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ABSTRACT “Natural” polyreactive antibodies, which
bind in a nonspecific manner to a range of biological molecules
both of self- and nonself- origin, are normal constituents of
serum and are a significant part of the immune repertoire in
many species, including humans. Autoantibodies to sSTNF-R
(the 55-kDa extracellular domain of the human receptor to
tumor necrosis factor «) were affinity purified from normal
human sera using immobilized sTNF-R. The isolated anti-
sTNF-R IgG bound both native and denatured forms of the
receptor with low affinity. These antibodies also bound to
different proteins and therefore are considered to be polyre-
active. We used the anti-sTNF-R antibodies and purified
polyreactive antibodies to mannose-specific lectin from garlic
(Allium sativum) for screening a peptide library displayed on
filamentous M13 phage. After the biopanning procedure, we
failed to find epitopes with a consensus sequence; however, we
found that proline is the most frequent amino acid in the
selected phagotopes. Proline is commonly present at solvent-
exposed sites in proteins, such as loops, turns, N-terminal
first turn of helix, and random coils. Thus, structures con-
taining proline can serve as conformation-dependent common
“public” epitopes for polyreactive natural antibodies. Our
findings may be important for understanding polyreactivity in
general and for the significance of polyreactive natural anti-
bodies in immunological homeostasis.

Natural autoantibodies, directed against a wide range of
self-antigens, are present in the sera of healthy humans (1).
The role of these autoantibodies is unknown. Autoimmune
diseases are characterized by the presence of autoantibodies to
self-proteins (2). Evidence has accumulated that indicates that
self-proteins are processed and presented similarly to foreign
antigens by class I and class II major histocompatibility
complex (MHC) molecules (3). Self-antigenic determinants
(epitopes) are presented by the class II MHC. In this context,
it was shown that most (about 90%) of the class II ligands
found so far originate from cellular proteins of the animal
itself, mostly from plasma membrane proteins (4). Among the
ligands that have been found on MHC class II are peptides
derived from the transferrin receptor, Na*—K* ATPase and
from MHC class I molecules (5).

Recently, we described natural antibodies to dietary pro-
teins in normal human serum that can be divided into two
categories—specific or polyreactive (6, 7). The specific anti-
bodies reacted with a single protein, whereas polyreactive
antibodies crossreacted with a series of unrelated proteins
including autoantigens (8).

One of the autoantigens that crossreacted with polyreactive
natural antibodies was sTNF-R, the soluble type I (p55)
truncated form of the receptor of tumor necrosis factor «
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(TNF«). sTNF-R exists in two different forms, type I (p55) and
type II (p75), isolated from either urine or sera, from both
healthy donors and cancer patients (9). These proteins func-
tion as inhibitors of TNF« activity (10).

Because sTNF-R is the cell surface portion of the mem-
brane-bound TNF-R and circulates normally in serum, we
determined whether healthy individuals have autoantibodies
to STNF-R and succeeded to purify such autoantibodies. These
antibodies were shown to be polyreactive, and, using a phage
display library, we determined some of the epitopes (11). For
comparison, we also determined the epitopes of human natural
antibodies against a lectin (ASA) from garlic, which also
proved to be polyreactive (6).

We found that most of the peptides that interact with the two
natural antibodies to self- and nonself-proteins contain pro-
line. We concluded that the low affinity polyreactive antibod-
ies are against the exposed epitopes of proteins, namely,
against loops and turns. Most of the protein antigens contain
proline in these sites, and this property may contribute to the
polyreactive character of natural antibodies.

MATERIALS AND METHODS

Materials. Alkaline phosphatase-conjugated goat anti-
human F(ab)’, bovine serum albumin (BSA), p-nitrophenyl
phosphate, biotinamidocaproate N-hydroxysuccinimide ester,
and Tween 20 were from Sigma; horseradish peroxidase-
conjugated goat anti-human F(ab)’ from Jackson ImmunoRe-
search; crosslinked Sepharose 4B and protein-A Sepharose
from Pharmacia; and 96-well, flat-bottomed microtiter plates
were obtained from Nunc. Avidin, conalbumin, lysozyme,
ovalbumin, ovomucoid, and riboflavin-binding protein (RBP)
were obtained from Belovo Chemicals (Bastogne, Belgium).
Alliinase and ASA (Allium sativum agglutinin) were purified as
described (6). sSTNF-R was from Interpharm (Kiryat Weiz-
mann, Israel). The hexapeptide phage-epitope library was
from G. Smith (University of Missouri, Columbia) (11). Hu-
man sera were from the Israel Blood Center/Magen David
Adom.

