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Identification of a Lymphocyte Surface Receptor for

Low Density Lipoprotein Inhibitor, an Immunoregulatory

Species of Normal Human Serum Low

Density Lipoprotein

LINDA K. CURTISS and THOMASS. EDGINGTON,Department of Molecular
Immunology, Scripps Clinic and Research Foundation, La Jolla, California 92037

A B S T RA C T The present study demonstrates the
existence on human peripheral blood lymphocytes of a
saturable cell surface receptor for low density lipo-
protein inhibitor (LDL-In), a subset of normal human
serum low density lipoprotein (LDL) that has been
previously demonstrated to suppress selected lympho-
cyte functions in vivo and in vitro. The binding of
radioiodinated LDL-In of demonstrable biological
activity occurs rapidly and is quantitatively augmented
by prior cultivation of the lymphocytes in lipoprotein-
depleted serum, suggesting regulation of receptor
density by lipoproteins in vivo. Binding is tempera-
ture dependent, facilitated by calcium ions, saturable
at 4°C within 40-60 min, and blocked by prior exposure
to unlabeled LDL-In. The lymphocyte receptor is tryp-
sin sensitive and regenerates in vitro with a t1/2
of 3.6 h. LDL-In receptors are calculated to have a
maximum density of 4,860+460 per cell if uniformly
distributed on all lymphocyte subsets. These recep-
tors have an estimated average association constant
of 1.47 x 107 liters/mol. When considered in context
of the estimated concentration of LDL-In in blood, the
receptors should be partially occupied in vivo by
endogenous plasma LDL-In. Prior site occupancy in-
hibition experiments designed to analyze the specific-
ity of LDL-In binding demonstrate that (a) LDL-In
is 13.7-fold more effective than whole LDL in block-
ing the subsequent binding of 1251-LDL-In to cells;
and that (b) LDL is 11-fold more effective than LDL-
In in blocking the binding of 125I-LDL. This is con-
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sistent with the degree of contamination of each lipo-
protein with the other lipoprotein. An independent
identity of the LDL-In receptor is also supported by
observations that in contrast to the previously de-
scribed LDL receptor, synthesis and expression of the
LDL-In receptor on lymphocytes are not suppressed
by cultivation of the cells in the presence of 25-
hydroxycholesterol and cholesterol. These findings
suggest the existence of a previously undescribed and
discrete receptor on lymphocytes for LDL-In, and that
the modulation of lymphocyte function by LDL-In
may be mediated by a specific cell surface receptor
pathway.

INTRODUCTION

Cell surface membrane receptors serve as specific
recognition sites for the regulation of cellular metab-
olism by certain exogenous signals. Although a variety
of molecules interact with surface receptors, serum
lipoproteins have only recently been shown to partici-
pate in surface receptor-dependent bioregulatory
phenomena. Low density lipoprotein (LDL),1 the first
described bioregulatory lipoprotein, has been shown to
regulate cholesterol biosynthesis in vitro (1, 2). LDL,
which binds with high affinity to specific cell surface
membrane receptors, appears to be internalized by a
process resembling endocytosis and subse(uently

I Abbreviations used in this paper: BSA, bovine serum al-
bumin; DS, Dulbecco's phosphate-buffered saline; E recep-
tor, nonimmune lymphocyte receptors for SRBC; FCS, fetal
calf serum; HDL, high density lipoprotein; LDL, low density
lipoprotein; LDL-In, low density lipoprotein inhibitor;
LPDS, lipoprotein-depleted serum; PBL, human peripheral
blood lymphocytes; PBM, human peripheral blood mono-
nuclear cells; PHA, phytohemagglutinin; RIF, rosette in-
hibitory factor; SRBC, sheep red blood cells.
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transported to lysosomes where the cholesterol ester
component of LDL is hydrolyzed and the resultant
unesterified cholesterol released. This cholesterol
then reduces the cellular biosynthesis of unesterified
cholesterol by regulating the activity of a rate-con-
trolling enzyme.

Independent studies of humoral factors that in-
fluence lymphocyte function have led to the recogni-
tion of two subsets of LDL that also possess bioregula-
tory properties, namely: (a) rosette inhibitory factor
(RIF), and (b) low density lipoprotein inhibitor (LDL-
In). RIF, first discovered in some sera from individuals
with hepatitis virus infection, is an inducible minor
species of serum LDL capable of metabolically regulat-
ing the functional capacity of human thymus-
derived lymphocytes to bind to sheep red blood cells
(SRBC) via the E receptor (3, 4). RIF, which appears to
possess an unusual apolipopeptide composition, binds
with very high affinity to a limited number of lympho-
cyte surface receptors (RIF receptors) that are inde-
pendent of the E receptor (3, 4).

LDL-In was subsequently identified by us in nor-
mal human serum by its capacity to suppress human
lymphocyte responses to mitogen and allogeneic
cells in vitro (5). Wehave suggested that LDL-In may
represent a normal physiologic repressor of lympho-
cyte activation (6). LDL-In that has been partially
purified from whole LDL appears to represent a rela-
tively minor species of serum LDL (5). The biological
effect of human LDL-In on lymphocytes is not species
specific because isolated LDL-In suppresses both
murine mixed lymphocyte reactions (6) and the primary
generation of murine cytotoxic T cells in vitro (7).
Administration of less than 10 pmol of human LDL-In
to mice induces a significant suppression of the pri-
mary cytotoxic T-cell response (7). The bioregulatory
effects of LDL-In are temporally dependent and only a
transient exposure of lymphocytes to LDL-In is re-
quired to suppress their subsequent stimulation by lec-
tins or allogeneic cells (5, 6). Furthermore, the regula-
tory effects of LDL-In are selective in that LDL-In
appears to influence only the primary inductive events
required for lymphocyte stimulation (5-7).

