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INTRQDUCTION

It is often stated that 1lipids are nonimmunogenic;
however, this 1idea 1is now known to be a false
presumption. , In 1979 it was discovered that antibodies to
membrane Tipids such as phosphatidylcholine and choles-
terol could/ be readily induced in rabbits or mice by
injecting JXiposomes containing 1ipid A (Schuster et al.,
1979; reylewed by Alving, 1986 and 1990) (Fig. 1). In
order produce antibodies to 1liposomes, lipid A, the
lipid fortion of gram negative bacterial 1lipopolysaccha-
ride/{LPS), apparently plays an essential role as a potent
adjdvant. Antibodies to 1liposomes were not induced by
ligosomes lacking 1ipid A.

Polyclonal antibodies having considerable specificity
for individual phospholipid constituents of liposomes have
now also been developed (Wassef et al., 1989; Banerji and
Alving, 1989). Monoclonal antibodies to 1liposomes and
liposomal constlituents, particularly phosphatidylinositol
phosphate,* h been induced by immunizing mice with
liposomes taining 1ipid A, and specificities of the
antibo have been determined (Banerji et al., 1982;
Wasspf et al., 1984; Alving et al., 1987).

fter developing immunoassay procedures (complement-
dependent assays and solid-phase immunosorbent assays) for
detecting antibodies to 1ipids, we and others discovered
that naturally-occurring autoantibodies to various phos-
pholipids are widespread and occur in most adult animal or
human sera (Strejan et al., 1979 and 1981; Alving, 1983
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Figure 1. Complement-dependent immune damage to liposomes
lacking 1ipid A after immunization with liposomes
containing lipid A. Immune damage was measured by release
of trapped liposomal glucose (From Schuster et al., 1979).

and 1984). Fig. 2 demonstrates the observation that
naturally-occurring antibodies to phospholipids, which
were not present in young mice, did develop in aged mice
that were chronically injected with normal saline
(Richardson et al., 1988-89).

Antibodies to Cholesterol

In a recent development we have now discovered that
murine antibodies are readily produced against cholesterol
by injecting cholesterol-laden 1iposomes containing 1ipid
A (Swartz et al., 1988). Autoantibodies to cholesterol
(1gG and IgM) have also been found to occur naturally in
nearly all normal human sera (Alving et al., 1989).
Recently, 1t was discovered that pigs have naturally-
occurring autoantibodies to cholesterol (Wassef et al,,
1989). Upon {.v. injection of liposomes containing chol-
esterol into pigs, activation of serum complement occurred
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24 MICE MJECTED WITH:

ABSORBANCE (405nm}

LA PC PEPS PA PG P PIP PP,
UPID ANTIGENS

Figure 2. Antibody activities against phospholipids and
1ipid A in chronically injected mice. Serum from each of
six mice surviving at 765 days (25 months) after chronic
injection of normal saline (A) or liposomes was assayed by
the ELISA method. Antibodies were measured with purified
PC, PE, PS, PA, PG, PI, PIP, PIP, or 1ipid A as antigen.
Each point is the mean of triplicate samples of a 1/100
dilution of an individual serum expressed as absorbance at
405 nm. Height of column represents the mean activity of
the group (from Richardson et al., 1988-89).

and the pigs suffered anaphylactoid reactions character-
jzed by massive eicosanoid secretion and severe pulmonary
hypertension (Wassef et al., 1989).
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Binding of Antibodies to Phosphates, Nucleotides, and DNA

Antibodies to phospholipids, and even to a slight
extent antibodies to cholesterol, also have a subsite in
the antigen binding site that binds to soluble phosphory-
lated compounds such as ATP (Alving, 1986). Because of
the phosphate-binding subsite, certain antibodies induced
by 1liposomes containing 1ipid A bind strongly both to
other nucleotides and to denatured DNA (Stollar et al.,
1989). Antibodies induced by liposomes containing lipid A
therefore apparently share common binding characteristics
with certain autoantibodies observed in lupus erythema-
tosus and other autoimmune diseases.