Affinity Purification of Human Anti-sTNF-R and Anti-ASA
Antibodies. Antigens were coupled to nitrophenylchlorofor-
mate-activated Sepharose (12) by incubation in PBS (pH 8) for
48 hr. Unreacted nitrophenyl groups were blocked with 100
mM NH4OH. About 2 mg of protein were bound per milliliter
of resin.

Igs from 200 ml of normal human plasma, pooled from 16
healthy adult donors, were enriched by precipitation with 45%
ammonium sulfate. The precipitate was dialyzed against PBS
and applied to an antigen-affinity column (overnight, 4°C;
recycling mode at 6 ml/min). The column was washed exten-
sively with 50 mM Tris-HCI (pH 7.5), followed by the same
buffer containing 0.5 M NaCl. Bound antibodies were eluted

Abbreviations: ASA, Allium sativum agglutinin; TNFea, tumor necrosis
factor a; STNF-R, 55-kDa extracellular domain of the human receptor
for TNFa; MHC, major histocompatibility complex.
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using 0.1 M glycine (pH 3), the column was brought to
neutrality with PBS, and then subjected to a second elution
step using 0.1 M triethylamine (pH 11). The pH of the eluted
fractions was immediately neutralized with 1 M Tris-HCl
buffer (pH 8). The antibodies, eluted either with acidic or basic
buffers, were pooled and rechromatographed on a protein A
column to enrich the IgG fraction.

Serology. Antibodies were detected by ELISA. Microtiter
plates were coated (100 ul per well) with antigen (10 pg/ml)
in 50 mM carbonate buffer (pH 9.8) and incubated overnight
at 4°C. The plates were washed three times with phosphate-
buffered saline (PBS) and blocked for 2 hr at 37°C with PBS
(100 wl per well) containing 3% BSA and 0.05% Tween 20
(BSA-Tween buffer). The plates were washed with PBS, and
the solutions containing purified antibodies added to the
antigen-coated wells (100 ul per well). Following an additional
incubation for 2 hr at 37°C, the plates were washed three times
with PBS, and a solution (100 ul per well) containing alkaline
phosphatase-conjugated goat anti-human F(ab)’ (diluted
1:2,000) was added. After 2 hr at 37°C, the plates were washed
extensively with PBS, and substrate solution (10 mg of p-
nitrophenyl phosphate in 10 ml of 100 mM diethanolamine
buffer, pH 9.5) was applied (100 ul per well). After 30 min, the
Ay4os was measured using an ELISA reader.

Competition Assay. STNF-R was preincubated with protein
A-purified human IgG in BSA-Tween buffer. After 14 hr of
incubation at 4°C, the samples were applied to sSTNF-R-coated
wells. Bound antibodies, in the presence of different amounts
of a desired competitor, were detected by ELISA as described
above.

Electrophoresis and Immunoblotting. SDS/PAGE was per-
formed under reducing conditions using 15% acrylamide slab
gels. Gels were stained with 0.05% Coomassie brilliant blue R
250 (Bio-Rad) or used for immunoblotting. For immunoblot-
ting, STNF-R was transferred from unstained gels to nitrocel-
lulose sheets [150 mA for 2 hr; transfer buffer consisted of 25
mM Tris-HCI/192 mM glycine in methanol/water (1:5)]. The
blots were blocked with BSA-Tween buffer and then incu-
bated with affinity-purified antibodies (20 ug/ml of BSA-
Tween buffer). The blots were washed three times with PBS
and incubated for 2 hr with horseradish peroxidase-conjugated
goat anti-human F(ab), diluted 1:10,000 in BSA-Tween buffer.
After washing four times with PBS for 10 min, the blots were
developed using enhanced-chemiluminescence reagent (Am-
ersham) and exposed to x-ray film (Kodak).

Biotinylation of Anti-sTNF-R and Anti-ASA Antibodies. For
biotinylation, 200 wug of the affinity-purified human anti-
sTNF-R or anti-ASA antibodies in 200 ul of 0.1 M NaHCO;
(pH 8.5) were incubated for 2 hr at room temperature with 5
wul of biotinamidocaproate N-hydroxysuccinimide ester solu-
tion in dimethylformamide (1 mg/ml). Unreacted and hydro-
lyzed reagent were removed by dialysis against PBS (13).