Recent evidence has identified the lymphocyte rather
than the macrophage as the primary target of LDL-In-
mediated immunoregulation (8), and it is now appro-
priate to ask whether or not a cellular receptor is in-
volved in the initial steps of LDL-In-mediated regula-
tion. This study is addressed to the interaction of LDL-In
with human lymphocytes and the identification of a dis-
crete saturable cell surface receptor for this immuno-
regulatory molecule.

METHODS
Cells. Peripheral blood mononuclear cells (PBM) from

normal donors were isolated from heparinized venous blood

by a modification of the method of Boyum (9). Blood was
diluted with an equal volume of RPMI-1640 (Grand Island
Biological Co., Grand Island, N. Y.), and 10-ml aliquots
layered onto 3 ml of Ficoll-Hypaque (1.074 g/cm3; Pharmacia
Fine Chemicals, Piscataway, N. J.). After centrifugation at
2,260 g (at the interface) for 6 min at 20°C, the mononuclear
cells were harvested from the interface, mixed with 20 ;tl of
1% washed homologous carrier erythrocytes, washed three
times with RPMI-1640, and recovered by centrifugation at
1,200 g for 5 min at 20°C. Cells were resuspended in
complete medium consisting of RPMI-1640 supplemented
with 100 U/ml penicillin, 50 ,ug/ml streptomycin, 2 mM
glutamine, and 10% (vol/vol) fetal calf serum (FCS). Yields
of >75% that contained 83-90% lymphocytes, 10-15%
monocytes, and <2% polymorphonuclear leukocytes were
obtained. Viability was >98% in all cases.

Peripheral blood lymphocytes (PBL) to be used in the bind-
ing assays were prepared from PBMresuspended to a final
concentration of 2 x 106/ml in complete medium containing
10% (vol/vol) lipoprotein-depleted serum (LPDS). 20-ml
aliquots were then transferred to plastic tissue culture
flasks with a 75-cm2 growth area (Falcon Plastics, Div. of
BioQuest, Oxnard, Calif.) and maintained at 37°C in humidi-
fied 5% CO2 in air. When present, the sterols, cholesterol
and 25-hydroxycholesterol (Steraloids, Inc., Pawling, N. Y.)
were added in absolute ethanol (final volume 0.5% or less).
Lymphocytes were recovered after 48-72 h of culture.
Viability was >96% with more than 98% of the cells identi-
fied as lymphocytes by cytologic criteria and the peroxidase
(10) reaction.

Lipoprotein isolation. Serum LDL (d 1.006-1.063
gm/cm3), high density lipoproteins (HDL; d 1.063-1.215
g/Cm3), and LPDS (d > 1.215 g/cm3) were isolated from
pooled normal human sera according to standard ultra-
centrifugation flotation techniques in a Beckman 45-Ti rotor
(Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.)
using solid KBr for density adjustment (11). LDL-In, purified
>70,000-fold relative to serum proteins, was purified from
pooled normal human serum by dextran sulfate precipita-
tion followed by density gradient ultracentrifugation in NaCl
and molecular exclusion chromatography on a 2.5 x 85-cm
column of Biogel A-15 (200-400 mesh; BioRad Laboratories,
Richmond, Calif.) (5). As described previously, LDL-In is
characterized by a mean buoyant density lower than the peak
density of total LDL and as currently isolated represents a
subset of serum whole LDL (5). The absolute degree of
purity relative to whole LDL cannot be assessed in the ab-
sence of a quantitative means of analysis for LDL that is
not LDL-In; however, preparations are purified 25- to 80-fold
relative to whole LDL using immunosuppressive activity as
the criterion. Ouchterlony analysis in gel demonstrated the
presence of apolipoprotein chains B and D but not of A,
Al, C1, C11, or CI11 by precipitation formation. Other major
serum proteins were not demonstrable with antisera to
albumin and IgG. Negatively stained preparations, examined
in a Hitachi 1I-E electron microscope (Hitachi Ltd., Tokyo,
Japan) at 75 keV on a carbon-coated Forminar film demon-
strated spherical particles of 246±26 A diameter (n = 50)
that are not morphologically distinguishable from whole
LDL (160-260 A) other than the greater mean diameter.

Isolated preparations of LDL, HDL, LPDS, and LDL-In
were dialyzed against lipoprotein buffer (0.15 M NaCl,
0.05 mMEDTA, 0.0005% alpha-tocopherol, pH 7.4). Prepara-
tions were analyzed by double diffusion in gel with mono-
specific rabbit antisera to human albumin, IgG, beta lipo-
protein, and alpha lipoprotein as indicators of the presence
of appropriate and of contaminating serum proteins. Prepara-
tions devoid of detectable contaminants were stored at
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4°C in lipoprotein buffer. Protein concentrations were de-
termined by the method of Lowry et al. (12) using an albumin
standard, and lipoprotein concentrations are expressed as
micrograms protein per milliliter. The LPDS contained
< 10 ,ug/ml total cholesterol as determined by Abell's
modification (13) of the method of Liebermann and Burchard.

Iodination. 100 ,ug of LDL or LDL-In were labeled
with 2 mCi of 1251 (17 Ci/mg; New England Nuclear, Boston,
Mass.) using critically limited oxidation with 5 ,ug of chlora-
mine T (14). About 4% (3.0-4.8%) of 1251 was incorporated.
After extensive dialysis against lipoprotein buffer and de-
termination of protein concentration, the radiolabeled lipo-
proteins were chromatographed on a 1.5 x 30-cm column of
BioGel A-5, 200-400 mesh (BioRad Laboratories) in lipo-
protein buffer containing 1% bovine serum albumin (BSA);
and the radiolabeled lipoproteins recovered in the void peak.
Greater than 94% of the radioactivity was precipitated by
incubation for 30 min in 15% trichloroacetic acid at 90°C,
7% or less was extracted into 20 vol of 3:1 ethanol-ether
(15). More than 95% of the trichloroacetic acid-soluble
radioactivity was identified as free iodide by chloroform
extraction according to Bierman et al. (16). Mock-iodinated
LDL-In, prepared using the same number of moles of iodide
ions containing trace 1251 (sp act 0.17 Ci 1251/mg), was
similarly characterized.

