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ABSTRACT Radioiodinated IgM isolated from a patient
with Waldenstrom macroglobulinemia binds with high avidity
(apparent Ka = 2.5 X 109 M-) to freshly isolated human pe-
ripheral blood lymphocytes. Binding occurred through the Fc
region of the molecule and involved a receptor specific for im-
munoglobulins of the IgM class. The avidity and specificity of
this binding are consistent with a biologic role for IgM receptors
on lymphocytes.

Human T lymphocytes with helper cell activity (1-5), and some
B lymphocytes (6), bear receptors specific for the Fc portion
of IgM proteins. Identification of such lymphocytes has been
based upon their ability to form rosettes with ox erythrocytes
coated with antibodies of the IgM class. This method is cum-
bersome and requires that cells be incubated in serum-free
media overnight, presumably to free their receptors of en-
dogenously bound ligands. From a thermodynamic point of
view, IgM molecules free in solution should compete for cell
surface receptor sites much more effectively than IgM bound
to erythrocytes. In this study, we show that a human IgM pro-
tein will bind directly to freshly isolated human lymphocytes
by a region in its Fc domain, and that this binding is inhibited
specifically by IgM from normal serum.

METHODS
IgM proteins were isolated by Pevikon block electrophoresis
of sera obtained from normal donors, or from the thrice-formed
euglobulin fraction of sera from patients with Waldenstrom
macroglobulinemia, and then purified further by two passages
over Sephadex G-200 followed by elution from DEAE-Se-
phadex A-50. Purified proteins were free of IgG, IgA, and al-
bumin by double immunodiffusion; on sodium dodecyl sul-
fate/10% polyacrylamide slab gel electrophoresis (7), only ,u
heavy chains and immunoglobulin light chains were observed.
The proteins were iodinated to a specific activity of approxi-
mately 1.3 ,Ci/pmol (48,000 becquerels/pmol) by the lacto-
peroxidase method (8). After density gradient ultracentrifu-
gation, radioactivity was detectable only in a 19S peak.

In preliminary tests of four monoclonal IgM proteins, the
greatest binding to lymphocytes occurred with IgM(AR) (light
chain type K). This protein was selected for study. Fc(5,u)
fragments of IgM(AR) were prepared by the method of Plaut
and Tomasi (9). Twenty milligrams of IgM(AR) was digested
with 0.4 mg of trypsin (Miles) for 3 hr at 60°C in 15 mM
CaCl2/50 mM Tris- HC1, pH 8.1. The reaction was stopped by
the addition of 0.4 mg of soybean trypsin inhibitor (Mann Re-
search Laboratories, New York, NY), and the Fc(5,) fragments
were recovered by gel filtration. The purified Fc(5,u) fragments
reacted in gel diffusion with anti-,u-chain antisera but not with
anti-light-chain antisera. F(ab')2 ,u fragments of IgM(AR) were
prepared by the method of Mihaesco and Seligmann (10). Ten

milligrams of IgM(AR) was digested with 0.2 mg of pepsin
(Sigma) for 4 hr at 370C in 0.1 M acetate buffer, pH 4.5. The
reaction was stopped by neutralization with a saturated Tris
solution, and the F(ab')2 Ai fragments were isolated by gel fil-
tration. The purified F(ab')2 ,u fragments were composed of
intact K light chains and a ,u heavy-chain fragment by sodium
dodecyl sulfate/polyacrylamide gel electrophoresis. No intact
At chains were present. IgG was prepared from normal human
serum by affinity chromatography, and Fc fragments of IgG
were prepared by papain cleavage (11).
Human peripheral blood mononuclear cells were obtained

from normal donors by the Ficoll-Hypaque technique as de-
scribed (12). Phagocytic cells were removed by adherence to
plastic petri dishes during incubation in tissue culture medium
199 containing 5% fetal calf serum. The lymphocytes were than
washed three times in Hanks' balanced salt solution.

In the design of these experiments, we avoided prolonged
wash procedures which might have permitted bound immu-
noglobulin to dissociate from cell surface receptors, and harsh
iodination methods which might have denatured labile proteins.
For the binding studies, 0.1-0.3 ,tg of 1251-labeled IgM(AR)
[125I-IgM(AR)I and 12 X 106 lymphocytes were incubated with
variable amounts of unlabeled purified immunoglobulins in
0.75 ml of Hanks' solution containing 0.25% bovine serum al-
bumin and 0.1% azide at 4VC. After various periods of incu-
bation, 0.2 ml-aliquots were removed in triplicate, layered over
1 ml of fetal calf serum, and pelleted rapidly in a Beckman
model-B Microfuge. The cells were then washed once with cold
phosphate-buffered saline, the cell-associated radioactivity was
measured, and background radioactivity was subtracted.