Selection of Phagotopes from the Hexapeptide Epitope
Library. A sample containing 10'° phages was mixed with 1 ug
of biotinylated antibodies in 30 ul of 3% BSA/PBS solution and
preincubated overnight at 4°C. The reaction mixture was then
transferred into streptavidin-coated 60-mm polystyrene Petri
dishes, containing 1 ml of 3% BSA/PBS, and the dishes were
incubated for 30 min at room temperature. Unbound phages
were removed by washing (10 times, 10 min each) in PBS/
0.05% Tween 20, and the bound phages were eluted with 1 ml
of glycine/HCl buffer (pH 2.2). The eluate was neutralized and
used to infect Escherichia coli K91 cells. After three rounds of
biopanning, individual bacterial colonies were selected and
amplified for DNA sequencing (14).

DNA Sequencing. Phages from supernatants of the selected
colonies were precipitated with polyethylene glycol, and sin-
gle-stranded DNA was prepared by phenol extraction. DNA
sequences were determined by the dideoxy chain termination
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method using an Applied Biosystems (model 373A) DNA
sequenator (11).

RESULTS

Antibodies to STNF-R in Normal Human Sera. To deter-
mine whether human serum contains antibodies to the extra-
cellular portion of sSTNF-R, we applied an ELISA system in
which microtiter plates were coated with the recombinant
antigen (10 ug/ml), followed by total human IgG. Despite the
crossreaction of STNF-R with natural human antibodies to
ASA lectins, we could not, at first, detect antibodies to STNF-R
in normal sera. Since the anti-ASA antibodies were eluted
from the antigen column with acid, we considered that acid
treatment of human serum may reveal antibodies to sSTNF-R.
Indeed, upon acidification with glycine buffer (pH 3) and
subsequent neutralization, antibodies could be detected (Fig.
1). No binding could be shown using IgG-depleted serum,
prepared by immunoaffinity chromatography using either an
antigen-containing column or protein A-Sepharose. We there-
fore continued our studies with IgG purified on a protein A
column.

Different amounts of human IgG were introduced into
STNF-R-coated wells, and bound Igs were detected using an
enzyme-labeled, anti-human antibody. Fig. 2 shows that the
total human IgG contains antibodies that react with sTNF-R.
Antibodies to sSTNF-R were already detected at an Ig concen-
tration of 30 ug/ml.

Preincubation with different amounts of sSTNF-R inhibited
the binding of the human IgG to the sSTNF-R-coated plates.
The observed inhibition was about 75% at a concentration of
1075 M of sTNF-R (Fig. 3).

Affinity Purification of sTNF-R Antibodies. Affinity-
purified anti-sTNF-R IgG autoantibodies were obtained by
applying the IgG, pooled from 16 healthy donors, to an
STNF-R-Sepharose column. The eluted antibodies were fur-
ther purified on protein A-Sepharose to remove non-IgG
constituents. SDS/PAGE (reducing conditions) of the eluted
material revealed two major bands that corresponded to the
light and heavy IgG chains (data not shown). The yield of
human sTNF-R antibodies was about 120 ug from 200 ml of
serum.

The purified antibodies bound to the TNF receptor using
both ELISA and dot-blot assays. The recombinant sTNF-R
was applied to SDS/PAGE and Western blotted onto nitro-
cellulose sheets. The affinity-purified anti-sTNF-R antibodies
also recognized the denatured form of STNF-R (Fig. 4).
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F16.1. Dose-dependent binding of Igs to an sSTNF-R-coated plate.
Normal (w, O) or IgG-depleted (A, o) human serum was used for the
binding experiment, before (w, A) and after (O, ) preliminary
acidification. Acidification was accomplished using 0.1 M glycine
buffer (pH 3), and the acidified serum was immediately neutralized
using 1 M TrissHCl (pH 8). The level of bound antibodies was
determined by ELISA.
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Fi1G.2. Dependence of bound anti-sTNF-R antibodies on the total
IgG concentration. The total IgG fraction was purified from normal
human serum by protein A-Sepharose affinity chromatography. So-
lutions containing different concentrations of total human IgG in
BSA-Tween buffer were added to sTNF-R-coated immunoassay
plates. The level of bound Igs was monitored using enzyme-conjugated
second (anti-human) antibodies.

Since the affinity-purified anti-sTNF-R antibodies inter-
acted with both native and denatured forms of the receptor, we
examined whether these antibodies might mediate any biolog-
ical effect. The natural human anti-sTNF-R antibodies did not
inhibit the binding of TNFa or cytotoxic monoclonal anti-
sTNF-R (15) antibodies to the receptor in competitive ELISA
and did not stimulate cell death in apoptotic assay (data not
shown).

Polyreactivity of the Natural Autoantibodies Eluted from
the sSTNF-R Affinity Column. We examined the specificity of
anti-sTNF-R IgG using binding experiments with many dif-
ferent proteins. Fig. 5 shows that the anti-sTNF-R antibodies
crossreacted with all the proteins examined, similar to the
reaction of the anti-ASA antibodies. Therefore, it can be
concluded that these antibodies are nonspecific and polyreac-
tive.