Lymphocyte-suppressive activity. Lipoprotein prepara-
tions were assayed for biological activity by measuring the
suppression of phytohemagglutinin (PHA)-induced lympho-
cyte responses in vitro as described previously (5, 8).
24 h after incubating serial dilutions of LDL-In or LDL with
1 x 105 PBM in 250-,ul microcultures in complete medium,
10 ,g PHA-M (Difco Laboratories, Detroit, Mich.) was
added. 1 uCi [3H]Methylthymidine (2 Ci/mM; ICN Pharma-
ceuticals, Inc., Cleveland, Ohio) was added 72 h after
initiation of the cultures, and the cells were harvested with a
MASH I unit (Microbiological Associates, Walkersville,
Md.) 18 h later. Washed cells were transferred on filter
disks to 3 ml of toluene-based Omnifluor (New England
Nuclear) and the beta emission measured in a liquid scintilla-
tion counter (65% efficiency for 3H). Cultures containing
both 125I-LDL-In and [3H]thymidine were counted in both
gammaand beta counters. Experimentally obtained 3H counts
from these cultures were corrected to true 3H counts by sub-
traction of the 1251 contribution as estimated from a standard
curve obtained by counting 1251 standards in the 3H window of
the beta counter. Thymidine uptake, expressed as observed
cpm, was used as the index of lymphocyte response; and
percent inhibition was calculated from percent uptake
relative to control cultures containing no LDL-In. In all
experiments, unstimulated cultures incorporated <400 cpm.
Preparations of LDL-In used in these experiments had
specific biological activities of 3-8 ,zg/ml. Biological activity
is defined as the concentration of lipoprotein protein required
for 50% suppression of [3H]thymidine uptake (5).

Lipoprotein binding assays. The binding of LDL-In to
PBL was analyzed by a modification of the techniques of
Ho et al. (2). After cultivation for 48 h in complete RPMI-
1640 medium containing 10% (vol/vol) LPDS, the lympho-
cytes were harvested by centrifugation at 1,200 g for 5 min
at 20°C. Carrier erythrocytes were lysed by incubation for
30 min at 37°C in 0.14 M NH4Cl, 0.015 M tris, pH 7.2; and
the lymphocytes washed twice in ice-cold Dulbecco's phos-
phate-buffered saline (DS) containing 100 ,uM CaCl2 and 20
mg/ml bovine serum albumin (DS-BSA). Subsequent steps
were carried out at 4°C unless otherwise noted. Portions of
the cell suspension (4-5 x 106 cells) were added to 1.2-ml
silicone-coated polycarbonate tubes, centrifuged for 2 min at
1,000 g and the supernate discarded. Assays were conducted

in duplicate at a final reaction volume of 100 j.d, which
included the cells, 50 IlI DS-BSA, 1251-LDL, or 1251-LDL-In
in DS, and competing unlabeled lipoprotein in DS when
present. Binding assays performed to assess the effects on the
lymphocytes of prior incubation in the presence of 24-hy-
droxycholesterol and cholesterol were carried out in plastic
tissue culture flasks with a 25-cm2 growth area (Falcon
Plastics) for 5 h at 37°C. These assays were conducted in
duplicate at a final reaction volume of 2.0 ml, which included
the cells at 2 x 106/ml in complete medium containing 10%
(vol/vol) LPDS, and 50 ul of the labeled ligand in DS. La-
beled and unlabeled lipoprotein preparations were centri-
fuged at 7,000 g for 5 min immediately before use. After incu-
bation, the cells were collected by the addition of 1.0 ml of
DS-BSA and centrifugation at 7,000 g for 5 min. The cell
pellet was washed with 1.0 ml of DS-BSA, immediately
centrifuged at 7,000 g for 3 min, resuspended in 100 ,ul of
DS-BSA, layered onto a second tube containing 1.0 ml of
100% FCS, and recentrifuged at 7,000 g for 5 min. The
radioactivity of the recovered cell pellets was determined
in a gamma counter, and the pellets hydrolyzed by
incubation overnight at 370C with 0.5 ml 0.1 N NaOH. The
protein content was determined by the method of Lowry et
al. (12) using BSA standards, and results are expressed as
nanograms of '25I-LDL-In or 1251-LDL protein bound per
milligram cell protein.

Proteolysis and regeneration of surface receptors. After
cultivation in LPDS for 48 h, 8 x 107 PBL were washed
four times with Puck's saline G (Grand Island Biological
Co.) at 20°C, and 40 x 106 cells (4.0 ml) treated with 100
,.g recrystallized trypsin (190 U/mg; Worthington Biochem-
ical Corp., Freehold, N. J.). After 10 min of incubation at
37°C, trypsin-treated and control cells were washed twice
with 40 ml of cold DS-BSA and resuspended to a concen-
tration of 2 x 106/ml in complete media containing 10%
LPDS. The cells were incubated at 37°C in .5% CO2 in air.
Aliquots of control and trypsin-treated cells were removed
at the times indicated and assayed f'or their capacity to
bind 125I-LDL-In and to form E rosettes. Viability was
>94%, and 87% of the cells were recovered.

E receptor assay. Human T lymphocytes positive f'or E
receptors were assayed by adherence to neuraminidase-
treated SRBC(4). The PBL (1 x 106 in 0.5 ml) were washed
twice in Puck's saline G by centrifugation at 1,000 g for
2 min. The washed pellet was mixed with 0.1 ml of a 1%
suspension of' neuraminidase-treated SRBC, immediately
centrifuged at 400 g for 5 min, and maintained at room
temperature for 15 min. Wet mounts were prepared by adding
5 ,ul of 0.02% trypan blue, gently resuspending the cells
and transferring them to a microslide. 400 viable lymphocytes
were counted and scored as positive if three or more SRBC
adhered to each lymphocyte.