BIOLOGICAL IMPLICATIONS OF ANTIBODIES TO LIPIDS AND LIPID
BILAYERS

In past years it was widely believed that most Yipids
were nonimmunogenic (reviewed by Alving, 1990). However,
recent research demonstrating profusions of induced and
naturally-occurring antibodies to phospholipids, particu-
larly phosphatidylcholine, has led to development of the
concept that antibodies to phospholipids may actually be
identical to antibodies secreted by certain types of B8
lymphocytes (CD5+ cells 1in humans, Ly-1+ cells in mice).
These B cells have been previously associated with auto-
immunity in animals (such as NZB mice) and humans
(reviewed by van Rooijen, 1989 and Alving, 1990). Auto-
antibodies that react with the above B cell types are
readily detected by the ability to react with erythrocytes
treated with a proteolytic enzyme (bromelin) (Linder and
Edgington, 1972; Cunningham, 1974; Hayakawa et al., 1984).

It has now been determined by several laboratories
that phosphatidylcholine serves as the antigen on
bromelin-treated erythrocytes that reacts with the
autoantibodies, and the specific epitope that reacts with
autoantibodies includes the trimethylammonium group of the
choline (Serban et al., 1981; Page et al., 1982; Cox and
Hardy, 1985; Mercolino et al., 1986).

As noted earlier for induction of antibodies to 1lipo-
somes by 1lipid A, autoantibodies that reacted with bro-
melin-treated erythrocytes could be induced by the parent
component of 1ipid A, LPS (Fujiwara and Akiyama, 1980;
Kawaguchi, 1981 and 1985).
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Figure 3. Indirect {immunofluorescence detection of
macrophage-bound monoclonal antibodies having specificity
to liposomes (dimyristoyl phosphatidylcholine/chole-
sterol/dicetyl phasphate) (A,A') or 1liposomal PIP (8B,
B'). Frames A and B are phase contrast micropahges, and
A' and B' are immunofluorescence micrographs of the same
fields (X350) (from Fogler et al., 1987).

Based on the above observations, it may now be con-
cluded that antibodies to at least one phospholipid (phos-
phatidylcholine) may play a role 1in processes of
autoimmunity. Moreover, as with induction of antibodies
to liposomal phosphatidylcholine (Schuster et al., 1979;
Wassef et al., 1989), 1ipid A (the active portion of LPS)
may play an important role for induction of anti-phospho-
1ipid antibodies that react in autoimmune mechanisms.

Binding of Antibodies to Cells

I am frequently asked a question that includes some
variant of the following: "If naturally-occurring anti-
bodies to 1ipids are so widespread, why don't we simply
disintegrate?" The answer 1is that we don't disintegrate
rapidly because 1ipids and 1lipid bilayers are normally

A
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covered with overlying protein that prevents binding of
antibodies. This is why cryptic antigen (phosphatidyl-
choline) on mouse erythrocytes reacts with autoantibodies
after treatment of the cells with bromelin. This is also
why autoantibodies to cholesterol in pig plasma react with
liposomal cholesterol to induce anaphylaxis, but do not
react with cholesterol in lipoproteins or plasma membranes
(Wassef et al., 1989). In addition to the effects of
overlying proteins, large, bulky, or highly charged 1lipids
adjacent to a 1ipid antigen can also interfere with anti-
body binding (Shichijo and Alving, 1985 and 1986).

Although wunder most circumstances antibodies to
lipids do not bind to undamaged cells, binding to normal
cells can sometimes occur. Monoclonal antibodies to phos-
pholipids did not bind to mouse peritoneal macrophages
that were kept in suspension culture, but binding rapidly
occurred when the cells were allowed to become adherent to
a plastic dish (Fig. 3) (Fogler et al., 1987). Antibody
binding to the peritoneal macrophages was enhanced by
treatment of cells with trypsin, and was abolished by
treatment of cells with phospholipase C.