Selection of Bacteriophages Displaying Peptides That Bind
Human Polyreactive Anti-sTNF-R and Anti-ASA Antibodies.
To determine whether certain structural elements were pref-
erable for binding by polyreactive antibodies, we performed
epitope mapping experiments using a random hexapeptide
phage library (11).

Table 1 shows the sequences of displayed peptides selected
after the third round of biopanning on anti-sTNF-R and
anti-ASA antibodies. We found that Pro is the most frequent
residue in the selected phagotopes, whereas Ala, Ile, Gln, and
Lys are the least frequent residues (Fig. 6).
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F1G. 3. Antigen-induced inhibition of anti-sTNF-R binding activ-
ity. Protein A-purified total human IgG was incubated for 14 hr at 4°C
with varying concentrations of free STNF-R, after which the samples
were introduced into sSTNF-R-coated wells. Detection of bound anti-
bodies was accomplished by ELISA.
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FiG. 4. Identification of STNF-R by Western blotting using affin-
ity-purified human anti-sTNF-R antibodies. Following SDS/PAGE,
the sSTNF-R was transferred to nitrocellulose paper and incubated for
2 hr with affinity-purified antibodies (10 ug/ml), followed by horse-
radish peroxidase-conjugated second anti-human IgG.

We used results obtained from protein crystallography as
described in ref. 16 to calculate the probability of occurrence
of -X-P- pairs (where X is any amino acid) in different
structural elements of the proteins. Table 2 summarizes the
results of our estimation, which support the exposed location
of these proline-containing sequences in the proteins studied.

DISCUSSION

We describe the isolation and properties of purified human
natural autoantibodies from healthy individuals to the receptor
for TNFa. Antibodies against the soluble form of this receptor
(STNF-R) were purified from normal human serum. Anti-
sTNF-R antibodies recognize both the native and denatured
form of the receptor. The antibodies were polyreactive and of
low affinity. These properties make them similar to other
human natural antibodies against self-antigens (17, 18) as well
as to several dietary proteins, such as the mannose-specific
lectin from garlic (6).

Only low numbers of antibodies to the sSTNF-R receptor
could be detected in normal human serum. However, the
amount of antibody activity increased significantly (5- to
6-fold) when the serum was acidified. This phenomenon has
also been observed with other autoantigens (6, 19). This may
indicate that, in normal human serum, antibodies can associate
with one another, perhaps by an anti-idiotypic cascade or by
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Fic. 5. Specificity of human antibodies eluted from ASA and
STNF-R affinity columns. Affinity-purified human anti-ASA (open
columns) and human anti-sTNF-R (solid columns) antibodies (10
pneg/ml) were added to wells of a microtiter plate coated with different
proteins. Detection of bound antibodies was accomplished by ELISA.
RBP, riboflavin-binding protein.
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Table 1. Sequences of peptides selected using the polyreactive
human anti-sTNF-R and anti-ASA antibodies

Peptides selected using
human anti-sTNF-R antibodies

RRFFLV
SRRFLG
LREFPH
RREFPG
DPGSG
KPPGYG
NCCGEG
QENPDK
WELPRN
PHWHWE
PPWHLP
RRYLRP
RIYLRP
NRLPHL
NPPELA
RALVRG
RGVQSR
TDSKKK
Total

Peptides selected using
human anti-ASA antibodies

PLYTVM 11
WPDNPT 4
PTGSNS 2
PRYFQA 1
RTQLSS 2

== NN RN R R NDWR N WR ===

—

36 20

The values represent the number of phages sequences. The corre-
sponding phage epitopes (single-letter amino acid code) were deduced
from the DNA sequence.

combining with other antigens that prevent them from inter-
acting with self-antigens under normal conditions. When the
serum is passed through a protein A immunoaffinity column,
the effluent fractions fail to interact with sSTNF-R, indicating
that the observed binding is mediated via IgGs and not by TNF
or other proteins present in the serum. Interestingly, natural
autoantibodies from healthy individuals, isolated on acetyl-
choline- or y-interferon-receptor columns, behave similarly
and are also polyreactive (unpublished results). The natural
antibodies did not interfere with the regular functions of
sTNF-R.