Immunofluorescent assays. The presence of' LDL or
LDL-In on the surface of viable PBL grown in LPDS
after incubation with up to 280 ,ug/ml LDL-In f'or 4 and
24 h at 4° or 37°C was assayed: (a) by direct immtino-
fluorescent antibody assays using fluorescein isothiocyanate-
coupled IgG from high titer antiserum produced by im-
munizing rabbits with LDL-In, and (b) by indirect assays
using either rabbit antisera to LDL or LDL-In, or fluores-
cein isothiocyanate-coupled rabbit antisera to LDL-In fol-
lowed by fluorescein isothiocyanate-coupled IgG fraction of'
goat anti-rabbit IgG. Direct assays were perf'ormed at 40C,
and reagents prepared as described for surface immuno-
globulin (4). Indirect assays employed 30-min reaction
periods at 40C for both the first and the second antibody.
The sensitivity of the assays was determined by coupling
LDL-In to Affi-Gel 10 beads (BioRad Laboratories) which
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were substituted f'or the cells in preliminary experiments.
Beads conjugated with as few as 86 molecules of LDL-In/
,um2 area of bead surface were positive using the indirect
assays. This provides an estimated sensitivity of <13,000
molecules per lymphocyte based on an observed mean
diameter of 7.1 ,um and a relatively smooth surface at 4°C
to yield a mean surface area of 160 Am2/lymphocyte.

Calculations and statistical analyses. The number of
cells present in binding assays was calculated from parallel
analyses of cellular protein, typically 1.92 x 107 cells/mg
cell protein. The molar content of LDL or LDL-In was
calculated from an estimated molecular weight of 2.5 x 106
and an estimated composition of 22% protein, 78% lipid (5,
17). Inhibition slopes, calculated by best fit/least square linear
regression analysis of the observed data, were performed ac-
cording to Goldstein (18) with a HP-2000F computer and
represent 1251-lipoprotein bound per milligram cell protein
vs. log,0 of competing lipoprotein protein. Points on the
Scatchard plots were analyzed for error variance. Significance
of linear regression slopes was determined in both directions
from the error variance using double-tailed Student's t tests
(18). Mean binding affinity (K) of the ligand-receptor system
at half saturation of receptor sites was calculated from K
= (Lb-Rb)/(Lf)(Rf), where (Lb-Rb) is the molar concentration
of bound ligand-receptor complex, (Lf) is the molar concen-
tration of free ligand, and (Rf) is the molar concentration of
free unoccupied receptor.

RESULTS

Biological activity of iodinated LDL-IN. 1251-LDL-
In was used as a receptor probe in identifying and
characterizing a lymphocyte surface receptor for LDL-
In. Because this method may be valid only if the pres-
ence of an iodine atom on LDL-In does not interfere
with biological activity, we compared I LDL-In pre-
pared with sodium iodide containing trace (1% mol/
mol) 1251 to noniodinated LDL-In for its capacity to
suppress the response of PBM to PHA stimulation
(Fig. 1). The specific suppressive activity of I LDL-
In containing 0.98+±0.05 atoms of iodine per molecule

100-

75-
E

~50-

25,

1 3 10 30 100 300
Lipoproteins A Ig/ml

FIGURE 1 Suppression of PHA-stimulated PBMcultures by
normal serum lipoproteins. The biological activity of LDL-In
(O 0) containing 0.98 mol of I per mole of LDL-In is
compared with noniodinated LDL-In (- 0) and nonio-
dinated whole LDL isolated by sequential ultracentrifugation
(A A). Mean [3H]thymidine uptake of control cultures
= 57,303 cpm. Lipoprotein concentrations expressed as mi-
crograms protein per milliliter.

was 6 ,ug/ml, which was equal to that of noniodinated
LDL-In. The specific suppressive activity of total LDL
isolated by sequential ultracentrifugation is also shown
in Fig. 1, and gave 50% suppression at a 24-fold lower
specific activity (150 ,ug/ml).

Characterization of the binding reaction. XVhen
LDL-In containing 0.98 atoms of 1251 per molecule was
incubated with human PBL, initial rapid binding oc-
curred within approximately 5 min. This was followed
by a second and slower binding phase. For example,
when 14.5 ug/ml of 1251-LDL-In was incubated with
4-5 x 106 PBL/ml, at 4°C, equilibrium conditions were
achieved within 40-50 min (Fig. 2). In contrast, at
37°C equilibrium conditions were not observed within
an equivalent time period. Instead, binding progressed
linearly for more than 24 h (not shown). The proba-
bility that the 1251-LDL-In was internalized after bind-
ing to the cell, rather than accumulated at the surface,
was suggested by direct and indirect immunofluores-
cent assays. After incubating the cells with 280 ,ug/ml
LDL-In at 370 or 4°C for 4 h, neither LDL nor LDL-
In could be detected on the lymphocyte surface, al-
though by reference to standard beads with covalently
attached LDL-In, an estimated 86 molecules/,4m2 of
surface area were detectable by fluorescence. From
these data it appears unlikely that cell-associated
LDL-In progressively accumulates on the cell surface.

Binding of 125I-LDL-In by lymphocytes was en-
hanced threefold when cells had been cultivated for
48 h in the absence of exogenous lipoproteins, as
shown by comparing PBL precultured in LPDS to
whole FCS (Fig. 2). Surface-bound LDL-In was also
not demonstrable by immunofluorescent assays. The
approximate number of LDL-In molecules bound per
lymphocyte at 4°C was derived from the saturation
levels at 60 min. When PBL were cultured for 48 h
in medium containing FCS, approximately 876 mole-
cules of LDL-In were bound per cell, whereas after
the same time in medium containing LPDS approxi-
mately 2,410 molecules of LDL-In were bound per
cell. This suggests that the number of detectable LDL-
In receptors may be influenced by lipoproteins pres-
ent as a serum constituent of the medium.

