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A B S T R A C T Antibody-dependent cellular cytotoxicity
(ADCC), has been shown to be independent in vitro
of thymus-derived lymphocytes, but the precise nature
of the effector lymphocyte has not been fully clarified.
To further study the identity of the ADCCeffector cell
type(s), peripheral blood leukocvtes were purified by
Ficoll-Hypaque density centrifugation and fractionated
into surface immunoglobulin-positive [Jg(+)] and sur-
face immunoglobulin-niegative [Ig (-) ] populations by
chromatographic separation on Sephadex G-200 anti-
human immunoglobulin columns. After column fraction-
ation, the ADC( effector activity against antibody-
coated autologous lymphocytes was predominantl-y and
consistently found in the Jg(-) fractioin.

This latter population was thein further fractionated,
by rosettiing techniques, into two subpopulationis. The
first was depleted by lymphocytes with surface recep-
tors for sheep red blood cells [E(+)] and the second
was depleted of lymphocytes with receptors for sheep
red blood cell-antibody-complement complexes [EAC-
(±)]. Analysis of these populations showed that ADCC
effector activity was predominantly a property of the
Ig(-) lymphocytes which are E(-) but EAC(+).
These lymphocytes have been referred to as "null lm-
phocytes" anid probably represent a subset of bolne
marrow-derived (B) cells. In addition, val-iable and
lowv levels of ADCC activity were observed in somiie
Ig(+) populations (B cells). Further purification of
the null cell population by filtration over nylon wool
coluimIns to reduce the number of contaminating latex
ingesting monocytes did not reduce ADCC effector
activity.

Isolated null cell ADCCeffector activity was inhibited
by either rabbit anti-human F(ab)2 or normal pooled
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rabbit gam1ma globulin, but not by rabbit F (ab)2 anti-
hunmain F (ab)2 or media. This supports the contention
previously suggested in studies usiing unfractionated
lmniphocyte populations that the ADCCeffector cell rec-
ognizes the Fc portion of the antibody mzolecule. The
variable and low level of activity noted in the Jg(+)
populations is unexplained but possibly due to a variable
population of null cell-derived Ig (+) lmphocytes
within the Nhole Ig(+) population. In conclusioin, these
experimlenits demonstrate that, in vitro, the major
ADCCeffector activity of circulating hulmian peripheral
blood lymnphocytes resides in the Ig(-), E(-), EAC-
(±) subpopulatioin terImed 'null cells." Since it has been
note(l that in certain disease states, such as imimIiluino-
dehciencv syndromles, autoiimmiiiuine disorders, and neo-

plasmiis, the percentage of this population of lymphocytes
in the peripheral blood is elevated, it is speculated that
these cells, perhaps througlh their ADCCfunction, may

play ani inmpor-tant pathophysiologic role in these dis-
eases.

INTRODUCTION
Destructioin of immunologically foreigni cells is a major
ill itro function of lhumnan peripheral blood lympho-
cvtes. Two distinct nmechaniislmis have been found by
Which lyn phocytes directly malnifest this cytotoxic func-
tion (1). The first, direct cell-mlediatedI cytolysis, re-

quires prior sensitization of the killer lvmphocyte to
the target cell and occurs in the absence of detectable
antibody. Many studies have indicated that thymus-
derived (T) 1 lymphocytes are the effector cells in this
type of cvtotoxicity (2-5). A second, nmore recently

'Abbreviations lused in this taper: ADCC, antibody-de-
pendent cellular cytotoxicity; B, hone nmarrow-derived;
T, tflvillms-derived ; TCC, transitional cell carci110111.
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studied nmeclhanism, is termed "antibody-dependent cellu-
lar cytotoxicity" (ADCC) because the target cell must
be coated with intact antibody or antigen-antibody com-
plexes for effective cytolysis bv the killer lymphocytes
(6-9). Several studies have showvn that the effector
cell in ADCCis a non-T cell and does not require prior
sensitization (10-13).