The finding that many human natural antibodies are poly-
reactive and crossreact with self- and nonself-antigens has led
to many theories regarding the molecular basis of such cross-
reactivity. Kabat et al. (18) suggested the involvement of spatial
distribution of charges, while others suggested that that auto-
antibodies recognize common structures present on phyloge-
netically conserved proteins (20). We therefore decided to use
a hexapeptide phage-display library (11) to determine whether
there are common epitopes recognized by two different types
(i.e., anti-sTNF-R and anti-ASA) of natural polyreactive hu-
man antibodies.

Epitope mapping experiments suggested a general lack of
specificity in this system, because analysis of the sequences of
56 random phages that bound to both antibodies failed to
reveal a consensus sequence. Analysis of the frequency of the

Proc. Natl. Acad. Sci. USA 94 (1997)
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F1G. 6. The frequency of amino acids in the peptides selected from
the phage-display library. The frequency was calculated using the
sequences deduced from the 36 phagotopes selected with the human
anti-sTNF-R antibodies (solid columns) and from the 20 phagotopes
selected with the human anti-ASA antibodies (open columns).

relative occurrence of the amino acids in these phages indi-
cated that proline was the most frequently occurring amino
acid in these peptides (Fig. 6). Interestingly, epitope mapping
of naturally occurring autoantibodies against TNF-a also
revealed the prominence of proline and serine (21). These
findings clearly indicate that human natural polyreactive an-
tibodies may not recognize linear epitopes but may recognize
conformation-dependent epitopes involving the sequence -X-
Pro-X- (where X is any amino acid).

Proline-containing peptides have indeed been connected to
many immunologically important phenomena. Autoantibodies
from many patients with systemic lupus erythematosus bind
the Sm autoantigen B/B’ polypeptide. In this system, proline-
containing peptides are early targets of the autoimmune
response (22). In another disease, the autoantigen of type-II
mixed cryoglobulinemia is a peptide with a consensus se-
quence that contains proline. The same sequence is present in
the LAG-3 protein on the surface of lymphocytes and is
suggested to be an exposed epitope (23, 24). In addition, the
neutralizing determinant of human immunodeficiency virus
type I, which elicits neutralizing antibodies, is an eight amino
acid peptide of the V3 loop containing a central conserved
sequence Gly-Pro-Gly (25-27). Finally, Tax peptides, which
were used to crystallize the T cell antigen receptor with the
MHC, also contain proline (28).

Many of the self-peptides that are similar to viral T cell
epitopes that cause autoimmunity contain proline at different
positions (29). The two peptides of the human acetylcholine
receptor a-subunit, which bind HLA class II of patients with
myasthenia gravis, contain proline. In contrast, a peptide from
the same region of the same subunit did not contain proline
and failed to bind (30). Autoantibodies against the nonhistone
nucleosomal protein, HMG-17, were shown to recognize an

Table 2. The probability of the existence of aa-Pro pairs from selected peptides within secondary

structural elements

Loops,
aa-Pro aa-Pro pair, n a-Helix B-Sheet Turn random coils

Ala-Pro 15 24.4 15.4 19.2 41.0
Arg-Pro 3 13.9 19.4 30.6 36.1
Asn-Pro 7 42.9 — 23.2 339
Asp-Pro 3 50.0 0.9 30.3 18.8
Leu-Pro 8 21.8 12.6 25.3 40.3
Phe-Pro 5 25.6 14.0 18.6 41.8
Pro-Pro 8 21.6 5.4 24.3 48.7
Trp-Pro 4 333 11.1 22.2 33.4
Average probability

of location 27.8 10.1 23 39.1
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eight residue peptide containing proline and cysteine (31).
Most of the epitopes on proteinase-3, recognized by antibodies
from patients with Wegner’s granulomatosis, contain proline
(32).

There is a long list of known proline-containing epitopes on
autoantigens. This is not surprising since proline commonly
occurs in proximity to protein—protein interaction sites (33).
Proline is also important for chain conformation and protein
folding, and the sequences containing proline tend to be
conserved. The unique nature of proline and its tendency to
appear in solvent-exposed regions of proteins probably con-
tribute to their reputed immunogenic properties.

Proline-rich motifs are also present in pathogenic bacteria
and viruses (34), and therefore polyreactive low-affinity anti-
bodies against proline-rich sequences may contribute to the
first line of defense against foreign invaders. Since proline is
present in most proteins at loops, turns, random coils, and in
the initial turn of a helix, the immune system may recognize
these structures as self-antigens and “mark” them for further
processing.

The physiological role of autoantibodies in healthy people
and autoimmune patients is not known. One possibility is that
these antibodies may induce autoimmunity upon pathological
deviation from normal physiological function (35) as suggested
originally by Grabar (36) in accordance with recent studies of
Avrameas and Ternynck (37).
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