reactivity (Figure 1).

methodology to identify a-tropomyosin as an autoantigen in Be-
hget’s syndrome (22).

The detection of aldolase Abs in only 50% of AD patients can
have several explanations. First, the clinical diagnosis of AD is not
definite and is made by exclusion of other dementing diseases; a
definite diagnosis can only be made at autopsy (2). Thus, some of
the patients negative for aldolase might have dementia caused by
other diseases. Although the sensitivity of clinical AD diagnostic
criteria is high (81%, range 49-100%) (49), mistakes in the diag-
nosis of AD based on clinical criteria are well known (50). The
clinical criteria for diagnosing vascular dementia, frontotemporal
dementia, and dementia with Lewy bodies are inaccurate (49).
Thus, determination of the prevalence of aldolase reactivity in AD
awaits a study of sera from pathologically proven AD. Second, it
is possible that the AD population is heterogeneous immunologi-
cally. It is interesting to note that other studies that identified Abs
to spectrin, amyloid-B, and GFAP in AD patients showed a pro-
portion of positive patients similar to ours: ~50% (40, 44, 47).
Third, we studied Ab reactivity at a single time point; it is possible
that some of the negative patients were previously positive and

may have lost reactivity as part of the determinant spreading mech-
anism operative in autoimmune diseases (51).

What might we learn from the discovery of aldolase as an im-
mune target? Aldolase is a glycolytic enzyme catalyzing a reaction
that converts fructose 1,6 biphosphate to glyceraldehyde 3 phos-
phate and dihydroxyacetone phosphate. Aldolase is conserved in
evolution and exists in three types: type A is the major form found
in muscle; type B in liver and kidney; and type C in brain together
with type A (52). The enzyme is a tetramer of 40-kDa subunits. In
SDS gels, the monomer migrates as a 42-kDa band (52). Enzymes
have previously been reported as autoantigens in organ-specific
autoimmune diseases: glutamic acid decarboxylase in type I dia-
betes mellitus (53); transglutaminase in celiac disease (54); pyru-
vate dehydrogenase in primary biliary cirrhosis (55); and thyroid
peroxidase in autoimmune hypothyroidism (56). The functional
role in disease pathogenesis of autoantibodies to enzymes is yet
unclear.

One of the early findings in AD was reduced brain glucose use
(57), and the activity of glycolytic enzymes was found to be re-
duced in the brains of AD patients (58). More recent work, how-
ever, has failed to document a reduction in the activity of these
enzymes (59). Because reduced use of glucose is well documented
in AD (60), it is tempting to speculate that the aldolase autoanti-
bodies detected here might enter brain cells, bind the enzyme, and
hinder its function, leading to reduced glucose use. Previous work
has shown that some autoantibodies can enter living cells and have
pathogenic consequences (61, 62).

What is the pathogenetic meaning of aldolase Abs? There are
several possibilities. 1) The anti-aldolase Abs could represent an
epiphenomenon—a result rather than a cause. For example, the
toxic accumulation of amyloid and 7 proteins leads to apoptosis,
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and an innate inflammatory reaction causing cell damage, en-
hanced permeability of the blood-brain barrier (63), and release of
cell contents including aldolase could result in autoimmunization.
If the production of aldolase Abs is secondary to brain destruction,
manipulation of the immune response to aldolase would be devoid
of any therapeutic effects. 2) The anti-aldolase Abs could be a
primary autoimmune factor in AD. These Abs could have patho-
genic effects by inhibiting energy production and glucose use. Al-
dolase could represent one of several autoantigens participating in
the perpetuation of autoimmune inflammation. In this case, the
induction of tolerance to aldolase might help down-regulate dam-
aging inflammation. 3) Similar to the anti-amyloid- peptide Abs
(47), anti-aldolase Abs might be found to help clear plaques and so
represent a beneficial, protective immune reaction. In this regard,
it is encouraging that Lewis rats and NOD and C57BL mice im-
munized against aldolase A did not develop signs of autoimmune
disease; thus, aldolase autoimmunity might be relatively safer than
autoimmunity induced to 8 amyloid (4, 18). Future studies will
discriminate between those possibilities. Our work suggests that
the presence of aldolase Abs in animal models of AD should be
tested as well as the therapeutic effects of aldolase immunization in
these mice.
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