A Theory of Aging

A further answer to the question "Why don't we dis-
integrate?" 1is that all of us are disintegrating slowly.
In 1983 I proposed a theory of aging that was based on the
experimental observation of induction of autoantibodies to
lipids and lipid bilayers by LPS (i.e., lipid A) (Alving
1983) (Fig. 4). According to this theory, autoantibodies
to 1ipids and 1ipfd bilayers are constantly being produced
as a result of association of 1lipid bilayers with 1lipid
A. It was proposed that antibodies against cellular lipid
bilayers would be induced exactly in the same way that
antibodies against 1liposomal 1ipid bilayers are induced.
The source of 1ipid A under natural circumstances would be
from the vast amount of LPS and 1lipid A (endotoxin) that
is shed by gram negative bacteria that are present in all
parts of the environment to which all 1living things are
exposed.

The amount of endotoxin in the environment is huge,
and {t {s wubiquitiously distributed throughout the
world. We even carry an enormous burden of gram negative
bacteria 1in our guts, on our skin, and in air, food and
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Figure 4. Proposed mechanism of aging (from Alving, 1983).

water, and a certain amount of LPS 1is consistently
absorbed into the blood and detoxified by the liver.

Lipopolysaccharide (1ipid A) is known to have a high
affinity for binding to 1ipid bilayers of cells such as
erythrocytes or other cells. This property of high
affinity association of LPS with erythrocytes is
frequently used as the basis of immunohemagglutinin assays
for LPS. According to my theory, antibodies are induced
against the cellular 1lipid bilayer to which LPS/lipid A
attaches. An expected consequence of this process would
be induction of antibodies to 1ipid A itself, and such
antibodies are indeed very widespread in normal human sera
(reviewed by Mattsby-Baltzer and Alving, 1984).

Under normal circumstances antibodies to lipids and
1ipid bilayers cause no harm because the antibodies are
sterically hindered from binding to cells for reasons
noted above. However, when 1lipids and lipid bilayers do
become exposed for various reasons (Fig. 4), lethal damage
may occur due to complement activation (or due to other
mechanisms of immunity), resuiting in deaths of cells.
Amplification of adverse immunologic effects leading to
characteristic deficits of aging may occur when losses
occur in slow-growing or nonreproducing cells such as
endocrine cells, neurons, myocytes, and other important

PR AT P TR TR SR - S ST TSR - EEPE -

. o o———

he Fg TR . e T




48 / Alving

cells. A particular location that presumably could be
affected by antibodies to 1lipids would be at sites of
vascular lesions induced by accumulations of cholesterol,
or at sites of local trauma leading to intravascular
inflamatory foci.

Accumulations of antibodies and complement at local-
ized sites in the vascular tree would be expected to
attract inflammatory cells such as macrophages. Micro-
inflammatory foci would lead to local secretion of media-
tors such as eicosanoids, serotonin, and histamine. Over
a long period of time the above processes might be
expected to result in the "wear and tear" appearance that
seems to be characteristic of the aging phenomenon.

The above theory was proposed in 1983, but I have
recently noted that a remarkably similar theory has been
independently proposed by Cox and Hardy (1985) based on
studies with bromelin-treated erythrocytes. The following
excerpt from the latter authors neatly summarizes the
common areas of agreement of both theories.

"We suggest that autoantibody production against
phosphatidycholine may be an example of adaptive
immunity against damaged self-components, and propose
that in a normal membrane the configuration and/or
charge of phosphatidylcholine molecules is such that
the autoantibodies do not bind. However if a membrane
is damaged, for example by ageing, virus infection, or
in the laboratory by proteolysis with enzyme such as
bromelain, the autoantibodies recognize the con-
figuration of phosphatidylcholine in the membranes."