The binding of '251-LDL-In to lymphocyte is influ-
enced by calcium concentrations. Minimal levels of
binding were observed in the presence of <30 ,M
Ca++, whereas binding of 1251-LDL-In increased 10-
fold when Ca++ was increased to 100 ,M (Table I).

Effect of trypsin. Evidence that the saturable bind-
ing of LDL-In by lymphocytes is mediated by a cell
surface receptor was provided by demonstration of the
decreased binding of 1251-LDL-In by lymphocytes after
limited proteolysis of the cells with trypsin. Chisari
et al. (19) have demonstrated that incubation of lym-
phocytes at 37°C for 10 min with 25 ,ug trypsin/ml com-
pletely abrogates E rosette formation. The trypsin-
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FIGuRE 2 Binding of 125I-LDL-In to PBL. The effect of time, temperature, and preculture. All
PBL were cultured for 48 h in either LPDS or unfractionated FCS before assay of 1251-LDL-In
binding. All points represent the mean of duplicate assay tubes containing approximately 4
x 10 cells (194-292 ,ug total cell protein) in DS-BSA. 14.5 ,ug/ml of 1251-LDL-In (317 cpm/ng)
was added and the tubes incubated at either 4° or 37°C for the times indicated after which the
total amount of 125I-LDL-In bound to the cells was determined as described in Methods.

treated cells regenerated the ability to form E rosettes
upon subsequent culture. Weused the same conditions
to demonstrate removal and regeneration of the ca-
pacity to bind 125I-LDL-In. After trypsin treatment, E
receptor-positive lymphocytes decreased 100% from
53.4+3.5% to 0, and the binding of 1251-LDL-In de-

TABLE I
Influence of Calcium Ions on the Binding* of

LDL-In by Lymphocytest

CaCI2 125I-LDL-In bound

ILM nglml cell protein

10 4.3
20 4.7
30 6.3
50 11.9
70 22.0

100 48.0
130 45.2

* The binding assay was carried out at 4°C for 60 min with
10.5 ,ug/ml of 1251-LDL-In (453 cpm/ng).
t Cells cultured in 10% LPDS for 48 h before assay.

creased 76% from 34.05±+1.15 to 8.18+0.59 ng bound/
mg cell protein. When cultured in complete media
containing 10% LPDS, these same lymphocytes regen-
erated both receptors; however, the rate of regenera-
tion differed significantly (Fig. 3). An estimated half
regeneration time of 3.6 h was calculated for LDL-In
receptor in contrast to 13.6 h for E receptor.

Binding affinity. To estimate the number of LDL-
In receptors per lymphocyte, the binding of 125I-LDL-
In by lymphocyte receptors at 4°C was permitted to
reach equilibrium at a series of 125I-LDL-In concen-
trations between 5.3 and 26.6 ,ug/ml. The number of
receptors per lymphocyte was then calculated from a
modified Scatchard plot (Fig. 4). Extrapolation to sat-
uration (bound/free = 0), gave an estimate of 22.12 ng
LDL-In protein bound per 5 x 106 lymphocytes. As-
suming that the receptor is a single molecular complex
or molecule capable of interacting with LDL-In in an
equimolar fashion, the number of saturable receptor
sites per lymphocyte was estimated at 4,860+456. Half
saturation of this calculated number of receptors oc-
curred at a free LDL-In concentration of 68.2 nM.
From these values the mean binding affinity (K) was
estimated to be approximately 1.47 x 107 liters/mol.
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Binding specificity. The specificity of binding was
evaluated in sequential competitive inhibition or
blocking experiments we refer to as prior site occu-
pancy studies. An unlabeled ligand was incubated with
the lymphocytes at 4°C for 60 min and without wash-
ing, then incubated for an additional 60 min after the
same or the alternate radiolabeled ligand had been
added. The validity of these experiments in determin-
ing binding site specificity is based upon the assump-
tion that the first ligand, if bound to the cell, will re-
main associated and will not be released during in-
cubation with the radiolabeled second ligand. Stability
of the association of cell-bound 1251-LDL-In at 4°C, and
the rate of its exchange with free LDL-In was there-
fore determined. As shown in Table IL, the amount of
1251-LDL-In bound to the cell during the first incuba-
tion was not decreased after a second incubation of
up to 90 min in the presence of 23.3 ,ug/ml of LDL-In.

100-

175/I-LDLOIn Binding

= 50- nSRBC Binding

= /

= 25-

8

Hours in Culture
FIGURE 3 Regeneration of trypsin-sensitive PBL surface
membrane receptors. The binding of '251-LDL-In and percent
of E-receptor positive PBL were assayed as described after
limited trypsin treatment and incubation at 37°C in complete
media containing 10% LPDS. Mean untreated E rosette-
positive PBL, 53.4+3.5%; mean untreated 1251-LDL-In bind-
ing, 34.05±+1.15 ng/mg cell protein.
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FIGURE 4 Estimation of number of molecules bound by
PBL at saturation from Scatchard plot of 125I-LDL-In binding.
Cells precultured 48 h in LPDS before assay. Between 5.3
and 26.6 ,ug/ml of 125I-LDL-In (658 epm/ng) was added to
5 x 106 PBL, allowed to incubate for 60 min at 4°C, and the
cells harvested as described. Extrapolation of the linear re-
gression line to bound/free of zero results in 22.12+2.08 ng
1251-LDL-In bound to 5 x 106 PBL or 4,860+456 receptors
per cell.