Attempts to identify the effector population within
the non-T cell populations have yielded seemingly con-
flicting results. van Boxel et al. (10), using anti-O anti-
sera, suggested the possibility that the effector cell is
a bone marrow-derived (B) cell or a subpopulationi of
B cells. Consistent with this theory, both Perlmann
et al. (9) and Schirrmacher et al. (11) reported that
the effector cells from mouse spleens are absorbed onto
anti-immunoglobulin columns. Subsequently, Perlmann
et al. (14) reported that mature B cells with a high
concentration of surface immunoglobulin were inactive
as ADCCeffector cells. In contrast, Greenberg et al.
(12), using Sephadex anti-immunoglobulin columns,
found that the effector cells remained in the effluent and
were not absorbed onto the anti-immunoglobulin col-
umns. They further proposed, oni the basis of sedimeni-
tation studies, that the effector cell is a nonphagocytic
monocvte. Wisloff and Froland (13), using nylon wool
columns with human ly)mphocytes, also noted that ef-
fector cell activity increased after B cell depletion and
concluded that ADCCin man is independent of B cells.

To further study this problem of the nature of the
ADCC effector cell in circulating human peripheral
lymphocytes, we have utilized a series of cell separation
techniques recently reported from this laboratory (15-
17). When applied to human peripheral lymphocytes,
these techniques allow for the preparation of relatively
pure subpopulations of Ig(-), E(+), EAC(-), T
cells; Ig(+), E(-), EAC(+) B cells; and a third
population of Ig(-), E(-), EAC(+) null cells. In
the present report, utilizing autologous human lympho-
cytes as target cells, we demonstrate that in vitro the
null cell population contains the major effector lympho-
cytes in ADCC.

METHODS
Fractioniation of lymtphocytes in to nont-inmmnoglobulin-

bearing and immttnoglobulint-bearing populations. Human
peripheral blood mononuclear cells were isolated from nor-
mal volunteers by Ficoll-Hypaque density centrifugation
(18). To separate the whole population of mononuclear
cells into surface immunoglobulin positive [Ig(+) ] and
immunoglobulin negative [Ig(-) ] subpopulations, unfrac-
tionated cells were filtered on a Sephadex G-200 (Pharma-
cia Fine Chemicals, Inc., Piscataway, N. J.) column to
which purified rabbit anti-human F(ab)2 was covalently
coupled by cyanogen bromide (15). The cells passing
through the column routinely contained less than 2% Ig-
(+) lymphocytes by immunofluorescence with a polyvalent
fluoresceinated anti-Fab reagent. Essentially complete re-

covery of the column-bound cells [Ig(+) B cells] was
achieved by competitive inhibition wx-ith 1%7 pooled human
gamma globulin and subsequent elution (15). The cells
were washed three times in media 199 (Microbiological As-
sociates, Bethesda, Md.) + 5%o fetal calf serum and brought
to a final concentration of 2 X 106 cells/ml.

Fractionation of nton-imnunnoglobuilini-bearinzg lymnphocytes
[Ig(-)] by rosette techniques inito E or EAC rosettc-
positive populationts. This technique has been described in
detail (16). To prepare a population of Ig(-), E(-) cells,
the Ig(-) lymphocytes obtained after column separation
were depleted of sheep RBC rosette-forming [E(+)] lym-
phocytes. After Ficoll-Hypaque centrifugation, the isolated
Ig(-), E(-) cell population w-as washed thrce times andl
brought to a concentration of 2 X 106 cells/ml. This popu-
lation which was termed the "null cell population," con-
tained less than 2% Ig(+) cells, less than 4% E(+) cells,
and varied between 50 and 90% EAC(+).

To prepare a population of Ig(-), E(+) cells, the Ig(-)
effluent cells obtained after column fractionation were de-
pleted of EAC rosetting cells in a similar manner, and the
remaining cells were washed three times and brought to
2 X 106 cells/ml. This cell population was less than 2%
Ig(+), less than 2% EAC(+), and 80-95% E(+) and
was designated the "T cell population." With both the E
and EAC rosette depletion techniques, total cell recovery
was between 50 and 70%. In some experiments latex-in-
gesting mononuclear cells were removed by passage over
a nylon wool column as previously described (5).

Antti-humiiiant lymiiphocyte antiserum. Adult rabbits were
injected intravenously with 3 X 106 Ficoll-purified human
lymphocytes on three occasions, 1 wk apart. The serum was
harvested at 4 wk, heat-inactivated at 56°C for 30 min, and
stored at - 30°C.