In summary, autoantibodies to 1lipids and 1lipid
bilayers can be induced experimentally by association of
LPS or 1lipid A with liposomes. Naturally-occurring anti-
bodies to 1ipids and 1lipid bilayers are very widespread
and could reasonably be expected to have been induced by
natural association of LPS or 1ipid A with cellular 1lipid
bilayers. Naturally-occurring antibodies to 1lipids and
1ipid bilayers may play an important role in the "wear and
tear" processes that occur with ordinary aging. The
phenomenon of aging may therefore represent, at least in
part, an ultimate and 1inexorable form of autoimmune
disease involving immune reactions with 1ipid bilayers.

i m————— s




i A s

s 1 iy RN o 3 A ey

Antibodies to Liposomes, Phospholipids, and Cholesterol / 49
REFERENCES

Alving, BM, Banerji, B, Fogler, WE, Alving, CR (1987).
Lupus anticoagulant activities of murine monoclional
antibodies to 1liposomal phosphatidylinositol phosphate.
Clin Exp Immunol 69:403-408.

Alving, CR (1983). Antibodies against 1ipids, 1lipid
bilayers and liposomes: A theory of aging. In "Liposome
Letters,” London: Academic Press, pp. 269-276.

Alving, CR (1984). Natural antibodies against phospho-
lipids and 1iposomes 1in humans. Biochem Soc Trans
12:342-344.

Alving, CR (1986). Antibodies to liposomes, phospho-
lipids, and phosphate esters. Chem Phys Lipids 40:303-
314,

Alving, CR (1990). Antibodies to 1ipids and 1ipid
membranes: Reactions with phosphatidylcholine,
cholesterol, liposomes, and bromelin-treated
erythrocytes. In Harris, EN (ed): "Phospholipid binding
antibodies," Boca Raton: CRC Press (in press).

Alving, CR, Swartz, Jr, GM, Wassef, NM (1989). Naturally-
occurring autoantibodies to cholesterol in humans.
Biochem Soc Trans 17:637-639.

Banerji, B, Alving, CR (1983). Antibodies to 1iposomal
phosphatidylserine and phosphatidic acid. Biochem Cell
Biol (in press).

Banerji, B, Lyon JA, Alving, CR (1982). Membrane 1lipid
composition modulates the binding specificity of a mono-
clonal antibody against liposomes. Biochim Biophys Acta
689:319-326.

Cox, JO, Hardy, SJ (1985). Autoantibodies against mouse
bromelain-modified RBC are specifically 1inhibited by a
common membrane  phospholipid, phosphatidylcholine.
Immunol 55:263-269.

Cunningham, AJ (1974). Large numbers of cells in normal
mice produce antibody components of isologous erythro-
cytes. Nature 252:749-751.

Fogler, WE, Swartz, Jr, GM, Alving, CR (1987). Antibodies
to phospholipids and liposomes: binding of antibodies to
cells. Biochim Biophys Acta 903:265-272.

Fujiwara M, Akiyama, Y (1980). LPS-induced autoantibody
response. I. Ontogenic development of PFC response to
bromelain-treated syngeneic erythrocytes. Cell Immunol
55:366-380.

Hayakawa K, Hardy, RR, Honda, M, Herzenberg, LA,
Steinberg, AD, Herzenberg, LA (1984). Ly-1 B cells:

Bt o b
{

R R




50 / Alving

Functionally distinct lymphocytes that secrete IgM auto-
antibodies. Proc Natl Acad Sci USA 81:2494-2498.

Kawaguchi, S (1981). Ontogenical studies on kinetics of
lipopolysaccharide-induced response to bromelain-treated
mouse erythrocytes in mouse spleen cells. I.
Differences from the response of total IgM-secreting
cells. Cell Immunol 65:293-306.

Kawaguchi, S (1985). Ontogenical studies on kinetics of
lipopolysaccharide-induced response to bromelain-treated
mouse erythrocytes in mouse spleen cells. II. Response
of spleen cells with or without Fc receptors, C3
receptors, or Ia antigens. Cell Immunol 94:60-72.

Linder, E, Edgington, TS (1972). Antigenic specificity of
anti-erythrocyte autoantibody responses by N3 mice:
Identification and partial characterization of two
erythrocyte surface autoantigens. J Immunol 108:1615-
1623.