Because the rate of exchange between bound and
free ligand was insignificant, the dissociation constant
is extremely high, and the use of prior site occupancy
appears to represent a valid approach to determining
receptor specificity. When PBL were incubated with
LPDS or purified HDL (5.8 mg/ml) for 60 min at 4°C,
the subsequent binding of 1251-LDL-In was not dimin-
ished (Fig. 5a). Homologous LDL-In inhibited the
subsequent binding of 125I-LDL-In, and 50% inhibition
was observed at 67 ,ug/ml. An equal concentration of
total LDL was without effect (Fig. 5a). In fact, a 13.4-
fold greater concentration of total serum LDL (900
,ug/ml) was required to occupy 50% of the 125I-LDL-
In binding sites. The inhibition slopes for LDL (-17.4)
and LDL-In (-19.7) (Fig. 5a) were not statistically
different (P = 0.4). This is consistent with the concept
of prior site occupancy by molecules of similar affinity
for the same binding site, but by molecules that are
present at different concentrations.

TABLE II
Stability of Association of Lymphocyte-Bound 1251-LDL-In

and its Rate of Exchange with Free LDL-In at 4°C*

Time of reaction sequence, min
ng 125I-LDL-In

2'I-LDL-Int, LDL-In, bound/mg
100 ±g/ml 23.3 Ag/ml cell protein

60 0 38.3±3.2
60 30 46.1±4.1
60 60 44.2±6.5
60 90 37.7±5.8

* Cells eultured in 10% LPDS for 48 h before assay.
t 715 cpm/ng.
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FIGURE 5 The ability Of lipoproteins to inhibit the subse-
(Iuent binding of 125I-labeled lipoproteins. All PBL were cul-
tured for 48 h in LPDS before assay. Points represent the
mean of duplicate assays containing approximately 5 x 106
PBL (187-302 ,ug total cell protein) in DS-BSA. Tubes were
incubated f{r 60 min at 4°C with competing lipoprotein be-
fore the addition of labeled ligand which in Fig. 5a is 1251_
LDL-In at 23.3 ,ug/ml (658 epm/ng) and in Fig. Sb is '25I-LDL
at 23.3 ,ug/ml (757 epm/ng). After an additional 60 min at 40C
the total amount of 1251 bound was determined as described
in Methods. Circled dots indicate points used for calculation
of linear regression slopes.

A receptor for LDL has been identified on human
lymphocyte lines (2) as well as PBL (20). To deter-
mine whether the receptor for LDL and LDL-In is
identical, whole LDL isolated by classic sequential
ultracentrifugation was radiolabeled under conditions
identical to those used for LDL-In. The capacity of
unlabeled LDL and LDL-In to occupy receptor sites
and inhibit the subsequent binding of '251-LDL was
then analyzed. Representative results, illustrated in
Fig. 5b, indicate that LDL-In does not preferentially
occupy the LDL receptor. In the homologous reaction,
LDL inhibited the subse(luent binding of 1251-LDL by
50% at 120 Ag/ml, whereas an equal concentration of
LDL-In was without effect (Fig. Sb). A 10-fold greater

concentration of LDL-In was required to occupy 50%
of the '251-LDL binding sites. In contrast to the inhibi-
tion slopes shown in Fig. 5a, the inhibition slope for
LDL-In (-13.6) is significantly less than that observed
for LDL (-21.3), and the two slopes are nonidentical
(P < 0.005) by analysis of variance.

Inasmuch as the prior site occupancy experiments
s,uggest that the LDL-In and the LDL receptors are
not identical, additional evidence to support this con-
clusion was sought. The inclusion of 25-hydroxycho-
lesterol (2 ,ug/ml) and cholesterol (16 ,uglml) in the
lipoprotein-deficient preincubation medium has been
demonstrated (20) to prevent the appearance of en-
hanced receptor-mediated degradation of 125I-LDL by
PBL presumably by suppression of synthesis of the
LDL receptor. By using this experimental maneuver,
we compared the amount of 1251-LDL and 1251-LDL-
In bound in 5 h at 37°C by PBL cultured for 48-72 h
before assay in complete medium containing 10%
LPDS and these sterols. Three representative experi-
ments are summarized in Table III. As predicted, in-
cubation of the PBL for 48 h in LPDS in the presence
of 25-hydroxycholesterol (2-10 ,ug/ml) and cholesterol
(16 ,tg/ml) resulted in marked attenuation of the bind-
ing of 1251-LDL. However, these same conditions had
no discernible effect on the quantity of 125I-LDL-In
bound by these lymphocytes.

TABLE III
Effect of Sterols on the Enhancement of Binding Observed

twith Prior Culture of the PBL in LPDS*

Total ng bound/mg
Experi- Prior cell protein
ment 25-hydroxy- culture

ntumber cholesterolI period Input LDL LDL-In

Zglml h puglml

A 0 48 10§ 146+30 ND"
2 48 10 85+1 ND
5 48 10 72+1 ND

10 48 10 57±4 ND

B 0 48 10§ 152±5 219±16
10 48 10 45±11 188±31

C 0 72 4.7¶ ND 40±8
2 72 4.7 ND 33+3

10 72 4.7 ND 42+4
20 72 4.7 ND 60+8

* The binding assay was carried out at 37°C for 5 h.
Control cultures contained 10% LPDS, plus 0.5% vol/vol

ethanol; all cultures that contained 25-hydroxycholesterol
also contained 16 Ag/ml cholesterol.
§ Sp act 200 epm/ng.
¶ Sp act 568 epm/ng.