Target cells. Autologous Ficoll-purified mononuclear
cells, isolated as above, were also used as target cells. 1.5
X 107 cells were labeled with 0.15 ml of Na2mCrO4 (292
mCi/mg) (New England Nuclear, Boston), for 30 min at
370C with slow continued inversion. The antibody-labeled
target cells and control cells were further washed twice
more to remove excess unbound antibody and brought to
a final concentration of 105 cells/ml.

ADCC assay. Into 10 x 75-mm tubes, 0.1 ml of 51Cr-
labeled target cells at 105 cells/ml was pipetted in triplicate.
0.2 ml of the appropriate suspension of killer cells was
added, and the tubes were centrifuged at 1,000 g for 10 min
and incubated at 37°C in 5% C02 overnight. After 16 h
incubation, 1.7 ml of fresh media was added to each tube,
the tubes centrifuged at 1,000 g for 10 min, and 1 ml of
supernate was removed and assayed for 'y radiation. Maxi-
mal 'Cr release was determined by alternate freezing and
thawing of target cells. Percent cytotoxicity was determined
by the formula: percent cytotoxicity = [5Cr released by
experimental - 5Cr released from control (spontaneous)]/
[5'Cr released by freeze-thaw - Cr released from control],
and results were expressed as percent cytotoxicity±SEM.

Anzti-humiiian Fab imnizunoglobutlini. Rabbit antibody against
human immunoglobulin F(ab)2 and rabbit F(ab)2 anti-
human F(ab)2 were prepared as described (15).

RESULTS
Dependence of cytotoxicity upon effector-to-target

ratio. To determine the quantitative requirement for
effector cells, initial experiments were performed with
variable numbers of unfractionated lymphocytes as ef-
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fector cells against an aliquot of the same cells prepared
as targets by 51Cr labeling and sensitization with rabbit
antibody. As seen in Table I, there is a direct relation-
ship between the number of unfractionated effector cells
and the amount of lysis. In the absence of effector cells,
spontaneous 'Cr release after 16 h average 15-30% of
the total releasable counts. Control target cells, labeled
in a similar manner with '1Cr, but not sensitized with
antibody, failed to be lysed by autologous effector cells.

Activity of iinmunoglobulin-bearing [Ig(+)] and
non-iimunfoglobulin-bearing [Ig (-)] suibpopulations.
To determine wlhether ADCC effector activity is a
property of Ig(+) or Ig(-) lymphocytes, Ficoll-puri-
fied unfractionated lynmphocytes were divided into two
aliquots. The first was assayed directly without further
fractionation. The second aliquot was fractionated over
a Sephadex G-200 anti-F(ab)2 column. The unretained
fraction (approximately 80% of the starting popula-
tion) was less than 2% Ig(+) by direct fluorescent
antibody technique. In contrast, the retained cells, whiclh
were then eluted with 1% human gamma globulin, were
virtually all Ig(+) by the same technique. Each of the
populations was washed three times and assayed for
ADCCactivity. As seen in Table II, the Ig(-) popula-
tion, depleted of the Ig(+) cells, contained nmost of the
ADCCactivity present in the unfractionated population.
In contrast, the activity of the Ig(+) population was
variable, and wlhen present, w-as always less than that
of the corresponding whole population. Because the
Ig(+) cells are eluted with 1% human gammaglobulin,
additional controls were performed in which both whole
cells and Ig (-) lymphocytes were similarly incubated

TABLE I
Dependence of Cytotoxicty on Effector

Cell Concentration

Effector-to-target
cell ratio Percent cytotoxicity

40/1 42.3 i4.7
20/1 33.6i2.9
10/1 23.8±2.6

5/1 17.3±1.9
1/1 3.4±2.3
0 0.6±0.5

40/1 - 7.0±2.7*

104 t1Cr-labeled, antibody-sensitized target lymphocytes were
incubated with varying concentrations of autologous effector
lymphocytes. After 16 h, the 5tCr released into the supernate
from triplicate cultures was assayed and expressed as the
mean percent4±SEM of the maximum release from controls.
The freeze-thaw value was 273.646.2 and the spontaneous
release value was 74.34±5.2.
* Target cells without antibody.