RESULTS AND DISCUSSION
Fig. 1A shows the time course of the binding of IgM(AR) to
lymphocytes. Uptake occurred in a time-dependent manner
following first-order reaction kinetics and reached equilibrium
after approximately 180 min. At equilibrium, approximately
6 X 10-4 pmol of IgM(AR) was bound per 106 lymphocytes.
This radioactivity was associated with the cell surface, because
nearly all of it could be recovered in the fluid phase after
treatment of the cells with trypsin (0.25% in phosphate-buffered
saline for 20 min). The binding was cell specific; no binding
over background was observed when 125I-IgM(AR) was incu-
bated with polymorphonuclear leukocytes, cells that readily
bound radiolabeled IgG in control experiments. The nature of
this binding was examined by measurement of the uptake of
125I-IgM in the presence of varying concentrations of unlabeled
IgM(AR) (Fig. 1B). The Scatchard plot of these data (Fig. 1C)
was biphasic, indicating at least two types of ligand-cell in-
teractions. The one of higher avidity [apparent association
constant (Ka) = 2.5 X 109 M-'] was predominant at ligand
concentrations below 1 X 10-9 M. At the (extrapolated) point
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FIG. 1. (A) Time course of the binding of 1251-IgM(AR) to lym-
phocytes. Cultures containing 12 X 106 lymphocytes and 0.3 ,g of
1251-IgM(AR) in 0.75 ml of medium were incubated at 40C for the
indicated times. Then triplicate 0.2 ml-aliquots were removed and
cell bound radioactivity was measured as described. The radioactivity
in preparations without cells (shaded area) was subtracted. The range

of triplicate determinations is shown. (B) Binding of 1251-IgM(AR)
to lymphocytes as a function of the molar concentration of IgM(AR).
A constant amount of 125I-IgM(AR) (0.1 ,ug) and various amounts of
unlabeled IgM(AR) were incubated with 12 X 106 lymphocytes at 40C
for 180 min. Percent of total input of 125I-IgM(AR) bound per 106
lymphocytes is shown.

of complete saturation, the high avidity sites were capable of
binding approximately 13.3 X 10-4 pmol of IgM(AR) per 106
cells. Assuming that IgM(AR) has a molecular weight of 900,000
and that each molecule binds to a single receptor, this indicates
an average of 804 receptor sites per lymphocyte.

In order to examine the specificity of the binding of 125I-
IgM(AR) to lymphocytes, we compared the competitive inhi-
bition produced by adding to the binding mixtures various
concentrations of unlabeled IgM(AR), of IgM or IgG from
normal serum, or of Fc or F(ab')2 fragments of these molecules.
The results, shown in Fig. 2, demonstrate that both IgM(AR)
and IgM from normal serum were highly effective as com-

petitive inhibitors of binding. The Fc fragments of IgM(AR)
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FIG. 2. Inhibition of the binding of 125I-IgM(AR) by various
proteins. '251-IgM(AR) at 0.13 ,tg/ml (0.14 nM) and various concen-
trations of unlabeled proteins [shown as molar excess over 1251-
IgM(AR)] were incubated with lymphocytes at 40C for 180 min. The
binding is expressed as the percent of 1251-IgM(AR) bound by lym-
phocytes in the absence of competitive binding protein. A, IgM(AR);
0, IgM (normal); o, Fc(5t) IgM(AR); 0, IgG; *, F(ab')2At fragments
of IgM(AR); v, Fc fragments of IgG.

were also effective but to a lesser degree than was the complete
molecule, possibly indicating that tertiary structural features
important for binding are altered when these fragments are
made. No inhibition was produced by the addition of IgG, Fc
fragments of IgG, or F(ab')2 At fragments of IgM(AR).