ND, not done.
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DISCUSSION

Demonstration of the existence of a limited number
of saturable lymphocyte receptors with a moderately
high binding affinity for LDL-In, an immunoregulatory
species of serum LDL (5-8), lends credence to a po-
tential physiologic role for this lipoprotein and suggests
that a cell surface receptor might be implicated in the
cellular pathways responsible for the phenotypic ex-
pression of its effect on lymphocytes. The evidence
presented in this study supports the existence of a re-
ceptor for LDL-In on the surface of lymphocytes. As
suggested by Cuatrecasas and Hollenberg (21), a num-
ber of criteria must be fulfilled to convincingly sup-
port the existence of a cellular receptor. In this study,
we have provided four lines of evidence that imply
a receptor-mediated association between LDL-In and
lymphocytes. First, binding is temperature dependent,
calcium ion dependent, and occurs with reasonably
high affinity (K = 1.47 x 107 liters/mol) at reasonably
low molar concentrations (e.g. 50% binding occurs at
0.2 nM), all of which favor specific rather than non-
specific interactions. Second, the binding can be in-
hibited by proteolysis of the lymphocyte surface with
trypsin and then regenerated to control levels, which
implies that binding involves a trypsin-sensitive sur-
face protein. Third, the kinetics of binding are ap-
plicable over the range in which LDL-In is capable
of eliciting a biological response both in vivo and in
vitro. Fourth, unlike HDL or other serum protein,
LDL-In specifically competes with 1251-LDL-In for
binding to the lymphocyte.

In an attempt to define the optimal conditions for
binding of LDL-In, it was found that cells growiY in
LPDS bind more LDL-In than cells grown in whole
serum. There may be two reasons. First, wNhole serum
contains LDL-In in equilibrium with cell surface-
bound LDL-In that may partially saturate available
LDL-In receptors. The 1251-LDL-In ligand would be
required to compete for receptors, thus diminishing
the binding of 1251-LDL-In. In contrast, cells growin
in LPDS for 48-72 h should have little if any resid-
ual cell-bound LDL-In occupying available cellular
receptors. Second, information regarding the binding
of LDL by fibroblasts indicates that bound and inter-
nalized LDL not only reduces the biosynthesis of cho-
lesterol, but also regulates the surface density of the
LDL receptor (22). Analogously, LDL-In present in
serum may regulate the cell surface density of its own
receptor. The contribution of each of these mechanisms
remains to be determined.

The binding of LDL-In is facilitated by Ca++, which
implies a degree of specificity. Adding up to 100 ,uMI
Ca++ significantly augments the binding of LDL-In,
whereas further amounts do not (Table I). These find-
ings are particularly relevant in light of the recent ob-

servations by Dana et al. (23) that the specific binding
of 125I-LDL to nonsiliconized glass is Ca++ independ-
ent. The calcium requirement is also dependent upon
the concentration of added 1251-LDL-In, and is typified
by the observation that at higher LDL-In concentra-
tions the calcium dependence is less evident (data not
shown).

Lymphocytes readily bind LDL-In at concentrations
of 2-10 ,g/ml even though albumin is present in ex-
cess (400-fold by mass or 136,000-fold by molar con-
centration) in the reaction medium, and the cells are
subsequently sedimented through FCS. This suggests
that binding is specific and not simply a nonspecific
adsorption phenomenon.

Finally, binding of LDL-In is saturable under con-
ditions that arrest the metabolic activities of the cell,
i.e., low temperature. The observation that saturable
binding could not be demonstrated at 370C and that there
is a progressive linear association of LDL-In with the
lymphocytes suggests internalization similar to that de-
scribed for LDL (2, 24). This interpretation is further
supported by our failure to detect LDL-In accunmula-
tion at the surface of viable cells. Although at least
10,000 molecules can be anticipated to bind per cell
within the 1st h (estimated from data in Fig. 2), neither
LDL nor LDL-In could be visualized bv immuno-
fluorescence. 24 h later, when more than 100,000 mole-
cules ought to be detectable per cell, LDL-In could
still not be visualized at the surface of viable cells.
Cell-associated LDL-In remained at all tinmes below
the limits of visualization which we estimate at < 13,000
molecules/cell. Metabolic-dependent internialization
of receptor bound '25I-LDL-In such as described for
LDL (2, 24) could reasonably account for these ob-
servations, and is the subject of a currenit studv of the
cellular catabolism of LDL-In.

More than 75% of the binding of LDL-In to lvm-
phocytes at 4°C was abrogated by limited strippinig
of the cell surface proteins with trypsin. This does niot
appear to be artifactual because in cultture the samile
cells regenerate LDL-In receptors and E receptors de
novo. These data suggest that lymphocytes are capable
of synthesizing and inserting a specific LDL-In binding
protein in their cell membrane.

Demonstration that certain structurallv related mole-
cules can coimpete with the binding of LDL-In
whereas others cannot, further serves to identify a spe-
cific receptor binding process. HDL at 5.8 mig/mil (a
500-NI excess), which is not immunoregulatory at phys-
iologicallv significant concentrations (5, 6), does not
block the binding of 1251-LDL-In to lymphocytes, bt
500 ,Lg/ml of whole LDL does (Fig. 5a). Although less
efficient than LDL-In, the limited capacity of whole
LDL to compete for the binding of 1251-LDL-In can
be explained in two ways. First, LDL-In is a minior
subset of LDL and is present in preparations of LDL.
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Second, all LDL molecules or a subset may be bound
less efficiently by the LDL-In binding site. Because
LDL contains LDL-In (5), a comparison of the binding
curves (Fig. 5a) suggests that the concentration re-
quired for inhibition of binding of the I25j-LDL-In
ligand would occur if 7.3% of the LDL preparation
were LDL-In. This estimated percentage does not dif-
fer greatly from the 4% LDL-In content of LDL re-
quired to account for the immunosuppressive prop-
erties of this preparation of LDL (Fig. 1). Further
evidence that the LDL-In present in total LDL may
be responsible for the observed binding of LDL to
the 125I-LDL-In receptor is the statistically significant
identity (P < 0.005) of the inhibition slopes of LDL
and LDL-In (Fig. 5a).