Mattsby-Baltzer, I, Alving, CR (1984) Antibodies to lipid
A: Occurrence in humans. Rev Infect Dis 6:553-557.

Mercolino, TJ, Arnold, LW, Haughton, G (1986). Phospha-
tidyl choline is recognized by a series of Ly-1+ murine
B cell lymphomas specific for erythrocyte membranes. J
Exp Med 163:155-165.

Pages, J, Poncet, P, Serban, D, Witz, I, Bussard, AE
(1982). Relationship between choline derivatives and
mouse erythrocyte membrane antigens revealed by mouse
monoclonal antibodies. I. Anticholine activity of anti-
mouse erythrocyte monoclonal antibodies. Immunol Lett
5:167-173.

Richardson, EC, Swartz, Jr, GM, Moe, JB, Alving, CR (1988-
89). Life-long administration of liposomes and lipid A
in mice: Effects on longevity, antibodies to 1iposomes,
%ng tf{minal histopathological patterns. J Liposome Res

:93-110.

Schuster, BG, Neidig, M, Alving, BM, Alving, CR (1979).
Production of antibodies against phosphocholine, phos-
phatidylcholine, sphingomyelin, and 1ipid A by injection
of liposomes containing 1ipid A. J Immunol 122:900-905.

Serban, 0, Pages, JM, Bussard, AE, Witz, IP (1981). The
participation of trimethylammonium in the mouse erythro-
cyte epitope recognized by monoclonal autoantibodies.
Immunol Lett 3:315-319.

Shichijo, S, Alving, CR (1985). Influence of glycolipids
on {mmune reactions of phospholipid antigens in 1lipo-
somes. Biochim Biophys Acta 820:289-294.

Shichijo, S, Alving, CR (1986). Inhibitory effects of




Antibodies to Liposomes, Phospholipids, and Cholesterol / 51

gangliosides on immune reactions of antibodies to
neutral glycolipids in liposomes. Biochim Biophys Acta
858:118-124.

Strejan, GH, Smith, PM, Grant, CW, Surlan, D (1979).
Naturally occurring antibodies to liposomes. I. Rabbit
antibodies to sphingomyelin-containing 1liposomes before
and after immunization with unrelated antigens. J
Immunol 123:370-378.

Strejan, GH, Essani, K, Surlan, D (1981). Naturally
occurring antibodies to liposomes. I[I. Specificity and
electrophoretic pattern of rabbit antibodies reacting
with sphingomyelin-containing 1iposomes. J Immunol
127:160-165.

Swartz, Jr, GM, Gentry, MK, Amende, LM, Blanchette-Mackie,
EJ, Alving, CR (1988). Antibodies to cholesterol. Proc
Nat Acad Sci USA 85:1902-1906.

Stollar, BD, McInerney, T, Gavron, T, Wassef, NM, Swartz,
Jr, GM, Alving, CR (1989). Cross-reactions of nucleic
acids with monocional antibodies to phosphatidylinositol
phosphate and cholesterol. Mol Immunol 26:73-79.

van Rooijen, N (1989). Are bacterial endotoxins involved
in autoimmunity by CD5+ (Ly-1+) B cells)? Immunol Today
(in press)

Wassef, NM, Roerdink, F, Swartz, Jr, GM, Lyon, JA, Berson,
BJ, Alving, CR (1984). Phosphate-binding specificities
of monoclonal antibodies against phosphoinositides in
liposomes. Mol Immunol 21:863-868.

Wassef, NM, Johnson, SH, Graeber, GM, Swartz, Jr, GM,
Schultz, CL, Hailey, JR, Johnson, AJ, Taylor, DG,
Ridgway, RL, Alving, CR (1989). Anaphylactoid reactions
mediated by autoantibodies to cholesterol in miniature
pigs. J Immunol 143:0000-0000 (Nov 1989, in press).

Accesion For

NTIS CRA&I
DYIC TAB
Unannounced
Justificaton

00 e

By

Distribution

Avadability Codes

| Avail and/or
Dist Special

i

A-tlgo|

1