These data demonstrate that IgM molecules apparently not
complexed with antigen can bind by their Fc domains to a
specific receptor on at least some human lymphocytes. It seems
likely that this receptor is the same as the one detected by rosette
formation with IgM-coated ox erythrocytes-both are specific
for IgM and both can be blocked by IgM free in solution (1). In
the rosette assay, the receptor for IgM is detectable on only
about one-half of human peripheral blood T cells, and some B
cells. If the receptors that we have measured directly are indeed
comparable, then their density on operative lymphocytes may
be higher than the average value indicated above.
The relatively small number of receptors may explain why

other investigators have failed to detect cytophilic properties
among IgM proteins by direct binding methods (13). Also, the
method of iodination appears to be important. We were unable
to detect binding of IgM(AR) to lymphocytes when the protein
was iodinated with chloramine T. Finally, incubations had to
be carried out over the relatively long period of 180 min for
optimal binding to occur. In contrast, IgG binding to lympho-
cytes in control experiments was maximal within 30 min. This
relatively slow equilibration time for IgM may reflect the fact
that, on freshly cultured lymphocytes, IgM receptors are oc-
cupied by endogenously bound molecules which must dissociate
before binding can occur.
The apparent Ka of 2.5 x 109 M-1 for the high avidity in-

teraction indicates that IgM binds more strongly to lymphocytes
than does mouse IgG 2a to macrophages (Ka = 1.3 X 108 M-1)
(14); in fact, this interaction is nearly as strong as the binding
of IgE to its receptor on mast cells (Ka = 1 X 1010 M-1) (15). The
intensity of the binding shown here, taken with the apparent
localization of IgM receptors to T lymphocytes having helper
cell activity (5), suggests that cell-bound IgM may play a bio-
logically important role. Presumably receptor-bound IgM is
in equilibrium with serum IgM proteins. Thus, at physiological
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concentrations of IgM (1.6 AtM) all of the high-avidity IgM
binding sites should be saturated. Preud'homme et al. (16) have
reported that naturally occurring 8S IgM is more effective than
19S IgM at inhibiting the formation of IgM-coated ox eryth-
rocyte rosettes about lymphocytes. Thus, 8S IgM, perhaps de-
rived by shedding of surface immunoglobulins from B lym-
phocytes, may normally occupy this receptor. Measurements
of the association constants that describe the binding of these
proteins to lymphocytes may lead to the identification of the
protein that occupies lymphocyte IgM receptors in vivo.

We thank Drs. S. E. Malawista, K. J. Bloch, F. F. Richards, F. S.
Kantor, and P. W. Askenase for helpful advice and discussion, Dr. R.
W. Weininger for patient sera, and Ms. E. L. Tartagni for preparation
of this manuscript. J.A.H. is a Postdoctoral Fellow of the Arthritis
Foundation. This research was supported in part by grants from the
U.S. Public Health Service (AM-10493, AI-11785, and AM-07107), the
American Cancer Society (IN-31-Q-05), the Kroc Foundation, the
Arthritis Foundation, and the Connecticut Lupus Foundation.

1. Ferrarini, M., Moretta, L., Mingari, M. C., Tonda, P. & Pernis,
B. (1976) Eur. J. Immunol. 6, 520-521.

2. McConnell, I. & Hurd, C. M. (1976) Immunology 30, 835-
839.

3. Gmelig-Meyling, F., Van Der Ham, M. & Ballieux, R. E. (1976)
Scand. J. Immunol. 5, 488-495.

4. Conradie, J. D. & Bubb, M. 0. (1977) Nature (London) 265,
160-161.

5. Moretta, L., Webb, S. R., Grossi, C. E., Lydyard, P. M. & Cooper,
M. D. (1977) J. Exp. Med. 146, 184-200.

6. Ferrarini, M., Hoffman, T., Fu, S. M., Winchester, R. & Kunkel,
H.G. (1977) J. Immunol. 119, 1525-1529.

7. Studier, F. W. (1973) J. Mol. Biol. 79,237-248.
8. Marchalonis, J. J. (1969) Biochem. J. 113,299-305.
9. Plaut, A. G. & Tomasi, T. B., Jr. (1970) Proc. Natl. Acad. Sci. USA

65,318-322.
10. Mihaesco, C. & Seligmann, M. (1968) Immunochemistry 5,

457-469.
11. Franklin, E. C. (1960) J. Clin. Invest. 39, 1933-1941.
12. Rickles, F. R., Hardin, J. A., Pitlick, F. A., Hoyer, L. W. & Conrad,

M. E. (1973) J. Clin. Invest. 52, 1427-1434.
13. Lawrence, D. A., Weigle, W. 0. & Spiegelberg, H. L. (1975) J.

CGn. Invest. 55,368-376.
14. Unkeless, J. C. & Eisen, H. N. (1975) J. Exp. Med. 142, 1520-

1533.
15. Ishizaka, T., Soto, C. S. & Ishizaka, K. (1973) J. Immunol. 111,

500-511.
16. Preud'homme, J.-L., Gonnot, M., Tsapis, A., Brouet, J.-C. &

Mihaesco, C. (1977) J. Immunol. 119,2206-2208.

914 Immunology: Hardin et al.