If LDL-In is a discrete subset of LDL, then is the
receptor responsible for the binding of LDL-In iden-
tical to the LDL receptor or are there two distinct and
independent receptors on PBL? If only one receptor
exists, then according to the results of the prior site
occupancy experiments (Fig. 5a), LDL-In represents
a selected subset of LDL molecules with an affinity
greater than whole LDL for the LDL receptor. In this
case, LDL-In should also occupy this single receptor
more efficiently when the radiolabeled ligand is 1251_
LDL. If there are two independent receptors, one for
LDL and another for LDL-In, then LDL-In would
either not compete for the LDL receptor or, at the
very least, compete less efficiently for the LDL re-
ceptor. A distinction between a one- vs. a two-receptor
hypothesis is possible from analysis of the binding of
LDL and LDL-In to the 1251-LDL receptor (Fig. 5b).
LDL-In does not inhibit the subsequent binding of

1251-LDL to the LDL receptor as efficiently as LDL.
These results support a two-receptor hypothesis. How-
ever, LDL-In is capable of saturating LDL receptor
sites (Fig. 5b), and complete saturation is achieved at
very high concentrations (10 mg/ml). If the LDL-In prep-
aration used in these experiments contained only 4%
LDL, and this LDL contaminant were responsible for
occupancy of the LDL receptor, the slopes would be
identical. The lack of identity suggests that LDL-In
might also be bound at lower affinity by the LDL re-
ceptor.

The net binding and the blocking by each of the
lipoproteins are tabulated for comparison in Table IV.
This supports the hypothesis that just as the two
ligands, LDL and LDL-In, do not appear to be identi-
cal, their respective binding sites on the lymphocyte
surface are also not strictly identical. The hypothesis
that one receptor binds both ligands is inconsistent
with the observation that at a concentration of 400 ,ug/
ml, LDL-In completely blocks the binding of 1251-LDL-
In; but at the same concentration permits 84% oc-
cupancy of the 1251-LDL binding sites (Table IV). Simi-
larly, LDL at 400 ug/ml has completely blocked the
binding of 1251-LDL, but still permits 64% occupancy
of the 1251-LDL-In binding sites (Table IV). We con-
clude from this that at least two discernible lipoprotein
receptors exist on the lymphocyte, each of which is
capable of binding a different subset of normal human
serum LDL.

This initial conclusion is supported by two additional
observations which serve to further distinguish be-
tween LDL and LDL-In receptors. First, the enhanced
binding of LDL-In that results from preincubation of

TABLE IV
Evidence for Differential Specificity of Binding of Lipoproteins by Lymphocytes*

Lipoprotein binding capacity

LDL-In LDL

Blocking lipoprotein net ng "'2I-LDL-In bound net '25I-LDL bound
Percent Percent

Type Concentration mg cell protein maximum mg cell protein maximum

Ag/ml

Buffer 31.5 100 19.3 100

LDL-In 50 17.7 56 19.3 100
400 0.4 1 16.3 84

LDL 100 31.5 100 11.1 58
400 20.2 64 0.3 2

HDL 5,800 29.5 94

LPDS 7,800 31.0 98

* Net nanograms lipoprotein bound was corrected for noninhibitable counts. _251-lipoprotein
present at 23.3 ,ug/ml in assays. Data obtained from Fig. 5.

1306 L. K. Curtiss and T. S. Edgington



the cells in LPDS is not abrogated by the addition
of 25-hydroxycholesterol and cholesterol to the prein-
cubation medium as is the LDL binding (Table III).
Second, LDL-In is capable of suppressing the in vitro
PHA response of PBLs isolated from a homozygous
familial type II hypercholesterolemia patient with
demonstrated deletion of surface LDL receptor.2 Taken
together, these observations suggest that the receptors
and, furthermore, the mode of action of LDL and
LDL-In are probably distinct. Further proof of this hy-
pothesis must await purification of LDL-In that is com-
pletely devoid of LDL other than LDL-In and vice
versa, a task not currently possible.

Although this study was not designed to permit si-
multaneous measurements of binding and biological
activity, estimates of receptor number and binding
affinity derived from the data illustrated in Fig. 4 sug-
gest that the binding of 1251-LDL-In could be associ-
ated with the observed suppression of lymphocyte pro-
liferation by LDL-In. First, the calculated affinity of
LDL-In for its receptor is sufficiently high to permit
binding under physiological conditions. If it is assumed
from current data that at least 1% of LDL normally
present in serum at 0.7-0.9 mg LDL protein/ml (25)
is LDL-In, then based on the calculated association
constant, 16-20% of the LDL-In receptors should be
occupied in vivo at any given time. If the percentage
of LDL-In is greater, e.g., 5%, then LDL-In should
occupy 50-55% of available receptor sites in vivo. The
actual degree of saturation may be even greater be-
cause of the very high dissociation constant. Second,
the calculated affinity of LDL-In binding is sufficient
to permit occupancy of the LDL-In receptor on the
lymphocyte during suppression of PHA or allogeneic
stimulation in vitro. At LDL-In concentrations suf-
ficient to produce 90% suppression of the PHA re-
sponse in complete medium containing 10% FCS, ap-
proximately 40% of LDL-In receptors should be oc-
cupied; whereas at LDL-In concentrations that result
in <2% suppression of the PHA response, fewer than
10% of the receptors should contain LDL-In.

It is of interest that the biological activity of RIF
at 20 ng/ml, the immunoregulatory species of serum
LDL induced by hepatitis virus infections (3, 4), is
the same whether it is assayed in the presence of serum
or not. Although normal serum contains a 105- 106 M
excess of LDL, and a 103-105 M excess of LDL-In,
it does not diminish the binding of RIF. This leads
us to suggest that neither LDL nor LDL-In interact
with the previously described RIF receptor. Wethere-
fore propose that at least three independent surface
membrane receptors for LDLs may exist on lympho-

2 Cells kindly provided by Dr. J. Goldstein, University of
Texas, Dallas.

cytes: (a) RIF receptors, (b) LDL receptors, and (c)
LDL-In receptors.
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