TABLE I I
Fractionation of Effector Cells on Sephadex

Anti-Immunoglobulin Columns

Effector-to- Percent cytoxicity
target cell

Exp. ratio Urnfractionated Ig(-) lg(+)

1 40/1 42.3±3.0 61.8±3.8 31.04±3.3
2 20/1 26.6±3.4 52.742.7 10.9±-2.4
3 40/1 25.5±3.7 31.4±1.7 1.4±1.6
4 40/1 30.8±3.0 ND 29.8±1.4
5 40/1 41.5±4.7 ND 21.0±2.3
6 40/'1 20.6±4.0 ND -12.0±1.9
7 40/1 69.0±t1.9 51.2±3.4 ND
8 40/1 41.9±1.3 44.7±4.8 -5.7±2.6

Aliquots of Ficoll-purified lymphocytes were fractionated into
Ig(-) and Ig(+) populations. Unfractionated, Ig(-) and
Ig(+) effector cells were each incubated with 104 ttCr-labeled,
antibody-sensitized autologous unfractionated target lym-
phocytes. In each experiment, incubation of effector cells with
autologous target cells lacking sensitizing antibody failed to
produce t1Cr release above spontaneous background release.
The mean freeze-thaw value in these experiments was 2834±46
and the mean percent spontaneous release was 23.9. ND, not
done.

w-itlh 1% hunman gamma globulin. The results, after the
cells were washed, indicated that the gamma globulin
elution had no effect on the ADCCactivity of the whole
cells or the Ig(-) cells. Thus, the low and variable
activity of the Jg(+) cells does not appear to be aIn
artifact of the isolation procedure.

Effect of rosette depletion upon ADCC activity of
Ig(-) cells. As seen above, it appears that the major
part of the ADCCactivity observed in the unfraction-
ated population resides in the Ig(-) populations. It has
been shown in previous studies that the Ig(-) effluenit
is heterogeneous: it contains both E(+) and (-) sub-
sets. To deternmine which of these cell types contained
the major ADCCeffector cells, Ig(-) cells, after filtra-
tion through an anti-F(ab)2 column, were divided inlto
tlhree aliquots. The first was depleted of E rosette-
forming lymphocytes; the second was depleted of EAC
rosette-forming lymphocytes; and the third received no
further treatment. All three aliquots were then assayed
for ADCC activity. As seen in Fig. 1, depletion of
E(+) lymphocytes (T cells) from the Ig(-) popula-
tions markedly enriched the effector activity of the
remaining null cells and monocytes. In distinct contrast,
depletion of the EAC(+) cells (null cells and mono-
cytes) essentially abolished ADCC effector activity.
Thus, it appears that ADCC effector activit) resides
in the EAC(+) fraction of the Ig(-) population.
This fraction is composed of 90% null cells and 10%
latex-ingesting monocytes.
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Effect of nylon wool filtration. To determine whether
ADCCactivity was due to the monocyte population, the
isolated null-monocyte preparation was depleted of nylon
wool-adherent monocytes by passage over a nylon wool
column. The activity of the nonadherent null cells, after
passage through the nylon wool, was compared to the
activity of the same population of null cells and mono-
cytes before nylon wool filtration. After filtration, the
percent of monocytes was reduced to less than 1% latex-
ingesting cells. Despite this marked depletion of phago-
cytic cells, there was no effect, or possibly even en-
hancement, on the ADCCactivity (Fig. 2). Thus, as
demonstrated by this sequence of experiments ADCC
activity parallels the content of Ig(-), E(-), non-
phagocytic cells or null cells.

Inhibition of effector cells. Prior studies on mouse
spleen ADCCeffector cells have noted that these cells
have a surface receptor for the Fc portion of IgG anti-
body, and if this receptor is blocked, ADCCactivity is
inhibited (1, 9, 12). To see if a similar mechanism was
present in the autologous human system, the following
experiment was performed: column effluent cells, from
which the Ig(+) cells had been removed, were divided
into four aliquots and incubated with equivalent con-
centrations of rabbit anti-human F(ab)2, rabbit F(ab)2
anti-human F (ab)2, normal pooled rabbit gamma glob-
ulin, and media. After a 30-min incubation, the effector
cells were washed three times and assayed for ADCC

Cl)

i-J

0 Ig(-) E(-)

Ig-)

ISgI(-) E(+)

1/I 5A 10/1 20/1 40/I
EFFECTOR/TARGETCELL RATIO

FIGURE I Effect of rosette depletion upon ADCCactivity
of Ig(-) cells. Aliquots of Ig(-) cells were separated into
E(-) and E(+) populations by rosette depletion. Cells
from each population were incubated with autologous un-
fractionated 'Cr-labeled, antibody-sensitized target cells for
16 h. The results were calculated on the basis of a freeze-
thaw value of 253+25 and a spontaneous release of 72±8.

AFTER NYLON

U2 40 BEFORENYLON
Cl) WOOL

-0J

20

I0

I/1 5/1 10/1 20/1 40/1

EFFECTOR/TARGETCELL RATIO

FIGURE 2 Effect of nylon wool filtration upon ADCCef-
fector activity of the Ig(-), E(-) lymphocyte population.
After nylon wool filtration, the percent of latex-ingesting
monocytes was reduced from 10% to less than 1%. Cells
from each population were incubated with autologous un-
fractionated 51Cr-labeled, antibody-sensitized target cells for
16 h. The freeze-thaw value in this experiment was 373±51
and the spontaneous release 106±+15.

activity. As seen in Table III, incubation with either
whole rabbit anti-human F(ab)2 or pooled rabbit gamma
globulin markedly inhibited the effector cells, while a
similar concentration of rabbit F(ab)2 anti-human
F(ab)2 had minimal effect. Thus, as in the mouse sys-
tem, inhibition was dependent upon the presence of the
Fc portion of the immunoglobulin molecule. This sup-
ports the concept that this population of Ig (-), E (-),
effector cells is also characterized by an Fc surface
receptor and furthermore, that this receptor plays a
critical role in ADCCfunction.

DISCUSSION

Recent advances in the ability to isolate subpopulations
of human peripheral blood lymphocytes has facilitated
our understanding of their unique functions. The ability
to make definitive interpretations, of course, depends
in part upon the homogeneity of the isolated cell popula-
tions and the amount of cell loss during the isolation
procedure. In the present studies we have isolated three
subpopulations of human lymphocytes which are readily
distinguished by surface characteristics: an Ig(-),
E(-), EAC(+) (null cell) population; an Ig(+),
E(-), EAC(+) (B cell) population; and an Ig(-),
E(+), EAC(-) (T cell) population. Using these sub-
populations, we have analyzed the problem of which
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TABLE III
Inohilb ition EJffector Cells by Inin a noglobidlins

40 1* 20 I* 10, 1*

Percent Perceint Percent Percent Percent Percent
Jinniunoglobulin cvtotoxicitv inhiibition cvtotoxicitv inhibition cytotoxicity inlhibition

Media 44.7±3.7 0 28.5±2.6 0 18.4±1.9 0
Rabbit anti-human F(ab)2 18.9±1.9 57.7 7.2± 3.3 74.7 8.4±2.7 54.5
Rabbit F(ab)2 anti-human F(ab)2 38.1±3.4 14.8 21.5±3.5 24.6 20.7±20.7 0
Normal pooled rabbit gammaglobulin 21.7±1.8 51.5 14.4±3.2 49.5 12.9±2.0 30

Aliquots if Ig(-) effector cells (20 X 10") wvere incubated with either 0.5 ml nmedia, rabbit F(ab)2 anti-humlall F(ab)2, rabbit
anti-human F(ab)2, or normal pooled rabbit gammaglobulin. All antibodies were dilutecl before incubation with effector cells.
After 30 min incubation, the effector cells wN-ere w-ashed three times and ad1ded1 to autologous 51Cr-labeled, antibody-coated
target cells.
* Effector-to-target cell ratio.

cell types function as effector cells in ADCC with
honmologous target cells.

Several points emerge froml these experiments: (a)
ADCCeffector activity was found in the whole lympho-
cyte preparation from each normal individual studied.
(b) After fractionation of lymphocytes, ADCCactivity
was not found to any significant degree in isolated T
cell fractions. (c) In each case studied, the null cell
fractions showed the highest activity aind any procedure
wlhich enriched the null cell populationi increased the
ADCCactivity of the populationi. This was even true
when macrophages vere depleted from the null cells.
(d) The activity of the B cell population was variable.
In many experiments B cells were active but never

to a degree comparable to null cells. In a number of
experiments, no B cell killinlg was observed even when
null cell killing was present.

This variability of B cell killing coultl have several
explanations. There may be an ADCC effector cell
subpopulation of B cells, indepenidenit of null cells, wlhiclh
is variably present. Be have Ino further evidence to
support this hypothesis. It is possible that variable
contamination of the B cells by- monocytes resulted in
the observed ADCC activity. In these experiments,
however, wlhen monocytes Nere removed from the null
cells, the remaining activity Nas enhanced. Thus. there
is indirect evidence that monocvtes are relatively in-
active in this system. Unfortunately, attempts to remove
nmonocytes from B cell populations depleted most (80%)
of the B cells as well, so that the resulting drop in
ADCCactivity could be due to a loss of either cell type.

A more likely explanation may stem from recent
wvork exploring the relation between null cells and B
cells (19, 20). Studies of multiple in vitro functions of
null cells and B cells have shown identical proliferation
patterns in response to specific antigens and mitogens
and in ADCCfunction witlh xenogeneic target cells. In

addition, althouglh null cells are Ig(-) by fluorescein-
ated antibody techniques, recent data obtained witl a

sensitive i"I-Fab-anti-Fab binding radioimmunoassay
has slhon-n that null cells do have detectable immuno-
globulin on their surface wlhen compared to T cells,
although 1150-1/100 the quantity on B cells. Further-
more, when placed in culture, a subset of the null cell
population develops surface immlnunoglobulin as assayed
bv the fluoresceinated antibody technique and secretes
inmmunoglobulin into the medliun (19, 20). In addition,
preliminary data shoNw that by day 3 in culture, when
more thani 50% of the null cells are Jg (A+), the null
cell population still retaiins its ADCCeffector activity.

Taken together, this data suggests tw-o alternativ e

relationslips of null cells anid B cells: (a) The null cell
is an immlilature formii of the B cell. It initially has low
surface iimmnunoglobulin aind very efficient ADCC ac-
tivitv. As it matures into a B cell, it passes through a
stage in wIhich it has inicreasingly large amiiounts of
surface imiimunoglobullin anid ADCCactivity, and finally
reaches an end stage of maximiial surface immilunoglobu-
lin but little or no ADCCactivity. (b) A second alter-
native is that the null cell dev-elops iinto a distinct sub-
populationi of B cells which is characterized by both
ADCCactivity and large amounts of surface immuno-
globulin. Tlhus, this alternative necessarily implies the
existenice of at least twN-o subpopulations of mature B
cells, one with and onle w,ithout ADCCactivity. Both
postulates are consistent with the observation that null
cells develop into Jg(+) cells when in culture. Both
also postulate the existence of a null cell derivative that
is both (Ig(+) and ADCC(+) .

If such cells were present in vivo in periplheral blood,
they would probably segregate with the whole B cell
population during our fractionation precedures. Hence,
the variability of B cell killing previously described
may really be a reflection of the percentage of these
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cells which are circulating in any donor at the time
of phlebotomy. Further studies of null cell-B cell rela-
tionships are in progress. For the present, to avoid
semantic arguments, it seems fair to conclude that
ADCCeffector activity in human peripheral blood lym-
phocytes is a property of null cells and their progeny.
The importance of the circulating monocyte is unclear,
but in view of this and prior work (13, 21) in which
depletion of monocytes enhanced the ADCCactivity of
the residual population, it appears that circulating
monocytes play a minor role in vitro with regard to
this immunologic function.

ADCCkilling of target cells has now been demon-
strated against xenogeneic red cells (9), cultured tumor
cell lines (22), allogeneic myeloblasts (23), virus-in-
fected cells (24, 25), allogenic (26), and now autolo-
gous lymphocytes. In addition, recent studies have also
shown that patients with transitional cell carcinoma
(TCC) can develop antibody which specifically renders
cultured TCC cell lines susceptible to ADCCkilling by
patient lymphocytes (27, 28). Thus, evidence is mount-
ing that ADCCis an ubiquitous immune cytotoxic mech-
anism, at least in vitro. Additionally, it has been noted
that in certain disease states, such as immunodeficiency
syndromes, autoimmune disorders, and neoplasms, the
percentage of null cells in the peripheral blood is ele-
vated (29). The emerging concept of these null cells as
major effectors in ADCCsuggests the possibility that
null cells, perhaps through their ADCC function, play
an important pathophysiologic role in these diseases.
These speculations, as well as the biological significance
of null cells and ADCC, require further study.
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